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SUMMARY 

Coupling of several 20 cm x 0.25-0.35 mm I.D. micro packed flexible fused 
silica columns in series is a simple technique for attaining high efficiencies in micro 
high-performance liquid chromatography. Reversed-phase and gel permeation chro- 
matography using 4&14O-cm columns are demonstrated. A 14O-cm column packed 
with G lOOOH (5 p) attained cu. 100,000 plates in gei permeation chromato- 
graphy- These columns were employed to resolve complex polychlorinated biphenyl 
mixtures or the constituents of water. 

INTRODUCTION 

For the liquid chromatographic analysis of complex mixtures in the environ- 
ment or in viw, high e$llciency in terms of the theoretical plate number plays an 
important role as well as optimization of the selectivity of liquid chromatography 
(LC): A greater number of theoretical plates is generally produced by a longer 
c01umn~-~. Scott and Kucera’.’ prepared 1 m x 1 mm I.D. microbore packed col- 
umns and obtained longer columns (10-14 m) by coupling them in series. Nearly 
30,000 plates were produced with a l-m column in the reversed-phase system, 160,ClOO 
plates were produced with a 10-m column in the normal-phase system and 650,000 
plates were produced wi*& a 14-m column in gel permeation chromatograph+_ The 
pressure drop across the column and the time required for the analysis were much 
greater than for conventional high-performance LC (HPLC). 

We have rcccntly examined the employment of flexible fused silica tubing as 
the column material in micro-HPLCI when.we found-that a 10 cm x 0.25 mm I.D. 
column attained ca. 700C1 theoretical plates. In that work’, the effect of column length 
on column efficiency was investigated and nearly the same efficiency in terms of height 
equivalent to a theoretical plate (HETP) was attained with 5-30 cm columns, while a 
slightly poorer efhciency was observed for an SO-cm column owing to non-uniformity 
in the pa&ing_ -However, it may be expected that a desired et%lciency can be generated 
with long.col_umns coupled in series. 

A long straight column causes a large ~eparati& between the detector and the 
pump of the dqomatogaph. Thus, it is desirable for a long column to be coiled. 
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However, it has been noted that the coil should not be less than 12 cm in diameter 
since a reduction in coil diameter causes a significant reduction in e&iency2. Flex- 
ibility of a fused-silica tubing facilitated adjustment of the coil diameter after packing. 
Even a long f&&-silica tubing column is easy to handle. 

In this article, high-resolution flexible fused-silica columns coupled in series 

we= preparedazd used for the analysis of complex mixtures by reversed-phase and 
gel permeation chromatography. 

EXPERILMENTAL 

The liquid chromatograph was assembled from a Micro Feeder (Azumadenki 
Kogyo, Tokyo, Japan) with a 250~fl gas-tight syringe as a pump, a JASCO micro 
valve injector (0.02 4, Japan Spectroscopic, Tokyo, Japan), a micro pre-column, a 
micro packed fused silica column, a column oven, a UVIDEC-100 (JASCO) UV 
spectrometer with a modified flow cell and a back-pressure pump. Fused-silica col- 
umns were prepared by the method reported previously4. TSK-GEL G IOOOH (5 m), 
Toyo Sods Tokyo, Japan) and silica ODS SC-01 (5 m, JASCO) were selected as 
packings for gel permeation and reversed-phase chromatography, respectively. Col- 
umns were connected by stainless-steel tubing, 0.13 mm I.D., 0.31 mm 0-D. and 4-5 
mm length, as shown in Fig. l_ The connection volume was only 0.05-0.06 ~1 and the 
counecting system shown in Fig. 1 endured SO100 kg/cm’. The micro precolumn was 
composed of PTFE tubin g, CQ. 10 mm x 0.2 mm I.D., packed with Amberlite XAD 
II and was employed for collecting the organic constituents of water using the tech- 
nique reported previously’. The column oven was constructed in our laboratory and 
comprised asbestos boards equipped with a heater and a fan. The temperature was 
adjusted by altering the applied voltage with a sliding rheostat. A micro flow cell was 
composed of quartz tubing, IS mm x 0.17 mm I.D.. Back-pressure was applied to 
prevent vaporization of the mobile phase even when the chromatograph was operated 
at elevated temperatures as described previously6. Samples were injected using a 
mod&d micro valve injector’. All reagents were purchased from Wako (Osaka, 
Japan) or Tokyo Chemical Industry (Tokyo, Japan)_ Fused-silica tubings were ob- 
tained from Gasukuro Ko_eo (Tokyo, Japan) or Scienti&c Glass (North Melbourne, 
Australia). 

I sml I 

Fis 1. Schematic diagram of the ends of columns ani the connecting capillary tubing- 1 = Packing 
materi&; 2 = fused-silica tubing; 3 = quartz wool; ? = PTFE tubing, 0.2 ti I-D_ attd 2 mm 0-D.; 5 = 
I’TFE tubing 2 mm I.D. aad 4 mm 0-D.; 6 = srainles-steel capillary tubing, 0.13 mm I.D. and 0.31 mm 
O-D_ 
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RESULTS AND DISCUSSION 

Reversed-phase chromatography 

In previous work*, i-30 cm x 0.25 mm I.D. fused-silica columns packed with 
silica ODS SC-01 (5 F) gave nearly the same HETP value, 14-20 m. Thus, 20 cm x 
0.25 mm I.D. was adopted as the column dimension in this work, because of the 
simplicity of preparation. 

Table I shows the efficiency of 2O-cm columns and coupled columns using 
aromatic hydrocarbons as test samples and acetonitrile-water (7:3) as the mobile 

phase. Dependence of HETP on the flow-rates of the mobile phase was low in the 
region between 0.83 and 3.3 @nin. Columns of length 20 cm generally produced 
10~400-14,100 theoretical plates. The relative standard deviation of HETP with ten 
2O-cm columns was ca. 9 T’. A 9.9-cm column and coupled columns (39.6 and 59.1 
cm) also gave nearly the same HETP value as the 20cm columns, which indicates that 
extra-column band broadening in the connection, injection and detection parts is 

negligibly small. 

-l-ABLE I 

COLUMN PERFORhiANCE OF FLEXIBLE MlCRO COLUMNS 

Column: 0.25 mm I.D., packed with silica ODS SC-01 (5 qQ_ Mobile phase: acetonitile-water (7:3). V, 

= Retention volume; N = number of theoretical plates; HETP = height equivalent to a theoretical plate. 

cohmn Ien& Flow-rare Cohn performance 

(cd (Njminl 
Bipi:etld Pwene 

VR N HETP V, N HETP 

(NJ 3 (v) (P/j (IN 

9.9 1.11 11.7 7100 I4 24.8 XmQ 14 
~O_O 1.04 23.3 10,400 19 42.0 12300 15 
19.7 1.04 23.5 lZ?,4JlO 16 47.2 12,200 16 
19.9 1-M 24.0 12,400 16 47.9 10,500 19 

19.5 1.0-i 2x1 12,300 16 47.0 llW0 16 
19.5 1.04 23.0 12,200 16 46-3 12,100 16 
19.7 1.04 23-O 14,aao 14 45.7 14,100 14 
19.9 1.04 24-3 14,aoo 14 49.4 14,lclo 14 
19.9 LOS 74.0 11,700 17 45.8 13,100 15 
20.0 708 23.0 10,800 19 44.5 lZ,SOO 16 
19.9 LOS 23.1 il.700 17 43.0 13,100 15 
39-6 1.04 47.3 2s/Klo 14 96.2 23,600 17 
(19.7 + 19.9) 
59.1 1.04 69.6 40,500 15 1422.6 4vQQ 15 
(19.7 + 19.9 f 19.5) 

Fig. 2 shows the linear relationship between the theoretical plate number and 

column length. A desired column efficiency can be attained with the columns coupled 
in &es. ‘On the other hand, a single 80cm column gave a slightly poorer result 
(HE%P = 30-37 /un). 

The pressure drop across the 59. l-cm column -under the operating conditions 
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cotsal LeIxthtn) 

Fig. 2. Relationship betszen the theoretical plate number and column length. Column, 0.25 mm I-D_, 
pxked with SC-01 (5 m); mobile phase acetonitriksuater (7r3): flow-rate. 1.04 dimin; sample, biphenyl; 
tempersurc. ambient_ 
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Fig_ 3. Separation ofPCB mismres on a ZO.O-an column. Column. 20.0 cm x 025 mm I.D., pzcked with 
SC-01 (5 _gm);‘mobile phase, acetonitri!e-water (82); Ilow-rate: 1.39 &mini Sample, 1.8 % of pCB-$S; 
(Tokyo Chemical rndusuy, chlorine content cu. 4 ‘;,3 simple size. 0.02 fl; temperature. ZT’C; wavelength 
of I;V detection. 22% mn. 

Fig. 4. Separation of F’CB mixtures on a 39-9, coIumn_ Column, 39-9 cm x 0.25 mm I.D., packed &h 
SC-01 (5 m)_ O&er opaating conditiom as in Fis X 
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Fig- 5. Separation of PCB mixtures on a 39.S-cm column at elevated temperature_ Column: 39.5 cm x 
O-25 mm ID-, packed with SC-01 (5 m); mobiie phase, acetonittile-water (7:3); temperature, 62°C. Other 
operating conditions as in Fig 3. 

0 20 40 60 80 la0 
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Fig: 6. Se@ration of PCB mixtures ott a 59.l-cm column at elevated temperature. Colum-59.1 cm x 
025 mm LD., packed with SC-OI (-5 ,@; mobile phase, acetonitriie-water (7:3); sample, 2.5 % of PCB-%; 
t~peKXURZ, 9O’C. Other operating conditions aS in Fig_ 3_ : _ 
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Fis_ 7. Reiaticx~~hip bets-.~n t&z theoretical plate‘number and column Iength. Column, 0.35 mm I.D., 
packed with G IOWH (5 q); mobile phase, tetrahydrofuran; flow-rate, 1-M .ul[min; .ump!e, dimethyl 

pht!zSate; temperature, ambient. 
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Fig 3. Separation ofphthalates on a 19A-em coIumn_ Column, 19.4 cm x 0.35 mm I.D., packed with G 
lOC0I-Z (5 ,sn); floa:rate, 1.04 &min SampIes: 8 = di-2<thylhexyl phthalate; 4 = di-n-butylphthalate; 2 
= die:hyl phthalate; I = dimethyl phtbalate, ezch 0.05%. Sample size. 0.02 d; tcmpcratttrc, ambient; 
azveiength of UV detection. 235 IlIlL 

Fig 9. Separxion of phtbalares on a 57.Sxm column_ Columq 57.8 em x O-35 mm 1-D.. packed with G 
!WH (5 e). Samples: 9 = dinonyl phtbalate; 8 = di-2-cthy&exyl phtbalate; 7 = dibeptyl phthalate; 4 
= dig-butyi phthalatc; 3 = di-n-propqlphtbalate; 2 = diethyphthaiate; 1 = rjiithy@&alate., each 

C_2~;_ Other operating conditions as ia Fig. 8. 



i!,iXCRO_EIpLC IWT’H FUSED-SfLICA COLUMNS 415 

indicated in Table I was CQ. 60 kg/cm’. The pumping, injecting and connecting sys- 
terns employed in this work endured 60-80 kg/cm2. Th-us, the chromatograph should 
be run at lower flow-rates if longer columns are employed, leading to an increase in 
the analysis time. 

Figs_ 3-6 demonstrate the analyses of polychlorinated biphenyl (FCB) mix- 
tures on columns of different lengths. Figs. 3 and 4 show separations at room teni- 
pexature (27%) on 20.0- and 39.9-cm columns and Figs. 5 and 6 show separations at 
elevated temperature on 39.5 and 59.l-cm columns, respectively_ The longer the 
column, the more constituents are resolved. The chromatograms obtained on 4O-cm 
COIWTIIIS shown in Figs. 4 and 5 suggest that selectivity at elevated temperatures is 
higher than at room temperature, which encouraged us to employ the water-rich 
mobile phase at eIevatcd temperature. In addition, operating at elevated temperature 
generally decreases the viscosity of the mobile phase, leading to a decrease in the inlet 
pressure_ Thus, operation at elevated temperature facilitates the employment of 
longer columns and/or separation at higher flow-rates. 

Gel permeation chromatcgrap~~_v 

Several studies on micro-scale gel permeation chromatography have been re- 
pOrt~‘.2.s.9, 

in which 0.~l-mm bore columns are employed. In this work, TSK- 
GEL G lOOOH (5 m) and a 0.35mm I.D. fused-silica tubing were selected as packing 
and column material, respectively, for gel permeation chromatography. 

Fig. 10. Sepration ofphtEdates on a 1426-an column. Column, 142.6 cm x 0.35 mm I.D., packed witk 
G 1003H (5 pn); sunpI= 2s in F&9. Other opuating conditions as in Fig. 8. 
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Fig. 11. S+arations of phthalates and aromatic hydrocarbons on a 1OLScm column. Column, 102-S cm 

x 0.35 mm I.D., packed with G lOOOH (5 .um); mobiie phase, tetrahydrofuran; flow-rate, 1.04 fijmin. 
SampIes: (A) phthalates, as in Fig. 8 exepr for the concentration, each 0.2 7;; (B) aromatic hydrocarbons: 
C = 0.034 yi (wjv) of cbrysene; A = 0.0037 % of antbracene; N = 0.38 % of naphthalene; B = 26 % of 
txnzene_ Sample size_ 0.02 4; temperature. ambient; wauekngth of UV detection, (A) 235 nm, (B) 2% mn. 
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Fig. 12 _Relationship between the lo_earithm of mokruk weight md retent.iOn vohnne (or time); @erat- 

iog conditions as in Fig_ 1 I. 
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The efficiency of columns coupled in series was examined using phthalates and 
aromatic hydrocarbons as the test samples and tetrahydrofuran as the mobile phase_ 
Fig. 7 shows the reiationship between the theoretical plate number and the column 
length. The theoretical plate number increases with increasing column length and the 
relation deviated upwards from linearity. Nearly 100,000 theoretical plates were pro- 
duced for dimethyl phtbalate on a 14-O-em co!unm at a retention time of SO mm. 

Figs. S-10 show typical separations of phthalates on coiumns of different 
len,@hs. As the column length increases, the resolution of the solutes becomes greater, 
e.g., dimetbyl and diethyl phthalates are not. completely resolved on a 19.4-cm 
column, whereas baseline separations of these two phthalates are attaiued on 57-S- 
and 142.6-cm columns. Fig. 11 shows separations of phthalates and aromatic hydro- 
carbons on a 102.8cm column and Fig. 12 shows the relationship between retention 
volume (or time) and the logarithm of the molecular weight (MW). The compound of 
higher MW elutes before that of lower MW in the homologues, owing to simple size 
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Fig 13. Analysis of constituents of water. Column, 102.8 cm x 0.35 mm I.D., packed with G lOOOH (5 
w); mobile phase, tetrahydrofuran; flow-rate, 1.04 &nht; precolumn, 1 cm x 0.2 mm I.D., packed with 
Amberlite XAD II (IO m); sample, 1 ml of deionized water: temperature, ambient; wavelength of UV 
detection, 235 run. 

Fig. 14. AnaIysis of extracts in water from coa1. Sample. I ml of water in contact with powdered coal. 
Operating conditions as in Fig. 13. 
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exclusion. Retention of solutes aiso depends on the structure of the soiutes, e.g., 
chrysene (IMW = 228) elutes after diethyl phthalate (MW = 222) and dimethyl 
phthalate (MW = 194). Compact compounds generally elute after less compact 
compounds of the same MW. 

High-resolution flexible fused silica columns were applied to some analyses of 
water samples_ Fig. 13 demonstrates the analysis of the organic constituents of de- 
ionized water. The sample was passed through a pre-column packed with Amberlite 
XAJD II (10 p) prior to the chromatographic run. After the pre-column containing 
the orz_anic constituents had been dried in vacua, it was connected to the separation 
column_ A number of peaks were resolved due to the difference in size, although 
residual water in the pre-column interfered with the detection of some solutes. 

The analysis of extracts in water from coal is shown in Fig. 14. MWs of peaks 
can be estimated by the calibration data indicated in Fig 12. 

IMicro-packed fle.xible fused-silica columns coupled in series produced desired 
efficiencies_ A range of 20,000 to 100,ooO theoretical plates could he attained on these 
columns for reversed-phase and gel permeation chromatography, and allowed the 
resolution of complex mixtures_ The technique will be useful for the analysis of 
various real sampies. 
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