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Abstract

Physical adsorption takes place inside narrow pores where the attractive interaction between the surface of the adsor-
bent and the contaminant molecules is strong enough to retain the molecules. Adsorption columns involve a range of
mass-transport mechanisms: advection through the free spaces between the adsorbent pellets, diffusion through the
macro/mesopores of the adsorbent, and adsorption at the surface, where the micropores exist. The adsorbent specifica-
tions along with its assembly within the sorption column are key factors when optimizing the filtration of pollutants. In
this work we present a mathematical model based on advection-diffusion equations coupled with Langmuir kinetics
that accounts for a geometrical approach to the porosity structure inside the adsorbent, formed by a radial lattice of
cylinders, and the channels through which the fluid flows surrounding the cylindrical pellets. The model is tested using
typical lab-scale values based on VOC adsorption, and we use it to identify optimal macro/mesopore size and column
porosity for energetic considerations.

Keywords Mesopores - Micropores - Process optimisation - Adsorption column - Mathematical model - Advection-
diffusion

1 Introduction

The reduction of pollutants from the environment is one of the main challenges of our society. Two tons of waste is
released to water worldwide [1], and this value is increasing each year as population grows [2, 3]. Almost 900 mil-
lion people still do not have access to safe water and some 2.6 billion do not have access to adequate sanitation
[31, with 14,000 people dying daily by causes directly related to water contamination [2]. Polluted water also affects
the biosphere by poisoning plants and animals [1, 2]. Air pollution is also a matter of concern, since the emission
of greenhouse gases, the main contributors to the global warming emergency, has been increasing since 1970 [4].
The high atmospheric levels of acidifying pollutants (SO, and NO, ) as well as other air contaminants such as volatile
organic compounds (VOCs), ammonia, methane or particulate matter (PM) are also concerning [5]. Air pollution is
a major cause of premature death and disease, and has a severe environmental impact in ecosystems by produc-
ing eutrophication and acidification of soil, lakes and rivers [5]. Indoor air pollution levels are commonly 2-5 times
higher than outdoor levels, but can reach over 100 times higher [6]. In 2012, indoor air pollution was directly related
to the cause of 4.3 million premature deaths, as well as several health problems related to breathing diseases and a
reduction in decision-making performance [6].
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The removal of contaminants from air and water effluents is essential in accomplishing the UN Sustainable Develop-
ment Goals to ensure availability and sustainable management of water and sanitation for all, and to combat climate
change and its impacts. The Paris Agreement at the COP21 conference in 2015 stated a need to keep the global tem-
perature rise below 2°C above pre-industrial levels, and to pursue efforts to limit the temperature increase even further,
to 1.5°C. These new pledges for 2030 require a reduction of projected 2030 emissions by 30% for 2°C and 55% for 1.5°C
[4]. The efficiency of the possible decontamination processes depends on the contaminant, the type of fluid and the
required operating conditions. Some of the usual decontamination technologies are ultraviolet treatment, oxidation,
clarification, biological treatment, membrane filtration, reverse osmosis, nanofiltration and adsorption. Among these,
adsorption offers a higher removal efficiency than the others, allowing regeneration of the adsorbent and flexibility in
designing the operation/disposal of both the spent media and the wastewater produced during regeneration [1]. Moreo-
ver, although high-performance adsorbents can be expensive, the disposal of more economical adsorbents extracted
from geological rocks or carbonized wastes can make this technology very attractive [7].

Adsorption columns are a commonly used method for removing contaminants in water, such as fluoride and heavy
metals, or gases such as CO, and VOCs. In such devices, the fluid is fed into one end of the column, which is packed
with small pellets onto which the contaminant adsorbs, thus removing the contaminant from the outlet stream. The
performance of an adsorption column is strongly linked to the properties of the pellets used, in particular, their mate-
rial composition, size and porosity. The adsorption can be chemical or physical in nature. In chemical adsorption, the
adsorbate (captured pollutant) reacts with certain radicals located at the surface of the adsorbent creating a chemical
bond with it. In physical adsorption, the adsorbate molecules are captured inside small pores inside the adsorbent via
the establishment of electrostatic bonds [8].

Adsorption is a multiscale problem: when the fluid is fed into the column, it traverses the gaps between particles while
also penetrating into small pores within the pellets themselves; the former transport is largely dominated by advection
while the latter takes place via diffusion. The size of the pores is usually inhomogeneous in conventional adsorbents,
and usually consists of a pore distribution that accounts for micropores (up to 2 nm) where physical adsorption occurs,
mesopores (2 to 50 nm), and macropores (over 50 nm) through where contaminant molecules diffuse to reach micropores
located in the inner regions of the adsorbent [9-11]. The work of Nepryahin et al. [12] and Fennell et al. [13] suggests
that diffusion through the micropores is limited, so the meso/macropore structure is key for the adsorption capacity of
the adsorbent and determines the concentration profile of the effluent.

The modelling of adsorption processes usually consists of an advection—-diffusion equation, with concentrations aver-
aged across the cross-section of the column, coupled with a sink term that accounts for either the average mass adsorbed
inside the pellets [14-19], or the mass that diffuses through the boundary between the inner pores of the pellet and the
region where the fluid is flowing. In the latter case, the concentration inside the pores might be volume averaged [20, 21]
or a diffusion-reaction equation is also added to model the mass transport through the pores [7, 22, 23]. The adsorption
kinetics are also highly dependent on the type of adsorption occurring. Although the Linear Driving Force approach
[14-16] and Langmuir kinetics [17-20] are commonly used in the literature, some works use higher-order kinetic laws
related to the type of adsorbate-adsorbent bonding [14, 17, 22, 23]. Although the velocity is usually assumed to be spa-
tially uniform, some authors account for variable velocity when high concentrations, and thus volumes, of contaminant
are being removed [16, 19]. Single-component adsorption is extensively studied in the literature [24-27] compared to
multiple-component adsorption [28].

Despite the extensive work undertaken on the mathematical modelling of such systems, these have not examined the
effect of pore size on the concentration effluent. To this end, we provide a novel mathematical model that accounts for
the packing structure of the adsorbent pellets inside the column as well as their internal structure. There is a fraction of
adsorption sites directly accessible from the fluid flow while there is another fraction that requires a multi-scale transport
via the diffusion through internal pores. Thus, a fraction of the contaminant is adsorbed directly at the external surface
of the adsorbent pellets while the rest is adsorbed inside the pores. We assess the balance between external and internal
adsorption to identify the micro and macrostructure conditions that optimize the performance of the adsorption column.

In Sect. 2 we first define the problem and the assumptions on which the following sections will rely. In Sect. 3 we pre-
sent the governing equations and the initial and boundary conditions of the model, considering momentum and mass
conservation, and adsorption kinetics. In Sect. 4 we present a constrained reduced model considering the magnitude of
the parameters defined in previous sections, which are based on lab-scale experimental data. In Sect. 5 we discuss the
results obtained from the assessment of a range of parameters related to the structure and packing arrangement of the
adsorbent. Finally, in Sect. 6 we conclude our work.
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2 Assumptions and definition of the physical system

We consider an adsorption system comprising a cylindrical column of a bed, of length L,, loaded with cylindrical pellets
of length L, and radius L, made of a porous adsorbent (see Fig. 1 left). We model the full system by considering a single
representative cell comprising a cylindrical pellet surrounded by a cylindrical channel through which the fluid flows
axially with a velocity u from the inlet to the outlet of the column. The length and radius of the cell are L, and L, + R,
respectively, where R, is the radius of the channel (see Fig. 1 middle). We assume that the external perimeter of the
channel coincides with the external perimeter of the surrounding cells. Thus, the points in this perimeter would be
located in the middle point between two pellets.

The external surface of the pellets gives access to two different locations: adsorption sites onto which the molecules
can be directly adsorbed, or pores through which the contaminant diffuses before subsequently attaching to adsorption
sites on the pore walls. Physically, adsorption sites are micropores, which are narrow enough (diameter less than 2 nm)
to establish bonds with the contaminant molecules and retain them inside (see Fig. 1 right). In this model, the pores
are assumed to be cylinders with radius r, and length L, which represent the mean values from a pore distribution. The
pores are assumed to extend radially, from the external surface of the pellet to its centre. Thus, L is assumed to be equal
to the radius of the pellets.

The numbers in the detail at the bottom right of Fig. 1 indicate the steps of the process. These are: (1) adsorption in
the adsorption sites at the external surface of the pellets in contact with the fluid flow; (2) molecular diffusion through
the pores inside the pellets; (3) adsorption at the adsorption sites at the pore surface.

We use axisymmetric cylindrical polar coordinates to model the pellets, where the origin of the coordinate system is
set in the centre of the pellet at the inlet of the column, and where the x axis coincides with the pellet axis. We denote
the cylindrical coordinate variables inside the pores by (r,¢,y), while the global coordinates are denoted by (R,®,x) (see
Fig. 1). In Fig. 2 we show a transversal section and a cross-section of the cell considered in Fig. 1.

In the mathematical model that follows, we make the following conventional assumptions:

1. Since the contaminant molecules are adsorbed inside the micropores, the volume of the pores is not occupied by
the adsorbate. This leads us to assume that the pellet and pore geometries remain constant over time.

2. The distribution of the pores in the cross-section of the cell and x is assumed to be random (see Fig. 2). However,
we assume that the number of pores per unit area of surface of the pellet n = N/(2zL,L,) is constant, where N is

Fig. 1 Schematic of the physi-
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Fig.2 Schematic of the cell
in 2D. a Transversal section of
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the total number of pores in the pellet. This way, the internal porosity of the pellet is the same in every transversal
slice.

The length of the pores is assumed to be orders of magnitude larger than its radius.

The fluid is introduced parallel to the axis of the container and only exits at the outlet of the column.

5. The column has been previously washed with clean solvent. This, combined with the previous assumption, leads
to the assumption that the contaminant is driven solely by diffusion from the outer flow to the inside of the pore.

6. The diffusion coefficient D (m?/s) is assumed to be equal in all directions.

7. Theinlet concentration of the contaminant in the fluid is low enough to neglect any effect of mass loss in the flow.
This leads to the assumption of incompressible flow and constant diffusion coefficient of contaminant, D.

8. The velocity field in the cell is assumed to be radially symmetric. This assumption together with the fluid flow being
parallel to the axis of the column means that the velocity is unidirectional. We further assume that the velocity field
is steady.

9. The external boundary at L, + R corresponds to the centre of the void regions through which the fluid flows from
the inlet to the exit of the column. This boundary would in principle correspond to the intersection of multiple
representative cells as the ones shown in Figs. 1 and 2. This leads us to assume axial symmetry atL, + R.

10. Given the length-to-width ratio of the column, the effect of the column wall on the fluid velocity is negligible in the
representative cells.

> W

3 Governing equations

In this section, the governing equations of the physical model in the channel and the pores of a representative cell will
be derived.

3.1 Adsorption kinetics

The external and internal adsorption sink terms are both modelled using Langmuir kinetics [29]. This adsorption model is
founded on the formation of a monolayer of adsorbate over the adsorbent surface. The adsorption rate is assumed to be
proportional to the concentration of contaminant in the fluid and the available sites. The desorption rate is proportional
only to the occupied sites, since the desorption potential increases as the surface becomes saturated. The available
adsorption sites at the adsorbent surface are directly related to the surface concentration of contaminant. In Fig. 1
bottom-right we distinguish between the external (step 1) and the internal (step 3) adsorption. Hence, we define the
variables o and o, as the surface concentration of contaminant on the external and the internal surface of the adsorbent,
respectively, with units kg/m?. Note that this definition of the adsorption uptake as a surface density is convenient since
we wish to assess the effect of pellet and pore dimensions. The considered areas are the lateral surfaces of the pellet and
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pore cylinders, not to be confused with the adsorption surface area (such as BET or Langmuir surface area), which also
accounts for the internal area of the available sites (micropores). The adsorption-desorption equations for each case read

dog

ral keaC(0 — 0) — KegOp (M
Jo
a—t’ = k(o — 6) — kg0, )

where kg, and k,, are the external and internal adsorption constants, kg, and k;; are the external and internal desorption
constants, and o,, is the maximum value that the surface concentration could reach on any of the surfaces. This last
parameter encapsulates the available sites depending on the pellet or pore surface, namely the maximum mass per
surface area that could be retained into the micropores accessible in that surface. The variables c(R, x, t) and ¢, (1, y, x, t)

denote the averaged concentrations of contaminant (kg/m?) in the channel and inside the pores, respectively. Equa-

tions governing their behaviour will be defined in Sects. 3.3 and 3.4. The adsorption and desorption constants usually

depend on the velocity of the flow [17, 30]. Thus, the value of these constants could be different in the channel, where

the fluid is advected, and inside the pores where the mass transport is driven by diffusion. Although the model accounts

for this possibility, in Sect. 4.1, for simplicity, we consider a situation where the external and internal constants are equal.

Equations (1) and (2) lead to the Langmuir isotherm when equilibrium is reached, i.e. when the time derivative is zero,
UmKLCe

GezaEe=o-Ie=1+KLC ' (3)
e

where ¢, and ¢, are the adsorbed surface density and the concentration in the fluid at equilibrium, respectively, and
K, = kea/Keg = Kia/ ki is the Langmuir constant of equilibrium. Note that in column tests the concentration at equilib-
rium both in the fluid and inside the pores must be the inlet concentration, i.e. c, = ¢;,, where ¢;, is the concentration of
contaminant in the fluid that is being introduced to the inlet of the column.
We non-dimensionalize egs. (1) and (2) using the following scaled variables
e= =, C=C_pr &E=2' 5'/=ir f=£, (4)
in Om Om T

where 7 = 1/(kj,¢;,)is the internal adsorption time-scale. This gives

06¢

— =k |C(1 — 6¢) — 66|, 5

ot [( £) E] (5)

aﬁl—A(1—A)—5A (6)
— = 0 o,

ot P ! !

where k = kg, /K,
3.2 Momentum conservation

As mentioned, we assume that the velocity field is purely axial and steady. We denote this velocity by u (m/s). Applying
the incompressible flow condition gives du/dx = 0and so u = u(R).

The momentum conservation for the fluid is modelled using the steady-state Navier-Stokes equation for
incompressible flow in the absence of external forces,

ud du

EZ(r=) = —q,

R dR ( dR> @)
where p and p are the density (kg/m?) and dynamic viscosity [kg/(ms)] of the carrier fluid, respectively, and
G = —dp/dx > 0is the pressure gradient where p is the pressure (Pa).
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We may integrate eq. (7) to obtain
du

2 21—
where we have used the symmetry conditiondu/dR = 0atR =L, +R..
Integrating again we get
—[R* = 2(L, + R’ InR|G = 4uu + A, 9)

where A is an integration constant. To determine this constant we apply a boundary condition at the surface of the pellet
R= Lp. Here we choose to use the Beavers-Joseph condition [31],

du
dR

|
=
c

, (10)

R=L,

where a (m~) is a parameter that determines the mechanism by which the slip velocity is induced. The parameter a can
be determined experimentally and depends on other parameters that characterize the behaviour at the boundary of
the permeable material, such as the viscosity of the fluid or the permeability of the material [31].

Applying (10) to eq. (8) we obtain

2R.(R.+2L))
R>+—p]G. (11

1 [2 2 2
u= |12 R 420, +R) In<—
4u| P P L, al,

The average of u over the cross-section of the channel coincides with the interstitial velocity u;,, namely

1 2 LR
O RdR d®.
Yin = ZR.(R. + 2L)) /o /L u 12
Thus, we can write
.G, +R)? 26 L, ¢ _ha-9 3
" 4y all, + RV — 2 ¢

where ¢ is the porosity or void fraction of the cell and, by extension, the column. This porosity is the same as the ratio
between the void area and the occupied area in the cross-section of a cell. Thus, ¢ can be expressed in terms of the pellet
and cell size as

2
L

¢:1——(LP+RC)2.

The interstitial velocity is related to the superficial velocity U, through the expression

U, UL, +R)?

Uy = — = ————,
"¢  R.R.+ 2L,) (15)
The superficial velocity is related to the flow rate at the inlet of the column Q (m3/s) through the expression
Q=U,x(L,+R.)"
We non-dimensionalize the velocity u with the superficial velocity U,:

~_u
“=T (16)

s

which gives &, = 1/¢.
The dimensionless form of eq. (13) then reads
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N 2 In(1 -
1:G¢ ¢ _1_?_M , (]7)
all, +RIV1—¢ 2 ¢
where
s L, (L,+R)’

with P = 4uU,L,/ (L, +R.)"

3.3 Mass conservation in the channel

We denote the concentration of contaminant in the fluid in the channel by p(R, @, x, t) (kg/m3), and the diffusion
coefficient of the contaminant by D (m?%/s), which is assumed to be constant.

0
—+u—X:DV2p. (19)

Now, we define the azimuthal average of the concentration of contaminant in the channel, c(R, x, t) (kg/m?) as

1 2r
c=— pdd. (20)
2r 0
Taking into account the periodicity condition
d 0
5|, = 96|, , @y
o=0 O=27

the azimuthally averaged advection-diffusion equation in a cylindrical coordinate system reads

oc ac 0c 10 (,0c
%€ y 2% _p2c  pla R_).
a T TP TR 0R< oR 22)
We now define the dimensionless form of eq. (19) taking into account the scaled variables
N X N y ~ R
X=——, = -, R = —,
., ’7r, R (23)

where L, is the column length-scale, £, is the pore length-scale and R is the radial length-scale in the channel, all of
them to be chosen.
The dimensionless form of eq. (22) reads

A PN 24 ~ A
gzpe[oaa—f+aa—f] _ 20% +li<Ra—E>, (24)
ot ox 082 RoR\ OoR
where
R Usﬁb ‘Cb
= —, Pe = ’ Da = .
€ Z e 5 a Uic (25)

Here, e denotes the pore aspect ratio, Pe denotes the Péclet number, which is defined as the ratio of the rate of advection
to the rate of diffusion, and Da denotes the Damkdhler number, which is the ratio between the internal adsorption time-
scale and the advection rate.
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The aspect ratio € is expected to be small and we will exploit this in our subsequent analysis. We treat Da and Peas O(1);in
practice Dax 1, but our model captures this scenario too. Although the Péclet number is usually greater than 1, it is reason-
able to assume thatPe = O(1) since certain fluids such as gases usually exhibit high diffusivities [32].

We expand all dependent variables asymptotically in £2 via

f=fO 42D 4 O, (26)
forf = {¢, Ep, 6, 6,,0}.To leading order in ¢, eq. (24) reads
10 (;0e@
7—A<RC—A> =0. (27)
R oR oR

If we integrate eq. (27) and apply the axial symmetry conditionatL, + R, i.e.

oc
o« =0, (28)
OR |p=qt,+r)/R
we obtain that ¢©@ = ¢O(x, ).
At O(g?), eq. (24) reads
2(0) 2(0) 22(0) ~ocM
a1 g0 pert|ZE2 4 1.9 (0], 29
ot 17)'4 0X R oR oR

We can integrate eq. (29) and exploit the fact that 2@ is independent of R to obtain

PO YO L 2e@  2PeT'L,R 50
xR T WAR2 ok |, (30)
t p T RJ)™ R oy
where we have used the fact that
(b /27[ /Lp+RC (0
PR S 0YRdRdD =1 31
TRR.+2L) Jo Iy, (31)

is the leading-order cross-sectionally averaged velocity. We have also made use of the symmetry condition in eq. (28).

The total amount of mass loss per column length at a given x [kg/(ms)] is divided into two sink terms: the mass sink by
diffusion to the inside of the pellets through the base of the pores (Qp(x, t)), and the mass sink by adsorption to the external
surface of the pellets (Q.(x, t)). Mathematically, this reads

Jc
—ZanDﬁ =Q, + Q. (32)

R=L,

The mass sinks Qp and Q; are related to the fraction of internal and external surface, respectively, compared with the total
surface of the pellet that is available for adsorption. This fraction is defined as

Nzr? 5
= =7mnr:. (33)

X

The external sink Q; can be defined in terms of the Langmuir sink term (1)
Qe = —2aL,(1 — )% (34)
= —2xl, X Fral

The sink term Q, must also equal the diffusive flux into the pores. Thus,
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oc

p
Qp = 27[Lp)(DE (35)

y=0

We expect an O(1) amount of contaminant to be removed from the channel via diffusive transport for an efficient filter.
To achieve this requires the concentration to fall quickly over a small boundary layer near the adsorbent boundary. This
means that the first-order boundary condition in eq. (30) must match with the leading-order Q; and Q, from eqs. (34)
and (35). Hence, the dimensionless condition that must be satisfied reads

96 oy oL, (1 = 1) 96
- =— - n 36
oR R=i, 9y 9=0 Dzcix at (36)

where R = Epez/;(. In this situation we assume 6,,,L,(1 — x)/(Dzc;, x) is O(1) since this model can also capture the situ-
ation where o, £,(1 = x)/(D¢;, x) < 1. In the case where 6,,L,(1 — x)/(Dzc;, x) > 1, the scale R should be defined in

terms of this external adsorption instead.

Thus, we find that R = ;(Li/ﬁp and e = yL,,/L,. These results indicate that this approach is applicable when the
length-scale over which removal of contaminant into the pores occurs is smaller than the length-scale over which the
adsorption happens inside the pore.

Now, eq. (30) can be rewritten using eq. (36) as

2O 520 220 020 1- , 089
0" L0 pe1pdC  To | X (37)
ot 17)'¢ 0x? oy j=0 yi Ot

where we have defined the column length-scale as £, = (L, + R.)y/L,Pe/QL,x) = (L, + R)*L,U,/(2DL, x), and
A =1/o,k,/(2D+/7n).
3.4 Mass conservation in the pores

Within the pores we assume that the contaminant molecules travel only by diffusion. Thus, the concentration of con-
taminantin a pore pp((p, ry,x,t) (kg/m3), satisfies

9pp 9pp 10 ( 90
— =D—+D-—(r—), 38
ot dy? ror < or > (38)

where we have assumed radial symmetry. Note that since the diffusion through the channels and the pores consist of
the same contaminant and solvent, the diffusion coefficient is assumed to be the same.
We define the average concentration of contaminant in the pores, o8 (kg/m3), as

1 2r r, 2 '
o=/ /O por drdp = r_Z/O pprdr. (39)
p p

Integrating eq. (38) over the pore cross-section gives

% _ % , 209
ot oy, or|, (40)
The boundary termin eq. (40) atr = r,can be defined in terms of the Langmuir sink term (2) as
9p, do,
| T @

p

and so (40) becomes
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—=pD——_=__ (42)

We non-dimensionalize eq. (41), using the scalings introduced in (4) and (23) along with 7 = r/Rp. The dimensionless
form of eq. (42) then reads

P 22 ~
Fo_12 = 9 Cp %

~ ~ - ~ /! (43)
ot oy? ot

where we have defined the pore length and radius scales as £, = 1/Dc;,1,7/(26,,) and R, = Dz¢;, /o, respectively. The
Fourier number Fo = Dr/Ef, = 20,,,/(Cjr,) is defined as the ratio of the internal adsorption time-scale to the diffusion
time-scale.

3.5 Initial and boundary conditions

We consider the case where the channels, the pores inside the pellets and the adsorbent are all initially free of contaminant.
Hence,

c@(x,0) = 6£(x,0) = ¢,(x,y,0) = 6/(x,y,0) = 0, (44)
which in dimensionless form reads
¢O(%,0) = 6£(%,0) = &,(%,9,0) = /(%,9,0) = 0. (45)

We assume that at the inlet the fluid enters in the axial direction with a uniform distribution of contaminant. Conserving
flux of contaminant at the inlet provides the Danckwerts condition [33] (see [18] for a derivation),

0
wp)| = (up - Da—”> (46)
_ X
x=0 x=0*
To leading order, the integral of (46) over the void region of fluid gives
©) _ 0) ()C(O)
UinCin” = <u,-,,c - DO_X L (47)

where we have used the fact that the free surface at x = 0~ consists of all the area z(R, + L,D)2 while the free surface at
x = 0% only accounts for the channel area zR (R, + 2L).
Adopting the same approach at the outlet of the column gives

ac(o)
<uinc(0) -D— in“p 7 (48)

ox

x=Ly

where czo) is the concentration measured at the outlet (kg/m3), often called the breakthrough concentration. In order

to use a practical boundary that avoids requiring knowing the concentration beyond the column outlet, we use the
continuity condition c‘O)(L;, t) = céo) [18] so that (48) becomes

oc©®
ox - (49)
x=Ly
The dimensionless boundary conditions at the inlet and the outlet then read
_1,0¢9 0¢©
¢0) 1 — —
<C — Pe ¢af(> =1, ok o (50)
x=0+ 2=l>
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respectively, where

with f =L, /(L, + R).
As for the pores, the boundary condition at y = 0is based on the continuity condition between concentrations at the
entrance of the pores:

9, t) = ¢, (0,x,1), (52)
while the boundary condition at y = L, reads
ac,
p
51 =9 (53)
W |,

and corresponds to a symmetry condition where all the pores communicate at the ends.
The dimensionless conditions within the pore then read

eO®, 1) =¢,(%0,1)

Zp=(Lp+Rc)<”7">41/¥- (55)
p

In the previous sections we have derived the governing equations and initial and boundary conditions. Since eq. (37)
corresponds to the leading-order variables, the dependent variables in the rest of the governing equations and the initial
and boundary conditions must be also asymptotically expanded. In the subsequent section we use typical experimental
values to confirm the orders of magnitude of the parameters in the problem, which will enable us to consider a reduced
model description.

where

4 Reduced dimensionless model

4.1 Experimental values and reduced model

In Table 1 we provide typical laboratory-scale experimental values of an adsorption column process [20]. The case in
consideration concerns the adsorption of toluene from nitrogen gas on activated carbon.

The value chosen for the parameter a from the Beavers—-Joseph condition in Table 1 will define the relation between flow
rate and pressure drop (see eq. (13)). However, it does not affect the evaluation of the effect of the radius of the pores and
the effect of the porosity that we consider in the following sections.

The experimental values validate the asymptotic analysis in £ carried out in Sect. 3.3. The parameterPe™" ¢ is O(1) for the
maghnitude ofrp where the mass sink is more relevant (rp = 2.8 X 10~*m).SinceDag and Fo~'are both small we neglect these
terms in (37) and (43) to obtain the reduced system

~(0) ~(0)
0¢© . 92¢©®  o¢ 1— y 06
= =Pl = -4 Lt (56a)
% A R
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Table 1 VaIl,}e of the . Parameter Value Parameter Value
parameters involved in a
typical column adsorption ¢, [ke/m’] 10~ z[s] 2045.4
process at laboratory scale SR s
120] K, [m?3 /kg] 5000 R [m] 56.4 — 5.6 10~
o,,[kg/m?] 0.01 R, [m] 1074
o, [kg/m?] 0.0033 Ly, [m] 89-89x107°
L, [m] 0.004 L, (x107%) [m] 0.014-1.4
R [m] 8x107° € 0.635
L,m] 7%x107* Da¢ 0.85-85x%x1077
r, (x1076) [m] 0.028-280 Fo™' 1.4x1071° - 1.4x10°°
n[m=? 4x10° Pe ¢ 1.5% 107°-1.5
U, [m/s] 0.01 B 5.13
D[m?2/s] 6.8 x 1076 X 1078-1
Kear kig IM*kg™'s 7] 49 ¢ 02
Ko kg Im3kg™'s71 9.8x 10 B 2
ulkgm™'s7] 1.85x 1075 k 1
a[m™ 1 A 1

where

The value of the diffusion coefficient is approximate to the ones reported by Erbil and Avci [34]

24(0) ()
0 Cp _60‘,

’

99> ot
96
E [0 ~(0) ~(0)
—£ —k[e@(1 - 69) - 65 ]
~(0)
% .0 ~(0) ~(0)
—f_cp (1—6, )—56, ,
1 _D L, Ul R.)? o] D
KiaCin' P ok b= 3 TP\ 20,k
aCi mKia xnl,+/8Dr3c,ki, m¥ia
u.L L k
=22 Da=it, Fo=2, A=—L—, k=2,
st £, 2R, \/7n la
k k L, \?
S = Ed — Id — 1 , ¢='|_< p >, A/:ﬂ'nr;_
kEaCin klacin KLCm + Rc

The dimensionless initial conditions read,

¢9®,0)=6,%,0)=¢0%,9,0) = 6"(*9,0 =0,

and the boundary conditions at the inlet and the outlet read
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1,089 96O
1= (6@ -—pe'p— , =0.
< x| rra i (59)
X=0* &=L,
Within the pore we have
R R 9e©

¢O%,H =e9%,0,1) and —= =0 (60)

P N |,

4.2 Total adsorbed mass

In our results we will consider dimensionless adsorbed masses, M by scaling the dimensional mass m with the mass
introduced into the adsorption column per unit time:

m

m=—01_
2R + LU, Gt (61)

The total mass of contaminant captured from X = 0to a certain X can be calculated as

t
mk,t) = / (1 -0, &) de. (62)
0

The previous expression accounts not only for the adsorbed mass but also for the absorbed mass in the pores in the
pellet. To calculate only the adsorbed mass, we can define it as an integral of the adsorbed densities over the surface of
adsorption. Thus, we shall write

. L, rL, .
Myq(Lp, T) _/ 6,2, %, b dyds, (63)
o Jo
RPN T—x b 0 o
gLy ) = A— / 8%, b dg, (64)
}(Z 0

where i1,(%, 1) and Mg, (%, ) are the mass adsorbed at the internal surface of the pores and the external surface of the
pellet, respectively. The total adsorbed mass is m,; = M, + Mg,
The mass retained inside the channel, (%, t), and the pores, my(X, t), can also be calculated as

~ A zb A,
M. (L, 1) = Dag / eO%, b dx, (65)
0
A L, L,
o =F [ [T e0g R g, (66)
0 0

which are negligible due to the order of magnitude of Fo~' and Dag reported in Table 1, respectively.
4.3 Parameter constraints

The size of the pores has an upper bound that depends on the available surface that surrounds the channel. In order to
find the maximum surface that can be occupied by the base of the cylindrical pores, we consider a single cell of the size
of the pore surrounded by pores in a hexagonal packing arrangement (see square in Fig. 3).

Since the hexagonal packing density of the circles is the one that minimizes the area between circles, we can find the
maximum surface ratio occupied by the pores around the channel. Taking into account the situation shown in Fig. 3, we
can determine the area of one of the corners inside the square (yellow area). This is Ay per = brs, where
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Fig.3 Surface of a pellet with |
an optimum hexagonal pack-
ing arrangement of pores

b=larccos(\/§—1)+\/2\/§—3—\/6—3\/5. (67)

2
Thus, the maximum surface ratio is
zr? + 4br?
p p_ T
———— == +b.
4r§ 2 (68)

Now, the surface ratio retrieved from the parameters of the model must be less than the maximum found,

(2rpn)ﬂr§ x Nr? x x
P T, B < Zib, y<Zib. 69
27L,2r,) 4 AL, "4 “°% (©9)

The equations above lead us to define the domain y € [0,z /4 + b).

Since the number of pores per unit area of pellet surface is fixed, the change in the porosity due to a change on L, will
lead to a change on the total number of pores in the cell N. This defines a constraint on ¢ since there should be at least
one pore, i.e. N > 1.This constraint is

1
(27nLy(L, +R))*

p<1-— (70)

Taking into account the values in Table 1, this defines the boundary ¢ < 0.999842.

5 Results and discussion

We solve the model (56) subject to (58)-(60), using the method of lines in MATLAB. We discretize the spatial coordinate
using the finite differences method with a central second-order scheme. The error committed in the discretization of
time is controlled by the MATLAB function ode15s, which is a variable order method with default relative and absolute
tolerances 1073 and 107, respectively. The error committed by the spatial discretizations are O(Ax?) and O(Ay?), where
Ax and Ay are the spatial steps throughout the column and the pores, respectively. Thus, the error in x is O(1078) m with
a bed length of 0.004 m, and for y is O(10~"") m with a pore length of 7 x 10~* m.These values stem from discretizing the
bed length and the pore length in 30 and 100 portions, respectively. Once the solution at different positions and times
is obtained, the concentration at the outlet (x = L,) is evaluated at certain times. The values of (L, t) and Mg, (L,, )
are calculated using expressions (63) and (64) by numerical integration of the results using the trapezoidal method. The
calculation of G is obtained using eq. (17). The regressions made to assess the trend of the optimal values have been
carried out using MATLAB's Curve Fitting Toolbox, with a nonlinear least-squares method.
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Fig.4 Values of the dimensionless a internal m;, and b external m,, adsorbed mass using the parameter values in Table 1. From blue lines
(early times) to red lines (later times): T = 0.022, 0.044, 0.088, 0.176, 0.264, 0.352, 0.44, 0.66, 0.88, 1.1, 1.32, 1.54, 1.76, 1.98, 2.2, 2.42, 2.64, 2.86,
3.08,3.3,3.52,3.74,3.96, 4.18, 4.4. The dimensionless times correspond to a time span from 45 sto 2.5 h

5.1 Effect of the pore radius

In the dimensionless model, variations in r, correspond to variations in the parameter y. Possible values of r, range from
the mean radius of the mesopore region (28 nm) to the macropore capillary region (280 ym) [35-38]. In dimensionless
terms, this corresponds to 1078 < y < /4 + b.To investigate the effect of the pore radius, the value of y is varied from
108 to /4 + b. For each value of y, the values for the other dimensionless parameters are calculated, and the model
in (56) with initial and boundary conditions (58)-(60) is then solved. Since we assume that the change in y is due to the
changein I the rest of the dimensional values in Table 1 used to calculate the dimensionless parameters remain constant.

In Fig. 4 we show the dependence of the internal and the external mass adsorbed, i, and i, respectively, for increas-

ing . The internal adsorbed mass follows a power-law relation of the form ,, o« %7 in most of the studied domain
(see Fig. 4a). The external adsorbed mass though, is approximately constant with y until y ~ 107" (see Fig. 4b), when it
sharply drops until y = 1.

Summing the internal and external adsorbed masses uncovers an optimal pore radius y that maximizes the total
adsorption (Fig. 5). The optimum value of y increases with increasing adsorption time until it disappears. This behaviour

Fig.5 Values of the dimen- (a) %10-3
sionless total adsorbed mass 77
forat =0.088,bt = 0.264
and ¢t = 1.76.The dimen- TMgq 7-6
sionless times correspond to
3 min, 9 min and 1 h respec- 715074 0 100
tively (b)
0.015
0.0148
Mad 0.0146
0.0144
1074 1072 10°
() 0.039
~ 0.038
Mad
0.037
104 1072 10°
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Fig.6 a Evolution of outlet concentration ¢, with y. The values of the parameters used are given in Table 1. The black dashed line indicates
the trend of the optimum of each line. From blue lines (early times) to red lines (later times): = 0.022, 0.044, 0.088, 0.176, 0.264, 0.352, 0.44,
0.66, 0.88, 1.1, 1.32, 1.54, 1.76, 1.98, 2.2, 2.42, 2.64, 2.86, 3.08, 3.3, 3.52, 3.74, 3.96, 4.18, 4.4. The dimensionless times correspond to a time
span from 45 s to 2.5 h. b Optimum y versus time t. The red solid line is the regression of the optimum y with time

can be seen in Fig. 6, which shows the minima obtained in the outlet concentration, ¢,,,, at different times (a), and
the evolution of the optimal y with time (b). There is a monotonic and exponential increase in the optimum y as time
increases until f ~ 1.13, beyond which, the optimal y coincides with the maximum possible value, y = 1.

The optimum values for y are all between 10~"and 1. This indicates that the optimum radius of pore is between 20
and 200 um, which correlates to the macropore region of a capillary size. Although this is higher than the typical pore
size of common adsorbents [39-41], it is appropriate for crafted materials with controlled structures [42-45]. Moreover,
it indicates that the model is capable of predicting optimal pore size conditions, which will change with the physical
parameters of a particular system.

5.2 Effect of the porosity

To assess the effect of the porosity we consider a value of y near the optimum region obtained in the previous section.
We set a pore radius of 200 um (y = 0.5), which corresponds to a bed and pore length-scale £, = 1.36 x 10~* m and
Ep = 1.17 x 10~*m, respectively, and so €2 = 0.4.To investigate the effect of the porosity, we assume that the size of the
representative cell remains constant. Hence, the value of Lp +R. =78x% 10~*is held constant, so when Lp is changed
R, varies accordingly. We use eq. (14) to calculate the value of ¢ as we vary L, considering a variation of 1 — ¢ between
10~8 and 0.9998, to ensure that we do not surpass the upper limit of ¢ enforced by (70) (which requires ¢ < 0.999842).
When calculating all other dimensionless parameters, we vary L, and R but hold all other parameters in Table 1 fixed.
The model in (56) with initial and boundary conditions (58)-(60) is then solved for each value of ¢.

In Fig. 7 we show the dependence of the dimensionless adsorbed mass on ¢. Both the internal and the external
adsorbed masses, m,, and mg,, start at a non-zero value when ¢ = 0 and tend to zero when ¢ — 1(Fig. 7a and 7b,
respectively). Since the parameter y does not change with ¢ (the number of pores per unit area is held constant), this
relationship arises due to the effect of the porosity on the dimensionless column and pore lengths, i.e. [b and [p (egs.
(51) and (55), respectively). The dimensionless column length [, is affected by ¢ because of the column length-scale
L., which depends on the length of the pore. Both [b and [p are proportional to4/1 — ¢, so if ¢ increases then these
lengths decrease. This correlation is translated to the calculation of the dimensionless internal and external adsorbed
masses via eqs. (63) and (64), respectively. The external adsorbed mass displays an optimum close to ¢ = 1, before
dropping down to 0 (Fig. 7b). This is because of the effect of the linearly increasing diffusivity term with increasing ¢.
Since Pe™'is O(1), the increase of ¢ counteracts the decrease of the dimensionless column length Zb. However, since
the amount of internal adsorbed mass is generally higher than the external one, the total adsorbed mass is always
decreasing for increasing ¢ (Fig. 7c), and so there does not exist an optimum.

@ Discover



Discover Chemical Engineering (2024) 4:27 | https://doi.org/10.1007/543938-024-00064-7 Research

Fig.7 Values of internal (a), 5 5
external (b) and total (c)
dimensionless adsorbed mass 1 %
with different porosity values 1L P
at the conditions given in _—J
Table 1 for y = 0.5. From blue 05 % 0.5} 05 E
lines (early times) to red lines M § M — " A ——
(later times): T = 0.022, 0.044, Ia Q Ea — ad &
0.088, 0.176, 0.264, 0.352, 0.1 \ N — 0.1}
0.44,0.88, 1.76, 2.64,3.52,4 4. w
. : . 0.05}F M 0.05}F
The dimensionless times cor- % o1 K} %
respond to a time span from ’
45st02.5h
0.01 0.05 0.01
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
(a) (b) (c)
Fig.8 Evolution of outlet 10°

concentration with porosity
at the conditions given in
Table 1 for y = 0.5. From blue
lines (early times) to red lines R
(later times): T = 0.022, 0.044, Cout 10910
0.088, 0.176, 0.264, 0.352,
0.44,0.88, 1.76, 2.64, 3.52, 4.4.
The dimensionless times cor- 107 i
respond to a time span from

45s5t02.5h 10—20

107°

0 01020304050.60.70809 1

In Fig. 8 we show the relationship between the outlet concentration and porosity for different times. Here we see that
higher values of ¢ lead to higher concentrations at the column outlet. This is consistent with the total adsorbed mass
shown in Fig. 7 (right).

5.3 Energetic considerations

In Fig. 9a we show the evolution of the pressure drop with the outlet concentration for a range of inlet flow rates. To obtain
different flow rates the superficial velocity U, is varied from 0.001 m/s to 0.05 m/s. The rest of the dimensional values in
Table 1 used to calculate the dimensionless parameters remain constant. The model in (56) with initial and boundary
conditions (58)-(60) is then solved for each U, for the associated values of the dimensionless parameters. We see that
if we are willing to treat higher flow rates (red lines) and accept high outlet concentrations, we can input a significant
flow rate for a low pressure drop, i.e. low energy cost. However, if we need to obtain low concentrations at the outlet,
the energetic cost will be higher with a lower flow rate treated. This uncovers a trade-off between the required outlet
concentration, the flow rate, and the energetic cost. Note that the dependence of G on ¢,,, shown in Fig. 9a does not
obey a power law. This is because the cost of maintaining ¢, constant is to decrease ¢ when a higher flow rate is treated.
Thus, G rapidly diverges when this happens [see eq. (17)].

In Fig. 9b we show the dependence of the product of the pressure drop G and the concentration ¢ on the porosity ¢,
when flow rate is fixed. We choose to vary ¢ in the same way as described in Sect. 5.2. As seen previously, the concentra-
tion increases with increasing ¢ (see Fig. 8) whereas the pressure drop decreases with increasing ¢ if flow rate is fixed
(see Fig. 9a). Thus, the product of these two magnitudes exhibits an optimum porosity, ¢, as shown in Fig. 9b by the

black dashed line. The location of this optimum obeys the approximate power-law relation (G&)Opt x (11— qbopt)ojs.This is
shown with more detail in Fig. 10a. In Fig. 10b we also show the dependence of ¢, with time. The identification of this

optimal porosity is significant since in practice there is always a trade-off between the maximum permissible concentra-
tion from the filter and the energetic demand. These results indicate the suitability of the model presented in this work
to determine the optimal packing arrangement of the column.
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Fig.9 a Pressure drop against outlet concentration when = 4.4 (2.5 h) for different values of inlet flow rate. From blue lines [low U,) to red
lines (high U,)]: 0.005, 0.009, 0.013, 0.017, 0.021, 0.025, 0.029, 0.033, 0.037, 0.041, 0.045, 0.05 m/s. b Evolution of the product between the
pressure drop and the outlet concentration with 1 — ¢, for fixed U;. The black dashed line indicates the trend of the optimum of each line.
From blue lines (early times) to red lines (later times): f = 0.022, 0.044, 0.088, 0.176, 0.264, 0.352, 0.44, 0.88, 1.76, 2.64, 3.52, 4.4. The dimen-
sionless times correspond to a time span from 45 s to 2.5 h. In both figures, the parameter values used are given in Table 1, and we take
x =05

16—2
1— o
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Fig. 10 a Evolution of the optimum value of the product between the pressure drop and the outlet concentration with 1 — ¢, for fixed U..
b Optimum porosity ¢,,, versus dimensionless time. The red solid line is the regression of ¢, with respect to t. The black dots indicate
the different optima and the red line indicates the regression. In both figures, the parameter values used are given in Table 1, and we take
x =05

6 Conclusions

In this manuscript, we have presented a mathematical model to predict the behaviour of an adsorption column. The
model is formed from equations that describe the fundamental laws of an advection-diffusion-reaction system. The
approach as a multi-scale processes where adsorption can take place at both the external and internal surfaces of the
pellets has shown the trade-off between these two when the size of the pores and the porosity of the column change.
The conclusions obtained can be summarized in the following points:

1. The model presented is capable of predicting the optimal pore size of the adsorbent under given experimental con-
ditions. The optimal pore radius is contained in the macropore region (r, ~ 200 um), which makes the model useful
for filtering applications where the pore size can be controlled and designed to create a capillary lattice.

2. The assessment of the effect of the porosity leads to the conclusion that a lower porosity provides a higher adsorption
capacity. This means that a higher packing density and better packaging of the pellets is desirable for optimum

adsorption.
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3. The model provides a relation between pressure drop, inlet flow rate and outlet concentration. This allows us to
determine the optimal packing arrangement for an optimal performance of the column given certain energetic
constraints.

Since not all adsorbent pellets are cylindrical, different geometries and packing arrangements, such as spheresin a
column, should be studied in the future. Moreover, although the results of the cell problem may be generalized to
the whole column, the full column problem is also restricted by the packing arrangement of the different pellets of
the column. Future work should also include testing for different applications.

In summary, the model presented in this work is capable of providing the optimal design and operating conditions
of an adsorption filter.
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Appendix A

Relation with experimental magnitudes

In this section we provide a set of relationships between quantities introduced in this manuscript and others that
are commonly used experimentally.

InTable 2, p, is the bulk density (kgadsorbent /m> column), p, is the apparent density of the pellet (kgadsorbent /m’
pellet), v, is the volume of pores per mass of adsorbent (m3 pores/kg adsorbent), e is the fraction of macropores over
all the pores, m,, is the initial mass of adsorbent in the column (kg) and g,,, is the maximum adsorbed fraction (kg
adsorbate/kg adsorbent).

Table 2 Relation between

‘ o Parameter Relation
experimental quantities and

Bt nods - eletpooty 6=
Radius of the channel R =L((1/y/T=¢)—1)
Total number of pores N = =)Ly /L)L, + Rc)z/rj
Total number of channels N = mgq/(pprly(Re + L,)%)
Max. adsorbed density Om = GmMag/ (AN(2NryL, + 2L, L, — Nr2))

@ Discover



Research Discover Chemical Engineering (2024) 4:27 | https://doi.org/10.1007/543938-024-00064-7

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bolisetty S, Peydayesh M, Mezzenga R. Sustainable technologies for water purification from heavy metals: review and analysis. Chem Soc
Rev. 2019;48:463-87.
2. Senesil GS, Baldassarre G, Senesi N, Radina B. Trace element inputs into soils by anthropogenic activities and implications for human
health. Chemosphere. 1999;39(2):343-77.
3. Corcoran E, Nellemann C, Baker E, Bos R, Osborn D, Savelli H. Sick water? The central role of wastewater management in sustainable
development: a rapid response assessment. Nairobi: UNEP/Earthprint; 2010.
4. United Nations Environment Programme. Emissions gap report 2021: the heat is on—a world of climate promises not yet delivered. 2021.
5. European Environment Agency. Air quality in Europe-2019 report.
6. Bandehali S, Miri T, Onyeaka H, Kumar P. Current state of indoor air phytoremediation using potted plants and green walls. Atmosphere.
2021;12(4):473.
7. Mondal R, Mondal S, Kurada KV, Bhattacharjee S, Sengupta S, Mondal M, Karmakar S, De S, Griffiths IM. Modelling the transport and
adsorption dynamics of arsenic in a soil bed filter. Chem Eng Sci. 2019;210: 115205.
8. Tran HN, You S-J, Hosseini-Bandegharaei A, Chao H-P. Mistakes and inconsistencies regarding adsorption of contaminants from aqueous
solutions: a critical review. Water Res. 2017;120:88-116.
9. Cabrera-Codony A, Santos-Clotas E, Ania CO, Martin MJ. Competitive siloxane adsorption in multicomponent gas streams for biogas
upgrading. Chem Eng J. 2018;344:565-73.
10. Hsieh C-T, Teng H. Influence of mesopore volume and adsorbate size on adsorption capacities of activated carbons in aqueous solutions.
Carbon. 2000;38(6):863-9.
11. Yang OB, Kim JC, Lee JS, Kim YG. Use of activated carbon fiber for direct removal of iodine from acetic acid solution. Ind Eng Chem Res.
1993;32(8):1692-7.
12. Nepryahin A, Holt EM, Fletcher RS, Rigby SP. Structure-transport relationships in disordered solids using integrated rate of gas sorption
and mercury porosimetry. Chem Eng Sci. 2016;152:663-73.
13. Fennell PS, Pacciani R, Dennis JS, Davidson JF, Hayhurst AN. The effects of repeated cycles of calcination and carbonation on a variety of
different limestones, as measured in a hot fluidized bed of sand. Energy Fuels. 2007;21(4):2072-81.
14. Aguareles M, Barrabés E, Myers T, Valverde A. Mathematical analysis of a Sips-based model for column adsorption. Phys D Nonlinear
Phenom. 2023;448: 133690.
15. Myers TG, Font F. Mass transfer from a fluid flowing through a porous media. Int J Heat Mass Transf. 2020;163: 120374.
16. Myers TG, Font F, Hennessy MG. Mathematical modelling of carbon capture in a packed column by adsorption. Appl Energy. 2020;278:
115565.
17. Myers TG, Cabrera-Codony A, Valverde A. On the development of a consistent mathematical model for adsorption in a packed column
(and why standard models fail). Int J Heat Mass Transf. 2023;202: 123660.
18. Dalwadi MP, Bruna M, Griffiths IM. A multiscale method to calculate filter blockage. J Fluid Mech. 2016,;809:264-89.
19. Auton LC, Pramanik S, Dalwadi MP, MacMinn CW, Griffiths IM. A homogenised model for flow, transport and sorption in a heterogeneous
porous medium. J Fluid Mech. 2021;932: A34.
20. Valverde A, Cabrera-Codony A, Calvo-Schwarzwalder M, Myers TG. Investigating the impact of adsorbent particle size on column adsorp-
tion kinetics through a mathematical model. Int J Heat Mass Transf. 2024;218: 124724.
21. Recasens F, McCoy BJ, Smith JM. Desorption processes: supercritical fluid regeneration of activated carbon. AIChE J. 1989;35(6):951-8.
22. Kiradjiev KB, Breward CJW, Griffiths IM. A model for the lifetime of a reactive filter. J Eng Math. 2022;133(11):11.
23. Breward CJW, Kiradjiev KB. A simple model for desulphurisation of flue gas using reactive filters. J Eng Math. 2021;129(14):1-28.
24. Katheresan V, Kansedo J, Lau SY. Efficiency of various recent wastewater dye removal methods: a review. J Environ Chem Eng.
2018;6(4):4676-97.
25. Ahmed MJ, Hameed BH. Removal of emerging pharmaceutical contaminants by adsorption in a fixed-bed column: a review. Ecotoxicol
Environ Saf. 2018;149:257-66.
26. Shafeeyan MS, Wan Daud WMA, Shamiri A. A review of mathematical modeling of fixed-bed columns for carbon dioxide adsorption.
Chem Eng Res Des. 2014;92(5):961-88.
27. Patel H. Fixed-bed column adsorption study: a comprehensive review. Appl Water Sci. 2019;9:45.
28. MyersT, Calvo-Schwarzwalder M, Valverde A, Cabrera-Codony A, Aguareles M. Scale up of adsorption column experiments. Math Ind Rep.
2023.
29. Langmuir I. The adsorption of gases on plane surfaces of glass, mica and platinum.J Am Chem Soc. 1918;40(9):1361-403.
30. Puiggené J, Larrayoz MA, Recasens F. Free liquid-to-supercritical fluid mass transfer in packed beds. Chem Eng Sci. 1997;52(2):195-212.
31. Beavers GS, Joseph DD. Boundary conditions at a naturally permeable wall. J Fluid Mech. 1967;30(1):197-207.
32. Cussler EL. Diffusion: mass transfer in fluid systems. 2nd ed. Cambridge: Cambridge University Press; 2000.
33. Danckwerts PV. Continuous flow systems. distribution of residence times. Chem Eng Sci. 1953;2:1-13.
34. Erbil HY, Avci Y. Simultaneous determination of toluene diffusion coefficient in air from thin tube evaporation and sessile drop evapora-
tion on a solid surface. Langmuir. 2002;18(13):5113-9.

@ Discover


http://creativecommons.org/licenses/by/4.0/

Discover Chemical Engineering (2024) 4:27 | https://doi.org/10.1007/543938-024-00064-7 Research

35.
36.
37.
38.

39.
40.

41.

42.

43.

44,

45.

Espinal L. Porosity and its measurement. Hoboken: John Wiley & Sons, Ltd.; 2012. p. 1-10.

Horvat G, Pantic M, Knez Z, Novak Z. A brief evaluation of pore structure determination for bioaerogels. Gels. 2022;8(7):438.

Mosbah M, Mechi L, Khiari R, Moussaoui Y. Current state of porous carbon for wastewater treatment. Processes. 2020;8(12):1651.
Schlumberger C, Thommes M. Characterization of hierarchically ordered porous materials by physisorption and mercury porosimetry—a
tutorial review. Adv Mater Interfaces. 2021;8(4):2002181.

Ariga K, Vinu A, Yamauchi Y, Ji Q, Hill J. Nanoarchitectonics for mesoporous materials. Bull Chem Soc Jpn. 2012;85:1-32.

Li H, Wang L, Wei Y, Yan W, Feng J. Preparation of templated materials and their application to typical pollutants in wastewater: a review.
Front Chem. 2022;10: 882876.

Al-Othman ZA. A review: Fundamental aspects of silicate mesoporous materials. Materials. 2012;5(12):2874-902.

..Li X, Wang J, Bai N, Zhang X, Han X, Silva |, Morris CG, Xu S, Wilary DM, Sun'Y, Cheng Y, Murray CA, Tang CC, Frogley MD, Cinque G, Lowe
T, Zhang H, Ramirez-Cuesta AJ, Thomas KM, Bolton LW, Yang S, Schréoder M. Refinement of pore size at sub-angstrom precision in robust
metal-organic frameworks for separation of xylenes. Nat Commun. 2020;11(1):4280.

Burhan M, Shahzad MW, Ng KC. A universal theoretical framework in material characterization for tailored porous surface design. Sci Rep.
2019;9(1):8773.

Wang T, Wang X, Hou C, Liu J. Quaternary functionalized mesoporous adsorbents for ultra-high kinetics of CO, capture from air. Sci Rep.
2020;10(1):19549.

Cai L-F, Zhan J-M, Liang J, Yang L, Yin J. Structural control of a novel hierarchical porous carbon material and its adsorption properties. Sci
Rep. 2022;12(1):3118.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover



	The role of adsorbent microstructure and its packing arrangement in optimising the performance of an adsorption column
	Abstract
	1 Introduction
	2 Assumptions and definition of the physical system
	3 Governing equations
	3.1 Adsorption kinetics
	3.2 Momentum conservation
	3.3 Mass conservation in the channel
	3.4 Mass conservation in the pores
	3.5 Initial and boundary conditions

	4 Reduced dimensionless model
	4.1 Experimental values and reduced model
	4.2 Total adsorbed mass
	4.3 Parameter constraints

	5 Results and discussion
	5.1 Effect of the pore radius
	5.2 Effect of the porosity
	5.3 Energetic considerations

	6 Conclusions
	Acknowledgements 
	Appendix A
	References


