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Enhancement in Specific Absorption Rate by Solvent

Microencapsulation

Thomas Moore1, Kathryn A. Mumford1, Geoffrey W. Stevens1, and Paul A.

Webley∗1

1Department of Chemical Engineering, University of Melbourne, Melbourne, VIC, 3010, Australia

Abstract

Microencapsulation of liquid solvents (MECS) has been proposed as a means of increasing

the rate of absorption in gas separation processes. Surface renewal theory was used to rigorously

quantify the increase in absorption microencapsulation could provide, compared to traditional

packed columns. The results indicate that, for chemical solvents, gas flux will be similar in the

two cases, while for physical solvents gas flux into MECS may be larger, owing to the reduction

in spatial scales. However, previous publications may have overestimated the increase in surface

area that microencapsulation can provide by approximately 3-10 times. Internal fluid flow inside

fluidised MECS was also studied, and it was found that gas flux will be similar for stationary and

fluidised particles. Overall, microencapsulation can be expected to increase gas absorption rates

by approximately an order of magnitude for chemical solvents, and up to 2 orders of magnitude

for physical solvents.

Keywords: Absorption, Environmental Engineering, Gas Purification, Mass Transfer, Materials.

Introduction

Microencapsulation of liquid sorbents (MECS) is a novel approach to carbon capture, in which small

droplets of solvent (0.1− 0.6mm in diameter) are encapsulated in thin spherical shells of a silicone
∗Corresponding Author: Paul A. Webley, Department of Chemical Engineering, University of Melbourne, Melbourne,

VIC, 3010, Australia.
Email: paul.webley@unimelb.edu.au
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material which is highly permeable to CO2.1 Microencapsulation could in principle be applied to

any solvent-based gas separation process, and it is fundamentally a solvent enabling technology.

MECS particles can contain viscous, corrosive, volatile, precipitating, and possibly even toxic sol-

vents, which are otherwise difficult to handle. Furthermore, MECS have very high specific surface

areas (1-2 orders of magnitude greater than the liquid in a packed column) and so could allow solvents

which absorb gas slowly to be used in unit operations of a practical size. The dual benefit of enhanced

mass transfer and solvent immobilisation is particularly well suited to advanced solvents, such as ionic

liquids or precipitating potassium carbonate systems, which typically have excellent thermodynamic

properties, but which may be highly viscous, precipitate solids, or absorb CO2 slowly.2–4

Increased surface area is not the only difference between mass transfer in MECS and in traditional

packed columns. As a liquid flows down a packed column it is continually mixed. This process carries

spent solvent at the surface to the bulk and replaces it with fresh solvent, and this ‘surface renewal’

can increase the gas flux.5 On the other hand, in a MECS particle, the proximity of the capsule walls

increases the significance of viscous forces, limiting radial fluid flow and surface renewal effects.

Other differences include the shell of a MECS particle (which provides an extra layer of mass transfer

resistance),6 differences in liquid holdup between the two operations, and the fact that, for the smallest

MECS particles, absorption may be reaction controlled, in which case increasing the surface area does

not further improve mass transfer.7

To date, only the simplest comparisons between gas absorption in microencapsulated sorbents

and in traditional packed columns can be found in the literature. Raksajati et al.8 assumed that the

mass transfer coefficient, kL, for absorption into MECS could be calculated using a correlation valid

for a packed column, but it is unclear whether these correlations can be applied to MECS particles,

given the large differences in fluid flow patterns between the two operations. Both Vericella et al.1 and

Stolaroff et al.4 compared the flux of gas into stationary MECS particles with the flux into a stationary

liquid film with the same specific surface area as a liquid in a packed column. However they did not

quantify how well a stationary liquid film models the liquid flowing down a packed column. Stolaroff

et al.9 measured gas absorption into MECS containing ionic liquids and carbonate solutions inside a

flow-though, fixed-bed absorber. They found that mass transfer rates were similar to those into static

MECS particles, and were in good agreement with a simple resistance in series absorption model,

however they did not seek to compare their system with a traditional operation.
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This paper seeks to rigorously compare mass transfer in traditional absorption columns, containing

structured and random packings, with mass transfer into MECS particles. The analysis accounts for

the enhanced surface area of MECS particles, the suppression of liquid mixing inside the particles,

the presence or absence of reactions inside the liquid solvent, the presence of the capsule shells, and

the difference in liquid holdup inside the respective unit operations. In section 2, surface renewal

theories are used to derive general expressions for the difference in the absorption rate of gas per

unit volume of absorber for both chemical and physical solvents, and in section 3 these are applied

to two particular cases: absorption of CO2 into an aqueous K2CO3 solution, and absorption of CO2

into Selexol. In section 4, the effect of gas-phase mass transfer resistance is quantified, and finally in

section 5 computational fluid dynamics simulations and experiments are used to quantify the degree

of liquid mixing inside fluidised MECS particles, and the effect this may have on gas absorption.

Analysis of Mass Transfer

Mass Transfer into MECS

Consider a gas brought into contact with a stationary MECS particle containing a liquid in which

the gas is soluble, and in which it will undergo a reversible first order or pseudo-first order chemical

reaction, with reaction rate constant k (Figure 1). Then, if the gas phase is large and well mixed

(so that the surface concentration remains constant), if the absorption is liquid-phase controlled (as

is common for many processes; conditions for which this assumption is reasonable are discussed in

section 4) and if convective liquid movement inside the particles can be ignored (see section 5) then

the flux of gas into the MECS will quickly asymptote to the following, quasistatic value (see Bird,

Stewart and Lightfoot10 and also Appendix I in the supplementary materials):

JMECS = α∆c
D

r
(ϕ cothϕ −1) (1)

where ∆c≡ c∗− c̄, in which c∗ ≡H pCO2
is the concentration of unreacted gas which would be present

at the solvent surface if the shell were removed (in general this will not equal the concentration

at the outer polymer surface, as the shell and liquid will have different gas solubilities) and c̄ is

the concentration of unreacted gas at equilibrium with the bulk liquid composition. For irreversible
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systems c̄ = 0, while for reversible systems c̄ will tend to increase over time as the liquid becomes

more saturated. α ≡ (ci − c̄)/∆c quantifies the significance of shell resistance, and

ϕ ≡
√

kr2

D
(2)

is the Thiele Modulus of the system, which quantifies the relative rates of diffusion and reaction

(ϕ ≫ 1 implies diffusion is slow relative to reaction, and vice versa for ϕ ≪ 1.) For an unsaturated,

diffusion-controlled particle (ϕ → ∞) with minimal shell resistance, Eq. (1) reduces to the much

simpler:

J = c∗
√

Dk. (3)

Vericella et al.1 have demonstrated that, when shell resistance is accounted for, this expression is

in good agreement with experimental data. The time required for the flux to asymptote to Eq. (3)

(after, for example, a change in the external gas concentration) is on the order of min(r2/D ,k−1). As

shown in the examples below, this is often much less than 1 second, and so even in an environment of

variable gas concentration, the flux at any one time and location can often be well approximated by

Eq. (3).

If these stationary MECS particles of radius r were exposed to a gas in a unit operation with liquid

holdup equal to 1− ε then the absorption rate of gas per unit volume of absorber would be equal to:

R̄MECS = JMECS
3(1− ε)

r
= α(1− ε)k∆c

(
ϕ cothϕ −1

ϕ 2/3

)
(4)

Even though this expression was derived for stationary MECS particles, it will be shown in section

5 that it is also valid for MECS particles placed in a fluidised bed, as particle collisions would not

generate enough liquid mixing to significantly affect the mass transfer rate. Note that in this work

the liquid holdup is defined as the fraction of total absorber volume occupied by the liquid solvent

(whether packing is present or otherwise) and the unit operation ‘voidage’, ε , is the fraction of re-

maining space occupied by the gas phase, any packing material, and the shells of the particles.

Mass Transfer in a Packed Column

Mass transfer inside a traditional packed column is considerably more complicated. The liquid surface

area available for mass transfer is difficult to quantify, as is the effect of the mixing of the liquid as

4

Page 4 of 51

AIChE Journal

AIChE Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This article is protected by copyright. All rights reserved.



For peer review only

it flows over the packing material. At present a rigorous model of all transport phenomena occuring

inside an absorption column is computationally infeasible.11 Instead, empirical equations have been

developed which take into account both physical properties of the liquid (viscosity, gas diffusivity,

etc.) and properties of the absorption process (packing type and size, Reynold’s number, etc.) These

equations predict a kL value, which is the liquid side mass transfer coefficient for a purely physical

solvent, defined by

JPhysical
Column = kL(c∗− cbulk)≈ kL(c∗− cav). (5)

Here, cbulk is the concentration of gas in the bulk of the liquid, which in most cases can be taken to

equal the mean composition of the whole liquid, cav, as the surface layer is typically much thinner

than the liquid depth.

If the solute gas reacts with the flowing solvent, it can further enhance the mass transfer rate, and

Eq. (5) is no longer valid. Many idealised mathematical models of the fluid flowing down an absorp-

tion column have been developed, and these can be used to relate the mass transfer enhancement due

to reaction to the reaction kinetics, the physical properties of the liquid, and also the absorption rate

under the same hydrodynamic conditions but with no reaction occuring, as quantified by kL. The most

popular are the surface renewal model of Danckwerts,12 the penetration theory of Higbie,13 and the

two-film theory of Whitman.14 For a gas absorbed by a solvent with which it undergoes a reversible

pseudo-first order chemical reaction, Danckwerts’ surface renewal theory predicts the flux will be

given by:

JColumn = kL∆c

√
1+

Dk
k2

L
= kL∆c

√
1+Ha2 (6)

where Ha ≡
√

Dk/kL is the Hatta number for a pseudo-first order reaction, which represents the ratio

of gas that reacts at the surface to gas that is convectively transported to the bulk. Even though the

theories of Whitman and of Higbie are based on very different physical idealisations, their predictions

for J differ by less than 3% over the whole range 0 < Ha < ∞ (Figure 2); Danckwerts’ expression was

chosen for its algebraic simplicity.

The rate of absorption of gas per unit volume of absorber is given by:

R̄Column = JColumn ·a = akL∆c
√

1+Ha2 (7)
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where a is the effective liquid surface area available for mass transfer per unit volume of absorber.

Mass Transfer Enhancement

Eq. (1) to Eq. (7) can be used to compare mass transfer rates inside MECS particles and packed

columns. In order to provide a fair comparison between the two technologies, it is assumed throughout

that the mean driving force for mass transfer, ∆c, is the same in each case (see the end of this section

for further discussion of this point.) Processes in which the mean value of ∆c changes over time (such

as a batch-wise fluidised bed process) are not considered in this analysis, as average values of JMECS

and R̄MECS are difficult to unambiguously define in such cases. On the other hand, ∆c will remain

approximately constant in steady-state fluidised bed processes and in unsteady-state constant-pattern

packed bed processes, and in these cases the average mass transfer rate into MECS and into a liquid

in a packed column can be meaningfully compared. Under these conditions, the degree to which

the mixing of the liquid inside a packed column enhances the gas flux, relative to the gas flux into a

MECS particle, is given by:

M ≡ JColumn

JMECS
=

1
α

(
ϕ

ϕ cothϕ −1

)√
1+Ha−2 (8)

In the (physically common) limit of α → 1 and ϕ → ∞, this expression reduces to

M =
√

1+Ha−2. (9)

This is a physically reasonable result. Large Hatta numbers correspond to either a column with

minimal liquid mixing (small kL values) or an intrinsically fast solvent (large
√

Dk values, c.f. Eq.

(3)). As remarked above, under these conditions most gas molecules react at the surface, and very few

are carried to the bulk by the mixing of the liquid. Thus, when the Hatta number is large liquid mixing

should have little effect on the gas flux, as predicted by Eq. (9). Conversely, liquid mixing is much

more likely to be a significant factor for intrinsically slow solvents, for which convective transport to

the bulk is more important.

Rather than comparing the flux of gas in a packed column with the flux into MECS, a fairer

comparison would be to consider the specific absorption rate per unit volume of absorber, R̄. MECS

have very large specific surface areas, so the specific absorption rate could be large even if the gas

6
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flux is suppressed. The enhancement in specific absorption rate that MECS can provide is given by:

Γ ≡ R̄MECS

R̄Column
=

(
α(1− ε)√
1+Ha−2

(
k

Da2

)1/2
)(

ϕ cothϕ −1
ϕ 2/3

)
(10)

Though no single parameter can be constructed to unambiguously compare these two different tech-

nologies, the relative specific absorption rate, Γ, accounts for both the enhanced surface area of

MECS, and any differences in mass transfer mechanisms and liquid holdup. In order to quantify

Γ a correlation is required for kL and for a: these provide the base case against which the MECS

technology can be compared. It is interesting to note that only the final term in Eq. (10) depends upon

the radius of the particles; this term is plotted in Figure 3 (note that, with physical properties kept

constant, ϕ can be considered a dimensionless radius.) In the limit as particles become very small

(ϕ < 0.1), the improvement provided by microencapsulation plateaus. At this point, the particles are

so small that the absorption is reaction controlled, so further increases in surface area do not increase

the absorption rate. Because the second term asymptotes to 1 as ϕ → 0, the maximal possible im-

provement MECS can provide is given by the first bracketed term in Eq. (10). For large particles

(ϕ > 10), the second term asymptotes to 3/ϕ . Under these conditions, absorption is diffusion con-

trolled, and Γ is proportional to the specific surface area of the MECS. Eq. (10) can be rearranged to

more clearly highlight the factors that contribute to the differences between R̄Column and R̄MECS:

Γ =

[
α√

1+Ha−2

ϕ cothϕ −1
ϕ

][
3(1− ε)/r

a

]
(11)

= α ×
(

1
αM

)
×
(aMECS

a

)
(12)

= α ×
(

1
αM

)
×
(

a′MECS
a′

)
×
(

1− ε
h

)
(13)

In Eq. (12), Γ is divided into three factors - the effect of shell resistance, α , the effect of suppression

of liquid motion, 1/αM, and the relative specific surface area on a unit volume basis, aMECS/a. In

Eq. (13), this last term is further broken down into the relative specific surface area on a volume of

solvent basis and the relative liquid holdup inside each unit operation.

In order to calculate the relative specific absorption rate, Γ, it was assumed that the mean driv-

ing force for mass transfer, ∆c, was the same for both MECS-based systems and traditional packed

columns. In reality this is unlikely to be the case, as the mean ∆c value depends upon the process

7
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design and the internal gas and liquid flow patterns in a complex way. However, there is always a

tradeoff between reducing ∆c to minimise irreversibility and maximise the cyclic solvent capacity,

and maximising ∆c to minimise absorber volume. If the mean value of ∆c is different in the two

cases, the process with greater ∆c will only improve its kinetic performance at the cost of reduced

thermodynamic efficiency or greater solvent circulation rates. An extreme example of this is a single-

stage fluidised bed operation, in which severe solid back-mixing increases ∆c, but only at the cost of

low solid conversion and large circulation rates. Thus, in order to fairly evaluate the kinetic enhance-

ment microencapsulation can provide, it should be assumed that the MECS-based process and the

traditional absorption column are designed so that the mean driving force is identical for each case.

Alternatively, if the mean ∆c values are not identical, Γ may be considered the reduction in overall

mass transfer resistance microencapsulation can provide, rather than the increase in absorption rate

per unit volume of absorber.

Alternative Reaction Mechanisms

The derivation of a time-independent expression for R̄MECS, and hence for Γ, is only possible when

the concentration of the reactive species remains homogeneous in space (as occurs in the case of dif-

fusion with pseudo-first order reaction.) When this is not the case, the flux into a static solvent is a

function of time, and depends on the particle’s history. In such cases the gas flux depends on the way

in which the partial pressure of the gas changes over time, which in turn depends in a complex way on

the nature of the gas-liquid contacting equipment. For psuedo-first order reactions, however, the only

condition is that the partial pressure of gas not change too quickly: provided partial pressure fluctu-

ations have periods substantially longer than O(min(r2/D ,k−1)), the flux will be well approximated

by the asymptotic expression Eq. (1).

The restriction to solvents which undergo first order or pseudo-first order reactions is not as lim-

iting as it may at first seem. Such solvents are very common industrially: when the concentration

of the reactive species in a solvent is much greater than the physical concentration of dissolved gas,

a pseudo-first order approximation is often valid, even if the fundamental reaction kinetics are of a

different order in the reactive species (e.g. CO2 absorption into K2CO3 solutions).12 In such cases

the concentrations of any reactive species in the solvent change slowly enough for spatial inhomo-

geneities to be smoothed out, and they can be lumped into a single, pseudo-first order rate constant.

8
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This rate constant may change over time as the reactive species are slowly depleted.

On the other hand, purely physical solvents do not exhibit pseudo-first order behaviour under any

conditions. However, they are widely used in industry, and it would be useful to extend the above

analysis to this common case. Furthermore, the analysis above suggests that the suppression of liquid

mixing is particularly significant for solvents with slow reactions: when the Hatta number is small,

convective transport to the bulk is much more significant than surface reactions. Physical solvents

could be considered the limiting case of slow reactions, and so the suppression of liquid mixing

inside MECS which contain physical solvents could be much more significant than for chemically

reactive systems.

While the analytic approach taken above is impossible here (in general the flux into a MECS par-

ticle containing a physical solvent, JPhysical
MECS , is a function of time and also the particle’s history), it is

well known that, for spherical solid particles which adsorb gas, the gas flux can be well approximated

by the linear driving force (LDF) model. Despite its simplicity, this model appears capable of captur-

ing most of the important dynamic behaviour of solid adsorbent particles, and it has been used in the

design of both packed beds15 and fluidised beds.16 When applied to a static MECS particle containing

a physical solvent (which is governed by the same diffusion equation) the LDF model gives:

JPhysical
MECS = kLDF(ci − cav) = α ′kLDF(c∗− cav) (14)

where α ′ ≡ (ci−cav)/(c∗−cav) once again quantifies the shell resistance. Glueckauf17 suggested that

kLDF ≈ 5D/r, and other researchers have found this to be a useful (if slightly conservative) value.15, 18

Substituting this into Eq. (14) gives:

JPhysical
MECS =

5α ′D

r
(c∗− cav). (15)

Eq. (15) can now be directly compared with Eq. (5), to calculate the degree to which liquid

mixing enhances the gas flux, and to calculate the enhancement in specific absorption rate that can be

achieved. Following the same procedure, and again assuming that the driving force, (c∗− cav), is the

same for a process utilising MECS and a traditional packed column:

MPhysical =
JPhysical

Column

JPhysical
MECS

=
kLr

5α ′D
(16)

9
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ΓPhysical =
R̄Physical

MECS

R̄Physical
Column

=
JPhysical

MECS

JPhysical
Column

· 3(1− ε)/r
a

=
15α ′(1− ε)D

r2kLa
(17)

It is interesting to observe that the flux in Eq. (15) is dependent on the particle radius, and is

larger for smaller particles. This is in contrast to MECS containing chemically reactive solvents in

the diffusion-controlled regime, for which the flux is independent of particle radius. For diffusion-

controlled chemical solvents, the characteristic spatial scale over which the concentration changes is

the thickness of the thin surface layer inside which gas reacts away. This is of order
√

D/k, and is in-

dependent of particle radius.5 On the other hand, for physical solvents, the characteristic spatial scale

is the radius r, and smaller particles will have larger concentration gradients than larger particles with

the same degree of saturation. That the flux should scale with 1/r can be seen by nondimensionalising

the spherical diffusion equation for a particle placed in an environment of constant partial pressure.

The time-evolution of this system is governed by:

∂tc = r−2∂r(Dr2∂rc) (18)

and consider the simplest boundary conditions: c = c0 at t = 0 and c = ci for t > 0 at the liquid

surface. Then the dimensionless time takes the form:

t̄ =
t

r2/D
(19)

and so, all else being equal, the time to achieve some arbitrary degree of saturation, tsat, scales with

r2. Because the total number of moles of gas absorbed, ∆n, scales with r3, the rate of gas absorption

into a single particle scales as ∆n/tsat ∝ r. As the surface area scales with r2, the gas flux scales with

1/r, and is larger for smaller particles.

Thus, for the case of physical solvents, decreasing particle size has two potential benefits: it

increases the specific surface area, and, by reducing spatial scales (and hence increasing the magnitude

of all concentration gradients) it can also lead to higher gas flux. It is unclear at present whether

suppression of liquid mixing will be as significant as either of these effects.
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Shell Resistance

The effect of shell resistance was analysed by Vericella et al.,1 and was found to be minor (α ≈ 0.9)

for large (∼ 400µm diameter capsules) containing a K2CO3 solution. They modelled absorption into

MECS as a resistance in series problem, so that

α =
Rsolvent

Rsolvent +Rshell
(20)

where resistance is defined by R = ∆c/J; solvent-side resistances are given by the expressions de-

scribed previously. From Eq. (1), for solvents undergoing a pseudo-first order reaction,

Rsolvent =

[
D

r
(ϕ cothϕ −1)

]−1

(21)

and from Eq. (15), for physical solvents,

Rsolvent =
r

5D
. (22)

For a spherical shell, the resistance takes the form (see Appendix II in the supplementary materials)

Rshell =
Hz

Pshell

r
r+ z

(23)

where Pshell is the shell permeability, and z its thickness. α primarily depends on the shell thickness

(which can vary from 10−50µm) and the rate at which the neat solvent absorbs the gas.

Example Systems

To illustrate the results of the analysis, it is applied to two solvent systems for the absorption of carbon

dioxide: a 30wt% K2CO3 solution, and Selexol. These systems are widely used industrially, and are

chemical and physical solvents respectively.
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Potassium Carbonate for Carbon Capture

The original context in which MECS were developed was the encapsulation of carbonate solutions

for CO2 capture.6 Carbonate solutions are an obvious candidate for microencapsulation: they have

favourable thermodynamic properties, but absorb CO2 slowly and may precipitate bicarbonate at high

loadings. Concentrated carbonate solutions react with CO2 to produce bicarbonate:

CO2 +OH− −−→ HCO−
3 (24)

H2O+CO2−
3 −−⇀↽−− HCO−

3 +OH− (25)

The carbonate/bicarbonate buffer ensures the pH remains around 9-10, and because Eq. (25) may be

regarded as instantaneous, hydroxide ions are constantly supplied for Eq. (24), at a concentration that

only depends on the [HCO−
3 ]/[CO2−

3 ] ratio.5 In concentrated carbonate solutions the concentrations of

HCO–
3 and CO2–

3 change slowly enough to remain spatially homogeneous, so the system is governed

by diffusion with pseudo-first order reaction. Unpromoted carbonate solutions represent a useful

limiting case, in that they have slower kinetics than most CCS solvents with low enough viscosity to

be used in a packed column (e.g. promoted carbonates, amine-based solvents). Thus they typically

operate at relatively low Hatta numbers, and so the reduction in gas flux due to the suppression of

liquid motion and surface renewal effects inside the small capsules (relative to liquid flowing down

a traditional absorption column) will be more significant in these systems than in most others. An

unpromoted 30wt% K2CO3 system is considered below.

Mass Transfer Correlations

In order to evaluate the difference in gas flux, M, and the overall absorption rate, Γ, between a tra-

ditional packed column and MECS particles, a correlation for kL is required, along with an estimate

of the specific liquid surface area, a. Many such correlations can be found in the literature (see, for

instance, the review papers of Wang et al.19 and Hegely et al.20) Table 1 summarises a number of

widely used correlations: the correlation of Shulman et al.21 was recommended by Treybal22 (who

also provided the correlation for a based on Shulman’s data); the correlation of Onda et al.23 has been

widely used,24, 25 and was recommended in Perry’s Chemical Engineering Handbook;26 the correla-

tion of Hanley and Chen27 is implemented in the popular ASPEN process simulation software, and
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both Rocha et al.28 and Billet and Shultes29 have been cited several hundred times. Even though

these correlations have been widely used and recommended, a great deal of care must be taken when

using them to assess enhancement factors associated with chemical reactions or (as in the present

case) liquid mixing.

In Figure 4, the correlations of Onda, of Billet and Shultes, and of Shulman were each used to

analyse a packed column containing 1/2-inch ceramic Raschig Rings, which would use a 30wt%

K2CO3 solution to remove CO2 from a flue gas stream (see Table 2 for the relevant material param-

eters). The correlations of Billet and Shultes and of Shulman et al. predict that suppression of liquid

mixing inside MECS particles could decrease the gas flux by a factor of 2-4, while the Onda corre-

lation predicts only a modest decrease. In the former case, suppression of liquid mixing would be a

very significant factor, and the assumption of Vericella et al.1 and Stolaroff et al.,4 that a static pool

of liquid is a good model of the fluid in an absorber, would be inappropriate. If Onda et al.23 were

trusted instead, the flux into MECS would be comparable with a packed column, and a static pool

would be a reasonable model system. Figure 5 is a similar plot for a tower containing the structured

packing Mellapak 500Y; the differences in the value of αM are less pronounced, but still significant.

In order to understand this discrepancy, the physical methods used to derive these correlations

must be considered. It is clear from Figures 4 and 5 that the correlations give similar predictions

for kLa but disagree on how this should be factored into kL and a separately. Values for a inside a

packed column are difficult to measure experimentally, and many general-purpose correlations (such

as Billet and Shultes29) are fitted to kLa data, which can force unrealistic values for a.30 On top

of these practical difficulties, there is also no universally accepted definition of a. Some authors

define a as the fraction of the total packing area that is covered in liquid.23 This definition does

not take into account the fact that liquid trapped in pockets of packing can become saturated, and

its surface area useless for gas absorption purposes. For this reason, some authors define a as an

effective area for mass transfer, calculated either by measuring kGa values (gas-side coefficients) in

situations where kG is known,21 or by systematically varying k (by adding a catalyst) and analysing

the increase in kLa using surface renewal theories.5 The difficulty with these approaches is that the

effective area depends upon the capacity of the solvent to absorb gas. Physical solvents with low

gas solubility tend to saturate quite quickly, and so pockets of useless solvent form easily. Chemical

solvents tend to have higher capacities relative to their absorption rates, so even stagnant pockets
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which trap liquid for long periods of time are likely to remain useful for gas absorption. In light

of this, Danckwerts5 suggested that, for concentrated chemical solvents such as 30wt% K2CO3, it

is most appropriate to assume that all wetted area is useful for mass transfer, and so the effective

area a should be set equal to the entire wetted area of the packing. Thus for chemical solvents they

recommended the Onda correlation be used instead of the Shulman correlation (which was correlated

using physical absorption data.) This is supported by the fact that the wetted area predicted by Onda

et al. closely matches the area predicted by Danckwerts and Sharma,36 who measured the effective

area for absorption into a chemically reactive solvent.

Regarding structured packing, Tsai et al.30 found the general-purpose correlation of Rocha et

al.28 gave incorrect predictions for aqueous systems (the errors in effective surface area were similar

to those shown in Figure 5). It was suggested this could be because Rocha et al. used large amounts

of data from distillation columns containing non-aqueous solutions. Hanley and Chen27 and Tsai et

al.30 give quantitatively similar predictions, but Hanley and Chen’s correlation predicts a decrease in

area with increasing liquid velocity: an unintuitive result not found in most correlations. As Tsai et

al. measured the surface area using a reactive aqueous solvent, their predictions would appear most

applicable to the carbonate system.

Given that the correlations of Onda et al. and Tsai et al. provide the most appropriate measure-

ments for a, Figures 4 and 5 show that the flux of CO2 into MECS containing 30wt% K2CO3 will

only be moderately less than the flux inside a packed column. Thus, in this case a static, thin layer of

solvent is a reasonable model for the fluid inside an absorption column.

The addition of promoters to K2CO3 will increase the Hatta number, which will further reduce the

effect of liquid mixing. Indeed, these results suggest it is unlikely that suppression of liquid mixing

inside MECS will be significant for any chemical CCS solvents, as most solvents either have faster

reaction kinetics than unpromoted K2CO3 (and so the Hatta number will be larger, and hence M

smaller) or else are too viscous to be used in a standard packed column (in which case the comparison

is vacuous.)

Shell Resistance, Specific Surface Area and Liquid Holdup

As noted by Vericella et al.,1 shell resistance is not particularly significant for this system. Taking

L = 25µm, and considering a PDMS shell with a CO2 permeability of 3000 barrer,37, 38 then Eq.
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(20)-Eq. (23) give α = 0.94. For solvents that absorb gas more quickly, such as promoted K2CO3 or

the physical solvent Selexol, shell resistance will be more significant.

The final factor that can affect Γ is the relative surface area, which can be broken down into the

surface area per unit volume of solvent and the liquid holdup inside the unit operation. Vericella et

al.1 only considered the first factor: they assumed the surface area per unit volume of solvent in a

packed column was equal to 1000 m2 m−3, and compared this with the much higher values for MECS.

While this is a reasonable first estimate, a more rigorous approach is to use correlations for a. For

example, in the K2CO3 system discussed above, the specific surface area per unit volume of absorber

of Mellapak 500Y with a liquid flowrate of 5 kg m−2 s−1 is approximately 360 m2 m−3. If the liquid

layer were 1 mm thick (as assumed by Vericella et al.) then, as

h = Liquid thickness×a, (26)

the liquid holdup, h, inside the column would be 36%. Suess and Spiegel39 developed the following

correlation for liquid holdup for Mellapak 500Y when L/ρ < 40m3 m−2 h−1:

h = 1.69×10−4a0.83
t

(
L
ρ
·
[

m2h
m3

])0.37( µ
µwater,20oC

)0.25

(27)

where L/ρ should be measured in m3 m−2 h−1. According to this correlation, for a liquid flow rate of

5 kg m−2 s−1, the holdup of K2CO3 solution is 8.9%. Rearranging Eq. (26), the liquid film thickness

will be closer to 0.25 mm: 4 times thinner than originally assumed. This suggests that the surface area

comparison of Vericella et al. may have overemphasised the benefits MECS can provide. However,

it does not invalidate their experimental approach of using a 1mm thin film to simulate an absorption

column. This is because, as absorption is strongly diffusion controlled in unpromoted K2CO3, the

initial absorption rate per unit area is independent of film thickness.

In Figure 6, the increase in surface area per unit volume of absorber that MECS can provide

is plotted against particle diameter for various packings, assuming various ε values. The chosen

voidages are typical of fluidised bed operations,16 though ε = 0.8 is also a reasonable value for a bed

of MECS supported in a porous packing. Following Vericella et al.,1 the increase in area per unit

volume of solvent is also plotted, assuming the liquid in the packed bed is 1mm thick. The equation

15

Page 15 of 51

AIChE Journal

AIChE Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This article is protected by copyright. All rights reserved.



For peer review only

for this line is:

Λ ≡ 3/r
1000m2 m−3 . (28)

The increase in surface area on a reactor-volume basis is generally smaller than Λ. Indeed, if the

largest MECS particles (r = 300µm) were placed in a fluidised bed with ε = 0.95, then the surface

area on a unit volume of absorber basis would be almost identical to that of a traditional absorber

containing Mellapak 500Y, even though the calculation of Vericella et al. would suggest a 10-fold

increase in specific surface area in this case. In general, the assumption of a 1mm thin layer appears

relatively optimistic, and for Mellapak 500Y it leads to an overestimation of the enhacement in surface

area by a factor of 3-10. While the large surface areas inside the packed columns could in principle

be due to very large liquid holdups, liquid holdups are typically < 15% for these packings,39, 40 so the

discrepancy is instead predominantly due to thinner than expected liquid films.

Absorption Rate per Unit Volume of Absorber

In Figure 7, all the above factors are combined to give the overall increase in specific absorption rate,

Γ, as a function of MECS diameter. Λ, as defined in Eq. (28), is also plotted. The enhancement

plateaus for very small particles as mass transfer becomes reaction controlled, but for the smallest

MECS which are currently manufactured (with diameters of about 100µm) mass transfer is still close

to diffusion controlled (ϕ = 5.3 in this case.) The transition to the reaction-controlled regime will be

even less significant for promoted carbonate solutions or other solvents with faster reaction kinetics.

Overall, the difference between Γ and Λ is similar to that shown in Figure 6, and can largely be

attributed to the large liquid surface areas in packed columns. The suppression of liquid mixing and

the presence of shell resistance have a relatively minor influence on the value of Γ, each affecting its

value by < 10%. For small MECS with diameters of 100µm, the improvement microencapsulation

can provide ranges from 7− 60, and the value of Λ at this point is at the very top of this range. In

general, Λ is a relatively optimistic estimate for the enhancement in specific absorption rate MECS can

provide, and it may overestimate the improvement by as much as a factor of 10. While further work

should be undertaken to design and size specific processes utilising MECS, these results suggests that,

for chemically reactive solvents, the improvement in specific absorption rate may not be as significant

as has been claimed to date.
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Selexol for CO2 Removal

If a gas is absorbed by a MECS particle containing a physical solvent, the flux does not asymptote to

a constant expression, however the dynamics are well approximated by the linear driving force model

Eq. (15). Unlike the diffusion-controlled MECS containing chemically reactive solvents discussed

above, the flux into physical solvents depends on the particle radius. The flux is larger for smaller

particles, as concentration gradients increase as particle size is reduced. Given that the diameters

of MECS particles are typically smaller than the thicknesses of liquid films in absorption columns,

this effect should lead to an increase in gas flux. On the other hand, physical solvents may also be

considered the limiting case of very slow chemically reactive solvents, and it has been found that

suppression of liquid mixing (and associated convective mass transfer) is particularly significant for

such solvents. The relative weight of these competing factors can only be assessed on a case-by-case

basis.

The absorption of CO2 from a CH4/CO2 mixture into MECS containing the physical solvent

Selexol is analysed below; relevant material properties are summarised in Table 3. Selexol is a mixture

of polyethylene glycol dimethyl ethers, which is widely used to remove acid gases from high-pressure

(2-14MPa) gas streams.41 While MECS containing physical solvents such as Selexol have not yet

been manufactured, there is no reason in principle why they could not be, and, just as for chemical

solvents, the increase in surface area could lead to substantial reductions in unit size. MECS with

shell thicknesses equal to 10% of their diameter were compared with a packed column containing

metal IMTP-40, which is often used in Selexol-based acid gas treating operations.42 The correlation

of Hanley and Chen27 was used to predict kL and a: this correlation was specifically regressed using

data from IMTP packings, and was in good agreement with experimental data for several physical

solvent systems.

In Figure 8, values of M are plotted against MECS diameter for various liquid flow rates. As

opposed to chemical solvents (for which M ≥ 1) the flux of gas into the smallest MECS particles

containing Selexol was larger than the flux into a comparable absorption column. In this case, the

reduction in particle size, with associated increase in concentration gradients, is more significant than

the suppression of liquid mixing, and microencapsulation would increase both the specific surface

area and the gas flux. This is in spite of the fact that, because this solvent absorbs gas quite quickly,

shell resistance is particularly significant, with α ≈ 0.5 in this case. For solvents which absorb gas

17

Page 17 of 51

AIChE Journal

AIChE Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This article is protected by copyright. All rights reserved.



For peer review only

more slowly, shell resistance will be less significant, and the enhancement that microencapsulation

can provide will be correspondingly greater. In Figure 9, the increase in specific absorption rate into

MECS, Γ, is plotted against particle diameter for various values of ε . Λ, as defined by Eq. (28), is also

plotted. It can be seen that, for the smallest MECS particles, microencapsulation would increase the

specific gas absorption rate by even more than Λ predicts, and for the smallest particles the increase

would be 50-150-fold. This is in contrast to the case of the chemically reactive K2CO3 solution

shown in Figure 7, for which Λ was a relatively optimistic estimate. The increase in gas flux is an

improvement not accounted for in a naive surface area comparison.

To date, research into MECS has focussed on chemical solvents, however these results suggest that

microencapsulation could be more effective for physical solvents, especially for the smallest MECS

particles. The dual benefit of enhanced area and enhanced flux means that the specific gas absorption

rate increases as 1/r2, rather than 1/r. The formation of small MECS containing ionic liquids which

physically absorb carbon dioxide45 should continue to be investigated.

Thoughout this analysis, it was assumed that both gas-phase resistance and internal liquid motion

were insignificant; the validity of these assumptions are discussed in the following two sections.

Gas-Phase Resistance

Absorption from dilute gas streams is gas-side controlled whenever kG/(EHkL)≪ 1, and liquid-side

controlled for kG/(EHkL)≫ 1, where for physical solvents the enhancement factor due to reaction,

E, is equal to 1, while for chemical solvents undergoing pseudo-first order reactions, Danckwerts12

predicts E =
√

1+Ha2.

Both Onda et al.23 and Shulman et al.21 developed correlations for kG, and their predictions

were in much better agreement than their kL correlations, only varying by ±15% over the range

100 < Gd/µG(1−ε ′)< 10,000.23 In Table 4, values of kG/(EHkL), calculated via the correlation of

Onda et al., are listed for the various systems analysed above. In all cases considered this ratio was

orders of magnitude greater than 1, and so the assumption of liquid phase control is very reasonable in

these absorption columns. This should also be the case for MECS particles, as even though gas-phase

mass transfer resistance into MECS may be different to that in a column, it is unlikely to be orders of

magnitude larger.
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Internal Liquid mixing

It was assumed in the analysis above that internal motion of the liquid inside MECS is not significant

enough to influence the rate of gas absorption. This assumption should be valid for static MECS

placed in a packed column. While it is possible for convective currents, caused by the formation of

density gradients, thermal gradients, surface tension effects or solvent evaporation, to form sponta-

neously in static liquids during gas absorption, models based upon pure diffusion with reaction have

been shown to be reasonable for many static liquids,5 and the presence of the solid MECS shell will

only suppress convective motion further. On a practical level, stacking ∼100 µm MECS directly into

a packed column is infeasible, as the pressure drop would be far too large. However it may be pos-

sible to pelletize MECS inside porous supports. Such an approach could help to solve several issues

related to heat recovery and solids handling, and it is a plausible pathway for the industrial application

of MECS for which the analysis above is completely valid.

On the other hand, if MECS particles are fluidised, it is possible that changes in angular velocity

and compression of the shells during particle collisions could lead to mixing inside the particles,

and could influence the rate of mass transfer. For the case of chemically reactive solvents, it seems

unlikely that mass transfer will be influenced by particle movement. It was shown above that, even for

a solvent with relatively slow reaction kinetics placed inside an absorption column, liquid mixing did

not significantly affect mass transfer. The Hatta number of the liquid inside a MECS particle should

be larger than in an absorption column, as the capsule walls will tend to suppress liquid motion, and

so M would be even closer to unity in this case. This is supported by the experiments of Vericella et

al.,1 who fluidised MECS containing 3wt% K2CO3 in a stream of CO2. The MECS contained thymol

blue, so that the CO2 loading could be visualised. In videos of their experiment, some particles were

heavily fluidised, while others were immobile, clumped together at the top or bottom of the column.

However, all particles changed colour at the same rate, independent of the degree of particle motion.

In order to investigate the effect of larger particle strains on gas uptake rate, 500 µm MECS con-

taining 3wt% K2CO3 and thymol blue, supplied by Lawrence Livermore National Laboratory, were

analysed in the apparatus shown in Figure 10. A number of MECS were placed inside region A

where they could be compressed by manually moving the right glass rod. Several more MECS were

placed in region B, where they would not undergo any compression. The entire junction was flooded

with CO2, and the MECS particles in region A were manually compressed at ∼ 2.5Hz with Cauchy
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strains between 30-80% until CO2 absorption was complete. As shown in Figure 11, the rate of

colour change was identical for particles in region A and region B, indicating that even extremely

large particle strains would not affect the rate of mass transfer into even a relatively slow, non-viscous

chemically reactive solvent. For more viscous solvents, or solvents with faster chemical kinetics,

liquid mixing should be even less significant.

While it seems likely that MECS motion will not influence gas absorption in particles containing

chemically reactive solvents, it is unclear if this would also be true for MECS containing physical sol-

vents, for which liquid mixing is typically a more significant factor. No experimental data analagous

to that above is available for this case. Below we present the results of some preliminary calculations.

Liquid mixing inside a spherical MECS particle can be induced by changes in the angular veloc-

ity and by particle compression during collisions. In order to investigate the former, a 3D, dynamic

model of a spherical ball of liquid was created using the simulation software arb.46 The model simul-

taneously solved the Navier-Stokes equations and the convection-diffusion-reaction equation, and was

used to study how changes in the angular velocity of the surface of the liquid (analagous to changes in

the angular velocity of a rigid MECS shell during a collision) influenced liquid flows inside the parti-

cle and the rate of gas absorption. Both pure diffusion and diffusion with first order chemical reaction

were studied over 10−1 < Re < 10, 1 < ϕ < 102 (for the chemical system) and 10 < r2ω/D < 103

(this last dimensionless parameter represents the relative timescales for the mass transfer and momen-

tum transfer problems.) When the angular velocity of the shell was regularly changed, complex flow

patterns developed inside the fluid. However, in all cases tested, the radial component of the veloc-

ity was negligible (at least 3 orders of magnitude less than ωr), and for both physical and chemical

solvents, shell rotation had no measurable effect on the rate of gas absorption.

Particle compression could also cause liquid motion inside MECS. By extending the linear elastic

theory of Hertz47 and Reissner,48 Berry et al.49 derived the following equation, valid for 0 < z/R ≤ 1,

for the force with which a hollow elastic shell will resist deformation:

F
√

3(1−ν2)

(z/R)34R2 = E β1

(
Cδ
z

)β2

. (29)

Here z is the shell thickness, δ the shell deformation, and R the particle radius. The linear elastic

theory gives reasonable predictions until buckling occurs at approximately δ/z= 3,50 however, as Eq.

(29) does not account for the presence of the viscous liquid inside the capsules, particle compression
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will be overestimated. β1 and β2 are constants that depend on z/R, while, following Reissner,48 C = 1

for the single-sided compression which occurs when a MECS particle collides with a wall or another

particle. By integrating Newton’s second law with the force term given by Eq. (29), the maximum

particle deformation, δmax, can be calculated as a function of z/R and the initial particle velocity, v0.

The results are shown in Figure 12, in which δmax/D is plotted against v0.

Meissner and Kusik51 showed that in a fluidised bed containing 200 µm particles of sand, particle

velocities were comparable to the gas superficial velocity. The correlation of Wen and Yu52 predicts

that minimimum fluidisation of 100−500µm particles with ρ = 1300kg m−3 will occur at gas veloc-

ities of 0.5−10cm s−1, and the phase diagram of Grace53 predicts that for these particles the bubbling

fluidisation regime will persist for gas velocities 1-2 orders of magnitude larger than minimum fluidi-

sation, with the onset of turbulent fluidisation above that. These results suggest that particle velocities

in fluidised beds containing MECS are likely to be on the order of magnitude of 1m s−1, and possibly

even larger for vigorous fluidisation of bigger MECS particles.

Despite the large gas velocities, the strains shown in Figure 12 are significantly less than those

experienced by the MECS which were compressed in the experiment above, and it is still expected

that, for chemically reactive solvents, compressions should not influence the gas flux. For physical

solvents, on the other hand, it is difficult to make any absolute conclusions. It is plausible that regular,

sudden strains of 10-20% coupled with instantaneous changes in particle angular velocity could lead

to significant liquid motion which could enhance mass transfer. Further experimental or modelling

work is required to determine if the flux may be affected by liquid motion in this case.

Discussion

By comparing the predictions of models of absorption into packed colums and into MECS, it has been

found that microencapsulation can provide a 1-2 orders of magnitude increase in the gas absorption

rate per unit volume of absorber. However, the analysis also suggests that previous publications have

underestimated the surface area available for mass transfer in structured packings such as Mellapak

500Y, and so have overestimated the potential increase in surface area that MECS can provide.

The example systems discussed above can be used to make some quite general statements about

microencapsulated solvents. 30wt% K2CO3 has relatively slow reaction kinetics, and so convective

transport of gas molecules is likely to be particularly significant. However, when appropriate kL
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and a correlations were selected, it was found that even for this system the absorption rate was not

affected by surface renewal. For chemical solvents with faster chemical kinetics, the suppression of

liquid mixing inside MECS will be even less significant. Similarly, for this slow chemical system,

reaction control was not a significant factor even for the smallest MECS, and the relaxation time,

min(r2/D ,k−1), for the asymptotic flux Eq. (1) to be valid was less than 0.1 s. For solvents with faster

reaction kinetics, the assumption of diffusion control and the validity of asymptotic flux expressions

such as (1) will be even more reasonable.

For physical solvents, a fundamental analysis revealed some particularly interesting behaviour. In

this case, the flux into MECS is strongly dependent on the particle diameter, with smaller particles

absorbing gas more quickly. In the particular example discussed above, for small particles microen-

capsulation led to an increase in gas flux compared to the flux in an absorption column, even when the

reduction in flux of ∼ 50% due to the shell was accounted for. On the other hand, for larger particles

the improvement in absorption rate drops very quickly. Any technological breakthroughs which could

lead to smaller MECS particles will be particularly powerful in this case, as there is no possibility of

a transition to a reaction controlled regime, and (ignoring shell resistance effects) the specific absorp-

tion rate will scale with 1/r2. Experimental work is required to confirm that the linear driving force

model is reasonable in this case, and to quantify the effect of particle motion on fluidised MECS.

The ultimate goal for microencapsulation is that the kinetic enhancements discussed in this pa-

per be translated into thermodynamic enhancements, as the technology enables slower, more efficient

solvents to be used in a practical way. However, at present, the thermodynamic improvements that are

possible with this technology have not been thoroughly analysed. Of course, this is a very difficult

problem: the thermodynamic properties of chemical solvents cannot be easily summarised by quan-

tities like heat of absorption54 or water content,55 but can only be evaluated by looking at the details

of particular process designs. Nevertheless, it is clear that fundamental, diffusion-with-reaction based

models of MECS can be used to predict their behaviour, and so widely available data on the thermody-

namic properties, CO2 diffusivity and reaction rates inside liquid solvents could be used to put bounds

on the possible range of MECS performance. At the very least it should be possible to compare the

thermodynamic and kinetic properties of MECS with comparable solid adsorbent materials.

Focusing on the kinetic enhancement MECS can provide may also obscure some unresolved de-

sign issues. Management of water inside MECS is a potential issue, especially for smaller particles.
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Heat recovery is also significant: in a traditional solvent process, over 90% of the specific heat of the

hot, lean solvent is recovered to heat the cool, saturated solvent in the cross-flow heat exchanger.56

Solid-solid and slurry-slurry heat recovery are more difficult than liquid-liquid heat recovery, and

even a small loss in efficiency will likely overwhelm any gains from using superior solvents. Finally

there are several downsides to using fluidised beds for solids which undergo reversible reactions. Be-

cause the fluidised solids can typically be considered well-mixed,16 in order for the bed to achieve

a given outlet gas concentration, all solids in the bed must be sufficiently unsaturated to absorb gas

from the the outlet gas stream. This back-mixing severely limits the maximum solid loading, and will

lead to very large solvent circulation rates. Multiple beds could be used to provide multiple stages of

separation, however, this will increase CAPEX and absorber volume. Similarly, gas bypass caused

by the formation of bubbles is very significant in fluidised beds, and can lead to reaction conversions

orders of magnitude lower than simple plug flow models would predict.57 Two possible solutions to

these concerns would be to use downer circulating fluidised beds, in which solid and gas particles

co-flow in plug-flow, and to use packed beds with MECS particles supported in porous pellets to min-

imise pressure drop. The later has the added benefit that heat recovery could plausibly be achieved

by flowing a heat-exchange medium such as water in plug-flow through the bed to heat and cool the

particles between cycles of absorption and regeneration. On the other hand, in a traditional packed

bed the mass transfer zone occupies only a small fraction of the total bed volume, and so even if mi-

croencapsulation increases the absorption rate per unit volume, as measured by Γ, this may not lead

to a reduction in the overall absorber volume.

In order to address these concerns, specific processes utilising specific kinds of MECS must be

designed, modelled and evaluated. The most efficient liquid solvents should be identified, unit op-

erations should be based on the fundamental physics of diffusion-with-reaction occuring inside the

particles, and they must account for the non-ideality of the absorbers.

Conclusion

A careful comparison of MECS and traditional packed columns provides some insight into the differ-

ences between the two technologies. Modern structured packings have extremely high surface areas,

and correlations for effective area predict that microencapsulation may not increase the specific sur-

face area on a unit volume of absorber basis by as much as has been previously suggested. On the
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other hand, kL correlations suggest that the flux into MECS containing chemical solvents will not

be substantially reduced by the suppression of liquid mixing inside the capsules. Furthermore, for

physical solvents, for which the relevant spatial scale is the thickness of the fluid, it is possible that

microencapsulation may increase both the surface area and the gas flux. CFD simulations revealed

that changes in the angular momentum of the particle shells will not significantly affect mass trans-

fer rates. However, vigorously fluidised particles could be expected to undergo strains as large as

10-20% during a collision, and this could induce irregular liquid mixing. Experiments on a chemical

solvent with relatively slow reaction kinetics, 30wt% K2CO3, revealed that even under much larger

strains, mass transfer rates are unaffected by particle motion. This should also remain true for solvents

with faster kinetics operating with larger Hatta numbers. On the other hand, it is unclear at present

whether particle collisions will affect mass transfer into MECS containing physical solvents, and this

case should be investigated further.

This study is a high-level comparison of MECS and absorption columns, and does not account for

several important factors, including water loss, heat recovery, and losses associated with backmixing

of solids in fluidised beds. Future work should focus on these critical issues, which can only be

addressed through the design and accurate modelling of specific processes utilising microencapsulated

sorbents.

Notation

• a - Effective area in absorption column on unit volume of absorber basis, m2 m−3 absorber.

• a′ - Effective area in absorption column on unit volume of solvent basis, m2 m−3 solvent.

• aMECS - Specific surface area of MECS on unit volume of absorber basis, m2 m−3 absorber.

• a′MECS - Specific surface area of MECS on unit volume of solvent basis, m2 m−3 solvent.

• at - Total packing area, m2 m−3 absorber.

• aw - Wetted packing area, m2 m−3 absorber.

• c̄ - Physical gas concentration in bulk of chemically reactive solvent, mol m−3

• c∗ ≡ H pCO2
- Physical gas concentration in liquid at equilibrium with gas, mol m−3
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• cav - Average physical gas concentration in physical solvent, mol m−3

• cbulk - Physical gas concentration in bulk of physical solvent, mol m−3

• ci - Physical gas concentration at liquid surface; for MECS, this is the concentration at the liquid

surface inside the polymer shell, mol m−3

• C - Dimensionless constant in Eq. (29)

• ∆c - Difference in physical gas concentration between liquid surface and liquid bulk, mol m−3

• D - MECS diameter, m

• D - Gas diffusivity, m s−2

• dh ≡ 4ε/at - Hydaulic diameter of packing, m

• dp - Nominal diameter of packing (i.e. 0.0254 m for 1/2-inch Raschig Rings), m

• ds - Diameter of sphere with same surface area as packing, m

• E - Enhancement in flux provided by chemical reaction

• F - Force required to compress thin-walled capsule, N

• Fr - Froude Number

• FSE - Surface enhancement factor

• g - Gravitational constant, m s−2

• G - Gas flow rate, kg m−2 s−1

• H - Henry’s constant, mol Pa−1 m−3

• Ha - Hatta number

• h - Liquid holdup, m3 liquid m−3 absorber

• J - Flux into liquid, mol m−2 s−1

• JMECS - Flux into MECS, mol m−2 s−1
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• JColumn - Flux into liquid in packed column mol m−2 s−1

• jD - Mass transfer factor

• k - Pseudo-first order chemical reaction rate constant, s−1

• kL - Liquid phase mass transfer coefficient, m s−1

• kG - Gas phase mass transfer coefficient, mol s−1 m−2 Pa−1

• kLDF - Linear driving force constant, m s−1

• L - Liquid flow rate, kg m−2 s−1

• Lp - Wetted perimeter of packing, m

• M - Ratio of gas flux in packed column to gas flux in MECS

• MM - Molar mass, kg mol−1.

• PBM - Log mean partial pressure of inert gas, Pa

• pCO2
- CO2 partial pressure, Pa

• pbulk
i - Partial pressure of species i in bulk, Pa

• p∗i - Partial pressure of species i at gas-liquid interface, Pa

• Pshell - Permeability of MECS shell to gas, mol s−1 m−1 Pa−1

• qi - Packing-dependent constant in correlation

• r - Radius of liquid sphere inside MECS particle, m

• R - Radius of capsule (including wall thickness), m

• R̄Column - Rate of absorption of gas in absorber per unit volume of absorber, mol s−1 m−3 ab-

sorber.

• R̄MECS - Rate of absorption of gas into MECS per unit volume of absorber, mol s−1 m−3 ab-

sorber.

• Re - Reynolds number, defined as ρωr2/µ for spinning MECS particle.
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• R - Resistance to mass transfer, s m−1

• v0 - MECS velocity prior to collision, m s−1

• We - Weber number

• z - Shell thickness, m

Greek Letters

• α = (ci − c̄)/∆c - Fractional reduction in flux due to shell resistance in chemical solvent.

• α ′ = (ci − cav)/∆c - Fractional reduction in flux due to shell resistance in physical solvent.

• βi - Dimensionless constants in Eq. (29).

• δ - Compression of MECS particle, m

• ε - Unit operation voidage, m3 liquid-free space m−3 absorber

• E - Young’s Modulus, Pa

• Γ - Ratio of specific absorption rate into MECS to specific absorption rate in an absorption

column, on a unit volume of absorber basis.

• Λ - Increase in surface area per unit volume of solvent, compared with a 1 mm layer of liquid.

• ϕ ≡
√

kr2/D - Thiele modulus.

• µ - Viscosity, Pa s

• ρ - Density, kg m−3

• σ - Surface tension, N m−1

• σc - Critical surface tension of packing, N m−1

• ν - Poisson’s ratio

• ω - Angular velocity of spinning MECS, s−1
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Figure 1: Typical concentration profile inside a microencapsulated solvent.
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Figure 2: Comparison of the surface renewal theories of Whitman,14 Higbie13 and Danckwerts12 for
the case of absorption with pseudo-first order reaction.
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Figure 3: The influence of particle size, as quantified by the Thiele Modulus, on the specific absorp-
tion rate.
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Figure 4: Values of a, kL, kLa and αM for 30wt% K2CO3 flowing down a packed column containing
1/2-inch Raschig Rings, as predicted by the correlations of Shulman et al.,21 Onda et al.23 and Billet
and Shultes.29
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For peer review onlyFigure 5: Values of a, kL, kLa and αM for 30wt% K2CO3 flowing down a packed column containing
the structured packing Mellapak 500Y, as predicted by the correlations of Rocha et al.,28 Hanley and
Chen27 and Tsai et al.30 Note that Tsai et al. only provides a prediction for a, so values of kL and αM
were calculated based on the average of the kLa predictions of Rocha et al. and Hanley and Chen.
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For peer review onlyFigure 6: The increase in surface area on a unit volume of absorber basis which MECS can provide
relative to a packed column, aMECS/a, plotted against particle diameter for various packing types.
Also plotted is the increase in surface area per unit volume of solvent assuming a 1mm thin layer
of liquid in the packed column, a′MECS/1000m2m−3. M500Y: Mellapak 500Y. Raschig: 1/2 Inch
Raschig Rings. ε: voidage inside absorber containing MECS particles. Operating Conditions: 30wt%
K2CO3 flowing at 5kg m−2 s−1.
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For peer review onlyFigure 7: Γ vs particle diameter for various packing types and values of ε . Also plotted is the increase
in surface area per unit volume of solvent assuming a 1mm thin layer of liquid in the packed column,
a′MECS/1000m2m−3. M500Y: Mellapak 500Y. Raschig: 1/2 Inch Raschig Rings. ε: voidage inside
absorber containing MECS particles. Operating Conditions: 30wt% K2CO3 flowing at 5kg m−2 s−1.
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For peer review onlyFigure 8: M values for CO2 absorption into Selexol solvent as a function of particle radius, for
various liquid flow rates, L, in the absorption column. Steel IMTP-40 packings are used. To maintain
consistency with the chemical solvent case, a decrease in M is associated with an increase in flux into
the MECS particles, see Eq. (16).
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Figure 9: Γ values for CO2 absorption into Selexol solvent as a function of particle radius, for various
column voidages, ε , assuming L = 5kg m−2. Steel IMTP-40 packings are used.
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A
B

CO2

Figure 10: Testing the effect of particle compression on gas absorption. Particles in region A are
crushed as the right piston is manually moved, while particles in region B are not compressed. Both
regions are exposed to identical CO2 partial pressures, and gas uptake is monitored by observing
particle colour change.
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For peer review onlyFigure 11: MECS particles changing colour as they absorb CO2. The rate of colour change is identical
for particles manually compressed between two glass plates (left) and uncompressed particles placed
in the same gas environment. Compression frequency ≈ 2.5Hz, compressive strain ≈ 30− 80%.
Please see online version for colour image.
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Figure 12: Maximum deformation of MECS particles during a collision with a wall, as a function of
relative shell thickness, z/D, and particle velocity before the collision, v0.
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Table 1: General-purpose correlations for the liquid-phase mass transfer coefficient and effective
mass-transfer area.

Source Correlation

Onda et al.23 kL = 0.0051(atdp)
0.4
(

µg
ρ

)1/3( L
awµ

)2/3( µ
ρD

)−1/2

aw

at
= 1− exp

[
−1.45

(σc

σ

)0.75
(

L
at µ

)0.1

×
(

L2at

ρ2g

)−0.05( L2

ρσat

)0.2
]

Shulman et al.21 & Treybal22 kLds

D
= 25.1

(
dsL
µ

)0.45( µ
ρD

)0.5

a = q1

[
808G
√ρG

]q2

Lq3

Billet and Shultes29 kL = q1

(
ρg
µ

)1/6(D

dh

)1/2( L
ρat

)1/3

a
at

= 1.5(atdh)
−0.5

(
Ldh

µ

)−0.2

×
(

L2dh

σρ

)0.75( L2

gdhρ2

)−0.45

Hanley and Chen27 kLde

D
= q1

(
dhL
µ

)q2
(

µ
ρD

)q3

a
at

= q1

(
ρV

ρ

)q2
(

µV

µ

)q3

×Req4
L Frq5

L Weq6
L Req7

V

(
cosθ

cosπ/4

)q8

Rocha et al.28 kL = 2
(

q1DL
πSρεhL sinα

)1/2

a
at

= FSE
29.12(We ·Fr)0.15S0.359

Re0.2ε0.6(1−0.93cosγ)sin0.3 α

Tsai et al.30 a
at

= 1.34

((ρ
σ

)
g1/3

(
L
ρ

1
Lp

)4/3
)0.116

qi are packing-dependent constants listed in Appendix III in the supplementary materials.
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Table 2: Physical Properties of 30wt% K2CO3 solution at 313 K.

Parameter Value Source
ρ 1286 kg m−3 Sohnel and Novotny31

µ 1.72×10−3 Pa s Correia et al.32

D 1.0×10−9 m2 s−1 Versteeg and Van Swaalj,33 Correia et al.32

Calculated assuming DK2CO3
= DH2O(µH2O/µK2CO3

)

σ 0.087 N m−1 Wilcox et al.34

σc 0.061 N m−1 Wilcox et al.34

k 11.5 s−1 Astarita,35 assuming pH = 10
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Table 3: Physical Properties of Selexol at 30 ◦C.

Parameter Value Source
ρ 1030 kg m−3 Li et al.43

µ 6.35×10−3 Pa s Li et al.43

D 7.4×10−10 m2 s−1 Poling et al.44

σ 0.035 N m−1 Li et al.43

σc 0.061 N m−1 Wilcox et al.34

H 1.5×10−3 mol Pa−1 m−3 Kohl and Nielsen41
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Table 4: Values of kG/(EHkL) for various solvent systems.

System kG/(EHkL)
Selexol, IMPT-40 194

Unpromoted 30wt% K2CO3, pH = 9, 1/2-Inch Raschig Rings 6395
Unpromoted 30wt% K2CO3, pH = 10, 1/2-Inch Raschig Rings 3160
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Black and White Version of Particle Crushing Image.  
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