The same argument may not apply to the fluidized bed
tests, as the observed kinetice were slower than for the
fixed bed. The mass transfer coefficients obtained from
the fixed bed were greater in value than those obtained
from the fluidized bed at equivalent Reynolds numbers.
Although this was not expected, Kunii'?*’ reported that
the mass transfer coefficients in a fixed bed are twice
the value of those obtained in a fluidized bed. This
may be due to different flow conditions, e.g. bypassing
in fluidized beds or plug flow in packed beds.
Rahman‘?3' and Snowdon'??’ reported in their correla-
tions (which hold for both fluidized and fixed beds)
that, as the voidage increases, the mass transfer
coefficient decreases. Hence, contrary to simple logic,
fixed beds provide 2z bztter system for mass transfer
than fluidized beds.

The dimensionless numbers for each test were calculated
and are shown in Table 4.9. All three carbon size
fractions were used, and the linear velocity varied from
0,009 to 0,017 m s~'. The voidage remained constant at
0,57. The Reynolds numbers varied from 16,8 to 37,1,
and the Sherwood numbers varied from 96 to 181.

To analyse the effects of particle diameter and linear
velocity on the mass transfer coefficient, Equations
1-1, 1-2 and 1-5 were used. These are the dimensionless
number correlations relating to fixed beds. The plots
listed in Table 4.3 were drawn and the slopes and linear
regression correlation coefficients obtained. The

4 < I : ; j
» S /
L e T L L et R A TR, S SIS

asad ﬁ",

A

results appear in Table 4.10.
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TABLE 4.9 Dimensionless nunbers for fixed bed tests g

Particle Linear Reynolds | Sherwood |
Test | diameter | velocity ‘
m ms-?! number number ;
FA 0,001 85 0,013 839 13,9
FB 0,001 85 0,017 3359 123,1 2
FC 0,002 18 0,013 b i W 159,7
FD 0,002 18 0,017 S iy g 8 181,14
FE 0.001 55 0,013 20,2 97,4 -
FF 0,001 55 0,016 25,4 105,6
FG 0,002 18 0,009 20,5 | 142,95
FH 0,001 85 0,009 16,8 10,9
FI 0,001 85 0,017 32,0 483;1
FJ 0,001 55 0,016 24,6 95,6
NOTE: For all tests -
1. The Schmidt number = 1000
2. The density = 1000 kg m~?
3. The viscosity = 0,001 kg m~? g~!
4. The diffusivity = 10"° m? g-!
5. The voiduge = 0,57

TABLE 4.10 Fitting dimensionless number
correlations for the fixed bed

Relationship tested Correlation g
coefficient
4-1 0,71 0,64
4-2 0,71 0,64
5=-5 0,71 0,64
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In the review of the dimensionless number correlations 2
(Table 1.1), the power of the Reynolds number is given ]
as 0,5 by all investigators except one. The three , 4
different dimensionless correlations tested provided ‘
gsimilar values. As Equation 1-2 was derived from work q
on ion exchange resins in fixed beds'??/2%) as well as
fitting the fluidized bed data, this equation was used
to propose a correlation. Equation 1-2 states that a
plot of 1In Re versus 1n (Sh+¢/5¢°+?%) should produce a
straight line. This plot for the fixed bed tests is
shown in Figure 4.11. The linear regression correla%ion -
coefficient of this plot is: 0,71, the 1low figure

probably being due to the occurrence of a change of

mechanism, as previously discussed.

FIG 4-11 FIXED BED DIMENSIONLESS NUMBER FIT
BY PLOTTING LN( Re ) versus LN(( Sh.e j/( Scx+1/3))
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The dimensionless number correlation proposed for fixed
beds from the above results is:

0,859
€

Sh =

Re0/648 g-0,333 4-2 \ '(

The relationships suggested by  Rahman??’ and
Snowdon‘??', who completed their work on adsorption, i
were quoted in Section 4.5.2. The relationship proposed :
above is similar to those suggested previously from ion
exchange resin testwork. To illustrate this relation-
ship, a plot of the observed data and the predicted
curves for selected tests was drawn. The mass transfer
coefficient for each test was calculated from Equation
4-2, and the predicted curves were then calculated by

= hanicy ool &
N Ve TUSR o

Equation 2-9.

The three batch tests were chosen for the following Py

7\ \ reasons:

/
T
22

* Test FG. In this test the largest carbon size
fraction was used, at a low linear velocity.
This should produce slow kinetics.

* Test FF. The opposite of Test FG, namely small
carbon particles and a high linear velocity,
which should produce fast kinetics.

* Test FI. In this test the medium carbon size
fraction was used, at an intermediate velocity.
This should produce kinetics between the two

4

S R

previous examples.

The parameters and constants fo) each of the three tests
are given in Table 4.11. The plot of the observed data
and the predicted curves is shown on Figure 4.12. As
expected, the predicted lines fit the data during the
initial stages but, after two to three houre, the
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predicted kinetics are faster than the observed kinetics
because, as already discussed, after some time the
mechanism changes from film diffusion control to
intraparticle diffusion control, slowing down the mass
transfer. As the model is based purely on film
diffusion control, any interaction from particle
diffusion control will cause the predicted kinetics to
be faster than those observed.

It can be concluded that the effects of particle
diameter and linear velocity in a fixed bed can be
linked to the mass transfer coefficient via dimension-
less numbers, provided the system is wunder film
diffusion control.

TABLE 4.11 Fixed bed examples for predicted curves
against observed data

Test FG FI FF

Particle diameter m|0,002 18 (| 0,001 85 | 0,001 55
Linear velocity m s~! | 0,009 4 0,017 3 0,016 4

Mass of carbon ka | 0,007 95 | 0,007 68 | 0,007 73
Reynolds number 20,5 32,0 25,4
Sherwood number 106,7 142,2 122,5
Mass transfer

coefficient m h~! | 0,176 0,277 0,285
Voidage 0,57 0,57 0,57

NOTE: For all tests =

Mass of solution = 20 kg
Schmidt number = 1000
Initial carbon concentration = 0 mg kg~!
Diffusivity = 10°" m? ¢!
Viscosity = 0,001 kg m~! s~!
Density = 1000 kg m~3
Freundlich a = 8,812 x 10" %!
Freundlich b = 4,538
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FIG 4-12 FIXED BED MODEL FITS
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4.5.4 The rolling bottle

The purpose of these tests was to 1link the angular
velocities of the bottles to the mass transfer
coefficient, using the following procedure: the equi=-
librium constants and the mass transfer coefficients for
each test were calculated. The dimensionless numbers
were then calculated, and different ~correlations
analysed by means of linear plots. A correlation was
proposed, and selected tests were used as examples of
the degree of fit. The mass transfer coefficients,
which varied from 0,178 to 0,336 m h™!, are shewn in
Table 4.12. The sums of the squares from the regression
are satisfactory, all being below 0,03.

TABLE 4.12 Mass transfer coefficients for rolling
bottle tests

[
Bottle Initial Mass transfer] Sum of
Test | volume | soln concn coefficient | squares
i p.p.m. m h-!
AE 2 4,65 0,208 3 0,022
AC P 4,62 0,249 3 0,004
Al 2 4,86 0.262 9 0,017
AA 2 4,89 0,325 3 0,009
AG 2 4,57 0,32 7 0,002
AF S 4,65 0,178 3 0,005
AD S 4,62 0,214 8 0,005
AJ 5 4,86 0,357 4 0,026
AB 5 4,89 0,356 4 0,008
AH 5 &4;57 0,335 8 0,008
d
NOTE: For all tests - Mass of solution = 0,5 kg
Mass of carbon = 0,000 77 Lg
Freundlich a = 3,686 x 10°1?
Freundlich b = 2,596
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Dimensionless numbers are required to link the speed of
rotation of the ©bottles to the mass transfer
coefficient. A variable for speed is incliuded in the
Reynolds number. For the column tests, this variable is
the linear velocity of the solution through the column,
but a different definition of velocity is required for
the rolling bottle tests. The options open to define
this term are

* the angular velocity - rad s~!
* the speed of rotation - rev s~!

* the velocity of the bottles past the rollers,
that is, tip speed - m s~! 1

During the testwork, bottles of two different diameters
were used. When these bottles are placed on a set of
rollers rotating at a set speed, the bottle with the
smaller diameter has a higher speed of rotation,
although their tip speeds are identical. At low speeds
of rotation, the method of agitation in the bottle is
the shear caused by the moving interface. At higher
speeds of rotation, the major cause of agitation in the
system is centrifuga)l force. The motion of the bottle
causes a mixing pattern in the bottle similar to that
encountered in milling.

For the system studied, centrifugal force was the major
factor agitating the system. Hence, a bottle of a
smaller diameter would have a greater degree of
agitation, and the use of tip speed in the Reynolds
number would be incorrect. Either of the other options
would be correct, as ti.y define the degree of
agitation. Angular velocity was the term used in
calculating the Reynolds number for roiling bottles.
The dimensionless numbers for the tests undertaken are
listed in Table 4.13.
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TABLE 4.13 Dimensionless numbers for rolling
bottle tests

Test Angular Reynolds Sherwood
velocity number number
rad s-!
AE 0,86 1 8§91 105,32
AC 2,18 4 033 128,0
Al 3,99 7 381 135,0
AA 6,48 11 988 167,2
AG 9,33 17 260 160,0
AF 0,70 1 295 91,3
AD 1,62 2 997 110,0
AJ 2,93 5 420 132,2
AB 4,82 8 917 183,1
AH 7,25 13 412 172,8

NOTE: For all tests -

1. The Schmidt number = 1000
2. The density = 1000 kg m~?
3. The viscosity = 0,001 kg m~! sg-!
4. The diffusivity = 10°Y m? g-!
5. The voidage = 0,99
6. The particle dianeter = 0,001 85 w

The angular velocities ranged from 0,7 to 9,3 rad s~!,
producing Reynolds numbers ranging from 1300 to 17 300.

q -

The Sherwood numbers varied from 21 to 173

The dimensionless correlations 1-1, 1-2 ana 1-5 were
used to analyse the effect on the mass transfer
coefficients of changing the angular volocity. The
linear plots associated with these equations were drawn
and the slopes and linear regression coefficients
obtained. The results are given in Table 4.14. As all
three equations yielded identical results, Equation 1-2
was used for the rolling bottle tests, in keeping with
the equation proposed for the fluidized and fixed beds.
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This equation states that the plot of in Re versus
1n (Sh+¢/Sc®/33) should procduce a straight line. This
plot for the rolling bottle tests is shown in Figure
4.13. The linear regression correlation coefficient of
this plot is 0,93.

The dimensionless number correlation proposed for
relling bottles, based on the above results, is
1,64

€

TABLE 4.14 Fitting dimensinnless number correlations
for the rolling bottle tests

Relationship Correlation q
tested coefficient
i-1 0,93 0,244
1-2 0,93 0,244
1-5 0,93 0,244

FIG 4-13 ROLLING BOTTLE DIMENSIONLESS NUMBER FIT
8Y PLOTTING LN( Re ) versus LN(( Sh.e )/( Sc#+1/3))
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The power of the Reynolds number for the rolling bottle
tests was less than that obtained for the column tests -
0,24, compared with 0,59 and 0,65. When a system is
under film diffusion control, provided the 1limiting
hydrodynamic efficiency has not been reached, the liquid
side mass transfer coefficient is dependent on the
degree of agitation. The degree of agitation is
contained in the Reynolds number, and, if the degree of
agitation is close to the limiting hydrodynamic
efficiency, the Reynolds number will have less effect on
the Sherwood number (the term containing the mass
transfer coefficient). In the bottle rolling tests,
rolling at an. angular velocity greater than 6,5 rad s'l
had no effect on the kinetics of adsorption. It can
therefore be concluded that the degree of agitation in
the bottles had reached the 1limiting efficiency, and
hence it would be reasonable to expect the power of the

Reynolds number to be low.

Two examples were chosen to illustrate equation 4-3, the
correlation of which was used to calculate the mass
transfer coefficient, and equation 2-9 was used to
predict the rate of adsorption. The reasons for the

choice of the examples were

* Test AF. A five-litre bottle rolling at a low
angular velocity. This should produce slew
kinetics.

* Test AA. A two-litre Dbottle rolling at the
limiting hydrodynamic efficiency, for optimum

kin~ti.es.

The parameters and constants for each test are given in
Table 4.15, and the plot of the observed data and
predicted 1lines is shown in Figure 4.14. A satisfac-

tcry fit was obtained.



























