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a b s t r a c t 

Diffusion inside pores is the rate limiting step in many preparative chromatographic separations and a key 

parameter for process design in weak interaction aqueous chromatographic separations employed in food 

and bio processing. This work aims at relating diffusion inside porous networks to properties of station- 

ary phase and of diffusing molecules. Intraparticle diffusivities were determined for eight small molecules 

in nine different stationary phases made from three different backbone materials. Measured intraparticle 

diffusivities were compared to the predictive capability of the correlation by Mackie and Meares and the 

parallel pore model. All stationary phases were analyzed for their porosity, apparent pore size distribution 

and tortuosity, which are input parameters for the models. The parallel pore model provides understand- 

ing of the occurring phenomena, but the input parameters were difficult to determine experimentally. 

The model predictions of intraparticle diffusion were of limited accuracy. We show that prediction can 

be improved when combining the model of Mackie and Meares with the fraction of accessible pore vol- 

ume. The accessible pore volume fraction can be determined from inverse size exclusion chromatographic 

measurements. Future work should further challenge the improved model, specifically widening the ap- 

plicability to greater accessible pore fractions ( > 0.7) with corresponding higher intraparticle diffusivities 

( D p / D m > 0.2). A database of intraparticle diffusion and stationary phase pore property measurements is 

supplied, to contribute to general understanding of the relationship between intraparticle diffusion and 

pore properties. 

© 2019 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Diffusion inside porous structures is of relevance in fields like

enomics, biofilms, drug delivery, implantable devices, contact

enses, cell- and tissue engineering, geography, petroleum recovery,

eterogeneous catalysis, membrane filtration and chromatography

1-13] . Well over a hundred years of research has resulted in a

ide range of definitions and quantifications of pore characteristics

nd diffusivity correlations, even within single scientific disciplines

 14 , 15 ]. Mass transfer, from the mobile phase into the stationary

hase and back is limited by the rate in which molecules enter,
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xit, and move through the stationary phase. The molecular move-

ent is particularly important when relatively large distances have

o be traversed by diffusive forces [16-18] . This is often the case in

reparative chromatography, where large particle diameters are de-

ired for large volumetric feed throughput while maintaining low

ack pressures. The limitation of mass transfer through intraparti-

le diffusivity becomes even more relevant with increasing mobile

hase velocity [19] . Effectively, resistance to intraparticle diffusion

ncreases separation time [17] and thus reduces productivity. How-

ver, accurately predicting intraparticle diffusion remains challeng-

ng [ 17 , 18 ]. 

Methods to describe intraparticle diffusivity in detail are as di-

erse as the fields themselves, since particular challenges, scales,

nd technological limitations vary in each field. In membrane

ltrafiltration for instance, pore geometry is often assumed to
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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resemble straight cylindrical tubes with the same length as the

membrane thickness [20] . Such an assumption is not valid in chro-

matography. The only similarity of the existing theories and mod-

els is the dependence of intraparticle diffusivity on free- or self-

diffusion in bulk medium, usually described in terms of Fick dif-

fusion. Intraparticle diffusivity is thus described as bulk diffu-

sivity, limited through one or more constraints both inherent to

pore properties as well as interplay with properties of diffusing

molecules. 

The reduced diffusion in porous matrices and gels is described

by a number of models, both empirical and analytical. A very com-

prehensive model is the parallel pore model, which describes the

reduction of intraparticle diffusivity through particle porosity, ster-

ical hindrance and obstruction to diffusion [21] . Within gels, dif-

fusion is often described on the basis of gel volume fraction and

the ratio of polymer strain radius to target molecule size [22] . The

identification and quantification of all parameters affecting diffu-

sivity inside stationary phases is challenging, largely due to the in-

terplay between different parameters. Furthermore, the definitions

of these parameters leave room for different interpretations and

their quantification often involves indirect measurements, approx-

imations, and/or fitting. 

Our work aims at gaining further insight into individual con-

tributions of pore characteristics and their respective relation to

intraparticle diffusivity. Intraparticle diffusivity was measured in

size exclusion mode via van Deemter curves and compared to

stationary phase properties. Stationary phases were analyzed for

their porosity, apparent pore size distribution, and particle tortu-

osity. Electron microscopy was attempted to independently con-

firm pore characteristics. Intraparticle diffusivities of eight differ-

ent small molecules were measured in chromatographic stationary

phases of three different backbone materials. For each backbone

material three different stationary phases of the same series, but

with a different degree of cross-linking, were analyzed. The data

was used to compare the predictive capabilities of the Mackie and

Meares correlation and the parallel pore model. 

2. Theoretical background 

2.1. Diffusion 

Diffusion is the stochastic motion of molecules. Without any

constraints, the diffusive motion is called free-, self- or bulk dif-

fusion. The net ensemble movement due to a spatial difference

in concentrations can be described with Maxwell-Stefan or Fick-

equations. In a thermodynamically ideal system, the diffusion co-

efficients of Fick and Maxwell-Stefan are identical [23] . As diffusion

inside chromatographic particles is often considered to happen in

dilute and ideal systems, Fick diffusion coefficients are used to de-

scribe and quantify diffusive mass transfer in chromatography. In

case of diffusion within a porous medium with pore dimensions in

the order of magnitude of the molecular free path, diffusivity is ef-

fectively reduced. Intraparticle diffusivity can thus be described as

bulk diffusivity, limited through one or more constraints inherent

to pore characteristics. Hence terms such as ‘apparent-’ or ‘effective

diffusivity’ are often used. Different diffusion rates for the same

molecules in a different porous structures can be explained by ac-

knowledging that different pore structures reduce bulk diffusivity

differently. In addition to that, molecules adsorbed on pore sur-

faces may diffuse as well, which is described as ‘surface diffusion’

[ 24 , 25 ]. In all cases discussed here, molecular transport within the

porous structures is considered to be purely diffusion driven with-

out any contribution of convection. 

Overall resistance to mass transfer inside a chromatographic

column is the combined result of longitudinal diffusion along the

column, eddy dispersion, external film mass transfer resistance,
ass transfer resistance inside the pores of the stationary phase,

ate of adsorption and desorption as well as the friction-expansion

f the mobile phase [26] . As a result, a pulse injected into the

olumn results in a broadened peak in the eluate. Measuring the

luate concentration in time allows for the construction of a so-

alled van Deemter curve by measuring mean retention time and

eak variance eluted at different linear velocities. In preparative

hromatography, which generally operates at high velocities using

arge stationary phase particles, the overall mass transfer is gen-

rally limited by resistance to diffusion inside the porous region

f the stationary phase [27] . The extend of this limitation is such,

hat in the linear region of a van Deemter curve, measured under

reparative conditions, the slope is almost entirely dependent on

ntraparticle mass transfer resistance, which in turn can be derived

rom the slope of the curve, while accounting for the contribution

f film mass transfer resistance [27] . 

.2. Predictive models 

In literature a range of both empirical and theoretical mod-

ls can be found describing diffusion inside porous matrices. Gen-

rally, diffusion is always described as Fickian diffusion. In the

odels the ratio of intraparticle diffusivity D p over bulk diffusiv-

ty D m 

is set in relation to one or more terms describing the sta-

ionary phase or an interaction between stationary phase and dif-

using molecule. The majority of predictive models use the par-

icle porosity εp to correlate intraparticle diffusion to a prop-

rty of the stationary phase which yields the intuitive bound-

ries lim 

ε P → 0 
Dp/Dm = 0 and lim 

ε P → 1 
Dp/Dm = 1 . Overviews of

ifferent proposed empirical, semi-empirical, and theoretical ex-

ressions relating εp to intraparticle diffusion are given in [ 14 , 28 ].

.2.1. Correlation by Mackie and Meares 

In chromatography the correlation of Mackie and Meares ( Eq.

1 )), as described by Guiochon [18] , is often used. While the intu-

tive boundary conditions of diffusion in porous space are met, the

odel of Mackie and Meares, developed for electrolyte diffusion

n ion-exchange membranes, takes neither characteristics of diffus-

ng molecules nor structures and dimensions of pores into account.

et, due to its simplicity and measurability of the single parameter

article porosity εp , this model offers an attractive method for a

rst estimation of D p / D m 

. 

 P = 

[ 
ε P 

2 − ε P 

] 2 
D m 

(1)

.2.2. The parallel pore model 

The probably most commonly used model to relate intraparticle

iffusivity to pore and molecule characteristics is the parallel pore

odel ( Eq. (2 )) [ 29 , 30 ]. The model is based on the assumption

hat diffusivity inside a porous network is comparable to diffusion

nside straight parallel cylindrical tubes, where diffusion can only

ake place inside the pores and not through the solid phase of the

ore walls [21] . 

For non-adsorptive processes, the parallel pore model describes

n intraparticle diffusion D p , as bulk diffusion D m 

reduced by the

haracteristics of the solid phase: the porosity εp , hindrance diffu-

ion factor F( λm 

) , and the internal obstruction factor γ p , all three

f which have values between zero and one. 

 p = ε p · F ( λm 

) · γp · D m 

(2)

A term describing surface diffusion is added to the parallel pore

odel in adsorptive processes [ 24 , 25 ]. In reversed phase liquid

hromatography applications, surface diffusion may become the

ajor contributor to intraparticle diffusion [31] . 
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.3. Particle porosity εp 

Particle porosity εp refers to the pore volume accessible to the

obile phase, inside the particles. It is important to realize the

nfluence of different measurement methods for particle porosity.

enerally, particle porosity should be measured under the same

onditions as chromatographic measurement, as particle porosity

s not necessarily an intrinsic particle property. Particles may be

ubject to swelling and/or shrinking with medium composition

nd temperature [16] . During adsorptive processes, particle poros-

ty may be influenced through adsorbed molecules, which block

therwise accessible pore volume [32] . 

Particle porosity can be measured ex- or in situ. Two meth-

ds to measure particle porosity ex situ are electron microscopy

nd intrusion porosimetry with nitrogen or mercury [ 16 , 33 ]. Both

ethods require measurements in vacuum, which potentially leads

o deformation of many chromatographic stationary phases. Hence

aution is required when interpreting the results [13] . In situ mea-

urement of particle porosity εp in chromatographic stationary

hases usually encompasses elution volume measurements of two

on-retained molecules of different size: one small molecule ca-

able of accessing the entire particle pore volume and the other

 large molecule incapable of entering the particle pore volume

t all. The former measures the total porosity εt , the latter the

nterparticle-, bed-, or external porosity εe . From these two mea-

urements, the particle porosity is calculated with Eq. (3 ) [18] : 

 p = 

ε t − ε e 
1 − ε e 

(3) 

.4. Hindrance diffusion factor F( λm 

) 

The second term in Eq. (2 ), the hindrance diffusion factor F( λm 

) ,

escribes the drag a diffusing molecule experiences due to con-

nement within pore walls as well as steric exclusion [34] . For

olecules larger than roughly 1/10 th of pore diameter, mobility

ill be markedly reduced through friction with pore walls [35] .

ifferent relationships can be found in literature to describe this

henomenon, mostly based on the ratio of molecule to pore radii

m 

and the work of Renkin [36] and Brenner and Gaydos [25] .

echadilok and Deen [20] improved an empirical expression which

ad been developed through many researchers over the years and

hich now fits the range of 0 ≤ λm 

≤ 0.95 ( Eq. (4 )). Eq. (4 ) was de-

eloped to describe hindered diffusion of spheres in pores of mem-

ranes in absence of convection, assuming pores to be straight and

ylindrical. The width of pore size distribution is not taken into

ccount as λm 

is calculated from the mean pore radius. 

 ( λm 

) = 1 + 

9 

8 

λm 

ln λm 

− 1 . 56034 λm 

+ 0 . 528155 λm 

2 

+ 1 . 91521 λm 

3 − 2 . 81903 λm 

4 + 0 . 270788 λm 

5 

+ 1 . 10115 λm 

6 − 0 . 435933 λm 

7 
(4) 

.5. Internal obstruction factor γ p 

The internal obstruction factor γ p is arguably the most ambigu-

us contribution to the parallel pore model. The ambiguity in lit-

rature originates from different concepts for contributing mech-

nisms to γ p , which are often difficult to validate experimentally

 28 , 37-39 ]. Giddings suggested that the internal obstruction factor

p is the product of obstruction due to constriction γ p,cons and ob-

truction due to tortuosity γ p. τ [40] . In more recent definitions the

bstruction due to mesopore (2—50 nm [41] ) connectivity γ p,conn is

ttributed to γ p as well [6] , leading to Eq. (5 ): 

p = γp, cons · γp,τ · γp, conn (5) 
In practice γ p may be difficult to distinguish from F( λm 

) [ 42 ,

3 ]. For this reason γ p is often used as a fitting parameter which

hen sums up all contributions that obstruct diffusion within the

ore volume, as well as any experimental errors. While this works

or retrofitting a model to a particular system, little contribution

s made to fundamental understanding of the relationship of in-

raparticle diffusion and pore structures. Nevertheless, it is useful

o discuss the three different internal obstruction factors, as it ex-

mplifies the complexity of diffusive molecular transport through

 porous material. 

.5.1. Obstruction due to constriction 

Constriction describes randomly located bottlenecks in diffusion

aths inside the porous matrix, which slow down molecules [ 37 ,

4 ]. Wiedenmann et al. [45] calculate the constriction factor γ p,cons 

ith Eq. (6 ) from data obtained from three dimensional images of

ore structures via x-ray tomography. 

p, cons = 

A min 

A max 
= 

π r 2 
min 

π r 2 max 

(6) 

In order for Eq (6 ) to be of any practical use, the transport

elevant radii, r min the smallest and r max the largest pore radius

 diffusing molecule encounters in a porous matrix, must be de-

ermined. This however, is not possible without detailed informa-

ion on three dimensional pore structure, which presents a techni-

al challenge for microscopy techniques beyond the scope of this

aper. Due to the complexity and interdependence of all factors

ontributing to γ p , the actual value of γ p,cons cannot be validated

n practice [45] . 

.5.2. Obstruction due to tortuosity 

Obstruction to diffusion due to tortuosity γ p, τ of porous parti-

les is assumed to be a constant of the porous network and in-

ependent of molecular species, according to theories proposed by

iddings [40] . The obstruction to diffusion due to tortuosity γ p, τ

as calculated from measured tortuosity τ p via Eq. (7 ): 

p,τ = 

1 

τ 2 
p 

(7) 

Tortuosity τ p is defined as ratio of average pore length L p to

ength of the porous medium or particle diameter d p and since

 p > d p , it follows that τ p > 1 [39] . This definition makes tortu-

sity difficult to determine, as it is not reducible to classic mea-

urable microscopic parameters [46] . Tortuosity can be measured

ia electric impedance, either inside the column [47] or from col-

mn packing material in suspension [46] and generally increases

ith decreasing porosity [21] . Extensive discussions on tortuosity

an be found in literature, e.g. [ 15 , 38 , 39 , 46 , 48-56 ]. Tortuosities

etween 1 and 5 [ 21 , 37 ] are found. 

.5.3. Obstruction due to connectivity 

Pore interconnectivity describes the extent of communication

etween pores in the 3D space [57] . It is well defined in pore

etwork models, where a number of connections is attributed

o each node [58] . A definition for connectivity in situ yields a

erm, which is hard to quantify: “connectivity describes the av-

rage number of possible distinct paths for the molecules of a

uid impregnating the porous material to move from one site of

his material to another one” [37] . The contribution of connec-

ivity to γ p is dependent on the size of the diffusing molecule

59] . Obstruction due to connectivity γ p,conn is primarily impor-

ant to small molecules. Larger molecules get increasingly hindered

hrough proximity to pore walls and F( λm 

) dominates. Pore net-

ork modelling has shown that connectivity can have a large effect

n γ p [43] . It is unclear however, how connectivity can be mea-

ured in situ and how its effect can be isolated from other contri-

utions to γ p . 
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Table 1 

Stationary phase series and backbone material of all stationary phases. 

Stationary phase Material Manufacturer 

Sephadex G-10 Cross-linked dextran GE Healthcare 

Sephadex G-15 

Sephadex G-25 

Dowex 50WX8 Styrene-divinylbenzene Dow Chemical 

Dowex 50WX4 

Dowex 50WX2 

Toyopearl HW-40F Hydroxylated methacrylic polymer Tosoh Bioscience 

Toyopearl HW-50F 

Toyopearl HW-65F 
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3. Materials and methods 

3.1. Materials 

3.1.1. Mobile phase 

All experiments were conducted with a phosphate based mo-

bile phase (25 mM Na 2 HPO 4 , 25 mM NaH 2 PO 4 , and 50 mM NaCl;

all from Merck, Germany) in Milli-Q water. Viscosity was measured

with a Physica MCR 301 rheometer (Anton Paar, Austria). Before

use the mobile phase was filtered through a 0.45 μm Durapore®

membrane filter (Merck, Germany). 

3.1.2. Stationary phases 

Stationary phases of three different backbone materials (dex-

tran, styrene-divinylbenzene, and hydroxylated methacrylic poly-

mer) were selected. For each backbone material three stationary

phases of the same series and a different degree of cross-linking

were selected ( Table 1 ). 

The number in the name of each stationary phase denotes

the degree of cross-linking or concentration of cross-linking agent.

While the Sephadex and Toyopearl stationary phases are actual size

exclusion SEC stationary phases, the Dowex stationary phases are

cation exchange stationary phases, that were used in SEC mode.

Before final packing, the H 

+ ion of the Dowex stationary phases

was exchanged for Na + with 1 M NaCl. Due to the relatively high

salt concentration in the mobile phase, no ionic interaction be-

tween target molecules and Dowex stationary phases were ob-

served. Particle size distributions were measured via probability

density curves with a Mastersizer 20 0 0 (Malvern, UK) in phos-
Table 2 

Target molecules, respective concentration in sample volume, 

length ( RI for refractive index). 

Molecule c (g/L) Molecular weig

D 2 O Pure 20 

γ -aminobutyric acid 10 103 

Triglycerin 5 189 

Fructose 10 180 

Sucrose 10 342 

Maltotriose 10 504 

Dextran 2 •10 6 10 2 •10 6 

NaCl 58 58 

Acetone 2% (v/v) 58 

Dextran 1k 5 1,100 

Dextran 4k 5 4,400 

Dextran 10k 5 10,000 

Dextran 20k 5 20,000 

Dextran 45k 5 45,000 

Dextran 65k 5 65,000 

Dextran 125k 5 125,000 

Dextran 195k 5 195,000 

Dextran 275k 5 275,000 

Dextran 400k 5 400,000 

v viscosity radius. 
s Stokes radius. 
hate buffer at room temperature. The Sauter diameter, or surface

eighted mean diameter d 3,2 , and its standard deviation was calcu-

ated from ten consecutive particle size distribution measurements.

he relative standard deviation RSD of the particle size distribution

as calculated from the weighted mean of the probability density

urves recorded with the Mastersizer. 

.1.3. Target molecules 

Acetone was added per volume into mobile phase and heavy

ater D 2 O was used undiluted. All solid target molecules were dis-

olved in the mobile phase. Their respective concentrations, molec-

lar weights, molecule radii and detection wavelengths (refractive

ndex in case of dextran) are listed in Table 2 . Molecular radii r m 

ere calculated from two equations. For small molecules, up to

nd including the disaccharide sucrose a spherical shape was as-

umed and the Stokes radius calculated from Stokes-Einstein rela-

ion. For all molecules larger than sucrose, the viscosity radius R h 
as calculated from the empirical relation to molecular weight M w 

iven in Eq. (8 ) [60] . 

 h = 0 . 271 M w 

0 . 498 (8)

In addition a series of analytical dextran standards Dextran 1k

hrough Dextran 400k was used for pore size distribution mea-

urements. NaCl was obtained from Merck, Germany, all other

olecules from Sigma Aldrich, St. Louis, MO, USA. 

.1.4. Chromatographic equipment 

For liquid chromatography a Wellchrom set-up with a K-1001

ump and a K-2401 RI-detector was used, all from Knauer, Ger-

any. Further a Julabo F25 MP controlled the temperature in the

olumn jacket and a mini Cori-Flow flowmeter (Bronkhorst, The

etherlands) measured the flow rate after the detector. Pressure

rop over the column bed was measured using EZG10 pressure

ensors (Knauer, Germany), injection port, valves, column, pres-

ure sensors and detectors were connected with 0.02” PEEK tubing

Grace, Deerfield, IL, USA). 

All elution peaks were measured on slurry packed Götec Super-

ormance 300-10 columns (300 × 10 mm) with tefzel capillaries of

5 cm lengths and an inner diameter of 0.5 mm, including flow

dapter with frits and filter (all Götec, Germany). Bed height var-

ed with pressure between 29 and 21 cm, the precise bed heights

f each stationary phase are listed in the supplementary material
molecular weight, molecular radii and detection wave- 

ht (Da) Molecule radius (nm) Detection 

0.09 s RI 

0.26 s 210 nm 

0.34 s 218 nm 

0.32 s RI 

0.48 s RI 

0.60 v RI 

36.71 v RI 

0.13 s 200 nm 

0.19 s 260 nm 

0.89 v RI 

1.77 v RI 

2.66 v RI 

3.76 v RI 

5.63 v RI 

6.76 v RI 

9.36 v RI 

11.68 v RI 

13.86 v RI 

16.70 v RI 
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n Table 5. The zero length column was a Götec Superformance 10-

0 column (10 × 10 mm) without stationary phase, top and flow

dapters adjusted to create an effective bed height of 0 mm. 

.2. Methods 

.2.1. Column preparation and characterization 

The column was slurry packed in two steps. The first began

ith phosphate buffer to settle the slurry in a ramped up profile

f up to 10 mL/min for 20 minutes. In the second step the funnel

or the slurry packing was removed, the flow adapter and a filter

laced above the stationary phase bed and the stationary phase

ed further compressed at 10 mL/min for 30 min. External poros-

ty was measured with 10 g/L dextran with an average molecu-

ar weight of approximately 2,0 0 0,0 0 0 Da (for the purpose of clar-

ty referred to as dextran 2 �10 6 ), total porosity was measured with

 2 O, except for the case of Sephadex G-10, where only acetone was

vailable for total porosity determination. Comparison in the two

ther Sephadex stationary phases showed close similarity in reten-

ion volume for D 2 O and acetone. All porosity measurements were

onducted in phosphate buffered mobile phase at 25 °C. For all

xperiments the same mobile phase was used and no adsorption

ook place. Therefore, the particle porosity was assumed to remain

onstant for each stationary phase throughout this work. External

orosity was confirmed by comparison of measured pressure drop

ver the column bed with the estimated pressure drop, calculated

ith the Ergun equation [61] . 

.2.2. Chromatographic analysis 

All chromatographic measurements were conducted as pulse in-

ections of 80 μL. The column was kept at 25 °C through a wa-

er jacket. All peaks were analyzed with the method of moments

n Microsoft Excel as described in [62] . Integration limits were set

utomatically at 1% of total peak height and baseline drift was

orrected for automatically, where necessary, to mitigate common

oncerns of inaccuracy when using the method of moments [63-

5] . Van Deemter curves were recorded at linear superficial ve-

ocities u S of 0.5, 1, 2, and 3 m/h. Sephadex G-25 was addition-

lly measured at u S = = 0.2 m/h, the Toyopearl stationary phases

ere additionally measured at u S = = 4 m/h. All measurements

ere corrected for the extra-column contribution for each mobile

hase velocity and target molecule, with the zero length column

s described in [62] . For comparison of data from different sta-

ionary phases and target molecules, van Deemter curves were nor-

alized by dividing HETP by the resin particle diameter d p , which

ields the reduced HETP h and the linear interstitial velocity u L 
s multiplied by d p and divided by D m 

which yields the reduced

elocity ν . 

.2.3. Bulk diffusion coefficient 

The bulk diffusion coefficient D m 

of D 2 O was taken from Eisen-

erg and Kauzmann [66] . Bulk diffusion coefficients of all other

olecules were calculated with the correlation of Wilke and

hang, with molecular volumes calculated from the correlation of

eBas, both as described in [67] . For the estimated bulk diffusion

oefficient an error of 20% was assumed. 

.2.4. Measuring intraparticle diffusivity 

Intraparticle diffusivity was measured by fitting the plate height

quation of the lumped kinetic model to experimental van Deemter

urves, based on Coquebert de Neuville et al. [27] , assuming a con-

tant and homogenous distribution of εp . The slope was measured

rom the linear region of four point van Deemter curves (five mea-

urement points for Sephadex G-25 and for the Toyopearl series) of

ETP (m) over interstitial linear velocity u (m/s). From the slopes
L 
f the van Deemter curves the lumped kinetic factor k overall was cal-

ulated with Eq. (9 ). 

 ov erall = 

2 
1 −ε b 
ε b 

·
(

k 1 
1+ k 1 

)2 

(
HET P 

u L 

) (9) 

In size exclusion chromatography, the zone retention factor k 1 is

ependent on a molecule’s ability to penetrate pore volume, rather

han adsorption equilibria, therefore εp.SEC is used in Eq. (10 ), based

n [42] . 

 1 = 

1 − ε b 
ε b 

· ε p.SEC = 

1 − ε b 
ε b 

· V R − V 0 

V C − V 0 

(10) 

With the retention volume V R , the void volume V 0 and the geo-

etric column volume V C . Intraparticle diffusivity D p was then cal-

ulated from Eq. (11 ). 

 p = 

r p 
2 

15 

(
1 

k ov erall 
− r p 

3 ·k f ilm 

) (11) 

With r p particle radius and the resistance to mass transfer

hrough the stagnant film layer k film 

, calculated as a function of

educed velocity ν = = (2 �r p �u L )/D m 

from the correlation of Wilson

nd Geankoplis [68] as shown in Eq. (12 ). 

 f ilm 

= 

1 . 09 

ε b 

D m 

2 · r p 
ν1 / 3 (12) 

This method relies on an assumed linearity for the calculation

f a constant k overall for the entire linear region of the van Deemter

urve. However, since k overall is a function of linear velocity, as it is

ependent on k film 

, the van Deemter curve is not truly linear. We

herefore calculated D p for each measurement point of the curve

nd used the average of the calculated values for each van Deemter

urve. The relative standard deviation of the D p measurements was

ust below 2% for all data points. 

The confidence interval of D p was calculated from the propa-

ated uncertainties of the slope and k film 

. The uncertainty of the

lope was calculated from the standard error of the slope with a

5% confidence interval and the uncertainty of k film 

from an uncer-

ainty of 20% for D m 

. 

.2.5. Pore size distribution measurement 

The apparent pore size distribution was measured via inverse

ize exclusion chromatography, based on a lognormal pore size dis-

ribution as explained in [69] . The partition coefficient K D was cal-

ulated from the first moment of pulse injections for the target

olecules listed in Table 2 , using the mean retention volume V R ,

he interparticle void volume V 0 and the total mobile phase vol-

me V T ( Eq. (13 )). Interparticle void volume and total mobile phase

olume were measured with dextran 2 �10 6 and D 2 O respectively. 

 D = 

V R − V 0 

V T − V 0 

(13) 

Eq. (14 ) was fitted to the plot of K D over molecular radius r m 

for

ach stationary phase using gProms Modelbuilder 4.0. Fitting pa-

ameters were r pore and s pore of the pore size distribution function

(r) in Eq. (15 ). The pore shape dependent constant a was assumed

o be 2 (cylindrical pores), as discussed in [70] . 

 D = 

∫ ∞ 

r m 
f ( r ) [ 1 − ( r m 

/r) ] 
a 
dr 

∫ ∞ 

0 f ( r ) dr 
(14) 

The function f(r) in Eq. (15 ) describes the pore size distribution

s a log-normal probability density function. This probability den-

ity function is completely equivalent to other, maybe more com-

only used, probability density functions, with the advantage that
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the fitting parameters r pore and s pore are the mean and standard

deviation of the distribution, respectively [71] . 

f ( r ) = 

1 

r 
√ 

2 π

[ 

ln 

( 

1 + 

(
s pore 

r pore 

)2 
) ] −0 . 5 

· e 

⎡ 

⎢ ⎢ ⎣ 

−

( 
ln 

( 
r 

r p 
·
[

1+ ( 
s pore 
r pore ) 

2 
]0 . 5 

) ) 2 

2 ·ln 
(

1+ ( 
s pore 
r pore ) 

2 
)

⎤
⎥⎥⎦

(15)

From the fitted function the K D curve was calculated and the

predicted K D used to describe the accessible pore fraction of pore

volume for each molecule based on its size. 

3.2.6. Contributions to the internal obstruction factor 

Tortuosity was measured via electric impedance in phosphate

buffer, based on Barrande et al. [46] and Aggarwal et al. [47] . All

measurements were conducted at room temperature in a conduc-

tivity cell with a Vertex 10A impedance analyzer and IviumSoft soft-

ware (both by Ivium technologies, The Netherlands). Impedances

were measured in phosphate buffer without stationary phase par-

ticles and in phosphate buffer with stationary phase particles sed-

imented into the upside-down conductivity cell. The exact value of

the external porosity in the conductivity cell was not known. Bed

porosity was estimated to be slightly larger than the geometric op-

timum of 0.34. We therefore calculated tortuosity for five different

bed porosities in range of 0.36 through 0.44 and worked with the

average value as well as the standard deviation. With Eq. (16 ) the

total tortuosity τ t was calculated from the measured impedance in

sedimented stationary phase σ t and without stationary phase σ 0 .

σ0 · ε t 
σt 

= τt (16)

Intraparticle tortuosity was derived from particle conductivity

with Eq. (17 ) [47] . 

ε t ·
2 + 

σp 

σ0 
+ ( 1 − ε e ) ·

(
1 − σp 

σ0 

)
2 + 

σp 

σ0 
− 2 · ( 1 − ε e ) ·

(
1 − σp 

σ0 

) = τt (17)

Using the solver add-on in Microsoft Excel , the intraparticle con-

ductivity σ p was fitted in Eq. (17 ), particle tortuosity τ p was then

calculated with Eq. (18 ). 

σ0 · ε p 
σp 

= τp (18)

As pointed out in Section 2.5 , validation of the obstruction to

diffusion due to constriction γ p,cons and connectivity γ p,conn cannot

be isolated and validated in practice. For the contribution of con-

striction and connectivity to the internal obstruction factor γ p , the

authors therefore resigned to a value of 1 in Eq. (5 ). 

3.2.7. Visualization of stationary phases and pore structures 

Two electron microscopy methods were used to visualize the

presence of the pores: focused ion beam - scanning electron mi-

croscopy FIB-SEM and transmission electron microscopy TEM . Small

amounts of the stationary phases were oven-dried overnight at

60 °C. The resulting powder was subsequently sprinkled onto a

standard aluminum SEM stub with a carbon sticker on top. Follow-

ing, a metallic layer Pt was sputter coated (Cressington, HQ280)

across the stub to ensure sufficient electrical conduction. 

The FIB-SEM (Thermo Scientific, Helios Nanolab G3-UC) com-

bines the imaging capabilities of the SEM with the milling capa-

bilities of a FIB . The FIB is a beam of gallium ions which scans

the surface of a sample. The momentum transfer of the gallium

ions onto a sample causes the samples atoms to disappear into the

vacuum, a process called sputtering or milling. Prolonged milling

results in a trench or cross section of some tens of micro meters.

Subsequently, the SEM is employed to visualize the cross section.
isualization is done in backscatter electron mode, which is less

ffected by local surface charge. 

Milling and imaging was performed at customary conditions:

 30 keV ion beam, starting at 9.4 nA and gradually reducing to

0 pA for the final polishing. Prior to the milling, a small layer

1 μm) of Pt was deposited across the region of interest. The Pt de-

osition acts as protection against the ion beam and it smoothens

he surface and therefore the finish of the cross section. Imaging

olymeric samples with electron microscopy is not trivial. The low

tomic weight of the polymer chains doesn’t create any contrast. 

The TEM analyzed Dowex 50WX2 sample was stained with

.1 mL/g FeSO 4 . An additional challenge is the resolving power

f the SEM . An ideal sample can be resolved down to 0.8 nm.

owever, the resolving power obtained from unstained polymers

s probably not better than 10 nm. Therefore, pores > 10 nm can

e investigated directly by FIB-SEM . In addition, the presence of

-2 nm pores was therefore investigated by transmission electron

icroscopy TEM. TEM requires a thin sample of no more than

00 nm thick, which were made by the FIB-SEM . Again standard

rocedures were followed. The final polishing step was done at 30

V, 40 pA. The TEM (Thermo Scientific, Talos F200x) in STEM mode,

sing the High Angular Annular Dark Field HAADF detector. 

.2.8. Note on availability of data 

In an effort to support the understanding of intraparticle diffu-

ivity and its relation to stationary phase characteristics, all of the

easured data is made available in the supplementary material of

his manuscript. 

. Results and discussion 

.1. Intraparticle diffusion 

Intraparticle diffusion was measured in nine different stationary

hases with eight different tracer molecules at the same conditions

 Fig. 1 ). Data in Fig. 1 is grouped per backbone material, within

ach backbone material per decreasing cross-linking and increas-

ng molecular size, both left to right. Determination via the slope

f van Deemter curves gave accurate results, the majority of the er-

or bar seen in Fig. 1 is due to the uncertainty of 20% allocated

o the bulk diffusion coefficient D m 

estimated with the Wilke-

hang equation. As expected, intraparticle diffusion, conveniently

xpressed as dimensionless ratio of intraparticle to bulk diffusion

 p / D m 

, differs from stationary phase to phase and molecule to

olecule. All experimental van Deemter curves can be found in the

upplementary material (Fig. 8, Fig. 9, and Fig. 10). All elution data

an be found in Tables 6-14 in the supplementary material. 

Two trends are obvious in the Sephadex stationary phases: first,

ecreased cross-linking has a positive effect on intraparticle dif-

usivity and second, increasing target molecule size decreased in-

raparticle diffusivity. Both observations are easily explained by the

ass transfer limiting mechanisms, where smaller molecules expe-

ience less resistance to diffusion than larger molecules and pore

imensions increase with decreasing cross-linking. The Dowex se-

ies, a cation exchange material, shows a similar trend in relation

o the cross-linking. The same correlation with the target molecule

ize holds, with the exception of triglycine. Finally, in the Toyopearl

eries most of the correlations between intraparticle diffusivity,

ross-linking and target molecule size are lost. Toyopearl HW-50F

nd HW-65F showed comparable measured intraparticle diffusivi-

ies. According to the manufacturer, the pore size of Toyopearl HW-

5F is eight times larger than for HW-50F and 20 times larger than

or HW-40F, a difference in pore size which was not apparent from

he measured data. 

Perhaps most remarkable is the relatively low intraparticle dif-

usivity of D O in comparison to larger molecules. In order to ex-
2 



A. Schultze-Jena, M.A. Boon and D.A.M. de Winter et al. / Journal of Chromatography A 1613 (2020) 460688 7 

Fig. 1. Measured intraparticle diffusion ratio D p /D m in all nine stationary phases for all target molecules. Error bars indicate uncertainty of determination of D p from slope 

of van Deemter curves (based on a 95% confidence interval) and 20% uncertainty of D m estimation. 
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lain the observations in Fig. 1 , additional information regarding

he pore structure is required. 

.2. Particle size distribution and porosity 

The Sauter diameter was measured in ten consecutive measure-

ents in the Mastersizer. It was not possible to obtain all station-

ry phases of a series with the same particle diameter, however in-

uence of particle size on mass transfer resistance was accounted

or (an input parameter in the modelling equations, e.g. Eqs. (11 )

nd ( 12 ), and by normalizing the van Deemter curves). The aver-

ge Sauter diameters along with the measured relative standard

eviations are given for each stationary phase in Table 3 . Addition-

lly, the relative standard deviation RSD of the particle size distri-

ution, as measured in the Mastersizer, are given in Table 3 . The

easured RSD is between 15% and 28% for all stationary phases.

orváth et al. show that comparable RSDs lead to relative increases

f HETP of around 5–10% for small molecules in a stationary phase

ith a diameter of 5 μm [72] . The effect of the particle size dis-

ribution on the slope of van Deemter curves and subsequent in-

raparticle diffusivity D p was not included in this research. In an

omparative exercise, particle diameter was additionally measured

rom SEM images, in the following referred to as d SEM 

, by averag-

ng at least 35 particles. The Sauter diameter measured with the

astersizer and d SEM 

differ substantially. It is likely that the parti-

les shrank upon drying or in the vacuum chamber, as the station-

ry phase had not been fixated. Consequently, pore structures may

ave changed. 
able 3 

tationary phase series Sauter diameter and its relative standard deviation for all station

le size distribution PSD as measured with the Mastersizer. The particle diameter d SEM 

orosities and apparent mean pore radii r pore (from ISEC measurements as detailed in Sec

Stationary phase Sauter diameter [μm] RSD of PSD 

Sephadex G-10 88 ± 0.8% 25% 

Sephadex G-15 74 ± 0.2% 27% 

Sephadex G-25 262 ± 1.1% 28% 

Dowex 50WX8 91 ± 0.1% 20% 

Dowex 50WX4 106 ± 0.3% 21% 

Dowex 50WX2 141 ± 0.8% 19% 

Toyopearl HW-40F 48 ± 0.4% 18% 

Toyopearl HW-50F 50 ± 0.1% 19% 

Toyopearl HW-65F 52 ± 0.2% 15% 

.d. : not determined. 
The measured particle porosities varied between 0.46 in

ephadex G-10 and 0.84 in Dowex 50WX2 and increased with de-

reasing cross-linking within a series, except for Toyopearl HW-65F,

hich shows a slightly smaller porosity than Toyopearl HW-50F

 Table 3 ). The particle porosity for Toyopearl HW-65F matches data

eported in literature well [69] . 

.3. Visualization of pore structures 

In total five of the nine stationary phases were analyzed in a

IB-SEM ( Sephadex G-15, Dowex 50WX8 and 50WX2, and Toyopearl

W-50F and HW-65F) and one in a TEM ( Dowex 50WX2). Exam-

les from the outside of particles and pore structures, laid bare

ith a focused ion beam, can be seen in Fig. 2 . Visualizing pore

tructures proved to be very challenging due to the very small di-

meters. Only the Toyopearl HW-65F revealed a pore structure. The

bsence of macro pores (pore diameters exceeding 50 nm [41] ) was

he only conclusion that could be drawn for the other four sta-

ionary phases analyzed in FIB-SEM. High resolution TEM imaging

as only just able to reveal structures in the Dowex 50WX2 sam-

le. The presented electron microscopy data is inconclusive with

espect to relating intraparticle diffusivity to pore structures, given

he shrinkage of particle size compared to particle size distribution

easurements in phosphate buffer ( Table 3 ). 

.4. The correlation of Mackie and Meares 

The correlation of Mackie and Meares uses particle porosity as

ole parameter to determine intraparticle diffusivity. It is important
ary phases. The relative standard deviation RSD describes the width of the parti- 

was determined from electron microscopy images. Additionally measured particle 

tion 4.5 ). 

d SEM [μm] Particle porosity, εp r pore [nm] 

n.d. 0.46 1.0 

58 0.66 1.4 

n.d. 0.73 1.7 

71 0.52 0.7 

n.d. 0.68 1.4 

64 0.84 2.3 

n.d. 0.66 1.7 

34 0.72 5.0 

33 0.68 35.0 
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Fig. 2. Examples from the stationary phase as examined by FIB-SEM and TEM : (a) Sephadex G-15 (b) Dowex 50WX8 (c) Toyopearl HW-65F. (d) A FIB cross section was made 

into an individual Toyopearl HW-65F particle and imaged (e) by the SEM . The pore dimensions of the other stationary phases are of the order of 1-2 nm and can only just 

be made visible by TEM (f, Dowex 50WX2). Scale bars are (a-c) 100 μm, (d) 5 μm, (e) 1 μm and (f) 40 nm. 
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to note the role of particle porosity, as measurement with a differ-

ent molecule yields very different results. A smaller molecule will

have access to a different pore volume than a larger molecule [ 69 ,

73 ]. In this study the smallest readily available molecule, D 2 O, was

used for the determination of the total and particle porosity. Other

studies which used same method to measure particle porosity used

different molecules like a monomeric sugar, e.g. [69] . For illustra-

tion purposes, we also calculated total and particle porosity based

on the retention of fructose. Fructose has roughly three times the

molecular radius of heavy water. Fig. 3 a and b plot the normalized

intraparticle diffusivities as a function of particle porosity, based

on the retention of D 2 O and fructose respectively. The dashed line
Fig. 3. Intraparticle diffusion as function of particle porosity εp for different molecules in

line). (a) εp is based on retention of D 2 O and dextran, (b) εp is based on retention of fruc
ndicates the Mackie and Meares correlation. The experimental re-

ults follow the expected boundaries to diffusion in porous space,

s discussed in Section 2.2 . However, the correlation systemati-

ally over-estimates the diffusivity values, when particle porosity is

ased on the retention of D 2 O. Calculated particle porosities are on

verage 30% smaller, when particle porosity is based on the reten-

ion of fructose. In consequence measured intraparticle diffusivities

atch the correlation of Mackie and Meares visibly better, albeit

ar from perfect. This result is of little practical relevance, but it

erves to emphasize the importance of ε t and ε p determination.

e suggest the use of D 2 O for particle porosity measurements,

s it measures a more relevant pore spectrum for the chromato-
 nine different stationary phases and the correlation of Mackie and Meares (dotted 

tose and dextran. 
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Fig. 4. K D curves of (a) Sephadex , (b) Dowex and (c) Toyopearl stationary phases, relating the partition coefficient to molecular radii. Measurements (symbols) and fitted 

functions (solid lines). Due to the larger pores, also larger molecules were employed for the pore size measurement of the Toyopearl series, therefore the y-axis is scaled to 

a different maximum. 
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raphic separation of small target molecules, such as small sugars

nd peptides. In all following calculations ε t and ε p are based on

he retention of D 2 O. 

The correlation of Mackie and Meares may serve as an early es-

imation of intraparticle diffusivity, but low accuracy must be as-

umed. From Fig. 3 a can be observed that particle porosity alone

s insufficient as parameter to predict intraparticle diffusivity. This

s clearly reflected in the vertical distribution of intraparticle diffu-

ivity values in Fig. 3 a. A single particle porosity value can produce

 range of diffusivity values, even after normalization. Additional

tructural properties of both the stationary phase and the target

olecules are not considered. 

.5. Apparent pore size distribution 

For the measurement of pore size distribution, K D curves were

ecorded for each stationary phase, depicting the accessible frac-

ion of pore volume for molecules of different sizes (closed sym-

ols in Fig. 4 a–c). Lognormal pore size distribution curves were

tted to the experimental data. Based on the underlying func-

ion ( Eq. (14 )) the K curves were calculated (lines in Fig. 4 a–c).
D 
ote, Fig. 4 a–c each have a differently scaled y-axis to accommo-

ate different pore size distributions. In general, the fitting led to

 good description of the experimental data. However, for none

f the resins the pore size distribution f(r) of Eq. (15 ) could de-

cribe the D 2 O data point ( K D = = 1, r m 

= 0.09nm). This is due to

he fact that the finite size of the molecule leads to a reduction to

he fraction of accessible pore volume. The small mean pore sizes

tted ( Table 4 ) resulted even for D 2 O in K D < 1. It was not possi-

le to determine the standard deviation of the pore size distribu-

ion. The fitted function is sensible to variance only in the range

f very small K D values, for K D ≥ 0.2 different variances are barely

iscernible in the function. 

All data recorded during inverted size exclusion measurements

an be found in Table 15, Table 16, and Table 17 in the supplemen-

ary material. 

The fitted mean pore size correlate well to measured intra-

article diffusion data of Section 4.1 . The Sephadex material shows

 consistent correlation: larger pores result in higher intraparti-

le diffusivity. The same correlation is found for the Dowex se-

ies. The difference in mean pore sizes for the Toyopearl series is

ore pronounced. Both, in comparison to the other two backbone
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Table 4 

Fitted mean pore radii r pore of pore size distribution 

for each stationary phase. 

Stationary phase r pore (nm) 

Sephadex G-10 1.0 

Sephadex G-15 1.4 

Sephadex G-25 1.7 

Dowex 50WX8 0.7 

Dowex 50WX4 1.4 

Dowex 50WX2 2.3 

Toyopearl HW-40F 1.7 

Toyopearl HW-50F 5.0 

Toyopearl HW-65F 35.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Obstruction due to tortuosity calculated from particle tortuosity measured 

via electric impedance. Exact external porosities were unknown, therefore tortu- 

osity was calculated for five estimated external porosities between 0.36 and 0.44. 

Displayed value is the average of five calculations with the standard deviation as 

the error bar. 

Fig. 6. Correlation of measured intraparticle diffusivity to the parallel pore model: 

product of particle porosity εp , hindrance diffusion factor F( λm ) , and internal ob- 

struction factor γ p, τ . 
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materials, as well as the difference between Toyopearl HW-F40/F50

and Toyopearl HW-F65. Both observations are not reflected in the

measured intraparticle diffusivity. For all nine stationary phases

the mean of the pore size distribution increases with decreasing

cross-linking. 

Pore size distribution measurement via inverted size exclusion

chromatography ISEC does not yield absolute but functional values

and resulting data should be referred to as apparent pore size dis-

tribution [70] . This is partly due to a pore shape parameter within

the fitting function ( a in Eq. (14 )), which requires an assumption

about the pore shape [70] , although it has been later shown that

ISEC is fairly insensitive to the descriptions of pore geometry [13] .

Especially in gels, where pores and pore structures are somewhat

differently defined, pore size distribution measurement via ISEC is

mainly of functional use, rather than matching the geometry of the

gel [74] and can only be used to simplify description of pores in

gels [75] . 

The Toyopearl stationary phase series are the only series for

which pore sizes are provided by the manufacturer, however the

reference does not include the measurement method for the pore

radii [76] . The pore radii are 2.5, 6.3, and 50 nm for the Toyopearl

HW40-F, HW50-F , and HW - 65F respectively, the latter was also

found by DePhillips and Lenhoff [69] . Mean pore radii measured

in this work for the Toyopearl series value about 70 to 80% of the

data supplied by the manufacturer, although the fitted K D curves of

Toyopearl HW40-F and HW50-F in Fig. 4 match measured data rea-

sonably well. The different result highlights how much the results

depend on the method used to acquire the data. 

Toyopearl HW65-F is the only stationary phase analyzed in this

work with observable macropores from SEM analysis. The viscosity

radius of the largest molecule employed in this research, a dex-

tran molecule of approximately 2,0 0 0,0 0 0 Da, is 37 nm. Thus it is

likely that the dextran molecule is capable of accessing a fraction

of the macro-porous pore space, which yields the measurement of

external porosity inaccurate. This affects the accuracy of both of in-

traparticle diffusivity and measured pore size distribution as well.

An even larger molecule to measure external porosity, for example

large DNA molecules as used in [69] , would certainly not be able

to penetrate any pore space. 

4.6. Obstruction due to tortuosity 

Particle tortuosity, measured via electric impedance, shows

trends within each stationary phase series, that correlate to parti-

cle porosity. With increasing particle porosity, tortuosity decreases,

and the obstruction due to tortuosity γ p, τ increases, just as pre-

dicted in literature, e.g. [21] . External porosity is unknown, but a

required input factor in Eq. (17 ). The results in Fig. 5 show the av-

erage of the obstruction due to tortuosity γ p, τ , calculated for five

assumed external porosities, as detailed in 3.2. Contributions to the

internal obstruction factor , with the error bar as standard devia-

tion of the five results. At similar particle porosity, the tortuosi-
ies of Sephadex and Toyopearl stationary phases are very similar.

he Dowex stationary phase series shows the largest γ p, τ , which

ay be due to the fact that the ionic surface charge on the ion-

xchange stationary phase reduces impedance. Measured obstruc-

ion factors can be found in Table 18, Table 19, and Table 20 in the

upplementary material. 

.7. The parallel pore model 

Correlating intraparticle diffusion to individual stationary phase

roperties, as defined in the parallel pore model, in combination

ith properties of the diffusing molecules did not lead to a con-

lusive correlation. In Fig. 6 we show the correlation of measured

ntraparticle diffusivities to the product of particle porosity, hin-

rance to diffusion, and internal obstruction factor, the parallel

ore model. 
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Fig. 7. Accessible fraction of pore volume, calculated from the product of K D and 

particle porosity. 
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Bringing together all three parameters of the parallel pore

odel in the relation to measured intraparticle diffusivity lead to

easonably accurate predictions for small intraparticle diffusivities

 D p /D m 

< 0.2), with the exception of Sephadex G-25. The data ap-

eared to “level off” for larger intraparticle diffusivities. Generally,

ntraparticle diffusion in the Sephadex series appeared to be un-

erestimated, while the Dowex and Toyopearl data appeared to be

verestimated. 

In comparison to the simple correlation of Mackie and Meares

 Fig. 3 a), the parallel pore model is an improvement. It provides

ore insight into the interplay of geometric properties between

tationary phase and diffusing molecule and the predictability of

he intraparticle diffusivity increases. However, based on Fig. 6 it is

ot possible to predict the intraparticle diffusivity over the whole

easurement range, even though the parallel pore model consid-

rs more data. We have attempted to find an explicit correlation

etween intraparticle diffusivity and pore characteristics, but not

ll model input parameters were experimentally measurable. As

ith all models that serve to simplify reality, the projection de-

iates from physical reality. Within the parallel pore model reality

s simplified by the use of lumped parameters, to describe mass

ransfer within the porous networks. The pore structures shown

n Fig. 2 are interpreted as parallel pores, with interconnections

etween the pores. The calculation of molecular radii, to deter-

ine molecule sizes, may not capture the true effect molecular

hape has on diffusivity in constricted spaces. Furthermore the hin-

rance diffusion factor F( λm 

) , based on a mean pore radius and

elying on the molecular radius, could be inaccurate for differ-

nt shapes of pores and molecules. And the tortuosity, which is

easured via electric conductivity, may vary from the tortuosity a

iven molecule encounters inside the porous structures. It is pos-

ible that pore structure is a topic more complex than captured in

he three parameters of the parallel pore model. 

.8. Accessible fraction of pore volume and its influence on 

ntraparticle diffusivity 

In an attempt to relate measured intraparticle diffusivities more

ccurately to pore characteristics, the accessible fraction of pore

olume for each molecule was calculated from the product of K D 

nd particle porosity εp . Here, K D was calculated with Eq. (14 ) for

ach molecule and stationary phase. Plotted against measured in-

raparticle diffusivity the accessible fraction of pore volume yields

n exponential trend that follows the trend predicted by Mackie
nd Meares ( Fig. 7 ), which in this case should be interpreted ac-

ording to Eq. (19 ). 

 P = 

[ 
K D ε P 

2 − K D ε P 

] 2 
D m 

(19) 

This method yields a clear correlation between measured intra-

article diffusivities and pore characteristics and provides a pre-

ictive model. The main advantage of this predictive model is that

t relies only on ISEC measurements that can be collected from a

acked column, in which the stationary phase is in the same con-

itions as during the anticipated separation process. Furthermore,

he use of the accessible fraction of pore volume does not rely

n absolute pore dimensions, as it relies on data recorded with

he same or similar molecules. The proposed equation should be

urther challenged, specifically widening the applicability to higher

ccessible pore fractions ( > 0.7) with corresponding higher intra-

article diffusivities ( D p / D m 

> 0.2). 

. Conclusions 

Measured intraparticle diffusivity ( D p /D m 

) in this work ranged

rom 0.02 to 0.2, with a few exceptions. If a first estimate is re-

uired, it seems reasonable to assume diffusion inside a porous

hromatographic particle to be around 10% of the bulk diffusion,

s suggested by Nicoud [16] and Ruthven [21] . When the particle

orosity is known, a better estimate is obtained with the Mackie

nd Meares correlation. Although, on average, it overestimates in-

raparticle diffusivity by a factor of three. Including further charac-

erization of the resin by measuring the mean pore size, the inter-

al obstruction factor and the hindrance diffusion factor, the par-

llel pore model can provide a better insight and prediction of the

ntraparticle diffusivity. However, the best prediction of the intra-

article diffusivity to stationary phase characteristics was obtained

y using the Mackie and Meares correlation in combination with

he apparent fraction of accessible pore volume. This approach

hould be further challenged, specifically widening the applicabil-

ty to higher accessible pore fractions ( > 0.7) with corresponding

igher intraparticle diffusivities ( D p / D m 

> 0.2). 
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