
Jbd of tT%mmUawaphy, 185 (1979) 273-288 
0 Elsevier scientific Publishing Cbmpny, Amsterdam-printed iu The Neffierkncis 

J. J. KlRKhWD 

E. 1. rib Pant & Nemours ami Compmry, Central Rtveorch & DeveIopmenr Deparrment, .EqerimexttaI 
Stqrion, Wh.zir&q De:. 19898 (U.S.A.) 

SUMMARY 

High-resolution separations of inorganic colloids in the L-50 nm range can be 
rapidly carried out by size-exclusion chromatography using cohunns of < IOpm 
porous silica microspheres (PSM). The high efkiency of the PSM cohunns used in 
this application is the result of the rapid equilibration of slowly difhrsmg colloids 
with the porous structure of these very smah particles. Subtle differences in the size 
characteristics of aluminosikate sols’ have been measured in a few minutes with 
cohunns of m7pm PSM particles. The mass transfer properties of superficially 
porous particles (solid core, porous crust) suggest that this type of packing should 
also be useful for the rapid separation of slowly dif%sing colloids. Siixclusion 
chromatography appears to be a useful technique for characterizing a variety of both 
inorganic and organic cohoids. 

INTRODWXiON 

Size~xclusion liquid chromatography (SEC, sometimes called gel permeation 
chromatography or gel filtration chromatography) has been widely used for separa- 
ting macromokcuks in solution according to their size1-6_ However, the utility of 
the method for classifying colloids according to particle size has not been widely 
exploited. We separations of poIymethy~ethacrylate, polystyrene latex disper- 
sions’, and polysilicic acids.g were reported several yeers ago, only recently has the 
SEC of particle suspensions been investigated sticiently to allow problem sol- 
vingLkLL. Separations of colloidal particles by SEC have been carried out with long 
columns of relztively 13,rge porous 7 particles - -. However, work with such systems 
required long separation times and provide only modest resolution as result of rela- 
tively poor column efficiency. In addition, SEC separ+ions have been Iargely con- 
cerned with organic cohoidal particles of >2Qnsu formed by emulsion poly- 
merktion, 

The present study was carried out to investigate the properties of small 
(<loom) porous silica microspheres (PSM) for character-king inorganic cohoids. 
PSM particlestith the proper pate size should have excellent mess transfer characteris- 
tics that permit the rapid separation of slowly ditTusing inorganic colloids with high 
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resolution. Effects of partide size, pore size, and type and velocity of mobile phase 
on tke separation of cdoidd inorganic particles have been studied_ The properties of 
supefi&y porous particles have also been determined for separating colloids, since 
the favorable mass transfer characteristics of such packings should also permit use- 
ful applications. 

EXPERJMENTAL 

Apparatus 
The SEC apparatus and geneml chromatographic technique used in this study 

have been described~x6. Detection was at a wavelength of 2.54 nm using a DuPont 
Model 410 UV photometer fitted with a I-p1 detector cell’~. Samples were intro- 
duced into cohunns by a Model CV-6-UHPa-L-20 microsampling valve (Valco In- 
struments, Hfouston, Texas, U.S.A.) with an external sample loop. 

The PSM column packing, the column wet-fill packing methods for tlO~m 
particles, and column hardware were the same as previously described?_ Experi- 
mental chromatographic support consisting of Zipax* (DuPont) controlled surface 
porosity particles*’ were kindly supplied by Dr. J. J. DeStefano of DuPont’s instrn- 
ment Products Division. Porasil C was obtained from Waters Assoc. (Milford, Mass., 
USA.) and the Spherosil packings from Supelco (Bellefonte, Pa., U.S.A.). These 
materials were size-graded by sieving, and the fines were removed by sedimentation 
in methanol before use. Columns of all > 10 pm particles were dry packed using a 
custom-designed machine which optimize the widely used tap-fill cohunn packing 
procedure’*. 

The characteristics of column packing materials used in this study are 
summarized in Table I. 

TABLE I 
CHARMXERISTICS OF PARTICLES USED FOR SEC SEPARATIONS OF COLLOIDS 

Packing desigmtian size (pm) A v. pore 
sire (fun) * 

PSM-500 I 7.7 f 19”’ 22 52 
PSM-SCOII 7.5 * 1.7”’ 20 66 
PSM-SOO 6.0 f 1.5”’ 30 34 
PSM-I500 8.9 f L2”’ 75 20 
PoIad c 38-44” 2.5 75’ 
spt?erosil X0&M 3244” 60’ so’ 
spxlercdx-5 3244” 300s 101 
Expetimtalzipax~ 26d0’4 9.5 1.3 

* hfemlry islmsion. 
** B.EeT_ 

--= Qua&met zm&&, &la, distriiution ueightcd by volume. 
f Reported by mandxturer. 

4s Semiqlantititi%ie optical microsa3py. 

0.359 
0.424 
0.426 
0.459 
0.934 

- 
- 

0.038 

44.1 
48.1 
48.3 
so.2 
67.3 

- 
- 

7.7 

The silica sols used in this study were commercial or experimental samples 
of Ludoxe colloidal silica (Du Pant), or prepared by the controlled hydrolysis of 
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ethyl silicate 19- Experimental alumiuo-silicate sok were prepared by Dr. H. E. Bergna 
of DuPont’s Chemicals, Dyes and Pigments Department. 

Column performance was calculated with a supplementary progrm on the 
DuPont Experimental Station PDP-10 real-time computer systernzO. Plate height 
values were derived from peak areas using the method suggested by James and 
Martinz’ I 

TXiEQRETICAL BACKGROUND 

Band broadening in liquid chromatography is commonly characterized by the 
column plate height which can he described as: 

where HL, H,, H,, and Hpd are the pIate height contributions resulting from 
longitudinal diffusion, stagnant mobile phase, stationary phase, and interparticle 
mobile phase mass transfer processes, respectively. These plate height factors are 
a general rather than a comprehensive representation of the cohunn baud-broadening 
processes_ Extra-column peak dispersion eftkcts are not included in eqn. 1, but are 
expected to behave similarly to the independent mass transfer terms, with the plate 
height contribution increasing linearly with fiow-velocity_ In SEC, the H. stationary 
phase mass transfer does not contribute to plate height. In addition, the longitudinal 
diffusion contribution, H,, is insignificant, since the large solute molecules normally 
encountered in SEC have very small diffusion coefikients. Thus, with H, and I& 
deleted from eqn. 1, the general plate height equation for SEC takes the form of: 

A more detailed plate height equation with expressed operational parameters takes 
the form ofJ. 

where CIp = particle diameter of the packing; u = mobile phase velocity; Dar and 
Dsrr are sample diffusion coefficients in the mobile and stagnant mobile phases, 
respectively; and Cc, C,, and C’,, are coefkients of the respective dispersion terms 
in the plate height equation. Diffusion coefficients DM and DsM in eqn. 3 are de- 
pendent on molecular weight (or mass), therefore, band broadening is a signikant 
function of this property_ 

REXJLTS AND DISCUSSION 

SEC with small porous particles 
Efict of mo6iZe pktzse velocity_ The relationship in eqn_ 3 sugests that ffie 
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eE&t of particle size is most important for very large sampb particles with very small 
difksicn coefficients. Therefore, columns of very small (< 10 pm), totally porous 
particies are particularly favored when colloidal partick with extremely small 
diffusion coefficients are to be characterized_ The particle size effect is even more 
important for fast SEC separations of colioids at high mobile phase velocities. 
Therefore, relatively short columns of small (c 10 pm) particks can be anticipated 
to exhibit superior resolution of colloidal inorganic dispersions for rapid charac- 
terizations. 

Eqn. 3 further points out that the size of the packing particies and the dif- 
fusivity of the sample particks (a function of size) both influence the e&ct of 
mobile phase velocity (or flow-rate) on column plate height_ Fig_ 1 shows plate 
height vs. velocity plots for a 8-nm silica sot and acetone as determined on a 
column of porous silica microspheres with 22-nm pores. For the colloidal silica 
sample, a linear increase in plate height occurs with increasing flow-rate or mobile 
phase velocity. The fact that the plate height does not incrgse more sharply with 

mobile phase velocity su_ggests that the stagnant mobile phase diffusion coefkient 
Da term in eqn. 3 contributes only a small fraction to the total band-broadening. 
In the case of the silica sol in Fig. 1, the influence of mobile phase velocity on the 
plate height apparently is dominated by the relatively large plate height contribution 
resulting fro-m the broad particle size distribution of the particular silica sol used. 
For the data in Fig_ 1, the plate height equation for the colloid particks can be 
approximated by: 

where in this specific case, a huge C, term apparently dominates as a result of a 
relatively Iarge particle size distribution for the sol. This simpli&d plate height 
equation is often observed in SEC separations and is characteristic of many liquid 
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Fk. 1. Plate height vs. mobile phase veiocity plots for porous SiIica micrcspbere c&mm with 22- 
nm pores. Column: PSM-SC0 (7.7pm), 15 x 0.78 cm; mobile phase: 0.1 M Na&P0~NaHSO~, 
PH 8.0, detector: W, 254 nm; sample: 694, 10% 8 nm silica sol (LudoxeShQ and 5 m&ml 
autoile. 
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chromatography separations, except -in those experiments which involve very low 
mobile phase vebcities and low-moIecula.r-weight solutes with large diffusion co- 
efkients.- In Fig. 1, the smaller acetone molecule exhibits a pl2te height minimum, 
where in- plate heights at flow-rates of less than about 1 rd/min is indicative 
of band broadening resulting from longitudinal diffusion (first term of eqn. 1). 

The eflk-et of mobile phase velocity OQ plate height can be striking when very 
&all porous patices with larger pores are utilized in SEC, as iHustrated in Fig. 2. 
Contrasted to Fig. 1, the steeper slope of the silica sol plate height plot suggests 
that band broadening is signScantly affected by resistance to mass transfer in the 
stagnant mobiie phase. 

%I . 0.1 I 0.2 1 0.3 0.4 o-0a0 

I 
VEacn-f, cm/set 

t 1 1 f t I 
0 1 2 3 i 5 6 7 8 b 10 

FLOW RATE, mthin 

Fig. 2. Plate height YS. mob& phae velocity plots for porous silica microsphere column with 30- 
om pores. Column: PSM-SCO (6.Opm), 10 x 0.85 cm; mobii phase, 0.001 M N&OH; detector: 
W, 254 mn; sample: 6.!3rl, 2% 6 nm siJ.ica sol (Ludoxs-RB) and 5 mg/ml acetone. 

However, in Fig. 2 the silica sol plot shows a much smaller increase in plate 
height above about 1 ml/min (0.04 cm/see) for this column of 6-pm particles with 
30-nm pores. This deviation from the predicted linearity of eqn. 4 suggests the 

possibility of a ffow-diffusive interaction within the pore structure of the column 
packing, as recently discussed by Van Kreveld and Van den Hoed”. The flow- 
diff’ion inter+on term required to explain t&e data in Fig. 2 should not be con- 
fused with the Giddings’ coupling term=, which only plays a role in the extra-partic!e 
mobile phase and generally involves plate height values which are considerably 
smaller than those of the present discussion. Also, Giddings’ interparticle coupling 
effect usually occurs at somewhat lower mobile phase velocities than the efkct ex- 
hibited here. 

It should be noted that the data in Figs. 1 and 2 are presented in simple, 
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plate height-mobile phase velocity form rather than with the normally desired reduced 
parameters This is because of the uncertain@ in determining the actual silica sol 
di&tsion coefhcients within the pores of the packing; reliabb values are required to 
calculate accurate reduced parameters. Others have shown that intraparticle and 
interpa&icle diffusion coeEcients of macromolecules can be decidedly di&rent for 
different size-exclusion e&cts; actual diffusion c0efIicient.s can change relative to the 
size of the sample component and pore dimension. For discussions of the restricted 
diffusion of mofecules in various pore models, see ref. 24. 

The data for the silica sol in Fig. 2 can be quantitatively fitted by an intra- 
particle interaction expression that includes diffusion and an empirical intraparticle 
flow or convection ~elocityz2, so that the plate height equation then takes oa the 
approxim&te form: 

where D’ = the coefficient of effective mass transport within the particles resulting 
from intraparticle flow or convoztive forces. No rigorous interpretation of this intra- 
particle convection process is available, although it may be a function either of eddy 
currents or of flow through the porous structuret5. This intraparticle convection 
phenomenon is apparently of little significance for larger particles with smaller pores 
(Fig. 11, but assumes a substantial role with very small particles of large pore size 
(Fig. 2). Thus, the intraparticle coupling effect is most likely observed with columns 
of small particles of wide pores at higher mobile phase velocities and samples with 
poor diffusion characteristics. 

. Exx.F’ig. 2, the profile of the acetone plot assumes the expected con@uration 
and is essentially that in Fig. 1. 

lparticle size c~2tirmin.s. Log particle size vs. retention volume plots for 
colloids in SEC systems are similar to those of soluble polymers. Fig. 3 shows the 
particle size calibration plot for a series of silica sols determined on a column of 
porous silica microspheres with 75-MI pores. Fig. 4 presents particle size calibration 
plots for cohunns of porous silica microspheres with smaller pores. In Fig. 4 the 
calibration plots are only approximately defined since standards of smaller silica sols 
were not available during this portion of the study. For spherical inorganic colloids, 
the linear portion of a calibration curve for packing particles with a single or a very 
narrow pore size is anticipated to be about 0.7 decade of particle size (ref -6, chapter 
2). This prediction is closely followed by the experimental data from this study, since 
the linear fmtionation range of the PSM-800 column in Fig. 4 is about 3-16 nm, 
compared to r&ghly 1.5-7 nm for the PSM-500 column and an estimated 5-30 mu 
for the PSM-1500 column of Fig. 3. 

Specific resolution (I&$ and packing resolution (R&) values represent effective 
means of quant&tively characterizing the resolving power of SEC columns and 
column packings, respectivelyt6_ These values take into account both the slope of the 
linear particle &e calibration plot, Dt, and band-broadening measured as the 
standard deviation of the peak, G_ The R_ and Rs*p values of various columns used in 
this study are listed in Table Ii. With PSM columns, R& values for the colloids are 
not unlike those previously found for poIystyrene smWdsS. The much smaller 
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SILICA 
SIZE. 

Fig_ 3. Silica sol particle size cdibcation plot for porous silica microsphere coIumn with 75nm pores, 
Column: PSM-1500 (8.9 pm), 30 x 0.78 cm; mobile phase: 0.1 A4 NaJWO,-Na&P04, pH: 8.0, 
Bow-rate: 2.00 ml/min; pressure: 940 p.s.i.; temperature: 23”; detector: W, 2H nm; sample: 25 
~1 of 2% conoid in mobile pk. 

eD values of the controlled surface porous support (CSP) columns are due to the 
much smaller particle porosities compared to PSM. _ 

Retention chmc?eri.stics. Under certzin conditions, silica sols of particular 
sizes are not eluted, depending on pore size and diameter of the porous silk 

10 M-800 (30 nm) 

PSM-500 (22 nm 
I 
4 5 6 7 8 9 IO 11 

Vu. ml 

F~4_SiEkasolpaticlesizec&braticm plots forporoussiIicamicrosp~~columns.Columns:H) x 
0.62 cm, as indicated; mobile phase: 0.001 MM&OH; flow-rate: 1.00 m&G; pressure: 1420 p.s.i.; 
temper&we: 22O; detector: W, 254 nm; sa~~pksr 25 4 of 2% cnlloid in mobile phase. Q, acetone, 
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particles and mobile phase type. As ilkstrated in Table III, PSM particles with 
22-m pores eluted all silica sols in the 5-2OO-nm range when 0.001 M ammotium 
hydroxide was used as the mobile phase (see Fi g. 4). On A&e other hand, silica sols 
larger than about 100 nrn were not ef~ted with 0.02 M phosphate buffer. These 
data suggest that mobile phase ions have a significant influence on the elution of 
silica sois from porous silica packings. IQ the case of dilute ammonia where the 
ionic strength of the solution is low, there is a relatively high negative charge oa the 
surf..ces of both the pores and the silica sol partkks. In spite of this, smaller silica 
sol particles can enter large pores, but of course, larger sols (e.g., 200 mu) are 
excluded because they are larger than the pores. Due to the high surface charges 
and strong repulsion at close ranges, particles cannot approach nor adhere to the 
surface and all silk sols are eluted. On the other hand, in 0.02 M phosphate 
buffer the cation concentration is sufficient to reduce the density of negative surface 
charges so that in the case of sol particks Iarger than 100 nm, Van dea Waals 

TASLE IQ 

ELUTION OF SILICA FROM VARIOUS SYSTEMS 

Mobile phases, A: 0.02 M Na&P04-NaH#04; pH 7.2; B: 0.02 M tcietbsmolamine, pH 8.5 with 
HNO,; C: 0.025 M NE&NO,, pH 8 with NH40H; D: 0.001 &f N&OH; E: inethanol with 0.5% 
of 1 M HNO,; F: 0.01 M KNOS with O-05 % Aerosol OT (anionic surf2ct2nt), pH 8.0 with N&OH; 
G: O-01 M KNO, with O_OS”~ Aerosol OT, pH 3.5 with HNO,; H: 0.25% Ludox@-RM in 0401 M 
N&OH; I: 0.1 M NarHpO~NaHrPOc, pH 8.0; J: 0.002 M tciethanokrnine, pH 8.6 with HNO,. 

Packing A9. particle 
de&nation size (jm) 

Av.pore 

size (nm) 

Mo5ile 

pf=se 

Range of 
silica sols 
ehted’ (nm) 

Silica sol9 

retained (nm) 

PSM-500 

PSM-SCIO 

PSM-1500 

P0rasil-C 

Sphercsil 
xoB-030 

splUmsi.l 
XOC_5 

7.7 22 A - 100-140 
D 5-200 

6.0 30 A 24-80 100-200 
B S-80 
C - 50-200 
D !%30 
I 5-24 

8.9 75 B 5-24 50-140 
C 24 loo-140 
D 5-80 lml-140 
J 24 100-500 

41 50 A 6-140 
B laK2oO 
C sm 

38 30 B 6O-2uo 380-500 
D 50-140 

38 300 A - 100-m 
D - . 100-200 
E - m-L40 
F 24-80 200 
G 24-50 100-140 
n 2‘%1400” 

* Sarxlpk& 2.5 pl of 0.5-2 %. 
** lOU-140 mn SOIS retained about half again beyond total permeation volurn~ 
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forces are sufhcient to overcome the charge repulsion and these sol particles adhere 
to the outside of the PSM packing particIes and are not elutecl. 

The influence of the mobile phase on apparent silica sol size is illustrated in 
Fig. 5. In this case an &MI silica sol (Ludox*-SM) was chromatographecl on a PSM- 
800 (30 nm) column using three different mobile phases. Based on retention, the 
effective size of the sol is !argest in 0.001 M ammonium hydroxide and smalIest in 
0.@2 &Z phosphate buffer Reagents that most significantly a&ct the ionic double 
layer associated with coIIoids appear to have the largest effect on retention volume. 
The effect of type and concentration of mobile phase ions needs further study to 
better define the intluence of this important parameter on colloid retention. 

(cl 

87654 

MINUTES 

FE. 5. Effect of mobile phase on retention. (2) OX01 M NH.OH, (b) 0.02 M NalHFOrNaHzPO,, 
pH 8, (c) 0.02 M triethanohmhe, adjusted to pH 8.0 with nitric acid; cohmm: PSM-800 (6_0pm, 
30 nm pores), 50 x 0.62 cm; ffow-rate: 1.00 mI/min; detector: W, 254 nm; sample: 2.5~1 of 2% 
8-nm sika sol (Ludox=SM). 

Data for PSM-800 in Table Ill show that sihca sols of larger than about 
80 run (depending on mobife phase) do not elute, whiIe sols smaller than about 80 
run elute normally (see Fi g_ 4). Similarly, PSM-1500 particles with 75nm pores 
elute silica sols up to sizes of about 80 nm, but sols larger than this aregenerally 
retained. These phenomena, together with resuIts from larger silica packing particles 
with similar pore size (PorasiI and SpherosiI in TabIe In), suggest that silica sois 
of less than about 80 nm are abie to move freely &rough the porous structure of 
packed beds; if pores in the packing particles are sufficiently large, solvated colloidal 
particles of = 80 nm can permeate for appropriate fractionation. Solvated sol particles 
that are too large are excluded from the pores and elute at the normal column 
interstitiai voIume_ 

On the other hand, data in TabIe Ill show that when silica sols of larger than 
about 80 nm permeate the porous packing particfes, elation generally does not 
occur_ These results suggest that sihca wis of z&30 run and larger are adsorbed on 
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the waUs of the pores (regardless of type of mobile phase studied) when there is no 
hydrodynamic force within the pores due to &rid-flow. 

This rather unlrsual adhesion phenomenon might be explained by the following 
considerations. Adhesion of a particle colliding with a pore wall occurs by the same 
mechanism as adhesion between two &liding particks. Apparently, only with larger 
silica sol particles (i.e., 2 80 nm) do Van der Waals attractive forces have any in- 
fluence on adhesive behavior. For example, Hardingz7 has fotmd that silica particles 
smaller than 100 nm did not coagulate under conditions that would coagulate 
32~nm particles. A steric barrier of an immobilized monolayer of water on each 
surface might be more efkctive in preventing coagulation of small silica sol particles 
than large ones. In the above situation observed by Harding, adhesion was between 
two particles. In the specific case of a silica sol particle and a pore wall, the latter is 
a particle of almost in&rite radius. Hence, a particle as small as 70-80 nm may 
adhere to a pore wall under conditions where two separate particles would each have 
to be over UIO nm in diameter to adhere to each other on collision. Furthermore, be- 
cause of steric factors, the charge density per unit area resulting from mutual charge 
repulsion is likely to be much larger on a buik silica surface t&an within the 
restriction of a silica pore, making the likelihood of adhesion within the pore 
much greater. 

Thus, silica sol particles of larger than about 80 MI have such low kinetic 
energy that adhesion within pores resulting from Van der Waals forces can occur, 
and elution does not take place. On the other hand, smaller silica sols diEuse in 
and out of pores normally, since they possess sufkient kinetic energy to overcome 
adhesion within the pores. 

The data on Porasil and Spherosil in Table Iii indicate that their reversible reten- 
tion (adhesion) of larger silica sols is specificalIy a function of particle pore size and is 
not dependent on the overall dimensions of the packing particles. Of course, if the 
sire of the colloidal particles approaches the sire of the interconnecting pores 
between the column bed particles, then the sol particles are permanently retained 
as a result of simple filtration. 

Addition of a very small silica sol to the mobile phase results in the elkon _ 
of silica sols which are normally unable to elute after permeating porous packing 
particles. For example, as shown in Table Ill for Spherosil XOC-005 (M 300 nm 
pores; mobile phase N), a 120-nm silica sol eluted when the 0.001 M ammonium 
hydroxide @H 8.5) mobile phase was “doped” with 0.25% of a 6-nm silica sol 
(Ludoxe-RB). However, the L20-nm cohoid eluted well beyond the column total 
perinfxtion volume (retention volume of 80 ml, compared to 52 mi for to& per- 
meation), suggesting that some adsorption occurred dzring retention. Apparently, the 
very small siJ.ica sol modifier prevents the normal irreversible adhesion of the larger 
particles, perhaps by steric shielding. 

The type of mobile phase can also exhibit a signifkant infhrence on the 
SEC of coiloids. For example, as shown for wide-pore Spherosil in Table III, 
certain mobile phases (e.g., methanol with 0.5% .l M nitric acid, and 0.02 M 
triethanolamine at pH 3.0 or 8.5) do not allow the elution of silica sols even as 
small as 24 nm. In these cases, sols at least an order of magnitude smaller than 
the average pore diameter are irreversibly retained. The reason for this effect is not 
understood; however, such deleterious adhesion seems to be eliminated by using an 
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appropriate mobile phase. In the-case of silica sols, 0.001 M ammonium hydroxide 
appears appropriate for many separations. 

A~pZicationr. Because of the high resolution afforded by columns of smail 
porous particles, SEC chromatograms can be obtained which show subtIe diiTerences 
in samples of very small inorganic colloids. Fig, 6 shows the chromatograms on 
three experimental ahuuinosihcate soIs prepared by different procedures. The numbers 
above the peaks indicate values from the calibration in Fig. 4 corresponding to the 
size of silica sols eluting at the same retention volume. While no attempt was made 
to optimize the separating conditions, it is feasible with this system to rapidly 
separate 8-nm and IO-mu silica sols with unit resolution. 

To insure the accuracy and reproducibility of aluminosilicate sol separations, 
a semi-preparative isolation was carried out in which the individual peaks of a 
sample similar to that in Fig. 6a were isolated and reanalyzed. To accomphsh this, 
2oo_cCl aliquots of a 1% sample of the ahuuinosilicate sol were chromatographed with 
the cohunn in a somewhat overloaded condition, and three different fractions were 
collected, as shown in Fig. 7. This preparative separation was carried out identically 
for a total of five runs, like fractions combined, and each fraction composite 
reseparated. Isol.z&ci composite fractions showed peaks exactly corresponding to 
those of the original sample, indicating that individual particle sizes remained un- 
&an@. Apparently highefikiency preparative SEC can be used to prepare colioids 
with a very narrow particle size distribution, if required. 

Importantly, chromatograms such as in Fig. 6 only provide qualitative in- 
formation on cohoids when UV photometric devices are employed for turbidimetric 
detection. With such devices, detection sensitivity varies with particle size. Therefore, 
careful calibration is required to convert observed detector response to the desired 
coiloid concentration for diRerent sixes, so that a true weight fraction verslls 
particle size relationship can be obtained for an unknown. Fresnel-type refractometers 

(a) (b) (cl 

I I I I .I 
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Fig. 6. Fractionation of experixenti ahminosilicate sols. Conditions same as for Fig. 5, except 
mome p~0.001 M m&OH. Three riifihnt samples, (a). (b), (c) SEtowL 
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Fig. 7. Isolation of zluminosili~te sol fractions. Conditions, same as for Fig. 6, except sample: 
ulo~l of 1% colloid. 

provide a response to various colloids that is less dependent on particle size than W 
photometric detectors and therefore may be more useful for some systems. How- 
ever, the response of Fresnel refractometers also varies with particle size, and 
empirical calibrations are still required for quantitative particle size relationships. 

SEC with superfclhlly porous particles 

It can be inferred from eqns. 3 and 5 that the plate heights of SEC separations 
can also be decreased (and resolution increased) by using columns with smaller 
effective particles sizes. Effective reduction in particle size can be accomplished by 
using superficially porous particles with a relatively thin porous crust on a larger 
non-porous core. Such a particle with a narrow distribution of appropriate pores 
should provide excellent mass transfer characteristics for the SEC of slowly diffusing 
samples such as inorganic colloids. 

Eficct of mobile pkzse veluciiy. Optimum superlicially porous particles for 
SEC separations are not presendy available, but Zipax@ controlled surface porosity 
(CSP) support CSP particle for gas and liquid chromatography2a-X can be used as a 
model to confirm the utility of this type of particle for SEC. Particles of Zipax@ have 
an average particle size of about 25 pm, and are composed of glass beads coated by 
multilayering 200-run silica sol particles to form a w 1 pm porous layer. Fig. 8 
shows the plate height verse velocity plots obtained on two 100 x 0.78 cm (200 cm 
total length) columns of an experimental Zipaxe CPS particle for a 24nm silica sol 
(Ludox*-TM) and acetone. Note the flattening off of the plate height curves for both 
the silica sol and acetone with increasing mobile phase velocity, in the maraner of the 
silica sol plot in Fig. 2. However, in this case, this effect is believed to primarily result 
from interparticle coupling within the bed of CSP particles to improve mass transfer. 
The very favorable mass transfer characteristics of CSP particles is indicated by the 
fact that at higher mobile phase velocities, the plots in Fig. 8 show less than a three- 
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fold d3kence between the plate heights of materials that have more than a I@-fold 
difkreuce in dif&icn ccefficients. The data in Fig. 8 predict that with the favorable 
mass trausfer characteristics of superkially porous particks such as Zipaxe, the 
SEC of very slowly diEusing species such as ocUcids can be carried cut at relativeIy 
high mobile phase velocity without severe loss in rescluticn. 

1 , I I t f t t 9 1 I 
0 01 02 0.3 0.4 0.5 0.6 O-7 0.8 0.9 1.0 

MOBILE PHASE VELOClTY, cmlsec 

Fig_ 8. Piate height VS. mobile phase v&city plots for supe&ially porous partick. C3Amns: two, 
1oG x 0.78 cm (200 cm mal) eqzlimenti zipax a. t38~m, 95-xun pores; mobile phase: 0.02 M 
trie&znolamioe adjusted to pH 8 with nitric acid; detector: UV, 254 nro; sample: 50.~1 of 2% 
24nm silica sol (Ludoxe-TM) and 5 ng/ml acetone. 

ParticZe siie calibrations. Columns of superfkially porous particks exhibit 
expected size verslls retention volume plots, as illustrated in Fig. 9. In this system 
2OG-25&nn silica scls oniy partially eluted from the packing, presumably because 
some silica sol dEuses into a few large pores and adheres. Interestingly, silica scls 
that are in the 80-IC!O-nm range and might be expected to be retained within the 
pores by Van der Waals forces, actually elute normally. However, in the manner 
suggested by eqn. 5, this unexpected eluticn may be attributed to some convective 
ficw within the porous crust that imparts to the large silica sol particks sufficient 
energy to overcome the adhesive forces within the pores of the superficially porous 
partiCks_ 

In Fig. 9, a data point (triangle) is shown for an unhncwn polysiJicio acid 
sample prepared by deionizing a sodium sikate solution to form a very small silica 
sol. Comparison to the calibration plot susests that the sol particles are about 1.5 nm 
in diameter. Even though pclysilicic acid particles of this size tend to grow relatively 
rapidly, the size of such materials can be measured with good aaxracy because of the 
abiIity to carry cut fast separations. 

The superftcially porous particles used in this study cbviousIy are not op- 
timum for SEC, as inferred from the packing rescEuticn data in Table II_ Superior 
Supeticiahy prous particks for separating cchoids or very high-mcleeular-weight . 
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Fig. 9. Silica sol particle size calibration plot for superficially porous particles. Conditions: same as 
for Fig. 8, except: flow-rate; 4.00 ml/min; sample: 50~1 of 2% colloids. 0, siiica sols with normal 
elution; 8, silica sols with partial elution; A, polysikic acid from deionization of sodium silicate. 

macromolecules are predicted to be those with an overall diameter of about 

10 pm with a porous crust of about 3 pm thickness. Nevertheless, currently available 
CSP packing materials can provide rapid particle size characterizations when 
columns of sufficient volume of packing are used. For example, a 400 x 0.78 cm 
column of Zipax@ provides a working fractionation volume (total permeation minus 
total exclusion) of about 10 ml and an effective particle fractionation range of 
about l-60 run for silica ~01s. 

CONCJXJSLONS 

SEC is a useful technique for characterizing a variety of colloids by size. 
Separation time can be minimized by using either < 10 pm PSM or M 30 pm 
CSP superkially porous particles, depending on the particular sgparation goal. 
Columns of -K 10 pm PSM particles are particularly useful for separating.colloids 
in the l-60-nm range, and with this approach, subtle differences in aluminosilicate 
sols in the 3-1.5nm range have been measured in a feti minutes. Columns of both 
the PSM and the CSP particles exhibit relatively high resolution bzcause of the 
rapid equilibrium of slowly diffusing colloids with’ the pores of these structures. 
Silica sols greater than M 80 nm tend to be retained within column packing pore 
structures into which they are able to permeate_ However, larger silica sols are unable 
to permeate the porous structure of the packing and are eluted at the normal column 
total exclusion volume. The mobile phase is of special importance in the SEC of 
colIoicls, since the effective size of the colloid is a function of the nature of the 
liquid carrier. This parameter is of particular concern when establishing a calibration 
plot to characterize unknown colloids. 
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