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ABSTRACT *

The primary abjective of this work is an investigation
of the separation and zone brodening effect in columns
packed with porcus and nonporous materials, and estimation
af the accuracy of the broadening parameter, h, obtained by
a reverse flow method. In order to study the separation and
dispersicn phencmercon in the mobile phase, and that caused
by a mass-transfer process, columns packed with smocth glass
beads and porous silica columns were used.

INTRODUCTION

Iri GPC, the relationship between the experimental

chromatagram F{v) and the chromatogram after the correction

* Presented at the GPC Symposium, Chinese Chemical Society, Guilin,
People's Republic of China, June 2-6, 1981.
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for zone broadening W(y) is piven by the Turg's integral

equaticr (1)

L.

F(v) = fw(y) G(v-y)dy (1)

- 80

where both v arnd y represent the elution volume, and the
function G(v-y) represents the overall zone broadening,
which is thcocught to have come from several sources: (a)
broadening caused by mixing cutside the packed columns, (b)
broadening caused by mixing (diffusiornal and convective) in
the mobile phase within the packed coclumns, and ()
broaderning caused by the process of transfer of sclute
betweernr the mobile and statiornary phases in the columns.
The effect of (&) has beern shown ta be small (2). The
effect of (b) and {c) have beer shown to give Guassian

broadening for conventional chromatography,

h

3

2
G(v-y) = exp[-h? (v-y) ) (2)
where h is a parameter describing the degree of the
broadering and is related to the standard deviation of a

Gaussian distributicn by

b= (3)

Iri order to use Tung’s integral equation, the parameter h,

as a function of elution volume, must first be determined
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experimentally for each calibration standard and column
cambination. There are two techrniques that can be used to
determine the h value: the reverse flow technigue (3) and
the recycle technique (4-5). Using the reverse flow metheod,
Turg has found that the parameter h, as a function of
elutiorn volume, passes through a minimum. This is the
result of combired effects of the extent and rate of
permeation. In the present work, the separation ability and
broadening effect in mobile phase, the flow rate dependerce
of the elution volume or porous silica coclumns, and the flow
rate deperdence of the furction h(K), where K is the sclute
distribution coefficient, were determined by means of a
reverse flow or recycle method. The accuracy of the h value

abtained by the reverse flow methad was also estimated.

EXPERIMENTAL

1) Equipment

GPC Unit,Mcdel 8NJI-75-1, with a four—-port valve (for
reverse flow technique) and two six port valves (one for
injection of the sample and the other for recycle technique)
was used irn this study. A differerntial refractometer and a
UV detector were used to monitor the solute concentration in

the eluent.

2) Columns

Five porous silica columns of 2020, 1202, 360, 16@a and
122 angstrom mean pore sizes were used, each being 1m long

with 1@ mm i.d.
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TABLE 1

Standard Polystyrene Samplas
Sample Molec. Weight
pS-1 23%e

PS-2 8500

PE-3 3.5x10"

PS-4 1.1x10°

PS-5 2.ex1@°

PS-6 4.7x10°

pPS-7 2.7x106

PS-8 3.7x10°

Four columns, 1 m x 1@mm i.d. were packed with

rnonporaus glass beads of 44-53 micron particle size.

3) Samples

The polystyrene standards were obtained from Waters
Associates and are listed in Table I. In addition to the
above samples, a poclystyrene NBS-7@6 sample, four PMMA
samples, two PVC fractions, a SBS TR-1101 copalymer and

berizene were used.

4) Experimental Conditions

All measuremernts were performed at room temperature,
THF was used as sclvent, flow rate @.5-5.0 ml/min. The
ingection volume was 1.3 ml for porcus silica columns and

@.5 ml for glass bead cclumns.
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RESULTS AND DISCUSSION

1) Separaticrn Ability and Zorne Broadening Effect in the
Mabile Phase.

It was considered that the mobile phase caused only the
broadening «f the solute zore but did not separate solutes
with different mclecular weights. Yau (6) used columns
packed with rionpcrous glass beads and found no separation
between a styrene moncmer and a polystyrene sample, and, by
means of this observation, indicated that separation by flow
ivi the mobile phase was not an effective mechanism in GPC.
Our experimental results for PS and PVC samples and berzene
oan nornporous glass bead columns are listed in Table I1I.

This shows that the peak elution volume, Vp, depevnds upon
the mclecular weight of the samples. Vp decreases with
ircreasing molecular weight, though the variation is small,

In order toc further confirm this effect, the recycle

TABLE 2
Elution Vol., Vp, & Broadening Parameters h and h'.
Sample MuW Vp h h?
Benzene 78.1 38. @9 2. 46 2.41
pS-1 2350 38. 07 2.17 z. 04
PS-4 1.1X10°  38.00 1.93 1.78
PS—6 4.7x10°  37.87 1.89 1.79
Pg-7 2.7x12°  37.60 1,45 1.21

pPVC-B 1.18X1¢° 38.01 1.89 1.%8
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N\

Elution Volume

Figure 1. GSeparation of mixture (PE-1 + PS~7) on nonporous
glass bead columns

techriigue was usedj this served the same purpose as the
lengthening of the column. Figure 1 shows the recycle
chramatagram of a mixed polystyrene sample (PS-1 and P5-7),
n is the rumber of cycles. At the first cycle there was
ornly a single peak of the mixed sample, but after several
cycles the peak was split into two., The first twa peaks
were further separated from each other with increasing cycle
rumber. Thus, the separaticon ability of the columns was
well corfirmed. Flow rate dependerce of Vp is shown in
Figure 2. Vp of both samples increase with increasing flow
rate, and the slopes of both curves are almost the same.
This result could riot be explairned in terms of separation by
flow and separation by steric exclusion because, in both
cases, the flow rate indepernderce of Vp is usually expected
(7). Explanation by restricted diffusion theory is not
possible eithers it would predict that the elution volume

should decrease with increasing flow rate and that the
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Figure 2. Variation of V, with flow rate on nonporous
glass bead columns

elution volume of low molecular weight compounds should be
influerced by a variation of flow rate to a lesser extent
8).

According to Kelley and Billmeyer(3) the plate height
equatiorn describing dispersion in the mobile phase with a

velocity prefile model is expressed by eguation (4)

2

Hm = 200m U7' + 20dp + —2EKS
$DmyU ~ + Adp

where Hm is the mobile phase plate height, U is the

interstitial velccity, Dm is the diffusion coefficient for

the solute in the mobile phase, ¢ is the tortousity factor (¢

= 2/3), A is an eddy diffusion praporticonality factor () =
1/11), dp is the effective particle diameter, k is a

velocity profile constant, and Rc is the column radius.
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Thus Hm is composed of molecular diffusion, eddy diffusion,
and velocity prafile terms. The molecular diffusion
contribution to dispersion is ignored. This was supported
by the experimental results of Copper (1@). The eddy
diffusion term is a function of particle size only, being
irndeperdent of mcolecular weight of sclute molecules. The
third term, the velocity profile effect, is related to MW
through Dm in the denominator.

In this work, the broadening parameter h (cr h', the
broadening parameter cobtained from a straight—through flow
chromatogram) is used to describe the dispersion effect.
The relationship betweer Hm and h is
%—l

Ho = L (2vp2h (5)

where L is the cclumn length. The values of h and h'
cbtained from reverse flow and straight through flow
chromatograms respectively for several PS, PVC-B and benzene
are listed in Table 2. The fact that h' decreases with
increasing MW is qualitatively in agreement with the
prediction of the volocity profile model. But in equation
(4) there was no factor related to the MWD of the solute.

As menticred above, the samples could be separated according
to their MW's in the mobile phase, soc we considered that a
factor reflecting the sclute MWD should be added to equation
(4). This deducticn was supported by the data of Table II.
The narrow-distribution PS-4 and the broad-distribution
PVC-E (Mw/Mri = £.3) have almaost the same values of Vp arnd h,

but their h' values are obviocusly different from each cother.
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Here, similar h values mean that the broadening caused by
paolydispersity has been almost cancelled by the flow
reversal, ard the difference irn h' simply reflects the

effect of polydispersity of the sample.

2) Effect of Reverse Flaowing Process on Zone Broadening on
Nonporous Glass-Packing Columns

As the low MW sclute bernzene is monodisperse in
mclecular weight, the broadening parameters h and h' should
have the same value. The h and h' for benzerne were
determined from reverse flow and straight-through flow

=

chramatagrams. Figure 3 shows the flow rate dependence of A

A4 %

1 Y 1 I
00 10 20 3.0 4.0

U (Mmin)

Figure 3. Variation of A for benzerne with flow rate on
nonporous glass bead columns
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( A = 2(h-h')/h+h'). The fact that h>h' could be explained
by the following assumpticorn: According to Kelley and
Billmeyer's velacity profile model, while the fluid is
flowing irn scome fixed directicon o the column, the velocity
prafile is formed and the solute zone disperses to some
extent. During the reverse flowing process, the fluid
charges its flow direction in a very short time; thus, the
velocity profile should be disturbed. After this time, a
rew velocity profile is established and the soclute zore
further dispersed. However, the extent of dispersion of
this reverse flowing experiment should be less than that of
the straight through flowing experiment, in which the
velocity profile is rot disturbed. Therefore, the value of
h becomes larger than that of h'. It is expected that the
extert of disturbance is dependernt upon the flow rate as

showr in Figure 3.

3) Flow Rate Deperderce of Eluticn Volume on Porous Silica
Columns

The dependence of peak elution volume on flow rate has
beer reported by several authors giving conflicting results.
Yau {(11) observed that the elution volume of PS high
molecular weight decreased with increasing flow rate in the
range from @.1 to 1@.@ mi/min. Little (18), on the other
hand, found Vp wés independernt of flow rate in the same
range. Spatorice (13) reported that a negligible dependence
of Vp on U was aobtaimed in porous glass—bead packing

studies, whereas a small increase in Vp was cbserved with
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ircreasing flow rate in the rarge of 0.2 to 1.@ ml/min on
pelystyrene gel studies. Recently Aubert and Tirrell (14)
and Budzinowicz and Alden {(15) came to the corclusion that
the elution volume increased with increasing flow rate in a
range of 1.2 to 3.@ ml/mir on porous silica columns, and
offered an explanation based upon a flow-rate dependent
equilibrium distribution coefficient. Moreover, Boni et al.
(168) reported that the observed Vp passed through a maximum
as flow rate was irncreased (6.2 - 2.0 ml/min). Mori (17),
o the other hand, found an opposite result, i.e., that the
observed elution volume passed through a minimum as flow
rate was increased on Microstyragel columns in the range of
2.5 to 4.@ ml/min. This problem was investigated in the
present work with porous silica coclumns. A siphon was used
to collect the effluent liquid for the purpose of monitoring
the flow and the elution volume. The volume of discharged
liquid was corrected as follows. The weight per count of
callected ligquid, A, at flow rate, U, was weighed. The
relaticnship betweern A and U is given in Figure 4. The

calibration curve may be expressed by a linear equation.

A=A +aU (6)
and the corrected elution volume Vp may be calcoculated using

equation (7)

Vp = (\lp)app(l + —Ai u) (7)
o

where (Vpgpp iz the experimentally measured elution volume

at the flow rate U. Qo and ¢ could be obtaived from the
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Figure 4. Flow rate deperderce of discharged efflux

calibraticon curve, As the evaporation rate ivn the siphon
chamber of the solvent used (THF) was very small (less than
2.4 nl/24 hr), its effect on elution is ignored. It was
found that the corrected elutiorn volume is independent of
flow rate for all samples used, in the range of 6.3 to 5.0
ml/min on porous silica columns, as shown in Figure 5.

The GPC calibration curve is given in Figure 6, from
which the void volume is obtained (V, = 68.5 count). The
total permeation volume, VO + Vi s is equal to the elution

valume of benzere (VO +V = 15@8.1 count). Thus, the pore

1
volume Vi is egqual to B1.6., Using these data, the.
distribution ccefficient K for all standards were

calculated.
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Figure 3. Flow rate dependence V
columns

p on porous silica
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Figure 6. GPC calibraticon curve of porous silica columns
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Figure 7. Variation of parameter h with elution volume

4) Zone Broadening Effect on Porous Silica Columns

The broaderning parameter h of seven PS5 standards, four
PMMA samples, two PVC fractiocns, a broad MWD sample PS
NES-~-706, a SBS TR-11@1 copalymer and benzere were determined
by using reverse flow method. Figure 7 shows the observed h
parameter as a furction of elution volume. All points fall
orn a single curve. This is in agreement with Tung's
experimental result (3) that the relationship between h and
Vp is universal, indeperndert of chemical structure and MWD
of samples.

The relationship betweern parameter h and distribution
coefficient K was determived at different flow rates as
showr iv Figure 8. It shows that the value of h is strongly

dependent upor flow rate. However, these curves are very
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similar in shape for different flow rates except for
smallest two. This means that h(VP ) (or h(K) ) functions
are defined primarily by pore structure of the packing
materials. Recently Wermer and Halasz reported the result
of a study of the relaticnship between the zone broadening
effect and pore size distribution of stationary phase.
These authors found that the plots of plate height vs

relative molecular weight, and of pore volume fregency vs

0.7

@-0.5ml/min @ — 2.6 ml/win
®—1.0n1/2in O — 3.9 al/nin

0.6 ®—1.8 n}/min ©— 4.9 mi/min

-

h (count)

Figure 8. Flow rate dependence of h(K)



18: 01 24 January 2011

Downl oaded At:

1256 GAO ET AL.

pore diameter showed very good agreement. The results of

that paper and of the present work complement each other.

5) Effect of Reverse Flowing Process on Zone Broadeing with
Parous Silica Columns

As described above, for the ronporous glass bead
calumns, the parameters h and h' for benzene on porous
silica columns were determined from reverse flow and
straight through flow chromatcgrams obtained at different
flow rates. For all flow rates h)h' are cbtairned, and ,as
a function of flow rate U is given in Figure 9. It reveals

that the differerce between h and h' decreases with

8oF

40

50

4 %

4ol

70

20 o

1 1

1
0.0 10 2.0 Jo 40 50
u (m/min)

Figure 9. Variation of A for benzene with flow rate on
parous silica columns
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decreasing flow rate in agreement with the result obtained
for rnonporous glass bead columns. Therefore the explanation
based upon the assumption of velocity profile disturbance
during the reverse flowing process is valid in this case.
The inequality of h and h' cobtairned for benzene ought to be
expected for polymer samples. The fact that h)h' indicates
that the use of the h value cbtained from the reverse flow
method to correct the zone broadening effect may lead to
slight underestimation. However, this effect may be ignored

when experiments are run at low flow rate.

CONCLUSION

The experimental results show that polymer samples may
separate in the mobile phase of GPC columns according their
molecular weights; thus, a factor reflecting a sample’s
polydispersity ought to be added to the plate height
equation describing mobile phase dispersicn. After
correcting for the syphon volume, the elution volume is
independert of flow rate in the range of @.5 to S5.@ ml/min
or porous silica columns. The relationship between h and Vp
(or K) is universal, independent of chemical structure and
MWD of polymers. The curves of h (K) are similar in shape
for different flow rates. The broadening parameter,
abtaired from a reverse-low chromatogram, h, is larger than
that obtained from a straight-through-flow chromataogram h?
for benzere on both nonporous and porous packing columns.
This fact indicates the use of the h value obtained from the

reverse-flow methad may lead to slight underestimation of
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the zone broadering effect in GPC. But this influence may
be ignored whewn the GPC experiments are rurn at low flow
rates.
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