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Figure 2.1 Mass transfer zone movement and the
corresponding breakthrough curve (Rensselaer Polytechnic

Institute)

2.3.1 External fluid film resistance

External fluid film mass transfer is explained using a concentration
gradient across the boundary layer around each adsorbent particle. It is
strongly affected by the hydrodynamic conditions outside the particles
(LeVan, 1999). Mass transfer resistance between the mobile gaseous bulk

phase and the stationary adsorbent particle is confined to external film
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surface around the adsorbent particle. The mass transfer rate around the
external film must be equal to diffusive flux at the adsorbent surface at

steady state conditions (S. Farooq, 2002).
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Figure 2.2 Schematic diagram of adsorbent particle showing

various resistances (Shafeeyan, 2015)

By assuming no accumulation of adsorbate gas, the film transfer and
macropore diffusion can be considered as sequential steps. It can be
expressed as following by applying mass conservation.

04 3ks

—=kra(c—c)=—(c—c") (2.2)

at Rp
where kf1s the external film mass transfer coefficient, a is external surface
area per unit volume, g is adsorbed phase concentration averaged over a
particle. Rp is macroparticle radius.
The external film mass transfer coefficient (ky) around the adsorbate
particle can be estimated using Sherwood number, similar to a Nusselt
number in a heat transfer study. A simple study on conditions involving heat

transfer on isolated particles surrounded by the stagnant film concluded that
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the limiting value of a Nusselt number for low Reynolds number flow 1s 2.0. A
Similar concept can be applied to the Sherwood number at low Reynolds
numbers. Convective effects can be increased by increasing velocity. At
higher Reynolds number, convective effects must be taken into consideration

for Sherwood correlations (N. Wakao, 1978).

Sh =2 = 2 + 1.15c*/3Re (2.3)

m

Above correlation is derived using mass transfer rate of free falling
solid spheres and it is widely applicable for packed columns. In general,
Iintraparticle resistance is much higher compared to external film resistance.
Hence, most of the studies assume models with negligible external film

resistance.

2.3.2 Macropore Diffusional Resistance

Diffusion in relatively large pore diameters such that the diffusing
molecules slip out from the force field of the adsorbent surface is referred as a
macropore diffusion. Macropore transport occurs by different mechanisms
and depends upon the relative magnitude of the free path of the adsorbate
molecules (J. Karger, 1992). Knudsen diffusion controls the transport
mechanism in small pore diameter at low pressure and the mass transfer
occurs from collision between diffusing molecules and the pore wall since the
mean free path is much greater than the pore diameter. The Knudsen

(1555

diffusivity of the species “1” can be estimated using following Equation (2.4).
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Dy; = 9700R, \/; (2.4)

Where, Dri is Knudsen diffusivity (J. Karger, 1992), rp, is mean macropore
radius in cm, 7"is temperature in K and M is molecular weight of the
adsorbent species. Dr; is independent of pressure and relatively small
dependence on temperature.

On the other hand, if pore diameter is larger than mean free path, the
transport mechanism is controlled by bulk molecular diffusion and can be
approximated using a Chapman-Enskog equation for a binary system (R. B.
Bird, 2002). In general, molecular diffusivity mainly occurs through collisions
between diffusing molecules. For moderate case, considering significance of
both mechanisms is a fair estimation. The combined effective macropore

diffusivity can be estimated using Bosanquet equation (C. A. Grande, 2008).

—=1(—+—) (2.5)

Dpi Dgi  Dmi
Where Dy; is effective macropore diffusivity and 7 is the pore tortuosity factor.
Macropore diffusion occurs inside the fluid filled pores. In this instance, mass
balance for species i over a spherical shell element or particle can be

represented using following Equation (2.6) (H. Qinglin, 2003a).

9%i | (1=8p\9q _ 1 0 (p2p 9pi
6t+(£p)6t_R26R(R Dy aR) (2.6)

Above equation can be used to estimate gas composition entering

macropore volume at each radial position. In Equation (2.6), g, is average
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adsorbed composition of species “I” in micropore, which is similar to

adsorbate flux on the micropore mouth.
2.3.3 Micropore diffusional resistance

When the micropore diameter is almost equivalent to the molecular
diameter, the adsorbing molecule is trapped and never escapes from the force
field of the solid pore. In this mechanism, transport occurring is an activated
process and involves jumps between sites, known as micropore diffusion
(Ruthven, 1984). Micropore may occur by three mechanisms: distributed
micropore interior resistance, barrier resistance at the mouth of micropore,
and the combined effect of interior and barrier resistances. The micropore
mass transfer rate for the two mechanisms can be described using following
Equation (2.7) and (2.8).

0q; _ 3 03,

Pyl R_CD”i = |ty } When distributed interior resistance is dominant. (2.7)

% = kpi(qi — 1) } When barrier resistance is dominant. (2.8)

where, g; 1s micropore distributed adsorbate concentration. D,; is micropore
diffusivity, r is distance along the micropore radius and R, is microporous
radius. The system studied here is not expected to include pore mouth
resistance, hence Equation (2.7) is applicable.

Micropore diffusivity strongly depends on concentration which can be

expressed using Darkens equation.

D.. = o dIn(py)
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where D/; is micropore diffusivity of i*» component in infinite dilution and p;

1s partial pressure of component i, which is in equilibrium with the adsorbed

composition.

2.4 Mass Transfer Rate

In general, for zeolite particles with a clay binder, overall mass
transfer coefficient (MTC) includes the effects of micropore, macropore and
film resistances (Ruthven, 1984). Constant overall MTC is based on these
three resistance can be approximated which is a common practice in
calculating the mass transfer coefficient when the particle resistance

dominates.

k .
k= 2L 4 Zontet | 10D (2.10)

2 2
Rp R RZ

where first term is film resistance, second term is macropore resistance and
third term is micropore resistance. This linear combination of resistances is
strictly correct for only linear isotherm but it is used for also ‘non-linear’
1sotherms. The sensitivity analysis is used to determine importance of the
resistances, which suggested that macropore resistance is dominant in
controlling overall MTC for most applications. By only considering macropore
controlling mass transfer coefficient, Equation (2.10) can be reduced to
Equation (2.11)

_ 15g,Dp;

ke, = —p0pt (2.11)

Rp
Where k; is overall mass transfer coefficient, R, is particle radius, D, is effective

macropore diffusivity.
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Reducing particle size increases the mass transfer coefficient can be verified using
Equation (2.11). Also, smaller particles have a smaller particle radius i.e., it provides
shorter diffusional path inside the particle and a larger surface area. Recent advances in
adsorbent production have further reduced the macropore resistance contribution through
novel production techniques and use of different types of binders to facilitate macropore
diffusion. Despite significantly decreasing the macropore resistance, the assumption of a
pore diffusion limiting resistance is still commonly assumed in literature.

2.5 Axial Dispersion in packed bed

Axial mixing occurs in flow through packed bed, which reduces the
efficiency of the process by increasing the length of MTZ. Langer et al.
reviewed the effect of dispersion in packed beds and stated that small ratio of
bed to particle diameter increases the effect of dispersion in a packed bed.
Axial dispersion can be formulated using axially dispersed plug flow model

(Equation 2.12).
—DL%+%(UC)+%+(%)Z—‘Z=O (2.12)
Where D, is axial dispersion coefficient, € is bed porosity and g is average
amount adsorbed.
Axial dispersion occurs through two mechanisms, 1) molecular
diffusion, 2) turbulent mixing occurring due to back mixing around adsorbent
particles, i.e. eddy currents.

Generally, the combined effect of molecular diffusion and turbulent

mixing can be used to calculate the dispersion coefficient.
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D, = y1Dy + v22Rpv (2.13)
Where, D1 is axial dispersion coefficient, Dn is molecular diffusivity, Ry is
particle radius, v is interstitial velocity, y; and y, are constants which
normally have value of about 0.7 and 0.5 respectively (N. Wakao, 1978).

Dispersion coefficient can also be expressed in the form of Peclet number.

1 — Dm — 1€
T R V1 ZRPU'*'VZ = +72 (2.14)
By assuming bed as a combination of randomly oriented cylindrical

pores, the suggested value of y; is\/iE which provides a good estimation for the

value derived from experimental data of dispersion measurement for gaseous
system at low Reynolds number using large particles. Wicke suggested that
voidage and bed tortuosity factor should also be included in y; (E.Wicke,
1957).
y1 = 0.45 4+ 0.55¢ (2.15)

Generally, bed porosity is in range of 0.35-0.4, which gives y; value in range
of 0.64- 0.67.

The second term in Equation (2.13) accounts for turbulent mixing and
the value of y, depends on the inverse of the limiting peclet number. By

assuming bed as a series of mixing chambers, differentiation on average by

mean particle diameter gives y, =~ 0.5 or PL, =1= 2, where Pe/, is limiting

€co Y2

value of peclet number in fully turbulent region or at high Reynolds number.
Pel, value does not reach maximum value of 2.0 at intermediate or low

Reynolds number, in fact the value is smaller than maximum value of 2.0
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which indicates dispersion coefficients are much higher for low Reynolds
number. Study with small adsorbing particles on limiting peclet number is

shown in Figure 2.3.

3

2 (o I ®—0—0—

Particle Diameter (mm)

Figure 2.3 limiting Peclet number with particle dia. for flow
through packed bed!

For large particles (R, > 1.5 mm) the value of the limiting peclet is 2.0.
For smaller particles (R, < 1.5 mm), study show very small value of limiting
peclet number. There is no clear relation between bed to particle diameter
ratio or dispersion for smaller particles, but limiting peclet number depends
on absolute values of particle diameter as shown in Figure 2.3 and is
approximated by Equation (2.16) (G. Langer, 1978).

R, <0.15cm Pel, =~ 3..35R, (2.16)

! G. Langer, A. Roethe, K-P Roethe and D. Gelbin, Int. J. Heat and Mass Trans. 21, 751 (1978).
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These measurements demonstrate that reducing particle size has the
advantage of a low pore diffusional resistance. However, the axial dispersion

substantially increases when the particle size is less than 0.3 cm.

2.6 Length of Mass Transfer zone and van Deemter model

The efficiency of the column can be defined by the number of
hypothetical well mixed equilibrium stages. The more number of stages
provide higher degree of separation. Hence, number of equilibrium stages can
be used as a tool to measure relative importance of the axial dispersion and
mass transfer resistance in the system (M.J.P Martin, 1941). Estimation

provided by the model of number of well mixed stages is same as continuous

Equation (2.12).

Figure 2.4 Hypothetical single equilibrium stage
(Ruthven, 1984)

Figure 2.4 shows single well mixed stage and the mass transfer in this single
stage can be written by following Equation (2.17).

€ucy = euc+Vf%+Vsz—Z (2.17)
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Where € is bed porosity, Vr is volume of the fluid phase and V; is volume of the

solid phase, c, is the feed concentration of adsorbate. By calculating transfer

function for Equation (2.17) and replacing K = q?* and N= % = %, where N is
L

the number of equivalent stages.
Equation (2.18) calculated from concept of the height of theoretical

plate (HETP) concept and Van Laan’s theorem (Ruthven, 1984).

1
kiK

[1 + (1_EE)K]_2 (2.18)

HETP = Z 1 = 22 4 2u (X9)
U u €
Simplifying HETP equation by combining Equations (2.13) and (2.18)

gives an equation that is similar to van Deemter model shown below in

Equation (2.19) (J J van Deemter, 1956).

HETP = A + 5 + Cu (2.19)

2 1-
A= ZYZRP7 B = Zlem and C = kl_K(TE)

The ‘A’ term is the contribution of eddy diffusion, which induces
turbulent back-mixing in the column. The ‘B’term is due to molecular
diffusion, which occurs due to a concentration gradient in the axial direction.
‘C’ term 1s due to contribution of internal particle resistances, it depends on
effectiveness of mass transfer between adsorbent and adsorbate during the
adsorption. Rp is particle radius, D,, is molecular diffusivity, y; depends on
adsorbate-adsorbent interaction rate and y, is inverse of limiting peclet

number.
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