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a  b  s  t  r  a  c  t

Solute  transport  in  hierarchical  porous  media  with  reversible  adsorption  is  predicted  by  the  volume  aver-
aging  method.  A  transient  macroscopic  advection-diffusion  equation  is  derived  to  describe  the multiscale
solute  transport  problem.  The  theoretical  expression  of the dispersion  tensor  is  obtained  which  is  the
function  of pore-scale  velocity  profile.  Steady  closure  equations  are  derived  to calculate  the  dispersion
tensor.  With  the  aid of  pore-scale  simulation  in  unit  cells  of  the  hierarchical  porous  media,  the disper-
sion  tensor  can  be  calculated.  The  model  is  verified  by comparing  its predictions  and  obtaining  favorable
agreement  with  results  of  direct  numerical  simulations  and  with  experimental  data  for  columns  com-
prised  of  ordered,  porous  pillars.  It is  straightforward  to  use  the  model  to predict  the  solute  transport
behavior  in  fixed  beds  packed  with  particles.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Columns packed with porous particles are widely used in indus-
trial devices, such as the chromatography columns [1], fixed bed
adsorption devices [2], packed bed reactors [3]. These columns can
be considered as porous media with hierarchical pore structure
(inter-particle macropores and intra-particle micropores). Hierar-
chical porous media provide large surface areas for reaction or
adsorption. When these devices are applied for solute separation or
reaction, the solvent is present in both the macropores and micro-
pores. Driven by pressure, the solvent in the macropores is free to
move. Mass transfer in the macropores takes place by both advec-
tion and diffusion. The micropores are sufficiently small to suppress
any appreciable fluid motion. Hence, mass transfer in the micro-
pores occurs by diffusion. The surface of the micropores is coated
with a thin stationary phase. Adsorption and desorption occur at
the stationary phase. The solute transport behavior has profound
effects on the process performance. For example, in chromato-
graphic separation, smaller solute transport resistance results in
better separation resolution [4,5].

The solute transport process depends on the hierarchical pore
geometry of the hierarchical porous media. Hence, various meth-
ods have been developed to prepare hierarchical porous media
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with tunable pore geometry and pore size, such as core-shell
particle packs [6,7], array of pillars with porous shell [8], metal-
organic frameworks with tunable macropore size [9], nanopillar
array [10,11], porous graphitic carbon [12].

The ability to theoretically predict the multiscale solute trans-
port process would be helpful not only to obtain a deeper
understanding of related process performance, but also to promote
the design of novel separation columns or reactor with desired
properties. This is particularly important in view of recent advances
in microfabrication technologies which facilitate the fabrication
of porous media comprising of ordered pillar arrays [8,10], three
dimensional ordered hierarchical porous materials [9]. Since avail-
able techniques provide the designer with the flexibility of forming
multiscale pore geometry of various shapes and patterns, one has
the opportunity to optimize chromatography column and reactor
design and significantly improve the process performance.

Most theoretical and experimental works addressing solute
transport in porous media have focused on porous media compris-
ing impermeable particles, pillars or monoliths [4,13–20]. Perhaps
due to their complex pore geometry, experimental and theoret-
ical predictions of solute transport in hierarchical porous media
are few. Transient and asymptotic dispersion behaviors in columns
packed with porous particles (or double porosity porous media)
were studied experimentally and models were used to under-
stand these behaviors [21–26]. Magnico et al. [21] reported that
the axial dispersivity (axial dispersion coefficient/average veloc-
ity) for double porosity porous media increases faster with velocity
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than for single porosity porous media. They also revealed that non-
Gaussian dispersion behavior can be observed when the transit
time inside individual grains becomes of the order of the mean
transit time across the whole sample. Papathanasiou and Bijeljic
[22] experimentally and Bijeljic et al. [23] theoretically analyzed
tracer tailing in breakthrough curves in columns packed with solid
and porous beads based on experimental measurements and the
Continuous Time Random Walk (CTRW) method. They demon-
strated that breakthrough curves for a column containing solid
glass beads exhibit non-Fickian transport. They also revealed that
the presence of porous beads introduces a second spatial/time scale
and the extent of tailing is much stronger, which can be quan-
tified by a two-scale CTRW model. Drazer et al. [24] reported a
method based on radioactive dispersion experiment and the Coats-
Smith model to determine characteristic exchange time between
the internal and external pores, mean tracer velocity, mobile fluid
fraction and longitudinal dispersion coefficient for tracer disper-
sion in double porosity activated carbon packings. Tallarek et al.
[25] investigated the mass transfer in chromatographic columns
packed with spherical-shaped, porous particles by the pulsed field
gradient nuclear magnetic resonance technique. They revealed the
existence of external stagnant fluid where all the interparticle
fluid-side resistance to diffusion is localized. They demonstrated
that the actual correlation (or randomness) of interconnection
between intraparticle pores of different size has a profound effect
on the observed tortuosity factors and the diffusion-limited stag-
nant mobile phase mass transfer kinetics. Kandhai et al. [26] used
pulsed field gradient nuclear magnetic resonance (PFG-NMR) and
lattice-Boltzmann (LB) algorithm investigated the solute dispersion
in a column packed with porous particles. Results demonstrated
that intraparticle liquid holdup in macroscopically homogeneous
porous media clearly dominates over contributions caused by the
intrinsic flow field heterogeneity and boundary-layer mass trans-
fer in a random packing of porous spheres with column-to-particle
diameter ratio above 100. Computational software and hardware
advances make it possible to do pore-scale simulation in hier-
archical porous media. Some researchers have resorted to direct
pore-scale numerical simulations [27–30]. Simulation results sig-
nificantly improve our understanding of the solute transport in
both macropores and micropores. Unfortunately, the influence
of micropore geometry on the macroscopic transport behav-
ior is still difficult to be investigated by the direct pore-scale
simulation.

A useful alternative consists of models that allow one to
determine effective solute transport properties with various
homogenization techniques [31–36]. Such models may  still require
numerical computations, but these computations are restricted to
representative element volume and are manageable with modest
computational resources. Quintard and Whitaker [34] established
a model to describe the transport of an adsorbing solute in a two-
region model of heterogeneous porous media. Three geometric
scales exist in the heterogeneous porous media. The small scale and
Darcy scale correspond to the micropore scale and macropore scale
of current hierarchical porous media, respectively. The large scale
corresponds to the scale of the heterogeneous region. The model
for the small scale and Darcy-scale describes the similar physi-
cal problem as we considered here. A macroscopic equation and
related closure equations were derived based on the assumption
of the local mass equilibrium. Perhaps due to the complex closure
equations (integro-differential equations) and the lack of detailed
model validation, the model has not been used to predict the solute
transport in chromatography applications.

Recently, Yan et al. [16] used the volume averaging method to
derive an expression for the plate height in pillar arrays consisting
of solid (impermeable) pillars with wall retention. Their theoret-
ical predictions provided an excellent agreement with available

Fig. 1. (a) The column with a representative unit cell A. (b) Enlarged view of unit
cell  A and depiction of unit cell B. (c) Enlarge view of unit cell B. The x-coordinate is
aligned with the column’s axis. The z-coordinate points out of the page.

experimental data and with results of direct numerical simulations.
In this paper, we expand the earlier work of Yan et al. [16] to derive a
theoretical model for solute transport in hierarchical porous media
without local mass equilibrium assumption and derive simpler clo-
sure equations than Quintard and Whitaker [34] and compare the
model’s prediction results with available numerical and experi-
mental results for chromatography applications.

The paper is organized as follows. Section 2 introduces the
theoretical model. Section 3 verifies the model by comparing its
predictions with results of direct numerical simulations and with
available experimental data. Section 4 concludes.

2. Theoretical model

Consider a column of length L and effective diameter dC (Fig. 1a).
The column is filled with hierarchical porous media (Fig. 1). The sol-
vent is present in both the macropores (�-phase) and micropores
(�-phase). The solvent in macropores is free to move. Mass transfer
in the �-phase takes place by both advection and diffusion (Fig. 1b).
We consider the situation that micropores are sufficiently small to
suppress any appreciable fluid motion. Mass transfer in the �-phase
occurs by diffusion alone. The surface of the pores is coated with a
thin stationary phase (Fig. 1c). The solute can migrate back and forth
between the stationary phase and the �-phase. The adsorption and
desorption can be described by a linear adsorption isotherm. The
geometric scales are shown in Fig. 1. L � lA � lˇ, lˇ ≈ l� , and lB � l� .

We consider pressure-driven flow of incompressible solvent
laden with solutes. The solutes are dilute, do not affect the sol-
vent’s properties, and do not interact. Consequently, we treat each
solute as if it exists all by itself. The fluid motion is described by
the Navier-Stokes equation. The solvent obeys nonslip boundary
conditions at all solid boundaries.
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