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Abstract An improved visualization device made of po-
lymethyl methacrylate (PMMA) was used to study the 3D
flow profile inside conical columns of a 10° opening angle
packed with C;g phase. The outside wall of the conical col-
umns was rectangular in shape in order to improve the
transparency property of the column wall and reduce the
deformation of the image for better observation of the flow
profiles of colored solutes inside the column. The influence
of flow rate, particle size and shape on the flow profile of a
colored band were studied on a 5-cm-long column and a
scaled-up column of four fold in volume. It was found that
the flow rates of the mobile phase had little influence on the
flat flow profile of the iodine band while the properties of
the stationary phase had a certain influence on them. We
observed that the flow profiles of the scaled-up column were
flat during the whole chromatographic process, and the effi-
ciency and resolution of the column were also increased in
accordance with theoretical prediction. The experimental
results proved that the 10° conical columns can be propor-
tionally scaled up while still keeping the flat flow profile,
sample load per unit volume of packing material, and col-
umn efficiency, which are superior to the conventional col-
umn.
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1 Introduction

Preparative high performance liquid chromatography has
been widely used in phytochemistry, pharmaceutical, and
biotechnological processes. Consequently, the improvement
of sample loading capacity, separation efficiency, and the
consumption of solvent in preparative operation have been
of high concern. The direct observation of the dynamic
process of sample flow profile in the whole chroma-
tographic process through a proper on-column visualization
device [1-8] is useful to the design of the column header,
column shape, packing method, packing material, flow rate,
and sample injection mode.

Recently, we have developed an on-column visualization
method [9-12] using non-poisonous solvent for refractive
index matching. In this method, the column wall material
was polymethyl methacrylate (PMMA) ()= 1.49), and the

visualization was improved by submersion of the transpar-
ent columns into the cubic box made of PMMA filled with

glycerol (n}) = 1.47). This was used to compensate the re-

fractive index difference of the column wall and air to
eliminate the cylindrical lens effect during the observation

of the column. Cyclohexane (7 = 1.43) was used as the

mobile phase. The flow profiles of the colored iodine solu-
tion in the columns were recorded with a digital camera. The
technique had been used to study the dynamic flow profiles
of a cylindrical column and three conical columns of differ-
ent opening angles (7°, 10°, and 15°) [13, 14]. Experimental
results demonstrated that the flow profile of a chroma-
tographic band in 10° conical columns was flat rather than
parabolic. Compared with cylindrical columns having cor-
responding lengths and volumes, the conical columns with
10° opening angle were superior in column efficiency, sam-
ple loadability, and the maximum peak concentration at
column outlet; the sample load of the conical column was
improved by 30%—-40% on injection volume and 50%—-60%
on sample mass, respectively [15].



In this study, an improved on-column visualization method
was developed based on our previous work. We made the
transparent chromatography columns with the inner shape
conical of 10° and the outer shape rectangular. The flow pro-
files of colored solutes inside the column can be recorded di-
rectly with a digital camera just through the column wall. The
definition of the recorded pictures of flow profile was clearer
than the previous one. There was no needed of organic sol-
vent such as glycerol to eliminate the cylindrical lens effect.
The dynamic flow profiles and separation processes were
investigated on a 5-cm-long and scale up column of
10-cm-long 10° conical columns by using this device.

2 Experimental

2.1 Instruments and reagent

The chromatographic system consisted of an HPLC pump
(LC-100P, Dalian Johnson Separation Science and Tech-
nology Ltd., China) and a variable-wavelength UV-Vis de-
tector (LC-830, Soma Optics Ltd., Japan). The wavelength
for iodine was 460 nm and 555 nm for carmine and brilliant
blue. The dynamic profiles were recorded by DSC-S85 Cy-
ber-shot digital camera (Sony Corporation, Tokyo, Japan).
Chromatographic data were evaluated using KF-98 Chro-
matographic Station (Ver. 1.10, Dalian Scien-Tech Instru-
ments Ltd., Dalian, China).

Analytical grade cyclohexane, methanol, ammonium
acetate, and naphthalene were obtained from Shenyang
Federal Reagent Factory (Liaoning, China). Mobile phase 1
was analytical grade cyclohexane, which was used in the
flow profile observation. Mobile phase 2 was metha-
nol/water (80:20, V/V) for evaluation of column efficiency.
Methanol/0.1 mol/L ammonium acetate (50/50; V/V) was
used as mobile phase 3 for the separation of carmine and
brilliant blue. Iodine (obtained from Tianjin Litejier Envi-
ronmental Protection Institute) was used as a probe sample
to study the flow profile inside the column, the concentra-
tion of which was 10 g/L. The sample was filtered by a SPE
cartridge packed with the same packing material as the test
column. Carmine and brilliant blue were purchased from
Tianjin Dye Industrial Institute (Tianjin, China). Naphtha-
lene was dissolved in mobile phase 2 and the concentration
was 1.2 g/L. Carmine and brilliant blue were dissolved in
the mobile phase 3 as sample, the concentrations of which
were 2 g/L and 0.15 g/L, respectively. Ultra pure uracil was
from Amresco (USA).

2.2 Visualization device

The visualization device is shown in Fig. 1. The transparent
columns were machined from a solid block of PMMA. The
inner shape was conical with an opening angle of 10° and
the outer shape was rectangular. All surfaces were nicely
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polished. In this design, the flow profiles of colored solutes
were recorded directly with a digital camera just through the
column wall. The cylindrical lens effect is avoided by
changing the outer shape of the conical column from cylin-
drical to rectangular. Because of the good mechanical char-
acter of PMMA, it is possible to machine the column shape
of the inside and outside as we wish.

N > ol
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Fig. 1 Photograph of visualization device

1) Inlet; 2) Packed liquid chromatographic column; 3) Flow profile of
sample band; 4) Frit and distributor; 5) Ruler; 6) Column wall

Porous stainless steel frits having a pore size of 10-20
pm and thickness of 1.5 mm and 2 mm were obtained from
Bejing Antai Science and Technology Ltd., China. Their
diameters are the same as the inlet and outlet diameters of
the test columns. A paper ruler was fixed beside one vertical
side of the test column to allow precise measurement of the
position of the sample band inside the column. The packing
materials (43—63 um irregular and 40-60 um and 20 pum
spherical C-Gel C;g bonded silica gel) used were from Bei-
jing Jinouya Science and Technology, Ltd., China. The
columns were dry packed.

2.3 Preparation of conical column

Two sizes of conical columns were prepared: column 1 was
a 50 mm x 18 - 9 mm i.d. and column 2 was 100 mm x 36
— 18 mm i.d. Because PMMA can be easily dissolved in
the solvent, stainless columns of the same size as PMMA
columns were prepared and used in the evaluation of col-
umn efficiency.

A saturated solution of iodine in cyclohexane at the con-
centration of approximately 10 g/L was used as the probe
solute. The injection volume was 80 pL for column 1 and
600 pL for column 2, for the observation of sample flow
profile. The injection volume of carmine and brilliant blue
solution for column 1 and column 2 was 40 uL and 160 pL,
respectively.
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3 Results and discussion
3.1 Observation of flow profile

Since the visualization device is the column itself, the axial
positions of the inlet and outlet of the inner conical column
can be easily allocated from the outside. A paper ruler was
fixed to one of the vertical side to allow precise measure-
ment of the position of the sample band inside the column.
The zero position was started from the same level as the
column inlet. The distance of the colored band from the inlet
along the column axis can be measured precisely.

3.1.1 Dynamic flow profiles inside the columns

The dynamic flow profile of column 1 observed through the
visualization device and recorded by digital camera is illus-
trated in Fig. 2. The picture shows that the flow profile was
flat during the whole eluting process. The sample band was
tailing in column packed with irregular C,;g phase, as
showed in Figs. 2(A) and 3(A), resulting in the decline of
column efficiency (refer to Figs. 2(B) and 3(B)). However,
there was no obvious tailing of the sample band in the col-
umn packed with sphere shape C;s phase. The reason was

w = w - w

that irregular shape C;g phase contains large amounts of
pores about 3 nm; while the number of this type of pore was
much less in sphere C;g phase. Therefore, the residence of
iodine in the irregular Cig, in the 3-nm-pore in particular,
was stronger than that of sphere C,g phase.

The chromatograms of the two columns under a UV de-
tector are shown in Fig. 3. The result was consistent with the
pictures of the flow profile shown in Fig. 2. The above ex-
amples demonstrated that real dynamic process of the sam-
ple band in the column can be observed.

3.1.2  Effect of flow rate on the flow profile

With the aid of a digital camera and a homemade ruler, the
influence of flow rate on flow profile of column 1 was in-
vestigated. Figure 4 shows the relationship of flow rate and
maximal length of keeping flat flow profile on two different
stationary phases. The result demonstrated that the effect of
flow rate on flow profile was slight, i.e., the maximal
lengths of keeping flat flow profile were invariable in the
range of 1-8 mL/min. Comparing the two stationary phases,
the maximal length keeping flat flow profile of sphere Cig
was longer than that of irregular C,g. This indicated that the
performance of sphere C5 was superior to irregular Cs.

o ®)

Fig. 2 Photographs of dynamic flow profiles in column 1
(A) Irregular particles C-Gel C,s; (B) Spherical particles C-Gel C,s
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Fig.3 Chromatograms of the sample from column 1 with UV detection
(A) Irregular particles C-Gel Cys; (B) Spherical particles C-Gel Cg
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Fig. 4 Effect of mobile phase flow rate on flow profiles for column 1

3.1.3  Effect of the particle size of C;g phase on flow profile

We evaluated the effect of the particle size of the C;s phase
on the flow profile. Instead of (50 + 10) um sphere C;g, we
packed column 1 with 20-um sphere C;g and recorded the
flow profile at a flow rate of 2 mL/min, as shown in Fig. 5.
It shows that the flow profile was keeping flat in the whole
chromatographic process. We concluded that the particle
size of the stationary phase had little effect on the flat flow
profile in a conical column of 10°. However, the width of
the sample band in the column packed with 20-um sphere
C,g was narrower than that of (50 £ 10) um sphere C; at the
same injection volume and flow rate condition. Figure 6
shows the corresponding chromatograms on the columns
packed with different C,g phases. The peak half width in Fig.
6(A) and Fig. 6(B) were 0.26 min and 0.19 min, respectively.
This result was consistent with the pictures of the flow pro-
file obtained from the on-column visualization device. The
on-column visualization device is a valuable tool for direct
measurement and evaluation of column performances of
preparative liquid chromatography.
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Fig. 5 Photographs of dynamic flow profiles of column 1 packed
with 20 um spherical particles C-Gel Cig

LI
LTS
1111

3.1.4  Effect of column size on flow profile

We proportionally scaled up column 1, and obtained a
10-cm-long conical column 2. A sample distribution disk
was added on top of column 2. The flow profile of iodine
was flat during the whole chromatographic process, as shown
in Fig. 7. The sample was distributed uniformly within the
column inlet part, as shown in the first picture of Fig. 7, in-
dicating that the design of the column header and the dis-
tributor was successful.

3.2 Effect of column dimension on the column efficiency
and resolution

Figure 8 demonstrates the relationship between average lin-
ear velocity of the mobile phase and the effective plate
height of columns for naphthalene (mobile phase 2) on 10°
conical columns with different dimensions. The theoretical
plate number of column 1 was 524/5 cm and the reduced
plate height (2 = H/D,) was 1.91; the theoretical plate num-
ber of column 2 was 1 171/10 cm and the reduced plate
height was 1.71. The column efficiency of column 2 was
improved by 10% compared with that of column 1. Because
the column inlet cross-sectional area of column 2 was four
times larger than that of column 1, the injection volume of
column 2 (160 uL) was also four times larger than column 1
(40 pL). The results showed that the column loading in-
creased proportionally with the column volume as the column
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Fig. 6 Chromatograms of sample from column 1 with UV detection
(A) Spherical particle C-Gel C,5, 40-60 pm; (B) Spherical particle C-Gel C;s, 20 pm
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Fig. 7 Photographs of dynamic flow profiles in column 2

040 Column 1
3 —e—Column 2
0.35
0.30 - 2
E 0.25
] * ®
= w
0.20 1
L ]
0.15 4
0 5 10 15 20 25 30 35 40
w/(mm-.min-')
Fig. 8 Effect of flow rate on plate height
mV mV
600F ARs=1.52 100 BRs=2.21
s00F Z
E sop
400 E
F 60
3001 r
200; 40;
]DU; 20; /\
. min E min,
c.. TN T il i1 1 0-—fr"":":..l....l....l....l....l....| ~

t /min

1015 20 25 30 35

t/min

L

Fig. 9 Chromatograms of carmine and brilliant blue separated on column 1 (A) and column 2 (B).
Conditions: Mobile phase: methanol/0.1 mol/L ammonium acetate (50/50)(V/V); Flow-rate: 4 mL/min;

Sample: 2g/L carmine and brilliant blue

size scaled up, and the column efficiency was improved
further due to the decrease of extra-column effect.

We also investigated the effect of column size on resolution
by using carmine and brilliant blue as the test samples. They
were separated on column 1 and column 2 using the same
packing material and mobile phase (mobile phase 3). Figure
9 shows the resulting chromatograms with UV detection.
The resolutions of carmine and brilliant blue for column 1

solution; Detection wavelength: 555nm.

and column 2 were 1.52 (Ry;) and 2.21 (Ry,), respectively.
The value of R, /R, =1.45 was larger than+2 , indicating
that the resolution was improved when the 10° conical col-
umn was scaled up. We did not find the reason for the addi-
tional improvement on resolution.

Acknowledgements This work was supported by the National Natu-
ral Science Foundation of China.



References

Kirkland J., In Proceedings of the Frist Philip Morris Scientific
Symposium, New York: N. J. Fina, Ed., Philip Morris, 1973
Broyles B. S., Shalliker R. A., Cherrak D. E., Guiochon G,
Visualization of viscocus fingering in chromatographic columns,
J. Chromatogr. A, 1998, 822: 173—187

Shalliker R. A., Broyles B. S., Guiochon G., Visualization of
solute migration in liquid chromatography columns, J. Chroma-
togr. A, 1998, 826: 1-13

Broyles B. S., Shalliker R. A., Guiochon G., Visualization of
sample introduction in liquid chromatography columns: the ef-
fect of the frit diameter, J. Chromatogr. A, 1999, 855: 367-382
Broyles B. S., Shalliker R. A., Guiochon G., Visualization of
solute migration in chromatographic columns, J. Chromatogr. A,
2001, 917: 1-22

Shalliker R. A., Broyles B. S., Guiochon G., Visualization of
viscocus fingering in high-performance liquid chromatographic
columns Influence of the header design, J. Chromatogr. A, 1999,
865: 83-95

Broyles B. S., Shalliker R. A., Guiochon G., Visualization of
solute migration in chromatographic columns: quantitation of
the concentration in a migration zone, J. Chromatogr. A, 2000,
867: 71-92

11.

12.

13.

14.

453

Shalliker R. A., Broyles B. S., Guiochon G., On-column visualiza-
tion of sample migration in liquid chromatography, Anal. Chem.,
2000, 72: 323-332

Ma Jiping, Guan Yafeng, Study on flow profile of preparative
liquid chromatography, Progress in chemistry, 2003, 15(1):
25-30 (in Chinese)

Ma J. P, Guan Y. F., Chen L. X., Study on Conical Column for
Semi-Preparative Liquid Chromatography, J. Separation Science,
2003, 26(3/4): 307-312

Ma Jiping, Chen Lingxin, Zhu Daoqian, Guan Yafeng, Study of
the dynamic flow profile in conical shaped liquid chroma-
tographic columns by visualization method, Chinese J. Chroma-
tography, 2003, 21(2): 106—109 (in Chinese)

Ma Jiping, Chen Lingxin, Tan Feng, Guan Yafeng, Effect of frits
on flow profile and column efficiency in conically shaped
preparative liquid chromatographic column, Chinese J. Chro-
matography, 2003, 21(4): 430-433 (in Chinese)

Ma Jiping, Chen Lingxin, Tan Feng, Guan Yafeng, Chinese J.
Anal. Chem., 2003, 31(11): 1317-1321 (in Chinese)

Ma J. P, Chen L. X., Guan Y. F., Study on conical columns
with different conical angles for semi-preparative liquid chro-
matography, J. Chromatogr. A, 2004, 1033: 275-281

Guan Wenna, Xu Feng, Tan Feng, Guan Yafeng, Study of coni-
cal columns with 10° opening angel for preparative liquid chro-
matography, J. Chromatogr. A, 2006, 1108: 218-224




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


