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SUMMARY

The exclusion properties of ten commercially available silica gels have been
determined and their relative merits for use as stationary phases in exclusion chro-
matography discussed. Examples are given of the use of three selected silica gels in
the separation of synthetic mixtures of high-molecular-weight standards. The effect
of the exclusion properties of silica gel on retention data is considered and a modified
retention volume equation that takes into account these exclusion properties is given.
The validity of the equation is tested against retention data determined for three
different solutes chromatographed on three silica gels of widely different porosities.
The use of silica gel as an exclusion medium in conjunction with a column having
250,000 theoretical plates is also demonstrated.

INTRODUCTION

Silica gels are manufactured and supplied for liquid chromatographic purposes
with a wide range of surface areas and porosities. In general, the surface areza is in-
versely related to the average pore diameter of a silica gel. Presently, silica gels range
from materials with a surface area of 50-100 m?/g and a mean pore diameter of 300 A
to those with surface areas in excess of 500 m?/g and 2 mean pore diameter of 40 A.
The surface area and pore diameter of silica gel imparts specific chromatographic
qualities to the material and it has already been shown! that the surface area of a
silica gel is inversely related to its chromatographic scope. The pore volume and pore
diameter, however, have their major effect on the chromatographic properties of the
silica gel where substances of large molecular weight are being separated. Owing to
the range of pore sizes in any given silica gel, silica gel adsorbents exhibit exclusion
properties. These exclusion properties can be used directly to separate substances on
2 basis of molecular size, but the range of pore diameters also affects the separation
characteristics when the silica gel is employed in adsorption chromatography. It is
well known that the retention volume of a solute is linearly related to the surface
area of the silica gel; however, although a silica gel may have a given surface area, if
the pore diameter is such that a molecule is partially excluded, then the solute may
be able to come in contact with, perhaps, only 2 fraction of that surface area. It fol-
lows that, under such circumstances, the retention volume will be 2 fraction of that
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expected from the total surface area of the silica gel. This means that solutes of rel-
atively large but significantly different molecular weights will not exhibit the same
retention ratios when chromatographed on two silica gels baving different pore distri-
butions. ‘

The effective pore dizameter will also influence the measurement of the reten-
tion volume or capacity ratio (£") value of a solute, as the dead volume for a given
solute will not be the sum of the interstitial volume and the totzal pore volume but the
interstitial volume and that proportion of the pore volume that is accessibie to the
solute concerned.

In this paper the exclusion properties of 2 number of commercially available
silica gels are determined and their suitability for exclusion chromatography examin-
ed. Silica gel offers particularly interesting possibilities for exclusion chromatography
as, in microparticulate form, very high efficiencies are easily obtainable. Thus, by
choosing an appropriate porosity, effective separations on a basis of molecular size
are possible.

FXPERIMENTAL

Apparatus

The apparatus used consisted of a Waiers Assoc. Model M-6000A high-
pressure pump supplied with mobile phase from a glass reservoir. The mobile phase
passed from the pump to a sample injection head (Precision Sampling Corp.). The
detector employed was a modified LDC UV detector Model 1205 operated at a
wave length of 254 nm. The normal cell volume of this detector was between 8 and
10 1. The path length of the cell, however, was reduced from ! cm to 3 mm and the
diameter of the cell maintained at 1 mm, providing a total volume of 2.4 1. The inlet
tubes to the cell were replaced by a 2-cm length of 0.010 in.-1.D. stainless-sieel tubing,
having a volume of 1.0 ¢l and thus the total volume of cell and connecting tube was
3.4 pl. The output from the detector was fed to a 10-mV recorder having a balancing
time of 1 sec.

Method

The bulk densities of each silica gel were determined by measuring the volume
of a given weight of silica gel when packed, to a bed of minimum volume. These were
determined under both wet and dry conditions (the liquid being normal heptane)
and the densities are shown in Table I.

Each adsorbent was packed into a 50 cm x 4.6 mm L.D. stainless-steel column
using a slurry method of packing. The packing fluid consisted of a mixture of 259
(v/v) of glycerol in methanol. Packing pressures of 12,000 p.s.i. were used and columns
were packed in approximately 3 min.

Subsequent to packing, the columns were reconditioned by passing five dead
volumes of ethanol, acetone, ethyl acetate, dichloroethane and r-heptane, respectively,
through the column. The efficiency of the column was determined using benzene as
the solute and #-heptane as the mobile phase.

The mobile phase used in the exclusion measurements was tetrahydrofuran
supplied by Burdick and Jackson Labs. (Muskegon, Mich., U.S.A.}and was UV grade.
The calibration materials used were benzene, naphthyl benzoate, d-e-tocopheryl
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acetate, and a series of polystyrene standards covering the range of molecular weights
from 2,025 to 655,000 in ten intervals. The polystyrene standards were obtained from
Waters Assoc. {Milford, Mass., U.S.A)).

In order to measure accurately the refention volume of each standard, the
outlet from the detector was connected directly to a 25-ml Grade A burette. The
pump was turned off and time allowed for the pressure to fall. The sample was in-
jected into the column and the burette reading noted. The pump was then started
and the burette read again at the peak maximum of the siuted solute. Duplicate
measurements were taken and the mean value was considered acceptable if values
differed by less than 0.5%.

RESULTS

The physical properties of the ten silica gels examined are shown in Table L.
It is seen that they have a wide range of surface areas and porosities and include ad-
sorbents that have different particle diameters. The efficiencies obtained are also
shown in Table I and from these the peak capacity of each column was calculated?>.
The efiiciency values obtained generally reflect what would be expected from the par-
ticle diameters of the respective adsorbents.

The retention volume of each of the standards was measured on each of the
silica gel samples and the resuits obtained plotted as curves relating pore volume to
pore diameter are shown in Fig. 1. The pore diameter was taken as the molecular
diameter of the polystyrene standards as supplied by the manufacturer. The molecular
diameter of benzene was taken from the literature® and those of 2-naphthyl benzoate
and d-u-tocopheryl acetate were calculated®. The interstitial volume was taken as
the retention volume of the standard having a molecular weight of 655,000, and this
was subtracied from the retention volume of each other standard for each respective
silica gel to give the respective pore volume for that standard.

The pore volume accessible to each standard was then expressed as a percent-
age of the total pore volume of the respective silica gel that was taken as the difference
between the retention volume of benzene and the interstitial volume. Curves relating
the percentage pore volume against molecular size are shown in Fig. 2. Any point on
the curve in Fig. 2 thus represents percentage of the total pore volume that is accessible
to a solute molecule of the respective size. This method of accessing pore volume was
originally discussed by Haldsz at the 1970 International Symposium of Chromato-
graphy in Houston. From the curves the molecular exclusion limit was taken as the
maximum molecular weight that would peneirate 5% of the pores. The permeation
range was taken as the range of molecular weights that could permeate between 35
and 959, of the pore volume. These data are also included in Table I. The first and
last 59, of the pore volume were not included as the curves are very flat over these
ranges and are thus not usable for practical separations by exclusion chromatography.

DISCUSSION

It is seen from Figs. 1 and 2 that the silica gels examined fall into roughly
three groups. The first group comprising of Partisil 10, LiChrosorb 10, Biosil A and
HA, having a total pore volume of about 0.6 ml/g and a range of pore diameters



“oBuvl =o_:§=.sa ap =_ $INJ08 == 10} AuvzUN JO ,_%E yood aures z: m:.:smmc wup E:s an _Be_zo_zu :.

_ ounfoA- 22_ 1610} a3 JO % 56~ -0) Burpuodsaniod sSubs ML ot st wep idks wolj- _vo__zEe:Q ",
, .oEz_? dod 110} o_= J0 %¢ 01 Jurpuodsartos AL 3y se up dyo woly. 3:::._35 4
_om L ._o m\us___g 82_ 18301 e pouuiazop. ‘pdxg ;.
“sanjoujnuew oY) Aq USAID

v

' “qunayds = g GunFory = ! i
e omn*m_.._,, 16T - 11¥'0  98°0- 00961 -0bT  401-96' g9s'0 - §L | SRR /A B S.O._u !
b 90V s W' S6E°0 VY0 00D'ET -08T  W01-06T . LOT'T 0wi> 8§ eom-cnm SL-Ly <_=,E§ .
NRE 2R _aa: §9T ~ LLE'0  VOV'O  000°0BI-000°T <OF-08'I - 996'0°. ~ 00F § 001-05 . SL-LE. O liswiog:
S0 ARERI 1 10 R.m. L 8VP0 - ¥9S°0 00K'8: ~06T  0I:0K'8 - 9960 - —. D O A TS
L w08 OI't TLE'OC 615°0 - Q00OL -0ZZ - LOIOI'L.  0ZE0 - 00F> I =0T - >, <E<_aa§.
PN S ;&mbm T L0E T 6S€'0  L6V0 0001 -061  O1OLT- 0SS0 001> 1~ -+00T wb-0z v sog
8 S90S §9'T  S6T'0  LBE'O  000'SEI-0ZS - (01+SE'T ovo't - s koo 001 2 :83:%
. Y & 009'6Y - €8'T 100 TBE'O 0000E -0ECT - ,01-00°€ beg'0 - OEl B | goe -+ .01 B RO 5
« N oor'or Ve EIT0 SO0 000'GT —00T - 401-06'1 €90 09 L -k00T T G101 qiosondY]
, )| © 00001, £E'E  0TZ0 . SOY'0  000'WE OB ,OI-OWE 1990  0S-—Ob L --oob 01 o QL shdeg.
: (3) ,
manfoa v
, S wed  (puld) (pus) (y) , (und)
S voils (pby ). (€ip) WA i (Slp) | jaaroviblp (8lgu) - ozs
S Aandoy . gy (oziteg) Jo dnsuap  Knsuap adupt  uojsMpxa -, o daod S vaap - apopad
v wag. o N SO ymg ymg HONDINID ] MW aog upapy  advys - donfug  aSmiaey maiospy

STID VOIS NAL 40 mm_.s_n_._ox& ‘_<U~m>2;

B _m4a<s




_EXCLUSION PROPERTIES OF SILICA GEES. - -~ - . ass

o
L
4
]
¢

- PATE. 1D

PR VOLUML LR GIAM mb

o UErEERS

PORE CIRETER A 110G SCUE"

Fig. 1. Curves relating pore volume to pore diameater for different silica gels.
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Fig. 2. Curves showing pore size distribution as percentage of total pore volume for different silica
gels.

from about 12 to 400 A ; the second group comprising Controlled Pore Glass (CPG)
10, Silarex 2, 10 and Porasil C, having a total pore volume ranging from 0.55 ml/g
to 1.5 mi/g and a range of pore diameters from about 20 to 1000 A ; the third group
comprising of Porasil C and Spherosil 10 having a total pore volume of about 1 ml/g

~ and a pore diameter range of about 30 to 5000 A. It is interesting to note that the inter-
mediate range comprising-of CPG 10, Silarex 2, 10 and Porasil C, although having
similar ranges of pore diameters, are, in fact, quite different forms of silica, the Con-

. trolled Pore Glass, having a relatively smal pore volume of 0.55 ml/g and, at the other
extreme, Porasil, having a pore volume of about 1.6 ml/g. The characteristics of these
three groups can be summarized by their exclusion limits and permeation ranges in
Table L.

The adsorbent providing the highest efficiency in each group was taken to dem-
onstrate their different exclusion characteristics. The three chosen were Spherosil
10, Silarex 2, 10 and Partisil 10, each having particle diameters of 10 zm. Examples
of the separation of the standards having mean molecular diameters of 1100, 240,
49.5, 27.1 and 7.4 A on the three chosen adsorhents are shown in Fig. 3. It is seen
that the large-pore Spherosil 10 is suitable for separating substances having molec-

" ular diameters lying between 240 and 11,000 A ; solutes having diameters of less than
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Fig. 3. Exclusion chromatograms from difierent silica gels. Column length, 50 cm; mobile phase,
tetrahydrofuran. Molecular size of standards (&), (1) 11,600; (2) 240; (3) 49.5; (4) 27.1; (5) 74.

240 A being crowded together and unresolved. The adsorbent having an intermediate
range of pore diameters, Silarex 2, 10 would be appropriate for separating substances
having molecular diameters between 27 and 240 A. Little pore volume is available
for solutes having molecular diameters greater than 240 A or less than 27 A. At the
other extreme, Partisil is suitable for separating substances having relatively small
diameters covering the range of 5 to about 100 A.

It would be noted that the peaks for the polystyrene standards (1, 2 and 3) in
Fig. 3 are very broad. This is due to the standards not being single compounds but a
group of compounds of close, but not identical, molecular weight. The peaks for
these standards are thus composed of a number of different solute bands combined
together to provide one composite peak.

It is of interest to determine the resolving power of these three columns. As-
suming that baseline separation will be obtained when the peak maximum of the two
solutes is four standard deviations apart, then the distance between the peak maxima
(D) in plate volumes of mobile phase will be given by -

D=dni(y,+v)
where 7 is the efficiency in theoretical plates, v, is the interstitial volume of a plate and
¥, is the pore volume of a plate accessible to the solute. Now the retention volume of
a solute (¥ ;) is given by - .

Van=r@+v)=V,+ V;
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TABLE I

MASS RESOLUTION (44/°} FOR THREE DIFFERENT ADSORBENTS
. ) P AN,
Adsarbent Vitml) V,(ml) MWaV, S (m) AN
- - i ¥
Partisil 10 2.25 1.10 1,600 3,000 10.000 522
Silarex 2, 10 3.19 - 1.27 5,200 8,000 19,600 1,019
Spherosit 10 3.27 1.38 18,000 27,500 5.064 7,188

where ¥V, and V; are the interstitial column volume and the pore volume accessible
to the solute, respectively.

If ARM[AV, is the rate of change of solute molecular weight with retention
volume, then the minimum difference in molecular weight (12/°) between two sub-

stances that are completely resolved is given by

AV, + V) AMy;,

nt A4V; M

AM"=

In Table II, values for 4M' (mass resolution) for each of the three selected
columns are given together with the data necessary for calculating them from eqn.
(1). ¥; was experimentally determined and ¥V, was taken at the midpoint of the curve
relating molecular weight fo pore volume for each silica gel; AM/AV; was taken as
the slope of these curves at 7. In Fig. 4, the curves relating mass resolution (4A£")
to column efficiency calculated from egn. 1 for each selected silica gel, illustrate the
importance of having extremely high efficiencies if good molecular-weight discrimina-
tion is to be achieved. Even with columns having efficiencies of 30,000 theoretical

G000+
5,000 1
4000

an® SPHEROSIL -
- MWt AT MEAN PORE VOLUME (8000
3,000 4
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Fig. 4. Cuzvs relating resclution (4A£") to column efficiency for the three standzrd columns.
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Fig. 5. Exclusion chromatogram from high-efficiency silica gel column. Column, 2m X I mm I.D.;
stationary phase, Partisil 20. Molecular size of standards (&), (1) 11,000; (2) 240; (3) 49.5; (4) 27.1;
(5) 7.4.

Fig. 6. Chromatogram of a series of moiecular weight standards from a column of 250,000 theoretical
plates. Column, 10 m X 1 mm LD.; mobile phase, tetrahydrofuran; flow-rate, ca. 30 glfmin; adsor-
bent, Partisil 20; solutes. molecular weight standards.

plates, molecular-weight discrimination of 350, 960 and 3,000 at mean molecular
weights of 1,500, 5,600 and 20,0600, respectively, is the minimum that can be obfained
on the different silica gels. In Fig. 5 a chromatogram of the standard mixture obtained
from a column of 40,000 theoretical plates iliustraies the type of separations obtained
using Partisil 20 as the exclusion medium.

In Fig. 6, an exclusion chromatogram is shown obtained from a column
having a quarter of a million theoretical plates. The column was 10 m Iong and 1 mm
1.D. slurry packed with Partisil 20. The chromatogram is for the same set of standards
as that used in Fig. 4. The chromatogram shown in Fig. 7 is for a2 mixture of benzene,
ethylbenzene, butylbenzene, hexylbenzene, ociyibenzene and decylbenzene. The
charge on the column was 0.2 ¢l of a solution containing approximately 37, of each
solute; the total mass of each solute being about 6 gg.
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Fig. 7. Chromatogram of a series of alkylbenzenes from a column of 250,000 theoretical plates.
Columz, 10 m X 1 mm LD.; mobile phase, tetrahydrofuran; flow-rate, c4. 30 gl/min; adsorbent,
Partisil 20; solutes: benzene, ethylbenzene, butylbenzene, hexylbenzene, octvlbenzene, decylbenzene.

The advantages of high efficiencies in exclusion chromatography are clearly
seen; solutes having molecular weight differences equivalent to only two carbon
numbers can be well resolved and it is obvious that a difference of one carbon number
could be easily detected. The molecular weight of decylbenzene is 218 and thus one
methylene group would represent 6.4 9 of the molecular weight.

In Fig. 8 the same column was used to separate a mixture of methyl phenyl
siloxane polymers with a trimethylsilyl terminal group. From the expanded chromato-
gram on the right of the figure it is seen that each polymer can be identified as a spe-
cific peak. The last polymer has a molecular weight of 1800 and as each monomer hasa
molecular weight of 137 a discrimination in molecular weight of 7.6 % was achieved.

Partisil 20 has a surface area of about 400 m?/g. If a silica gel having a surface
area of 800 or more m?(g was employed and a similar column of high efficiency, then
owing to reduced pore size, a discrimination of I carbon atom should be obtainable,
up to 2 molecular weight of about 1,000. At molecular weights up to 500, it is likely
that the eolumn would be able to discriminate between different sized atoms. Such a
column could provide approximate molecular weight data. The system, if compared
with the mass spectrometer, would only provide molecular weights and no fragmenta-
tion patterns to help in structural elucidation. On the other hand, as the system is also
a separation techanique, pure samples would not be required. However it should be
noted that exclusion chromatography, in fact, separates on a basis of molecular size
and thus the shape of the molecule would have to be taken into account to determine
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Fig. 8. Chromatogram of poly{phenyl siloxane) with trimethylsilyl terminal.

its molecular weight from its exclusion properties. Aliernatively the column could be
calibrated in terms of molecular weight for substances of a similar shape or geometry,
and in this case the molecular weight could be obtained directly from the calibration
curve. The method of injection and detecior volume contributions to band variance
are extremely critical when using microbore columns. The standard deviation of a
peak eluted from a column is given by

c = V. n*

Fbr the above high-efficiency column ¥V, was 7.1 ‘ml and » was 253,000

7.7

thus, ¢ =

It follows that even a detector having the reduced dimension described will
still significantly affect the actual efficiencies obtainable from such columans.

‘The pore volume and pore size of a silica gel can also significantly affect the
retention characteristics of a solute under elution conditions. The retention volume of
a solute (V) is normally described by the following equation:

V, = V, + KA

where V, is the dead volume and includes the interstitial volume (¥;) and the total
pere volume V,, thus,

Vo= V4V,
and

Vi = Ve ¥, + KA f T

ik
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‘Now, if the solute has 2 significant molecular weight or size, then it will only
be able to enfer pores of a size greater than itself. Thus, if the pore volume accessibie
to the sofute molecule is V;, then
Vip=Vi+ V, + K4,
where 4; is the surface area associated with the pore volume V) it follows that
k= KAJ/(Vt + V)
Further, the separation ratio ¢ between two solutes A and B will be

Ks 4
& = ————

R4 Ay,
} thot :f arth 1 ~ ey
It is seen that if either &’ or ¢ is determined on two silica gels having a different

distribution of pore sizes, dificrent values of &’ and a will be obtained for the two sol-
utes as 4; and V; for the respective solutes will differ for each silica gel. In fact, be-
cause silica gel always has a distribution of pore diameiers, it acts as a programmed
stationary phase. Irrespective of the polarity of the solute or solvent, silica gel will
elute solutes having larger molecular weight (or strictly larger molecular size) more
rapidly than solutes of a smaller molecular weight having the same polarity.

The effect of pore size distribution on retention ratios can be tested experi-
mentally. The three columns packed with Partisil 10, Silarex 2, 10 and Spherosil 10
were employed to scparzte the solutes benzyl acetate, d-c-tacopheryl acetate and
naphthyl benzoate by an elution procedure using 3.5%, (w/v) ethyl acetate in heptane
as the mobile phase. The interstitial volume, pore volume and retention volume for
each solute on each column are given in Table III. The values of « for each pair of
solutes calculated by difierent procedures is shown in Table IV.

In procedure A, ¢ values were calculated in the normal way as the ratio of the
corrected retention volume of the respective solutes obtained by subtracting the sum
of the interstitial volume and total pore volume from the retention volume of each
solute. It is seen that the ¢ values obtained for each solute pair differs by as much as
159, between the different adsorbents. In procedure B, the same method was used,
but the dead volume was taken as the sum of the interstitial volume and the pore
volume for each respective solute. Procedure B results in little improvement in the
consistency of the « values for each silica gel, variations of up to 13 9{ still being ob-
tained. In procedure C, an attempt was made to compensate for the different surface
areas associated with the accessible pore volume of each solute for each respective
silica gel. The assumption was made that the pores were spherical and thus the surface
area associated with them was proportional to the radius of the pore and thus the
square of the cube root of the respective pore volume.

{Vrm) — Vi — VJ(A)) VJ(B) f
Veimy — Vi— VRB)) Vi

thus aAB ==

This equation can only be a very crude approximation to a realistic correction proce-
dure as the model used is based on a number of unverified assumptions. However,
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‘TABLE m

rERENT POROSITIES : e - -
Solute . - - Partisit 1_0 A R _Si!arexé, o »’s’;‘a'i,zerqsﬁ 19 ‘
o Ve Vi ¥ ¥, Ve Vi ¥y Vel W WV Ve
' 2-Naphthiyl o B P L L,
| benzoate 545 3.25 169 1194 572319 245 1030 6.02..327- 273 . 845
d-a-Tocopheryl ’ : . ’ R T T
acetate: 545 3.25- 159 1412 572 3.19 1224 1253 602 327 260 973
Benzy! ) T .
_ acetate 5.45 3.25 208 19.55 572 3.19 247 1558 6.02 .3.27 273 1L19
TABLE 1V

RETENTION DATA FOR THREE DIFFERENT ADSORBEN’Ib .

Procedure A, a calculated using benzene as dead volume for each solute prowdureB o mlculated
using respective dead volume of each solute procedure C, ¢ 7 *is corrected ¢ 2 value assummg sphenml
pore model ; .

Solute pair B . Relative Aa'sarbem o ol % At{e{r.

erenti - diff.
refentian Partisil 10 Silarex 2, 19 Spherosil 10 alﬁj

Benzyl acetate— : L o
a 1.63 . 145 S 140 1540

d-a-Tocopheryl acetate A
T B a; - 1.53 . 1.40 o134 - 1341
. C ay 1280 - .13t ¢ 130 - 231
d-a-Tocopheryl acetate— o - S
2-naphthyl benzoate A « 134 149 -1.53 13.07
B a; 1.39 R V57 1.58 12.86
C a;” 161 ©.1.60 163 ' - 1.86 -
Benzyl acetate-z-naphthyl o - C o S
benzoate : A a - 217 . 216 . 213 - . 186 °
B o o212 22 S2.14 - 094 )
C af  2.06 211 Y214 - 380

" using t.hlS procedure the retention ranos for all tm:e= sslutcs drﬁ‘er by Ieas than 4 /{,
between all three silica gels.

' - It should be also noted that the porosxty of the support will aﬁ'ect the Imear
velocity. The values for the linear velacity of the mobile phase used in the various
‘HETP equations usually pertain to the interstitial volume between the partzcles where:
the mobile phase is flowing and not to the static liquid: thhm the pores. Thus linear
velocity should be determined from the retention time of 2 complete!y excl:.ded peak.

“Veloeitiss calculated from the retention of a non-adsorbed solute that can. pcnetraie_
the pores may give velocntles less than half the value obtamed for a completely ex~’
-cluded peak. : . _ , g o
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Silica' gels are available in a wide range of pore diameters and pore volumes
and for exclusion chromatography the correct materiai must be chosen fo suit the
molecular-weight range or molecular-size range of the sofutes to be separated. Silica
gel can be a very effective staticnary phase for exclusion chromatography as in the
_microparticulate form high efficiencies are readily obtainable. Employing microbore
columnas having efficiencies of a guarter of a million theoretical plates permit separa-
tion on a basis of molecular weight or size with a discrimination of 6 94 of the mean
molecular weight of the species. A carefully selected series of silica gels that would
each provide optimum separation for solutes of a specific molecular-weight range
would be a valuable aid to the practicing chromatographer. Such silica gels, however,
shouid be supplicd with the pertinent exclusion characteristics and performance data
to permit a simple selection of the appropriate material for a particular application.
Employing very-high-efficiency columns with the material of appropriate pore size
can provide an approximate method for determining molecular weights.

Owing to the variation in pore diameter between different silica gels, retention
data obtained by the normal elution procedure cannot be compared directly between
one adsorbent and another, particularly for solutes having molecular weights in ex-
cess of £50. Using the pore volume available to a particular solute, approximate
corrections can be applied to improve the correlation of retention data between one
adsorbent and another.
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