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CHAPTER I 

INTRODUCTION 

1.1 General Review 

1.1.1 Capillary Liquid Chromatography 

Capillary liquid chromatography (capillary LC) was introduced in the late 1970's. 

Since then, interest in this area has continuously increased and the science has developed 

extensively.̂  Compared to conventional high performance liquid chromatography 

(HPLC), capiUary LC has the following advantages: higher column efficiencies, much 

lower flow rates and consumption of expensive or hazardous solvents, improved mass 

sensitivity and detection performance, and the ability to work with smaller samples. ̂ '̂ '̂  

Currentiy, miniaturization is a general trend in all of analytical chemistry, including 

separation science and technology.̂  In common with other miniaturized separation 

techniques (capillary gas chromatography, capillary supercritical fluid chromatography, 

and capillary electrophoresis), capillary LC is a highly active area. The technology for 

working with small diameter columns has improved a great deal with time, much advances 

have also been made in the miniaturization of pumping, injection, and detection systems. 

There have been many applications in the capillary LC area. These include the 

combination of mass spectrometry (MS) with capillary LC for structure elucidations, the 

trace analysis of environmental samples, the separation of various organic and inorganic 

molecules and ions, and recent applications in biochemical analysis."̂  



1.1.2 Open Tubular Capillary Liquid Chromatography 

There are three types of columns often used in capillary LC: partially packed 

capillary columns, tightiy packed capillary columns, and open tubular columns. The idea 

of using open tubular columns in chromatography was first proposed by Golay in the 

1950s.̂  Unlike packed columns, open tubular columns are generally referred to those that 

are not packed but contain a thin film of stationary phase (or retentive phase) on their 

inside walls. The i.d. (inner diameter) of such columns is very small, usually in the range 

of 10-100 pm. The use of open tubular columns as small as 2.3 pm i.d. has been reported 

in the literature.^ 

The early applications of open tubular columns were in gas chromatography. By 

1960, high column efficiencies, between 10̂  and 10̂  plates, that facilitated the fast analysis 

of volatile and nonpolar mixtures such as light petroleum fractions, were achieved.̂  

Presentiy, open tubular gas chromatography has become an important tool for difficult 

separations and offers the best means of achieving high separation efficiencies.̂ '̂  

In 1970, Nota et d. did the first experiment in which open tubular capillary 

columns (i.d. = 0.23-0.30 mm) were applied in liquid chromatography.̂ '̂̂ ^ However, 

before 1976, only a few papers appeared in this area.̂  Due to the large difference in the 

diffusion coefficient between the liquid and the gaseous states, open tubular capillary LC 

in the early stage was generally not very successful. 

Since 1977, open tubular capillary LC has received more attention and rapid 

development has taken place.̂  In the late '70s and the early '80s, Ishii et aL,̂ *̂ '̂̂ ^ Knox 

and Gilbert,̂ '̂̂ ^ Tesarik et ̂ ,^^^^ and Tijssen et d,̂ '̂̂ "* made important contributions to 



tills field. Since tiien, Jorgenson et d,,̂ "̂̂ ^ Simon et aL,̂ '̂ '̂̂ ^ Dabrio et al,^^ Emi et aL,̂ '̂̂ ^ 

Kraak and Poppe et ̂ ,̂ *"̂ ^ Slais et d,,"*̂ "̂ ^ Guermouche et al,"̂ ^ Col6n et al/^ and 

Markides et d."̂  have developed various approaches and have made significant advances 

in sample injection systems, detection techniques, column coatings, and high temperature 

open tubular capillary column liquid chromatography. 

Open tubular capillary LC has its unique features and advantages. Compared to 

packed columns, open tubular columns display much higher permeability. As a result, 

considerably larger plate numbers can be generated per unit pressure drop and high 

separation efficiencies can be achieved in a short analysis period in open tubular capillary 

LC. 

1.1.3 Open Tubular Ion Exchange Capillary Liquid Chromatography 

By open tubular ion exchange capillary LC I refer to the open tubular capillary LC 

where the surface of the tube has an ion exchange functionality. It is a type of ion 

exchange chromatography in open tubular form and constitutes a technique for the 

separation of ionic species. 

Ion exchange is a reversible, stoichiometric process of exchange between sample 

ions in the mobile phase and ions of like charge associated with the ion exchange 

functional groups."*̂  The analytes are nonvolatile and essentially ionic in nature, and the 

solvents (eluents) are usually aqueous electrolyte solutions, often adjusted to a particular 



The appearance and use of ion exchange column can be traced back to the early 

1980s. Ishii and coworkers developed a coating method by which sulfonate groups were 

introduced into phenylsilyl groups that were chemically bonded to the inner surface of a 

glass capillary.* The separation of nucleosides such as uridine, guanosine, cytidine, and 

adenosine was achieved with such cation exchange columns. 

In 1989, Simon et ah reported the separations of cations by a strong and a weak 

cation exchanger coated fused silica capillary columns.̂ ^ Poly(butadienesulfonic acid), a 

strong cation exchanger, was coated on a 0.58 m long 9.5 pm i.d capillary by a static 

procedure (by static coating it is meant that the coating agent is passed initially through 

the column and is then replaced by the eluent; in dynamic coating, a small amount of 

coating agent is incorporated in the eluent). The coated column was capable of separating 

six alkali metals/ammonium ion within 6 minutes and six amino acids within 4.3 minutes. 

In tills column, 210,000 and 47,100 theoretical plates for k' = 0 and k' = 1.65, 

respectively, were obtained at the optimal flow rates. Another 0.90 m long 4.6 pm i.d. 

capillary was statically coated with the weak cation exchanger, poly(butadiene-maleic 

acid). Ammonium, alkali, and alkaline-earth metal ions were separated within 4 minutes 

by this column, as well as the successful separations of nucleosides/bases and 

neurotransmitters were achieved. In such a column, 680,000 and 246,000 theoretical 

plates for k' = 0 and k' = 0.16, respectively, were obtained at the optimal flow rates. 

In 1991, the same group applied a coating method with the combination of static 

and dynamic coating to 4.6 pm i.d. fused silica capillaries.̂  These capillaries were coated 

with 3-sulfopropylsilane as a cation exchanger and 3-(2-aminoethylamino)-propylsiIane as 



an anion exchanger. The separation of six cations was achieved within 25 seconds and 

that of six anions within 35 seconds. 

Open tubular ion exchange capillary LC combines the attractive features of open 

tubular LC with ion exchange chromatography, a facile and suitable technique for fast 

ionic analysis can thus result. 

1.1.4 Applications of Metal Capillary in Chromatography 

Metal tubes, e.g., stainless steel, copper, aluminum, and nickel tubes, were used as 

the column conduit in early applications of chromatography."*̂  As early as 1957, a metal 

capillary column was first used by Golay as an open tube in gas chromatography. He 

demonstrated its unique advantages over conventional packed columns.̂  The attractive 

features of metal capillary columns in the early applications were their ruggedness, 

flexibility, and the consequent ease of handling. However, they contained high levels of 

active sites that adsorbed many analytes and led to undesired reactions at high 

temperatures. This constituted a major limitation in chromatographic applications.̂ ^ By 

about 1960, metal capillaries were essentially completely replaced by glass capillaries. The 

latter were eventually replaced, due to the fragility, by fused silica capillaries in the late 

1970s.̂ '̂̂ ^ 

Interest in Metal capillaries has returned since the 1980's. A new generation of 

open tubular metal capillary columns has been developed that are as inert as fused silica 

columns, while their high flexibility is retained. Stainless steel capillaries are often used 

because of their low cost, ease of use, and tight manufacturing tolerances.̂ ^ 



Takayama et d. studied the deactivation of stainless steel capillary surfaces and 

prepared a chemically inert, physically tough, and thermally stable column by the thermal 

decomposition of monosilane on the steel surface, leading to the formation of a silicon 

C O 

layer. A deactivated steel column coated with dimethylpolysiloxane by the in-situ (in the 

capillary) condensation of an oligomer prepared from dimethyldichlorosilane showed 

excellent thermal stability, withstanding continuous heating at 400 °C.^^ 

Buyten et d. have similarly reported that a carefully deactivated metal capiUary 

exhibits even less catalytic effect than a fused silica tube and displays very good thermal 

stabiHty, even above 450 °C.̂ ^ 

Many applications of deactivated stainless steel capillaries in open tubular GC have 

appeared because of their nonfragile nature. In process GC, columns are often installed in 

physically demanding environments. When a fused silica column vibrates against a metal 

column cage, the exterior coating to the fused silica tube can be eventually removed and 

the silica surface scratched, causing the column to fracture. This possibility of breakage is 

eUminated when using stainless steel columns. In addition, stainless steel columns can be 

coUed easily without breakage or damage to the deactivation layer. This is particularly 

advantageous for portable gas chromatographs that have very small column 

compartments.̂ ^ 

In high temperature open tubular GC, metal columns are more suitable than fused 

silica columns due to their greater thermal stability as mentioned above. Such columns are 

extensively used in the analysis of heavy petroleum products.̂ ^ 



Metal capillary columns have also been applied in chromatography for chiral 

separations. Takeichi et aL studied the use of carbamate derivatives of P-cyclodextrin as 

chiral stationary phases to coat metal capillaries.̂ ^ The coated columns showed 

impressive enantioseparation abilities to resolve many types of racemic compounds. 

1.2 Theorv 

1.2.1 Theoretical Aspects of Open Tubular Capillary Liquid Chromatography 

1.2.1.1 Height Equivalent to a Theoretical Plate (H or HETP) 

For an open tubular column, the height equivalent to a theoretical plate (H or 

HETP) is given by the Golay equation :̂ 

„ 2Dn. (l + 6k'-Hlk'^)dc^u 2k'df^u 
H = + - ; -r^ +— -2— (1.1) 

u 96(1+ k')'Dm 3(l + k') Ds 

where u is the linear velocity of the mobile phase; Dm is the diffusion coefficient of a 

solute in the mobile phase; Ds is the diffusion coefficient of a solute in the stationary 

phase; k' is the capacity factor; df is the thickness of the film coated on the inside wall of 

an open tubular column; dc is the column inner diameter (i.d.). 

It can be seen from eqn. 1.1 that H is a function of u. In a simplified form, eqn. 

1.1 can be written as the following: 

H = B/u + CmU + CsU (1.2) 



or H = Hd + Hm + Hs (1.3) 

Where the first term (H<i) is based on tiie contribution of longitudinal diffusion; tiie second 

and the third terms (Hm and Hs) are based on the resistance to mass transfer in the mobile 

phase and the stationary phase, respectively. The Golay equation is a basic equation for 

open tubular capillary LC; it indicates the following important characteristics: 

1. As the linear velocity, u, becomes large enough, the first term Hd can be 

neglected; so die theoretical plate height, H, is directiy proportional to u. 

2. Hm and Hs are inversely proportional to the diffusion coefficients Dm and Ds, 

respectively. 

3. Hm is proportional to dc, the square of the column i.d. 

4. Hs is proportional to df̂ , the square of the film thickness. 

1.2.1.2 Column Performance 

Bristow and Knox introduced a term called separation impedance to measure 

column performance for liquid chromatography.^^ Separation impedance (E) is defined as 

the time of elution per plate multiplied by the pressure drop per plate and divided by the 

eluent viscosity, as is shown by eqn. 1.4: 

E = (tm/N)(AP/N) / Ti (1.4) 

8 



Where tn, is the time of elution; N is the plate number; AP is tiie pressure drop; and T| is 

the eluent viscosity. E is dimensionless. The lower the value of E, the better is the 

column performance. 

E can also be expressed as the following equation: 

E = h^0 (1.5) 

Where h is the reduced plate height, defined as the plate height (H) divided by the 

characteristic dimension (d) for any column type. Specifically, for an open tubular 

column, d is taken as the inner diameter of the open tube, dc. 

h = H/dc (1.6) 

0 is the flow resistance parameter. For an open tubular column, it is defined by eqn. 1.7: 

2\ / /^T 2 0 = (APtmdcO / (TlLO (1.7) 

Where L is the column length. From Poiseuille's equation: ^̂  

AP = 32TIUL / dĉ  (1.8) 

Since linear velocity u = L/tm, we have 

9 



2 / / * J 2 AP = 32T1LV (tmdc') (1.9) 

Combining eqns 1.7 and 1.9, we know that for an open tubular column, 0 = 32. 

Therefore, according to eqns 1.5 and 1.6, we get 

E = 32(H/dc)̂  (1.10) 

Eqn. 1.10 shows that in open tubular LC, the separation impedance is directiy 

related to the plate height and the colunm i.d. 

1.2.1.3 Optimization 

Transposing PoiseuiUe's equation, the linear velocity, u, is given as: 

u = APdcV (32r|L) (1.11) 

The retention time, t, of a solute in this column is: 

t = tm(l+kO = (L/u)(l+kO (1.12) 

Substitution of eqn. 1.11 into eqn. 1.12 gives 

2/1 .^J\ I fKTtA 2> t = 32TiL (̂l+kO / (APdcO (1.13) 

10 



Eqn. 1.13 shows tiiat the retention time is a function of the physical parameters of 

column length, column i.d., pressure drop, viscosity, and capacity factor. Rewriting eqn. 

1.13, we get the relationship between column length (L) and i.d. (dc) as the following: 

, / \ i l /2 L = [APt/ 32ii(l+kOT'^ dc (1.14) 

Now recall the Golay equation 

„ 2Dm (l + 6k'+llk'^)dc^u 2k'df^u 

u 96(1-Hk')'Dm 3(l-Hk')'Ds 

Since in general, Ds is very small compared to Dm, we neglect the third term and get 

2Dm (l + 6k'+llk'')dc'u 
H = ^=^ + ̂  -r^ (1.15) 

u 96(1-Hk') Dm 

Substituting the linear velocity equation (eqn. 1.11) into the above equation, we get 

64Dmr7L ^ (l + 6k'+llk'^)APdc^ 

APdc' "̂  3072(1+ k')'Dm77L 
H = ^^^^^^+^ , 2 ! .,. (1.16) 

The theoretical plate number, N, is tiien given by: 

11 



N = L/H (1.17) 

2 T 2 

or N = 3072(1-HkTDmTyAPdc'L 
196608(1 + k')'Dm'r7'L'-f-(l + 6k'-f-1 lk'')APMc 

(1.18) 

Since L can be expressed as a function of dc as in eqn. 1.14, after substituting L by 

dc, we have 

N = 
96(l + k')DmAPtdc 

6144(1 +k')Dm'77t-H (l + 6k'+l Ik" )APdc 
(1.19) 

Now differentiating eqn. 1.19 with respect to dc, setting the differential equal to 

zero, and solving for dc, we get the value of optimum dc: 

Ic opt — 
6144(1+ k')Dm'r7t 
(l + 6k'-Hllk'')AP 

(1.20) 

Using eqn. 1.14, we get the value of optimum L: 

L opt — 

2 Ar>*3 6Dm'APt 
(l-Hk')(l + 6k'+llk'')r7 

(1.21) 

12 



Eqns. 1.20 and 1.21 indicate the insensitivity of the optimum dc and L on pressure 

drop, since they are an inverse V4 power function and a V* power function of pressure 

drop, respectively.̂ ^ Also, the optimum dc is insensitive to retention time. However, the 

optimum L, as a % power function of retention time, is almost linearly dependent on it. 

This impHes that if more analysis time is available, more plates are best generated simply 

by using a longer column. 

By substituting the value of optimum dc from eqn. 1.20 into eqn. 1.19, we have the 

maximum value of the plate number as expressed by the following equation: 

N max — 
3APt(l-Hk') 

8r7(l + 6k'+llk'') 
(1.22) 

Table 1.1 shows the values of N max calculated from eqn. 1.22 at various 

combinations of pressure drop and analysis time. Where k' is assumed to be 1.0 and 77 is 

assumed to be 8.9 x 10"̂  poise (g cm'̂ s'̂ ). 

1.2.2 Separation Mechanism of Ion Exchange Chromatography 

Ion exchange describes the exchange process between sample ions in the mobile 

phase and ions of like charge associated witii the ion exchange sites m the stationary ion 

exchange phase."*̂  In conventional ion exchange chromatography, tiie stationary phase is a 

rigid matrix which carries positively or negatively charged functional groups. If the matrix 

contains positively charged or basic functional groups tiien it is capable of exchanging 
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Table 1.1. Theoretically calculated maximum plate number (N max) at various 
combinations of pressure drop and analysis time. Where k' = 1.0, r; = 8.9 x 10'̂  poise 

Pressure drop (psi) Analysis time (min) Maximum plate number 
*^^^^^www**Mww» •••••»..--....--,-,-,.^,.,.^.,.yy„.^jmjmj,j,jm_^^j^ 

20 1 19684 
20 2 27837 
20 5 44014 
20 10 62245 
20 50 139185 
20 100 196837 
50 1 31123 
50 2 44014 
50 5 69592 
50 10 98418 
50 50 220070 
50 100 311226 
100 1 44014 
100 2 62245 
100 5 98418 
100 10 139185 
100 50 311226 
100 100 440140 
500 1 98418 
500 2 139185 
500 5 220070 
500 10 311226 
500 50 695923 
500 100 984183 
1000 1 139185 
1000 2 196837 
1000 5 311226 
1000 10 440140 
1000 50 984183 
1000 100 1391845 
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anions and is called an anion exchanger. Otherwise, the matrix may contain negatively 

charged or acidic functional groups. These are capable of exchanging cations and are 

called cation exchangers. The mechanism of anion and cation exchanges is shown in the 

following equations: 

Anion Exchange 

Matrix-A^" + C ^ Matrix-A^C + B" 

Cation Exchange 

Matrix-AB* + C^ ^ Matrix-AC^ + B^ 

Where A"*̂  and A' represent positively and negatively charged functional groups bonded to 

the polymer matrix, B" and B"̂  represent counter ions initially present on the ion exchanger, 

and C" and C"̂  represent sample ions in the mobile phase. 

To achieve an ionic separation, an ion exchange resin must have different affinities 

for the various sample ions. Also, the counter ion already on the resin must not be so 

strongly held that it can not be displaced by the sample ions. 

During an ion exchange process, secondary effects such as adsorption or 

hydrophobic interaction with the resin itself also typically occurs."*̂ *̂ ^ 

1.3 Research Presented in tiie Thesis 

I investigated the retention of various inorganic and organic anions or molecules m 

open tubular stainless steel capillary columns. It was found tiiat in tiiese plain uncoated 

15 



stainless steel columns, many anions or molecules were effectively retained. Furthermore, 

the mixture containing nitrite, iodide, and naphthalenesulfonate was successfuUy separated 

in a 3 m long, 59.4 pm i.d., straight uncoated stainless steel capillary column. 

In 1991, Simon et d. reported their separation of alkali metal cations using an 

uncoated fused silica capillary of 2.3 pm i.d.̂  They interpreted tiie separation as tiie 

retention of metal cations by ionized silanol groups on the surface of the silica capillary. 

In our case, the retention of anions in the uncoated steel capillary could be due to 

the existence of the positively charged layer of the steel surface. The positively charged 

ionic sites (possibly protonated oxide layers) on the surface effectively form an anion 

exchanger. 

To the best of our knowledge, the use of uncoated stainless steel capillaries for the 

separation of anions has never been reported in the literature. This part of research is 

discussed in Chapter n. 

Chapter IE describes open tubular liquid chromatography in latex-coated 

polystyrene and silica capillary columns. A simple method of coating the two types of 

capillary is presented. These latex-coated capillaries have shown the capability of 

separating anions such as benzoate, nitrite, nitrate, and iodide. 
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CHAPTER n 

OPEN TUBULAR LIQUID CHROMATOGRAPHY IN 

UNCOATED STAINLESS STEEL CAPILLARY COLUMNS 

2.1 Introduction 

In my work, the retention of anions by a stainless steel surface was a serendipitous 

discovery. I inserted a piece of 35 gauge wire (140 pm in diameter) into a 31 cm long, 

250 pm i.d. uncoated polystyrene column to reduce the intemal volume and promote the 

mass transfer to the intemal polystyrene surface. At the same volumetric flow rate, the 

elution time of analytes was expected to decrease substantially because the intemal colunm 

volume decreased significantiy. The retention time of benzoate and iodide was measured 

both before and after the insertion of the wire. Contrary to expectations, I found that the 

elution time was longer for both anions when the stainless steel wire was inserted. 

Repeated experiments confirmed the initial observation. This unexpected result implied 

that the surface of the metal wire is itself retaining the both test anions. An investigation 

of the retention of these as well as other anions in stainless steel capillaries was then 

started. 

A piece of 47 cm long, 187 pm i.d. uncoated straight (by tiie term "straight", it is 

meant that the tube was used in a substantially linear form or as a large diameter coil as 

opposed to a deliberately deformed (woven) configuration used in some later experiments) 

stainless steel capillary was the fu-st column examined. Using 0.2 mM Na2S04 as eluent, 

2.5 mM of benzoate and iodide were injected into tiie column at a flow rate of 2.23 
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pL/min. The retention times for these anions were 7.79 min and 7.46 min, respectively. 

Compared to the retention time of 5.78 min for an unretained solute measured from the 

holdup volume of the column, it was clear that the stainless steel capillary does measurably 

retain these ions. 

The next column used was a piece of 53 cm long, 158 pm i.d. uncoated straight 

stainless steel capillary. Using 0.2 mM Na2S04 as eluent, I investigated the retention of 

four anions benzoate, nitrite, nitrate, and iodide at 25 °C and 120 °C and found that all of 

them were measurably retained at both temperatures. In addition, instead of using 

Na2S04, 0.2 mM H2SO4 and 0.2 mM NaHCOs were also used as the eluent, and the 

retention of nitrite and iodide was measured at 25 **C and 120 °C. 

After the retention of some anions by stainless steel capillaries was established, we 

experimented with longer lengths of stainless steel capillaries with substantially smaller 

inner diameter (i.d.). A piece of 300 cm long, 59.4 pm i.d. uncoated straight stainless 

steel capillary and a piece of 300 cm long, 57.7 pm i.d. uncoated woven (the construction 

of the woven column is discussed in section 2.2.2) stainless steel capillary were taken to 

systematically investigate the retention property of nitrite and iodide at seven different 

flow rates (in the range from 0.28 pIVmin to 6.64 pL/min), and the column temperature 

was set to 25 °C and 75 °C, respectively. The effect of flow rate and temperature on the 

plate number was studied and the plate numbers generated by the two columns were 

compared. 

Besides nitrite and iodide, the retention of 14 other optically absorbing species 

were measured. These were (in order of increasing retention): phenol, tiiiocyanate, 
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acetophenone, benzoate, phenolsulfonate, naphthalenesulfonate, naphthalenetrisulfonate, 

2-ketoglutarate, iodate, naphthalenedisulfonate, fumarate, chromate, phthalate, and trans-

aconitate. Some of tiiese are multivalent anions. 

Separations were performed using the 300 cm long 59.4 pm i.d. straight and 57.7 

pm i.d. woven columns. The mixture of nitrite, iodide, and naphthalenesulfonate was 

separated using Na2S04 as eluent in the straight column, while the mixture of 

naphthalenesulfonate and naphthalenedisulfonate was separated using the same eluent in 

the woven column. The effect of eluent strength, temperature, and flow rate on the 

former separation was also investigated. 

2.2 Experimental Section 
* 

2.2.1 Chromatographic System 

The chromatographic system consists of a pump, an injector, a column, a detector, 

and a column heater and an exit flow restrictor (if high temperature is used, arrangements 

are necessary for column heating and sufficient restriction after the detector to apply 

sufficient back-pressure to prevent boiling/bubble formation in the detector). A schematic 

experimental set-up is shown in Figure 2.1. 

2.2.1.1 Pumping 

A Kloehn model 50300 syringe pump (Kloehn Company, Inc., Las Vegas, NV) 

was used. It is a programmable precision liquid metering pump with non-volatile user 

program memory. A micro syringe of 500 pL (Kloehn Company, Inc., Las Vegas, NV) 
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Figure 2.1. Schematic diagram of the chromatographic system. 
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was used with the pump. The operation of the pump was done by WinPump software 

(Kloehn Company, Inc., Las Vegas, NV) which was installed in a 386 class personal 

computer (PC). The flow rate was controlled and changed by software. Typical flow 

rates used were from 0.55 pL/min to 2.23 pL/min. This is a very convenient inexpensive 

pump that delivers highly accurate flow rates. 

2.2.1.2 Injection 

The injector used is a two-position (load and inject), fixed volume loop-type 

injector (Cheminert, VICI, Valco Instmments Company, Inc., Houston, TX). It is driven 

by an electropneumatically driven actuator (Model A90, VICI, Valco Instruments 

Company, Inc., Houston, TX) and is capable of injecting 20 nL sample at a time. 

2.2.1.3 Column 

The columns used were 300 cm long 59.4 and 57.7 pm i.d. (nominally 50 pm i.d., 

155 pm o.d.) stainless steel capillaries (Microgroup Company, Medway, MA), a 53 cm 

long 158 pm i.d. (305 pm o.d.) stainless steel capillary (Small Parts Inc., Miami Lakes, 

FL), and a 47 cm long 187 pm i.d. (330 pm o.d) stainless steel capillary (Small Parts Inc., 

Miami Lakes, FL). These capillaries were directiy used without further modification. All 

were type 304 stainless steel. 

The intemal volumes of the above stainless steel columns were experimentally 

measured. For the 53 cm and 47 cm long columns, their intemal volumes were measured 

by weighing the difference between tiie empty column and tiie column ftiled witii DI 
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water. The values were found to be 10.3 pL and 12.9 pL, respectively. Based on tiiese 

values, their inner diameters were calculated to be 158 pm and 187 pm, respectively. 

The intemal volumes of two 300 cm long columns (one is denoted as "straight," 

the other is denoted as "woven") were measured by two methods: (1) weigh the difference 

between the empty column and the column filled witii DI water; (2) measure tiie elution 

time for an unretained solute (DI water) by injecting DI water into the column at a flow 

rate of 2.23 pL/min using 0.02 mM NaNOs as eluent and then observing the "dip" on the 

chromatogram. The results by the two methods were averaged. The average intemal 

volumes (with the uncertainties) of the straight and the woven columns were found to be 

8.32 ± 0.63 pL and 7.84 ± 0.86 pL, respectively. Based on these values, the inner 

diameters (with the uncertainties) of the two columns were calculated to be 59.4 ± 2.3 pm 

and 57.7 ± 3.2 pm, respectively. The difference in bore between the woven and the 

straight columns is not statistically significant. 

2.2.1.4 Detection 

UV absorbance detection was used for the detection of the elutes. The detector 

used was a variable wavelengtii absorbance detector usable with capillaries (Model C V*, 

ISCO, Lincoln, NE). The wavelengtii was typically set to 205 nm. 

Silica capillaries were connected to tiie exit end of steel capillaries to allow optical 

detection. With 59.4 and 57.7 pm i.d. (155 pm o.d.) steel capillaries, tiie end of the 

column was directiy inserted into a piece of 250 pm i.d. (350 pm o.d.) silica capillary. A 

small optical window (~ 1 mm long) was created by burning off tiie polyimide coating of 
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tiie silica capillary right after tiie end of tiie inserted steel capillary. The union (insertion 

point) was covered by a small piece of capillary bore polyvinylchloride (PVC) pump 

tubing as a tightiy fitting sleeve. A cotton tiiread was further tied tightiy onto tiie PVC 

sleeve to prevent leaks. 

If a 158 pm i.d. (305 pm o.d.) or a 187 pm i.d. (330 pm o.d.) steel capillary was 

used as the column, it was joined by a nonconducting 10-32 PEEK female compression 

coupling (Dionex Corporation, Sunnyvale, CA) to a piece of 50 pm i.d. (350 pm o.d.) 

silica capillary where an optical window was made for the detection. Steel capillaries of 

this diameter can not be directiy inserted into the 250 pm i.d. (350 pm o.d.) silica 

capillary. 

2.2.1.5 Column Heating and Back-Pressure Generating 

Column heating was carried out with a HPLC column heater (Model CH-30, 

Fiatron Laboratory Systems, Oconomowoc, WI). The heater is controlled by a Model 

TC-50 temperature controller (Fiatron) with platinum RTD sensors. The column heater is 

capable of providing a temperature range from a Uttie over ambient to 150 °C with a 

resolution of 0.01 °C. In the experiment, a pre-heating capillary (300 cm long 250 pm i.d. 

350 p,m o.d. silica capillary) was placed before the steel column. Column temperature was 

typically set to 25 T , 50 °C, 75 °C, and 120 °C. 

Application of back-pressure is essential to prevent bubbles in the detector when 

the column temperature approaches 100 °C. This was done by connecting a ~5 cm long 
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10 pm i.d. (150 pm o.d.) silica capillary to the end of tiie detection column (silica 

column). 

2.2.2 Constmction of Woven Column 

The woven column was constmcted using a piece of 300 cm long 57.7 p.m i.d. 

(155 p,m o.d.) stainless steel capillary and a 203 mm x 25 mm perforated plastic board 

with 1 mm diameter holes, the centers of adjacent holes being spaced at 2.5 mm intervals. 

Figure 2.2 shows the weaving pattem of the column.̂ * It can be seen that the weaving 

altemates between two adjacent rows of holes and hence the direction of flow in this 

pattem is repeatedly reversed in two dimensions. The capillary was woven longitudinally 

from the beginning of the board to the end; then the weaving was started from the end in 

the opposite direction, and so on. In the process of weaving, the capillary was drawn 

tightiy to make the radii of the loops formed as small as possible. The radius of each 

semicircular bend was approximately 2.5 mm. The effective volume and diameter of this 

woven column were measured after weaving (see section 2.2.1.3). 

2.2.3 Reagents 

The eluents used included sodium sulfate (EM Science), sodium bicarbonate 

(Fisher Scientific), and sulfuric acid (EM Science). 

The samples used were: sodium nitrite (Mallinckrodt), sodium nitrate (Matiieson 

Coleman & Bell), phenol (Aldrich), potassium tiiiocyanate (Aldrich), acetophenone (EM 

Science), sodium benzoate (Matheson Coleman & Bell), 4-phenolsulfonic acid, sodium 
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Figure 2.2. Weaving pattem of a 300 cm long 57.7 pm i.d. (155 pm o.d.) 
woven stainless steel capillary column. 
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salt (Eastman), 2-naphtiialenesulfonic acid, sodium salt (Aldrich), 2,6-

naphtiialenedisulfonic acid, sodium salt (Aldrich), 1,3,(6 or 7)- naphtiialenetrisulfonic acid, 

sodium salt (Aldrich), 2-ketoglutaric acid, monopotassium salt (Aldrich), potassium iodide 

(EM Science), potassium iodate (Mallinckrodt), fumaric acid, disodium salt (Aldrich), 

sodium chromate (Mallinckrodt), potassium hydrogen phtiialate (Mallinckrodt), and trans-

aconitic acid (Aldrich). 

All reagents were used as received, without further purification. For the 

preparation of solutions, distilled deionized water (by Bamstead Nanopure, Cat. No. 

D2770, Boston, MA) was used throughout. 

2.3 Results and Discussion 

2.3.1 Investigation of Retention of Anions in a 53 cm Long 
158 pm i.d. (305 pm o.d.) Uncoated Stainless Steel Capillary 

2.3.1.1 Using 0.2 mM Na2S04 as Eluent 

The retention of benzoate, nitrite, nitrate, and iodide was measured at both 25 °C 

and 120 °C. The eluent used was 0.2 mM Na2S04, the flow rate was 2.23 pL/min, and the 

concentration of sample ions was 1.0 mM each. Table 2.1 shows the retention time, 

adjusted retention time, half peak width, plate number, and capacity factor of each anion at 

25°Candl20°C. 

The intemal volume of the column was experimentally measured to be 10.3 pL. 

Based on this value, the elution time for an unretained solute at tiie flow rate of 2.23 

pL/min is calculated to be 4.62 min. Therefore, it appears tiiat all four anions were 
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Table 2.1. Retention time, adjusted retention time, half peak width, plate number *, and 
capacity factor of benzoate, nitrite, nitrate, and iodide in a 53 cm long 158 pm i.d. 

uncoated stainless steel capillary column at 25 °C and 120 °C 

Benzoate 

Nitrite 

Nitrate 

Iodide 

Benzoate 

Nitrite 

Nitrate 

Iodide 

Retention time 
(min) 

7.37 ±0.01 

7.35 ± 0.03 

7.31 ±0.02 

7.44 ± 0.06 

7.21 ±0.06 

7.16 ±0.04 

7.13 ±0.02 

7.14 ±0.01 

Adjusted 
retention time 

(min) 

25' 

2.75 ± 0.01 

2.73 ± 0.03 

2.69 ± 0.02 

2.82 ± 0.06 

120 

2.59 ± 0.06 

2.54 ± 0.04 

2.51 ±0.02 

2.52 ± 0.01 

Half peak width 
(min) 

€ 

0.72 ± 0.01 

0.51 ±0.02 

0.51 ±0.01 

0.58 ± 0.03 

°C 

0.53 ± 0.01 

0.37 ± 0.01 

0.36 ± 0.02 

0.35 ± 0.01 

Plate 
number 

580 

1151 

1138 

912 

1025 

2075 

2173 

2306 

Capacity 
factor 

0.60 

0.59 

0.58 

0.60 

0.56 

0.55 

0.54 

0.55 

* In tills tiiesis, plate number (N) is calculated by tiie equation N = 5.54(tR/Wh/2) , where IR 
is retention time and Wh/2 is half peak widtii. 
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retained by the column at both temperatures. This means that tiie inside surface of the 

steel column has the ability to retain these anions. The mechanism of the retention is 

probably because of the existence of positively charged sites (possibly iron oxide 

containing adsorbed cations, including H"*̂) on the steel surface and hence the electrostatic 

interaction between the positive sites and the sample anions. At higher temperature, the 

retention of aU four anions becomes less. This is in keeping with generally observed 

trends of decreasing affinities for the stationary phase at higher temperature in most types 

of chromatography. 

It also appears that there is not much difference in the retention times among the 

four anions, which indicates that the column displays littie selectivity. However, the half 

peak width of benzoate is considerably greater than that of the others at both 

temperatures. This is likely the big difference in diffusion coefficient between benzoate 

and the others. At 25 °C, the diffusion coefficients of benzoate, nitrite, nitrate, and iodide 

are 0.863 x 10 ̂  1.912 x 10'^ 1.902 x 10 ̂  and 2.045 x 10"̂  cmV\ respectively.̂ ^ An 

additional reason may be that benzoate is probably not fully ionized and the differing 

retention of HBz and Bz' broadens the peak. 

The plate number of each anion obtained at 120 °C is about twice as great as that 

at 25 °C. The maximum plate number is 2306, which was measured for iodide at 120 °C. 

The capacity factor of the four anions is around 0.59 at 25 °C and around 0.55 at 120 °C. 

In contrast to conventional ion exchange chromatography, the retention of nitrate 

was less than that of nitrite at both temperatures. This could be due to the smaller 

electron density of nitrate compared to that of nitrite and hence the weaker electrostatic 
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interaction of nitrate to tiie steel surface. Iodide was tiie most retained and tiie tiiird in 

chromatographic efficiency at 25 °C, however, it was less retained than botii benzoate and 

nitrite and exhibited tiie highest efficiency at 120 °C. This behavior is not readily 

explicable. 

The mixture containing benzoate, nitrite, nitrate, and iodide was also injected into 

tiie column under the same experimental condition as tiiat with tiie individual anions, at 

both temperatures. The retention times were too close and no clear separation was 

observed. 

2.3.1.2 Using 0.2 mM H2SOa and 0.2 mM NaHCO. as Eluent 

In addition to using 0.2 mM Na2S04 as eluent, I tried 0.2 mM H2SO4 and 0.2 mM 

NaHCOs with the 53 cm long 158 pm i.d. (305 pm o.d.) uncoated steel capillary. Other 

experimental conditions were maintained the same. 

The retention of nitrite and iodide was measured at 25 **C and 120 '̂C using these 

two eluents. Tables 2.2 shows the retention time, adjusted retention time, half peak width, 

plate number, and capacity factor of nitrite using 0.2 mM H2SO4,0.2 mM NaHCOa as 

eluent at 25 °C and 120 °C. The previous data with 0.2 mM Na2S04 as eluent is included 

for comparison. Tables 2.3 shows the corresponding values of iodide at 25 °C and 120 °C. 

It can be seen from tiiese tables that changing the eluent has very little effect on the 

retention time and the capacity factor of the two anions at either temperature. This means 

that the retention of tiie two anions on the stainless steel surface is not sensitive to pH, tiie 

three eluent types being neutral, acidic, and weakly basic. The plate number of nitrite is 
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Table 2.2. Retention time, adjusted retention time, half peak width, plate number, and 
capacity factor of nitrite at 25 °C and 120 °C using 0.2 mM H2SO4,0.2 mM NaHCOs, and 

0.2 mM Na2S04 as eluent in a 53 cm long 158 pm i.d. (305 pm o.d.) uncoated straight 
stainless steel capillary column 

Eluent 

H2SO4 

NaHCOa 

Na2S04 

H2SO4 

NaHCOs 

Na2S04 

Retention time 
(min) 

7.41 ±0.02 

7.36 ±0.01 

7.35 ± 0.03 

7.20 ±0.01 

7.14 ±0.01 

7.16 ±0.04 

Adjusted 
retention time 

(min) 

25' 

2.79 ± 0.02 

2.74 ± 0.01 

2.73 ± 0.03 

120 

2.58 ±0.01 

2.52 ±0.01 

2.54 ± 0.04 

Half peak width 
(min) 

'C 

0.47 ± 0.02 

0.42 ±0.01 

0.51 ±0.02 

°C 

0.36 ± 0.01 

0.33 ± 0.01 

0.37 ±0.01 

Plate 
number 

1377 

1701 

1151 

2216 

2593 

2075 

Capacity 
factor 

0.60 

0.59 

0.59 

0.56 

0.55 

0.55 
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Table 2.3. Retention time, adjusted retention time, half peak widtii, plate number, and 
capacity factor of iodide at 25 °C and 120 °C using 0.2 mM H2SO4,0.2 mM NaHCOs, and 

0.2 mM Na2S04 as eluent in a 53 cm long 158 pm i.d. (305 pm o.d.) uncoated straight 
stainless steel capillary column 

Eluent 

H2SO4 

NaHCOs 

Na2S04 

H2SO4 

NaHCOs 

Na2S04 

Retention time 
(min) 

7.34 ± 0.02 

7.34 ± 0.02 

7.44 ± 0.06 

7.13 ±0.03 

7.08 ± 0.02 

7.14 ±0.01 

Adjusted 
retention time 

(min) 

25' 

2.72 ± 0.02 

2.72 ± 0.02 

2.82 ± 0.06 

120 

2.51 ±0.03 

2.46 ± 0.02 

2.52 ± 0.01 

Ĉ 

°c 

Half peak width 
(min) 

0.43 ± 0.01 

0.43 ±0.01 

0.58 ± 0.03 

0.33 ± 0.01 

0.34 ± 0.01 

0.35 ± 0.01 

Plate 
number 

1614 

1614 

912 

2586 

2402 

2306 

Capacity 
factor 

0.59 

0.59 

0.61 

0.54 

0.53 

0.55 
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greater when using NaHCOs as eluent than that using H2SO4 and it is the least witii 

Na2S04. However, tiiis is not tiie case for iodide. 

It is possible tiiat nitrite exhibits best plates in eitiier acidic or alkaline medium 

because HONO <-̂  H*+ NO2" equilibrium is held more or less fuUy to one side or tiie 

otiier. Witii a neutral nonbuffering eluent, tiie dissociation equilibrium may become a 

function of concentration. The equilibrium is fully displaced in NaHCOa. As a result, 

nitrite displays tiie highest plate number when using NaHCOs as the eluent at eitiier 

temperature. With dilute H2SO4, a small amount may be present as HNO2. 

For both nitrite and iodide, using H2SO4 as the eluent was more efficient than 

using Na2S04. For nitrite, H2SO4 caused even more retention than Na2S04. It is tempting 

to conclude that when using H2SO4 as the eluent, the iron oxide on the stainless steel 

surface adsorbs a greater amount of H^ and thus causes increased retention. However, if 

this were the case, the same behavior should be observed for iodide and it is not. One 

concludes that HNO2 is probably preferentially retained by the surface relative to NO2". 

2.3.2 Investigation of Retention of Anions and Molecules in 300 cm Long 
59.4 pm i.d. Straight and 57.7 pm i.d. Woven Uncoated Stainless Steel Capillaries 

2.3.2.1 Retention of Nitrite and Iodide 

The retention of 0.1 mM nitrite and 0.1 mM iodide in 300 cm long 59.4 pm i.d. 

straight and 57.7 pm i.d. woven uncoated stainless steel capillaries at seven different flow 

rates (in the range of 0.28 - 6.64 pL/min) was measured. The eluent used was 0.2 mM 

Na2S04 and the column temperature was set to 25 °C and 75 °C, respectively. 
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In general, tiie plate number generated for nitrite is greater than tiiat for iodide. 

The largest plate number found was 30,145, which was measured for nitrite in tiie woven 

column at 75 °C under the lowest flow rate of 0.28 pUmin. The effect of flow rate and 

temperature on tiie plate number and the comparison of the two columns are discussed 

below. 

2.3.2.1.1 Effect of Flow Rate 

The retention time, plate number, and plate height of nitrite and iodide in tiie 

straight column at different flow rates at 25 V are shown in Table 2.4. In keeping with 

general theoretical expectation, it appears generally that the greater the flow rate, the 

smaller the plate number, and the larger the plate height. Figure 2.3 shows the Van 

Deemter plot (plate height vs. linear velocity) of nitrite drawn according to the 

experimental data of the linear velocity and the plate height from Table 2.4. For 

comparison, the theoretical plate height is calculated from the simplified Golay equation 

(eqn. 1.15) as mentioned in Chapter I and plotted versus the linear velocity in Figure 2.3 

as well. Figure 2.4 shows the corresponding experimental and theoretical Van Deemter 

plots of iodide. 

2Dm (l + 6k+llk')dc'u 

" = ~ ^ 96(l + k')̂ Dm ^̂ -̂ ^ 
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Where dc = 59.4 pm = 5.94 x 10'̂  cm; Dm is tiie diffusion coefficient, for nitrite 

and iodide in diluted aqueous solution at 25 °C, tiie values ^̂  are 1.912 x 10'̂  cm ŝ"̂  and 

2.045 X 10"̂  cm^s'\ respectively; u is tiie linear velocity of tiie mobile phase which is 

converted from the flow rate; k' is tiie capacity factor calculated from the adjust retention 

time and tiie elution time for an unretained solute (obtained by dividing tiie experimentally 

measured intemal volume by the flow rate). The values of k' for nitrite and iodide are also 

listed in Table 2.4. 

2.3.2.1.2 Effect of Temperature 

To determine the temperature effect on the plate number and the plate height, the 

retention of 0.1 mM nitrite and 0.1 mM iodide in the straight steel column was measured 

at 25 °C and 75 °C. Table 2.5 shows the retention time, plate number, and plate height of 

nitrite and iodide at both temperatures. It can be seen that at all flow rates, the plate 

number of iodide measured at 75 °C is much larger than that at 25 °C, especially at lower 

flow rates, the improvement is dramatic. For nitrite, increasing temperamre increases its 

plate number as well, although the improvement is not as large as that for iodide. The 

Van Deemter plots of nitrite and iodide at both temperatures are shown in Figure 2.5 and 

Figure 2.6, respectively. 
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Table 2.4. Retention time, plate number, experimental plate height, tiieoretical plate 
height, and capacity factor of nitrite and iodide at 25 °C using 0.2 mM Na2S04 as eluent at 

seven different flow rates in a 300 cm long 59.4 pm i.d. uncoated straight stainless steel 
capillary column 

Flow rate 
(pL/min) 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

Linear 
velocity 
(cm/s) 

0.17 

0.33 

0.67 

1.34 

2.00 

2.68 

3.99 

0.17 

0.33 

0.67 

1.34 

2.00 

2.68 

3.99 

Retention time 
(min) 

35.53 ± 0.04 

18.39 ±0.13 

8.98 ± 0.05 

4.78 ± 0.02 

3.20 ±0.01 

2.40 ± 0.00 

1.60 ±0.00 

42.26 ± 0.26 

22.76 ± 0.05 

11.18 ±0.06 

5.96 ± 0.03 

4.00 ±0.01 

2.87 ±0.04 

1.90 ±0.01 

Plate 
number 

Nitrite 

20091 

16207 

7756 

4945 

4688 

3191 

1418 

Iodide 

3679 

4268 

2884 

2048 

1831 

1579 

1183 

Capacity 
factor 

0.19 

0.22 

0.21 

0.28 

0.28 

0.29 

0.28 

0.41 

0.51 

0.51 

0.60 

0.60 

0.54 

0.52 

Experi
mental 
plate 

height 
(cm) 

0.015 

0.019 

0.039 

0.061 

0.064 

0.094 

0.212 

0.082 

0.070 

0.104 

0.146 

0.164 

0.190 

0.254 

Theore
tical plate 

height 
(cm) 

0.006 

0.012 

0.024 

0.056 

0.084 

0.113 

0.165 

0.008 

0.018 

0.037 

0.081 

0.121 

0.151 

0.220 
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Figure 2.3. Experimental and theoretical Van Deemter plots (plate height vs. linear 
velocity) of nitrite at 25 °C in a 300 cm long 59.4 pm i.d. uncoated straight 
steel capillary column. 
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Figure 2.4. Experimental and theoretical Van Deemter plots (plate height vs. linear 
velocity) of iodide at 25 °C in a 300 cm long 59.4 pm i.d. uncoated straight 
steel capillary column. 
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^IH 7s»r n o*™f • ^^^ '"""'^' ' ^ ' l P'̂ t^ height of nitrite and iodide at 25 °C 
and 75 C using 02 mM Na2S04 as eluent at seven diffeient flow rates and linear 
velocities m a 300 cm long 59.4 (im i.d. uncoated straight steel capillary column 

Flow rate 
(uL/min) 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

Retent 

25 "C 

35.53 ± 0.04 

18.39 ±0.13 

8.98 ± 0.05 

4.78 ± 0.02 

3.20 ±0.01 

2.40 ± 0.00 

1.60 ±0.00 

25 "C 

42.26 ± 0.26 

22.76 ± 0.05 

11.18 ±0.06 

5.96 ± 0.03 

4.00 ± 0.01 

2.87 ± 0.04 

1.90 ±0.01 

ion time 
lin) 

Nitrite 

75 "C 

33.84 ± 0.23 

17.44 ±0.07 

8.85 ± 0.03 

4.60 ± 0.05 

3.09 ± 0.06 

2.31 ±0.02 

1.59 ±0.01 

Iodide 

75'C 

36.51 ±0.31 

18.77 ±0.13 

9.44 ± 0.07 

4.96 ± 0.06 

3.20 ±0.01 

2.43 ± 0.04 

1.62 ±0.02 

Plate 
number 

25 "C 

20091 

16207 

7756 

4945 

4688 

3191 

1418 

25 "C 

3679 

4268 

2884 

2048 

1831 

1579 

1183 

75 "C 

25376 

20036 

13392 

9688 

5290 

3650 

2188 

75 "C 

18606 

15933 

11195 

9465 

5673 

3271 

1795 

Plate 
(c 

25 "C 

0.015 

0.019 

0.039 

0.061 

0.064 

0.094 

0.212 

25 "C 

0.082 

0.070 

0.104 

0.146 

0.164 

0.190 

0.254 

height 
;m) 

75 "C 

0.012 

0.015 

0.022 

0.031 

0.057 

0.082 

0.137 

75 "C 

0.016 

0.019 

0.027 

0.032 

0.053 

0.092 

0.167 
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Figure 2.5. Van Deemter plots of nitrite at 25 °C and 75 °C in a 300 cm long 59.4 pm i.d. 
uncoated straight steel capillary column. 
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Figure 2.6. Van Deemter plots of iodide at 25 °C and 75 °C in a 300 cm long 59.4 pm i.d. 
uncoated straight steel capillary column. 
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The diffusion coefficients of nitrite and iodide in diluted aqueous solution at 75 °C 

are estimated according to tiie Einstein-Stokes equation:^ 

D = RT / 6r|w r (2.2) 

Where D is the diffusion coefficient, T is the temperature, r|w is the viscosity of water, and 

r is the radius of solute molecule. It is found from the literature ^̂  that the values of r|w at 

25 °C and 75 °C are 0.8904 cp and 0.3781 cp, respectively. As a first approximation, 

since anions do not hydrate significantiy, I assume the effective solute radius does not 

change much with temperature. Based on the diffusion coefficients of nitrite and iodide at 

25 °C, by applying eqn. 2.2 and a different viscosity, the diffusion coefficients of nitrite 

and iodide at 75 °C are estimated to be 5.258 x 10'̂  cm ŝ'̂  and 5.623 x 10'̂  cm ŝ ^ 

respectively. 

The theoretical plate heights of nitrite and iodide at 75 °C at seven different flow 

rates are calculated from the simplified Golay equation by using the above calculated 

diffusion coefficients. Table 2.6 shows tiie retention time, plate number, experimental 

plate height, tiieoretical plate height, and capacity factor of nitrite and iodide in the 

straight column at 75 °C. The experimental and theoretical Van Deemter plots of nitrite 

and iodide are shown in Figure 2.7 and Figure 2.8, respectively. 

41 



Table 2.6. Retention time, plate number, experimental plate height, theoretical plate 
height, and capacity factor of nitrite and iodide at 75 °C using 0.2 mM Na2S04 as eluent at 

seven different flow rates in a 300 cm long 59.4 pm i.d. uncoated straight stainless steel 
capillary column 

Flow rate 
(pL/min) 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

Linear 
velocity 
(cm/s) 

0.17 

0.33 

0.67 

1.34 

2.00 

2.68 

3.99 

0.17 

0.33 

0.67 

1.34 

2.00 

2.68 

3.99 

Retention time 
(min) 

Plate 
number 

0.1 mM Nitrite 

33.84 ± 0.23 

17.44 ± 0.07 

8.85 ± 0.03 

4.60 ± 0.05 

3.09 ± 0.06 

2.31 ±0.02 

1.59 ±0.01 

25376 

20036 

13392 

9688 

5290 

3650 

2188 

0.1 mM Iodide 

36.51 ±0.31 

18.77 ±0.13 

9.44 ± 0.07 

4.96 ± 0.06 

3.20 ±0.01 

2.43 ± 0.04 

1.62 ±0.02 

18606 

15933 

11195 

9465 

5673 

3271 

1795 

Capacity 
factor 

0.13 

0.15 

0.19 

0.23 

0.24 

0.24 

0.27 

0.22 

0.24 

0.27 

0.33 

0.28 

0.30 

0.29 

Experi
mental 
plate 

height 
(cm) 

0.012 

0.015 

0.022 

0.031 

0.057 

0.082 

0.137 

0.016 

0.019 

0.027 

0.032 

0.053 

0.092 

0.167 

Theore
tical plate 

height 
(cm) 

0.002 

0.004 

0.009 

0.019 

0.028 

0.037 

0.059 

0.003 

0.005 

0.010 

0.021 

0.028 

0.040 

0.058 
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Figure 2.7. Experimental and theoretical Van Deemter plots (plate height vs. linear 
velocity) of nitrite at 75 °C in a 300 cm long 59.4 pm i.d. uncoated straight 
steel capillary column. 
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Figure 2.8. Experimental and theoretical Van Deemter plots (plate height vs. linear 
velocity) of iodide at 75 °C in a 300 cm long 59.4 pm i.d. uncoated straight 
steel capillary column. 
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2.3.2.1.3 Comparison of Straight Column to Woven Column 

Knitted or woven open tubular columns have been used in postcolumn HPLC 

reaction detectors.̂ '̂̂ ^ These columns are generally capable of inducing radial mixing in 

tiie flow stream and minimizing tiie band broadening caused by laminar flow tiiat occurs in 

straight columns. In my work, a 300 cm long stainless steel woven column was used as 

an open tubular separation column. The column did demonstrate, as expected, an overall 

higher efficiency over a straight column. 

From Table 2.7, it appears that for nitrite and iodide at either 25 °C or 75 °C, the 

plate numbers had an increasing trend when using the woven column. The plate number 

improvement of iodide is considerable (more than twice) at some flow rates. However, 

there are fluctuations where at some flow rates the straight column displayed a higher 

plate number than the woven column. 

These fluctuations might be caused by tiie following factors: (1) there were 

experimental uncertainties on tiie measurement of tiie retention time and the half peak 

width; (2) the retention of botii anions in tiie woven column was a littie less than that m 

the straight column; (3) the chromatographic peaks were not perfectiy Gaussian (the plate 

numbers were calculated by the equation which assumes Gaussian peaks). 

Figure 2.9 shows the comparison of two Van Deemter plots of nitrite obtained 

respectively by the straight and tiie woven columns at 25 °C; Figure 2.10 shows the 

comparison for iodide. The observed difference is substantially larger tiian what can be 

explained on tiie basis of tiie marginally smaller measured diameter of tiie woven column. 

A different mode of hydrodynamic mass transfer must be operative. 
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Table 2.7. Comparison of tiie plate numbers of nitrite and iodide at 25 °C and 75 °C using 
a straight and a woven uncoated steel columns at seven different flow rates 

Flow rate 
(pL/min) 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

0.28 

0.55 

1.12 

2.23 

3.33 

4.46 

6.64 

Plate number of nitrite 

Straight 
column 

20091 

16207 

7756 

4945 

4688 

3191 

1418 

25376 

20036 

13392 

9688 

5290 

3650 

2188 

Woven 
column 

25795 

15031 

10897 

4343 

3793 

3907 

1773 

30145 

22490 

11562 

8105 

5324 

4740 

3842 

Plate number of iodide 

Straight 
column 

25 °C 

3679 

4268 

2884 

2048 

1831 

1579 

1183 

75 °C 

18606 

15933 

11195 

9465 

5673 

3271 

1795 

Woven 
column 

11381 

6924 

5710 

2989 

2414 

2885 

1601 

27911 

19525 

13031 

8390 

4486 

4903 

3940 
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Figure 2.9. Van Deemter plots of nitrite at 25 °C in 300 cm long 59.4 pm i.d. straight and 
57.7 pm i.d. woven uncoated stainless steel capillary columns. 
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Figure 2.10. Van Deemter plots of iodide at 25 °C in 300 cm long 59.4 pm i.d. straight 
and 57.7 pm i.d. woven uncoated stainless steel capillary columns. 
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Meanwhile, we see from Table 2.7 that, with no exception, the plate numbers of 

botii anions in the woven column at seven flow rates are considerably larger at 75 °C tiian 

at 25 °C. This temperature effect is consistent with the previously mentioned result 

obtained in the straight column. 

2.3.2.2 Retention of Other Anions or Molecules 

In addition to nitrite and iodide, tiie retention of 14 other anions or molecules was 

also investigated. These were, in alphabetical order, acetophenone (uncharged molecule 

at the operating pH), benzoate, chromate, fumarate, iodate, 2-ketoglutarate, 

naphthalenesulfonate, naphthalenedisulfonate, naphthalenetrisulfonate, phenol, 

phenolsulfonate, phtiialate, thiocyanate, and trans-aconitate. The retention time and the 

half peak width of tiiese samples were measured in tiie woven 300 cm long 57.7 pm i.d. 

uncoated steel column using 10 mM Na2S04 as eluent at the flow rate of 4.46 pIVmin at 

25 °C and 75 °C (except for chromate, and trans-aconitate). The experimental data at 

botii temperatures are shown in Tables 2.8 and 2.9 in tiie ascending order of retention 

time. 

It was found in general tiiat at 25 °C tiie retention times of multivalent anions were 

greater tiian those of univalent anions or molecules. This is probably because that tiie 

multivalent anions electrostatically interacted witii the stainless steel surface more tiian tiie 

univalent anions or uncharged molecules. 

It seems tiiere are two exceptions regarding tiie retention: one is tiiat tiie retention 

time of monovalent iodate is larger than tiiat of 2-ketoglutarate which is a divalent anion; 
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anions or Table 2.8. Retention time, half peak widtii, plate number, and pK's of 15 ^ 
molecules in a 300 cm long 57.7 pm i.d. uncoated woven stainless steel capillary column 

usmg 10 mM Na2S04 as eluent at the flow rate of 4.46 pL/min at 25 °C 

Sample * 

phenol (U) 

thiocyanate (MA) 

iodide (MA) 

acetophenone (U) 

benzoate (w, MA) 

phenolsulfonate (MA) 

naphthalenesulfonate (MA) 

naphthalenetrisulfonate (TA) 

2-ketoglutarate (MA, DA) 

iodate (MA) 

naphthalenedisulfonate (DA) 

fumarate (MA, DA) 

chromate (MA, DA) 

phthalate (MA, DA) 

trans-aconitate (MA, DA) 

Retention 
time (min) 
2.36 ± 0.02 

2.39 ± 0.02 

2.39 ± 0.02 

2.40 ± 0.01 

2.41 ±0.02 

2.42 ± 0.04 

2.50 ±0.01 

2.53 ± 0.03 

2.60 ± 0.01 

2.71 ±0.02 

2.85 ±0.05 

2.97 ± 0.03 

3.61 ±0.04 

5.53 ± 0.25 

8.0 ± 0.5 

Half peak 
width (min) 
0.15 ±0.01 

0.11 ±0.01 

0.11 ±0.01 

0.16 ±0.01 

0.15 ±0.00 

0.17 ±0.01 

0.19 ±0.01 

0.17 ±0.01 

0.31 ±0.01 

0.64 ± 0.01 

0.45 ± 0.05 

0.60 ± 0.02 

1.38 ±0.05 

3.05 ± 0.28 

3.4 ±0.2 

Plate 
number 

1371 

2615 

2615 

1247 

1430 

1123 

959 

1227 

390 

99 

111 

136 

38 

18 

31 

pK-

9.99^ 

-1.85 ' 

<0 

very high 

4.204' 

9.05^ 

0.57^ 
4:4::)( 

-2.8 \ - 5 . 1 ^ 

0.804 ^ 
* * * 

3.10^4.60^ 

-0.98 \ 6.50 ^ 

2.950 \ 5.408 ^ 

2.80 \ 4.46 ^ 

* V, MA, DA, and TA indicate the analyte forms likely present in a Na2S04 eluent as 
uncharged, monoanion, dianion, and trianion, respectively, u means a small amount of 
uncharged analyte. 

** 1 and 2 indicate pKi and pK2, respectively. The pK's of trans-aconitic acid are from 
Ref. 63. The pK's of 2-ketoglutaric acid are estimated based on tiie pK's of glutaric acid 
(4.34, 5.42, from Ref. 63) and the inductive effect by the carbonyl group on 2-ketoglutaric 
molecules, since the values were not found in the literature. The otiier pK's are from Ref 
64. 

*** Not available but all protons should be ionized in a Na2S04 eluent and mostiy present 
as TA and DA, respectively. 
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Table 2.9. Retention time, half peak width, and plate number of 13 anions or molecules 
in a 300 cm long 57.7 pm i.d. uncoated woven steel capillary column using 10 mM 

Na2S04 as eluent at the flow rate of 4.46 pL/min at 75 °C 

Sample 

thiocyanate 

iodide 

phenol 

benzoate 

naphthalenesulfonate 

acetophenone 

naphthalenedisulfonate 

phenolsulfonate 

naphthalenetrisulfonate 

iodate 

2-ketoglutarate 

fumarate 

phthalate 

Retention time 
(min) 

2.32 ±0.01 

2.32 ± 0.01 

2.34 ± 0.03 

2.34 ± 0.04 

2.34 ± 0.03 

2.35 ± 0.04 

2.36 ± 0.05 

2.39 ±0.01 

2.41 ±0.02 

2.55 ± 0.04 

2.59 ±0.01 

2.65 ± 0.04 

7.20 ± 0.20 

Half peak 
width (min) 
0.09 ± 0.00 

0.08 ± 0.01 

0.10 ±0.01 

0.11 ±0.01 

0.12 ±0.00 

0.10 ±0.01 

0.11 ±0.01 

0.10 ±0.00 

0.12 ±0.01 

0.30 ±0.01 

0.43 ± 0.02 

0.30 ± 0.02 

4.83 ± 0.22 

Plate number 

3681 

4659 

3033 

2507 

2107 

3059 

2550 

3165 

2235 

400 

201 

432 

12 
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tiie otiier is tiiat naphtiialenetrisulfonate as a trivalent anion is unexpectedly less retained 

tiian all divalent anions. In conventional ion exchange chromatography, iodate is very 

pooriy retained. The large affinity of iodate for tiie stationary cationic sites on tiie 

stainless steel surface represents a most unusual selectivity. Potential reduction of iodate 

to iodide can be ruled out as an explanation of increased retention of iodate because iodide 

itself is retained less than iodate. 

Naphthalenetrisulfonate is strongly retained on conventional ion exchangers. The 

fact that it is retained less than naphthalenedisulfonate suggests one of two possibilities: 

(a) anion exchange site density on the surface is too low to bind all three sites of the 

analyte and having one polar group free in solution will decrease retention relative to 

divalent anions or (b) the ion exchange surface here is essentially two dimensional, 

therefore, it may be impossible for all three negative sites of naphthalenetrisulfonate to 

attach the surface, with the same consequence as in a. We favor the latter explanation 

since the degree of retention of monovalent and divalent probe analytes do not suggest a 

scarcity of binding sites. 

The retention of naphthalenesulfonate was greater than that of phenolsulfonate. 

This implies the existence of tiie hydrophobic interaction between the analytes and tiie 

stainless steel surface, since naphthalene ring is a more hydrophobic group tiian benzene 

ring. The fact tiiat acetophenone was more retained tiian phenol also gives tiiis 

implication. 

The unsaturated carbon-carbon double bond of the anions may be a factor that 

increases the retention. Trans-aconitate displayed the most retention among all tiie 15 
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analytes. Fumarate was retained more tiian 2-ketoglutarate and naphtiialenedisulfonate, 

with all tiiree being divalent anions. The existence of carbon-carbon double bond might 

increase tiie interaction between the anions and tiie stainless steel surface. 

Chromate is a complex divalent metal anion. It is seen from Table 2.8 that 

chromate was more retained than all other divalent anions except for phthalate. This is 

probably because of the strong electrostatic interactions between divalent chromate and 

the steel surface. The actual situation may be more complicated since tiie steel surface 

apparentiy also contains anionic sites as evidenced by the fact tiiat cationic latex could 

effectively bind to tiie surface (a piece of 47 cm long 187 pm i.d. stainless steel capillary 

was coated with dimetiiylethanolamine (DMEA) functionalized, cationically charged latex 

and the coated column showed the similar retention behavior to the DMEA latex coated 

silica and polystyrene columns, vide infra). 

In general, the half peak widths of multivalent anions were considerably greater 

than those of univalent anions or molecules. There is a big increase of half peak width 

between naphthalenetrisulfonate and 2-ketoglutarate. This could be partiy explained by 

the fact that the latter presents in the neutral Na2S04 eluent as two forms of monoanion 

and dianion (MA and DA, see Table 2.8) and the different retentions of these forms lead to 

the peak broadening. It is also the case for other analytes which present in two forms. 

Also, the half peak widths are broadened partly because of the increase in retention. The 

half peak width of iodate was unusually large compared to its retention relative to others. 

This is due to tiie large affinity of iodate for the stainless steel surface as mentioned before. 
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The retention time and the half peak width of phthalate were considerably larger 

than those of other divalent anions. Some chelate effect might exist between the positively 

charged groups on the stainless steel surface and the two ortho carboxyl groups of 

phtiialate, thus increasing the affinity of phthalate to the surface. At 75 °C, the retention 

of phthalate was greater than tiiat at 25 °C, and the half peak width was larger. This was 

different from all other samples. A possible reason is that the chelation process has an 

activation barrier and is favored at the higher temperature. The peak areas of phthalate at 

25 °C and 75 °C were measured and it was found that there was no significant difference 

between them, thus reactive loss of phthalate on the column does not occur. 

Temperature has again been proved to have a significant effect on the plate 

number. The plate numbers of most samples were significantiy increased at the higher 

temperature. The largest plate number is 4,659, which was measured at 75 °C for iodide. 

Note that this result was obtained at a flow rate much higher than optimum. 

2.3.3 Separation of Anions in 3(X) cm Long 59.4 pm i.d. 
Straight and 57.7 pm i.d. Woven Uncoated Stainless Steel Capillaries 

2.3.3.1 Separation Using tiie Straight Column 

A mixture of nitrite, iodide, and naphthalenesulfonate was successfully separated 

using a 300 cm long 59.4 pm i.d. (155 pm o.d.) uncoated straight steel capillary. Figure 

2.11 shows a chromatogram obtained by using 0.02 mM Na2S04 as eluent at the flow rate 

of0.55p.L/mmat50°C. 
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Figure 2.11. Chromatogram of 0.025 mM of nitrite, iodide, and naphthalenesulfonate 
(eluted out in this order) in a 3(X) cm long 59.4 pm i.d. uncoated straight 
steel column using 0.02 mM Na2S04 as eluent at the flow rate of 0.55 
pL/min at 50 °C. 
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This separation clearly shows that a bare stainless steel surface has different 

selectivity to the three anions. It is known that for the most common anion exchangers of 

the crosslinked polystyrene type, their affinity order is benzenesulfonate > iodide > 

nitrite.̂ ^ It is reasonable to assume that the selectivity of naphthalenesulfonate is similar to 

or greater than that of benzenesulfonate. These ions do show this affinity order: 

naphthalenesulfonate > iodide > nitrite. In this case, the cationic sites on the stainless steel 

surface, which act as a type of anion exchangers, display the same selectivity order as 

typical synthetic polymeric anion exchangers. However, as has been already discussed, 

this is not always the case. 

We investigated the effect of eluent strength, temperature, and flow rate on the 

separation of the above three anions. The results are discussed below. 

2.3.3.1.1 Effect of Eluent Strength 

Three strengths of eluent 0.5 mM Na2S04,0.2 mM Na2S04, and 0.02 mM Na2S04 

were used to determine tiie effect of eluent strengtii on the separation of nitrite, iodide, 

and naphtiialenesulfonate. The flow rate was 0.55 pL/min, the temperature was set to 25 

°C, and the sample concentration was 0.025 mM for each anion. Figure 2.12 shows the 

chromatograms under these three different eluent strength conditions. It appears that 

using less strength eluent produced better resolution, however, when usmg 0.02 mM 

Na2S04 as eluent, the half peak widtii of each analyte became larger resulting in lower 

plate numbers. Figure 2.13 shows tiie plot of log k' (k' is capacity factor) of nitrite, 

iodide, and naphthalenesulfonate as a function of log E (E is eluent concentration). It is 
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Figure 2.12. Chromatograms (two on the next page) of 0.025 mM of nitrite, iodide, and 
naphthalenesulfonate (eluted out in this order) in a 300 cm long 59.4 pm i.d. 
uncoated straight steel column using 0.5 mM, 0.2 mM, and 0.02 mM 
Na2S04 as eluent. Flow rate: 0.55 pL/min; Temperature: 25 °C. 
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Figure 2.12. Continued. 
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Figure 2.13. Plot of log k' of nitrite, iodide, and naphtiialenesulfonate as a function of 
logE. 
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seen tiiat tiie slopes (the ratio of log k' to log E) for nitrite, iodide, and 

naphtiialenesulfonate are -0.13, -0.20, and -0.22, respectively. 

In conventional ion exchange chromatography, for a given column, eluent, and 

flow rate, the relationship among the capacity factor (k'), eluent concentration (E), and the 

resin capacity (C) is given by tiie following equation ^ 

log k' = (a/b) log C - (a/b) log E -i- Constant (2.3) 

Where a is denoted as the charge on tiie sample ion and b is denoted as the charge on the 

eluent ion. 

In our case, the resin capacity (C) is assumed to be constant. The value of a^ is 

0.5, since all the three sample ions are monovalent anions (a = 1) and the eluent ion S04 "̂ 

is divalent anion (b = 2). By applying the above equation, the theoretically predicted ratio 

of log k' to log E is -0.5. It appears that the absolute value of this ratio is much larger 

than those absolute values of slopes experimentally determined for nitrite, iodide, and 

naphthalenesulfonate. This implies that, in the process of analyte retention, the interaction 

between the analyte and the stainless steel surface is not solely due to the ionic 

electrostatic attraction, the hydrophobic interaction may also play a role. 

2.3.3.1.2 Effect of Temperature 

The separation of the tiiree anions was carried out at three different temperatures: 

25 °C, 50 °C, and 75 °C. The eluent used was 0.02 mM Na2S04, the flow rate was set to 
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0.55 pL/min, and the sample concentration was 0.025 mM for each ion as before. The 

chromatograms are shown in Figure 2.14. It appears that temperature has a significant 

effect on the column efficiency, as was observed before. 

According to the Einstein-Stokes equation D = RT / 6r|w r, tiie diffusion 

coefficients of these anions in diluted aqueous solutions are 2.75 times and 1.57 times 

greater, respectively, at 75 °C and 50 °C than at 25 °C (the values ^' of tjw at 25 °C, 50 °C, 

and 75 °C are 0.8904 cp, 0.5468 cp, and 0.3781 cp, respectively). The higher column 

efficiency at higher temperatures is largely due to the increase of diffusion of anions in the 

mobile phase (diluted aqueous solution). 

Table 2.10 shows the plate number, experimental plate height, theoretical plate 

height (estimated based on the simplified Golay equation), and ratio of the experimental 

plate height to the theoretical plate height for nitrite and iodide at three temperatures at 

the flow rate of 0.55 pL/min using 0.02 mM Na2S04 as eluent. It appears that, for both 

nitrite and iodide, the ratios of experimental plate height to the theoretical plate height 

increase as the temperature increases. The values at 75 °C are more than twice greater 

than those at 25 °C. A possible reason is that the values of diffusion coefficients of nitrite 

and iodide at higher temperatures are overestimated by the Einstein-Stokes equation. 

2.3.3.1.3 Effect of Flow Rate 

Two very low flow rates were operated: 0.28 pL/min and 0.14 pL/min. The 

eluent used was 0.5 mM Na2S04, tiie temperature was set to 50 °C, and the sample 
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Temperature: 25®C 
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18.0 20.0 34.0 36.0 

Figure 2.14. Chromatograms (two on the next page) of 0.025 mM of nitrite, iodide, and 
naphthalenesulfonate (eluted out in this order) in a 3(X) cm long 59.4 pm i.d. 
uncoated straight steel column at 25 °C, 50 °C, and 75 °C. Eluent: 0.02 mM 
Na2S04; Flow rate: 0.55 pL/min. 
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Temperature: 50°C 
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Figure 2.14. Continued. 
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Table 2.10. Plate number, experimental plate height (1), tiieoretical plate height (2), and 
ratio of (1): (2) for nitrite and iodide at three temperatures at the flow rate of 0.55 pL/min 
using 0.02 mM Na2S04 as eluent in a 300 cm long 59.4 pm i.d. uncoated straight stainless 

steel capillary column 

Temperature 
CC) 

25 

50 

75 

25 

50 

75 

Plate 
number 

6558 

7448 

11155 

6611 

10703 

11469 

Experimental 
plate height (cm) 

(1) 

Nitrite 

0.0457 

0.0403 

0.0269 

Iodide 

0.0454 

0.0280 

0.0262 

Theoretical 
plate height (cm) 

(2) 

0.0155 

0.00700 

0.00415 

0.0181 

0.00792 

0.00434 

Ratio of 
(1): (2) 

2.9 

5.8 

6.5 

2.5 

3.5 

6.0 
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concentration was as same as before. Figure 2.15 shows the corresponding 

chromatograms. As we would expect, at the lower flow rate of 0.14 pL/min, we got a 

better separation. In such a case, it took more than an hour to run a separation. 

Table 2.11 shows the plate number, experimental plate height, theoretical plate 

height (estimated based on the simplified Golay equation), and ratio of the experimental 

plate height to the theoretical plate height for nitrite and iodide at two flow rates at 50 °C 

using 0.5 mM Na2S04 as eluent. It appears that, for both nitrite and iodide, the ratios of 

experimental plate height to the theoretical plate height increase as the flow rate increases. 

This could be explained by the fact that the separations were performed at the flow rates 

much greater than optimum and the experimental plate height obtained at the lower flow 

rate was then closer to the corresponding theoretical plate height. 

2.3.3.2 Separation Using the Woven Column 

Compared to the straight column, we found that the woven column increases the 

column efficiency but unexpectedly, it also reduces the differences in selectivity for 

different anions. This implies that the surface was actually changed during the weaving 

process to fabricate the column. However, with the straight column the analysis of 

multivalent anions was impractical due to very low efficiency. This efficiency improved 

sufficiently with the woven column to analyze multivalent anions, at least to separate them 

from univalent anions. The separations of a mixture of naphthalenesulfonate and 

naphthalenedisulfonate at both 25 °C and 75 °C in tiie 300 cm long 57.7 pm i.d. uncoated 

woven steel column are shown in Figure 2.16. The eluent used was 1.0 mM Na2S04, tiie 
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Figure 2.15. Chromatograms of 0.025 mM of nitrite, iodide, and naphthalenesulfonate 
(eluted out in this order) in a 300 cm long 59.4 pm i.d. uncoated straight 
steel column at the flow rates of 0.28 pL/min and 0.14 pL/min. Eluent: 0.5 
mM Na2S04; Temperature: 50 °C. 
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Table 2.11. Plate number, experimental plate height (1), theoretical plate height (2), and 
ratio of (1): (2) for nitrite and iodide at two flow rates at 50 °C using 0.5 mM Na2S04 as 

eluent in a 300 cm long 59.4 pm i.d. uncoated straight stainless steel capillary column 

Flow rate 
(pL/min) 

0.14 

0.28 

0.14 

0.28 

Plate 
number 

74895 

41121 

43621 

27146 

Experimental 
plate height (cm) 

(1) 

Nitrite 

0.00401 

0.00730 

Iodide 

0.00688 

0.0111 

Theoretical 
plate height (cm) 

(2) 

0.00237 

0.00345 

0.00241 

0.00347 

Ratio of 
(1): (2) 

1.7 

2.1 

2.9 

3.2 
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(a) Temperature: 25*C 
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(b) Temperature: 75°C 
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Figure 2.16. Chromatograms of 0.05 mM of naphthalenesulfonate and 
naphthalenedisulfonate (eluted out in this order) in a 3(X) cm long 57.7 
p,m i.d. uncoated woven steel column at (a) 25 °C and (b) 75 °C. 
Eluent: 1.0 mM Na2S04; Flow rate: 1.12 pIVmin. 
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flow rate was 1.12 pL/min, and tiie sample concentration for both anions was 0.05 mM. 

From the chromatogram as shown in Figure 2.16(b), a good separation is observed at 75 

°C. 

2.4 Conclusions 

In conclusion, bare stainless steel capillary columns retain many anions and neutral 

organic molecules. We measured the chromatographic retention of 4 univalent anions in a 

53 cm long 158 pm i.d. uncoated straight stainless steel capillary and the retention of 16 

univalent/multivalent anions or uncharged organic molecules in 3(X) cm long 59.4 pm i.d. 

straight and 57.7 pm i.d. woven uncoated stainless steel capillaries. AU samples were 

found to be retained to some degree in the corresponding columns. 

Stainless steel surface consists mainly of iron and chromium oxides and can be 

contaminated by the adsorption of organic materials.̂ ^ Mantel et d. studied the 

hydrophobic interactions between the stainless steel surface and a silanated silica sphere 

immersed in water and found that, compared to the cleaned stainless steel surface, the 

stronger interactions for the noncleaned (organic contamination) surface is possibly due to 

the hydrophobic effect.̂ ^ This hydrophobic effect has been applied to explain our 

experimentally observed retention behaviors of some anions on the stainless steel surface. 

In addition, the existence of anionic sites on the stainless steel surface was supported by 

our experimental fact that cationic latex could effectively bind to the surface. 

Attempts were made to modify the inner surface of the stainless steel column. A 

piece of 53 cm long 158 pm i.d. uncoated stainless steel column was treated, respectively, 
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witii flame in tiie presence of air, with flame in the presence of H2O2 solution, and witii 

aqua regia. However, for any of these treatments, the retention of nitrite and iodide 

remained almost the same as untreated. This implies that the retention property of the 

stainless steel surface was almost unchanged by these modifications. 

As we expected, 59.4 pm i.d. straight and 57.7 pm i.d. stainless steel capillaries 

performed chromatographically much better than the 158 pm i.d. capillary. So, the 

retentions of nitrite and iodide at different flow rates in 300 cm long 59.4 pm i.d. straight 

and 57.7 pm i.d. woven columns were systematically measured. It was found by our 

experimental results that the woven column has a higher efficiency than the straight 

column. Meanwhile, the temperature effect was determined and it was found that 

increasing temperature increases the colunm efficiency. 

The separation of nitrite, iodide, and naphthalenesulfonate and the separation of 

naphthalenesulfonate and naphthalenedisulfonate were achieved, respectively, in 3(X) cm 

long 59.4 pm i.d. straight and 57.7 pm i.d. woven uncoated stainless steel capillaries. The 

effect of eluent strength and flow rate was investigated for the former separation and the 

effect of temperature was determined for both. These effects are similar to those observed 

for other open tubular capillary LC systems. 

In general, the stainless steel surface has greater selectivity to multivalent anions 

than to univalent anions or uncharged molecules. It is unusual that iodate was retained 

more than some divalent anions and naphthalenetrisulfonate was retained less than some 

divalent anions. The latter is probably because tiie ion exchange surface of tiie stainless 

steel column is essentially two dimensional. 
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Despite good efficiency, the stainless steel surface has fairly limited differences in 

selectivity. A extensive group of anions can not be separated. Future work should 

involve functionalization of this surface tiiat would lead to thermally stable binding sites. 
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CHAPTER m 

OPEN TUBULAR LIQUID CHROMATOGRAPHY IN 

LATEX-COATED POLYSTYRENE AND SILICA CAPILLARY COLUMNS 

3.1 Introduction 

A simple method was developed to coat polystyrene capillaries with cationic latex 

(submicron size poly(styrenedivinylbenzene) beads which are functionalized anion 

exchange groups, -l̂ TRs) material. This method involved first treating a capillary with 

concentrated sulfuric acid to sulfonate the capillary inner wall so that the negatively 

charged sulfonate groups are generated on the inside surface. The capillary is then rinsed 

with distilled and deionized water. Next, a colloidal solution of cationic latex particles is 

pumped through the tube. The positively charged latex particles attach to the wall 

primarily through electrostatic binding, augmented by van der Waals attractions. 

A piece of 55 cm long 218 pm i.d. (5(X) pm o.d.) polystyrene capillary was coated 

with Dimethylethanolamine (DMEA) functionalized latex particles of size 375 nm and the 

coated column was demonstrated to be able to separate benzoate and iodide. The coating 

method was also applied to a longer capillary (110 cm long, 232 pm i.d, 5(X) pm o.d.) and 

the coated column was capable of separating the mixture of benzoate, nitrate, and iodide 

as well as tiie mixture of nitrite, nitrate, and iodide. 

A similar method was used to coat silica capillaries. The inside surface of a silica 

capillary was modified by the diluted mixture of hydrofluoric and nitric acids to increase 

interior surface area and hence the number of active surface silanol groups. The capillary 
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was then rinsed with lithium hydroxide, followed by distilled and deionized water, and 

coated with dimethylethanolamine (DMEA) functionalized, cationically charged latex. 

The mixture of benzoate, nitrite, nitrate, and iodide was separated in such a 100 cm long 

52.1 pm i.d. (150 pm o.d.) latex-coated silica column. 

3.2 Experimental Section 

3.2.1 Chromatographic System 

The chromatographic system is essentially the same as that described in Chapter n. 

The pumping, injection, and detection methods are the same and will not be restated here. 

The sole difference is that in this system, instead of using uncoated steel capillaries, we use 

latex-coated polystyrene and silica columns. The coating procedures regarding both types 

of column are described below. 

3.2.1.1 Coating Polystyrene Column 

A piece of 218 pm i.d. (500 pm o.d.) and a piece of 232 pm i.d. (500 pm o.d.) 

polystyrene capillaries were treated, respectively, with concentrated H2SO4 (18 M) by 

directiy injecting the acid through a Ice syringe into it. The acid was kept in the capillary 

for about 3 hours, until the interior of the capillary visibly changed to a dark color. Air 

was then pushed into the capillary by a Ice syringe to empty tiie concentrated H2SO4. 

Next, the capillary was rinsed with distilled and deionized water for 20 minutes. 

After the above pre-treatment, the capillary was coated with DMEA latex (particle 

size 375 nm) by pumping the latex solution (pH = 5) into it at tiie flow rate of 0.1 mL/min 
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for about 5 minutes. Finally, the capillary was rinsed with distilled and deionized water for 

about 2 hours. 

3.2.1.2 Coating Silica Column 

A piece of 52.1 pm i.d. (150 pm o.d.) silica capillary was rinsed with a mixture of 

2.5% HF and 2.5% HNO3 for 50 minutes, tiien rinsed with distilled and deionized water 

for 50 minutes as well. After that, the capillary was rinsed, respectively, with 10 mM 

LiOH and distilled and deionized water for 20 minutes. 

The pre-treated capillary was then coated with DMEA latex by tiie same method 

as for the coating polystyrene capillary and rinsed with distilled and deionized water for 

about 2 hours. 

3.2.1.3 Measurement of Intemal Volume of Polystyrene and Silica Columns 

The intemal volumes of the two polystyrene capillary columns were experimentally 

measured by weighing the difference between the empty column and the column filled with 

DI water. For the 55 cm long column, its intemal volume was found to be 20.53 pL; for 

the 110 cm long column, its intemal volume was found to be 46.53 pL. Based on these 

values, their inner diameters were calculated to be 218 pm and 232 pm, respectively. The 

nominal diameter from the manufacturer was 254 pm. 

The intemal volume of the silica capillary column was experimentally measured by 

weighing the difference between tiie empty column and the column filled witii DI water. 
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The intemal volume was found to be 4.27 pL. Based on this value, its inner diameter was 

calculated to be 52.1 pm. The nominal diameter from the manufacturer was 50 pm. 

3.2.2 Reagents 

The eluents used were sodium sulfate (EM Science) and sulfuric acid (EM 

Science). The rinsing reagents used were hydrofluoric acid (EM Science), nitric acid 

(Mallinckrodt), and lithium hydroxide (GFS Chemicals). The samples used included 

sodium benzoate (Matheson Coleman & Bell), sodium nitrite (Mallinckrodt), sodium 

nitrate (Matheson Coleman & Bell), and potassium iodide (EM Science). 

All reagents were used as received, without further purification. For the 

preparation of solutions, distilled deionized water was used throughout. 

3.3 Results and Discussion 

3.3.1 Separation of Anions in Latex-Coated Polystyrene Capillary Columns 

3.3.1.1 Separation in a 55 cm Long 218 pm i.d. Latex-Coated Polystyrene Column 

The separation performance of a 55 cm long 218 pm i.d. latex-coated polystyrene 

column was investigated. At 25 °C, the mixmre of benzoate and iodide was separated 

using 0.2 mM Na2S04 as eluent at the flow rate of 2.23 pL/min. The chromatogram is 

shown in Figure 3.1. 
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Figure 3.1. Chromatogram of 2.5 mM of benzoate and iodide (eluted out in this order) in 
a 55 cm long 218 pm i.d. latex-coated polystyrene column at 25 °C. Eluent: 
0.2 mM Na2S04; Flow rate: 2.23 pL/min. 
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3.3.1.2 Separation in a 110 cm Long 232 pm i.d. Latex-Coated 
Polystyrene Column 

Since benzoate and nitrate could not be separated by the 55 cm long 218 pm i.d. 

latex-coated polystyrene column, a 110 cm long 232 pm i.d. column was tiien coated and 

tried. The mixture of benzoate, nitrate, and iodide was successfully separated by this 

longer column under tiie same experimental conditions. Also, the separation of nitrite, 

nitrate, and iodide was achieved. Figures 3.2 and 3.3 respectively show the 

chromatograms. 

It can be seen that it took about an hour to mn a separation when using the 110 

cm long column. The plate number was low for iodide and the overall column efficiency 

was not high. However, this separation is still remarkable considering the large bore of 

this column. 

Table 3.1 shows the plate number, experimental plate height, theoretical plate 

height (calculated by the simplified Golay equation), and ratio of the experimental plate 

height to the theoretical plate height for benzoate, nitrite, nitrate, and iodide in the 110 cm 

long 232 pm i.d. latex-coated polystyrene column at the flow rate of 2.23 pL/min at 25 

°C. It appears that the order of the experimental plate heights of these anions is in 

agreement with the order of the corresponding theoretically predicted plate heights. 

Among the four analytes, benzoate displayed its experimental plate height which is 

most close to its theoretical value, whereas iodide displayed its experimental plate height 

which is least close to its theoretical value. Iodide was the most retained analyte with the 
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Figure 3.2. Chromatogram of 2.5 mM of benzoate, nitrate, and iodide (eluted out in this 
order) in a 110 cm long 232 pm i.d. latex-coated polystyrene column at 25 °C. 
Eluent: 0.2 mM Na2S04; Flow rate: 2.23 pL/min. 
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Figure 3.3. Chromatogram of 2.5 mM of nitrite, nitrate, and iodide (eluted out in this 
order) in a 110 cm long 232 pm i.d. latex-coated polystyrene column at 25 °C. 
Eluent: 0.2 mM Na2S04; Flow rate: 2.23 pIVmin. 
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Table 3.1. Plate number, experimental plate height (1), theoretical plate height (2), and 
ratio of (1): (2) for benzoate, nitrite, nitrate, and iodide in a 110 cm long 232 îm i.d. 

latex-coated polystyrene column usmg 0.2 mM Na2S04 as eluent at the flow rate of 2.23 
pL/min at 25 °C 

Sample 

Benzoate 

Nitrite 

Nitrate 

Iodide 

Plate 
number 

1146 

1713 

1568 

487 

Experimental 
plate height (cm) 

(1) 

0.262 

0.175 

0.191 

0.616 

Theoretical 
plate height (cm) 

(2) 

0.127 

0.055 

0.074 

0.150 

Ratio of 
(1): (2) 

2.1 

3.2 

2.6 

4.1 
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poorest efficiency. A possible reason is that iodide has a strong affinity to the DMEA 

latex. 

3.3.2 Separation of Anions in a Latex-Coated Silica Capillary Column 

The separation of benzoate, nitrite, nitrate, and iodide was carried out in a 200 cm 

long 52.1 pm i.d. latex-coated silica column. The eluent used was 0.2 mM H2SO4, the 

flow rate was 0.55 pIVmin, and the temperature was 25 °C. The chromatogram is shown 

in Figure 3.4. 

Table 3.2 shows the plate number, experimental plate height, theoretical plate 

height (calculated by the simplified Golay equation), and ratio of the experimental plate 

height to the theoretical plate height for benzoate, nitrite, nitrate, and iodide in the 100 cm 

long 52.1 pm i.d. latex-coated silica column at the flow rate of 0.55 pIVmin at 25 °C. It 

appears that the order of the experimental plate heights of these anions is in agreement 

with the order of the corresponding theoretically predicted plate heights. 

The experimental plate height of nitrite is in good agreement with its theoretical 

plate height. Iodide was retained the most, which is consistent with the result obtained by 

the polystyrene column. However, benzoate displayed the poorest efficiency, which is a 

different behavior. This implies that, besides the ionic interaction between the coated 

DMEA latex and the analyte, other interactions between analyte and different charged 

groups on the different surfaces of the two types of columns might also exist. 

The capacity factors and the ratios of the experimental plate height to the 

theoretical plate height produced by the polystyrene and silica columns for benzoate, 
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Figure 3.4. Chromatogram of 0.25 mM of benzoate, nitrite, nitrate, and iodide (eluted out 
in this order) in a 200 cm long 52.1 pm i.d. latex-coated silica column at 25 
°C. Eluent: 0.2 mM H2SO4; Flow rate: 0.55 pIVmin. 
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Table 3.2. Plate number, experimental plate height (1), theoretical plate height (2), and 
ratio of (1): (2) for benzoate, nitrite, nitrate, and iodide in a 200 cm long 52.1 pm i.d. 

latex-coated silica column using 0.2 mM H2SO4 as eluent at the flow rate of 0.55 pIVmin 
at 25 °C 

Sample 

Benzoate 

Nitrite 

Nitrate 

Iodide 

Plate 
number 

1616 

11072 

5219 

2887 

Experimental 
plate height (cm) 

(1) 

0.124 

0.018 

0.038 

0.069 

Theoretical 
plate height (cm) 

(2) 

0.021 

0.012 

0.014 

0.017 

Ratio of 
(1): (2) 

5.9 

1.5 

2.7 

4.1 
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Table 3.3. Comparison of capacity factors and ratios of experimental plate height to 
theoretical plate height produced by polystyrene column (1) and silica column (2) for 

benzoate, nitrite, nitrate, and iodide 

Sample 

Benzoate 

Nitrite 

Nitrate 

Iodide 

Capacity factor 

(1) ' 

0.30 

0.26 

0.45 

1.89 

(2)-

0.11 

0.23 

0.29 

0.46 

Ratio of experimental to 
theoretical plate heights 

(D* 
2.1 

3.2 

2.6 

4.1 

(2)** 

5.9 

1.5 

2.7 

4.1 

* In a 110 cm long 232 pm i.d. latex-coated polystyrene column using 0.2 mM Na2S04 as 
eluent at the flow rate of 2.23 pIVmin at 25 °C. 
** In a 200 cm long 52.1 pm i.d. latex-coated silica column using 0.2 mM H2SO4 as 
eluent at the flow rate of 0.55 pIVmin at 25 °C. 
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nitrite, nitrate, and iodide are compared in Table 3.3. It is seen tiiat tiie capacity factor of 

each anion is greater in the polystyrene column than in the silica column, especially for 

iodide and benzoate. Therefore, it seems tiiat the DMEA latex-coated polystyrene column 

has a better retention capability for benzoate, nitrite, nitrate, and iodide than the coated 

silica column, which implies tiiat the concentrated H2SO4 modified polystyrene column has 

more surface active negatively charged groups per area than the modified silica column. 

The ratios of the experimental plate height to the theoretical plate height produced 

by the polystyrene and silica columns for nitrate and iodide are very close; however, they 

differ largely for benzoate and nitrite. 

3.4 Conclusions 

In summary, simple methods were applied to coating polystyrene and silica 

capillaries. The methods included first modifying the inner surface of the capillaries to 

increase the negatively charged sites, then coating with positively charged latex particles 

which carry anion exchange groups. It seemed that the modified polystyrene column has 

more surface active groups per area than the modified silica column. These latex-coated 

capillary columns showed the capability of separating some anions. 

3.5 Future Work 

For the further study of the chromatographic system using stainless steel capillaries 

as the column, one may try to join two pieces of 300 cm long 50 pm i.d. capillaries to 

make a ~6(X) cm long column. The retention of some typical anions such as nitrite and 
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iodide in this column will be measured and the plate numbers are to be compared to those 

obtained by a single 3(X) cm column. Separations, particularly at high temperatures, 

should also be performed using this -600 cm column. 

For the system using latex-coated polystyrene columns, in future, one may try to 

coat a smaller i.d. polystyrene capillary using DMEA latex. The similar separations will be 

performed and the results such as column efficiency and separation resolution are to be 

compared to those obtained by the large bore column. 
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