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Simulation studies are presented of single- and two-component adsorp- and

tion in periodic, countercurrent, multicolumn systems. It is demonstrated
that Jong adsorption profiles are likely to occur in the adsorption of organic
contaminants from wastewater onto activated carbon, thus favoring the
use of multicolumn rather than single-column systems. For two-component
adsorption in a multicolumn system, it is shown that more switching pe-
riods are needed than in the single-column case before the profiles stabil-
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ize, that the stabilized profiles can differ substantially from those found in
a single-column system, and that their shape is strongly influenced by the

relative concentrations of the components in the feed.

SCOPE

The adsorption of contaminants from fluid streams onto
activated carbon is becoming an increasingly important
separation method. The use of a single column often gives
relatively poor carbon utilization so that, in practice, two
or more columns are normally used in series.

Although many studies have appeared in the literature
on the modeling and simulation of single-column opera-
tion, very little has been reported on periodic counter-
current systems., Continuous countercurrent systems have
been modeled for film and film plus pore resistance with
linear and irreversible isotherms (Kasten and Amundson,
1952; Neretnieks, 1974a, b, and ¢). Svedberg (1976) re-
ports results for the simulation of periodic countercurrent

operation with film plus pore diffusion and a linear iso-
therm.

When more than one component is adsorbed, the shape
of the concentration profiles in the adsorber will change
radically, giving peaks and plateaus which result from
interactions between the adsorbed solutes and cannot be
modeled by the assumption of linear or irreversible iso-
therms.

The purpose of the work described here was to simu-
late multicomponent adsorption on activated carbon in
multicolumn periodic operation, since this is the case most
commonly found in practice.

CONCLUSIONS AND SIGNIFICANCE

It is demonstrated from approximate calculations that
for conditions similar to those commonly found in prac-
tice, the adsorption profile is so long that the use of a
single-column system is likely to be uneconomic. Multi-
column periodic operation is, thus, the natural choice
for carbon adsorption systems.

Results for single-component adsorption with film and
pore diffusion in a two-column system show that for the
conditions examined, the concentration profiles in a two-
column system stabilize rapidly. There is little change in

profile shape after the first switch, although there are in-
dications that at lower feed concentrations, the transient
phase would be longer.

For the two-component system that is simulated with
film resistance, the concentration profiles take much longer
to stabilize and can change profoundly with changes in
the relative concentration of the components in the feed.
The simulations show that as a result of the displacement
phenomenon occurring in a multicomponent adsorption,
the relative concentrations of components in the two col-
umns can differ widely from the concentration in the feed.

As specifications on the content of processing and proc-
essed fluid streams become more stringent, more advanced
treatment methods must emerge. Adsorption of impurities
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onto activated carbon has proved to be a viable step in the
treatment of potable and domestic wastewaters; its appli-
cation in the preparation of industrial processing and ef-
fluent waters has also shown great promise, although suc-
cess depends strongly on the particular local requirements
(Lawson and Fisher, 1973).
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Impurities are adsorbed from the fluid stream passing
through a carbon bed in an unsteady state process which
continues until the desired level of impurities in the emerg-
ing fluid stream can no longer be maintained. Some or all
of the carbon must then be regenerated. This regeneration
is normally carried out by high temperature treatment
which is expensive both in terms of the fuel costs required
for heating and the loss of carbon incurred. It is therefore
important to ensure that the carbon is utilized as efficiently
as possible before regeneration.

The effect on process performance of alternative contact-
ing systems and operating conditions could be studied by
suitable modeling of the adsorption process. Although
complete representation is precluded by the complexity of
the mixtures which must generally be treated, simplified
models, most often for one component adsorbed onto car-
bon particles in a single fixed bed, have qualitatively
elucidated certain aspects of performance. Major diffi-
culties in deriving a more complete theoretical description
are the identification of and necessary data acquisition for
the many pertinent components and their incorporation in
a realistic model that can be solved.

More can be done, however, in modeling alternative
contacting systems used for carbon adsorption in industry
and in demonstrating the new features which arise from
consideration of the simultaneous adsorption of more than
one component in such systems. In this paper, numerical
studies are presented to illustrate aspects of one- and two-
component adsorption in a sequence of fixed beds which,
at discrete intervals, are moved countercurrent to the fluid
flow (periodic countercurrent adsorption).

PERIODIC COUNTERCURRENT ADSORPTION

The periodic countercurrent arrangement has long been
used in industry as a series of discrete bed stages, and the
use of a single pulsed bed has also been described (Perry
and Chilton, 1973; Winkler and Kaempf, 1972). In these
applications, a spent section of carbon is removed from the
end where the fluid enters and replaced by fresh carbon
at the other end. For the pulsed bed, typical discharges at
each replacement of carbon are 5 to 10% of the carbon,
while serial beds each commonly contain 25 to 50% of
the total amount of carbon (that is, two to four beds). The
limit of an infinite number of infinitesimal pulses or, equiv-
alently, an infinite number of infinitesimal beds in series is
the continuous countercurrent mode,

Although there may be serious difficulties in implement-
ing the continuous countercurrent adsorber (Westermark,
1975), it nevertheless provides a convenient theoretical
upper limit to the attainable separation. Analytical solu-
tions are available for single-component adsorption for a
linear isotherm with film resistance (Kasten and Amund-
son, 1952) and with film plus pore resistance (Neretnieks,
1974a) and for an irreversible isotherm with film plus pore
resistance (Neretnieks, 1974b). Neretnieks (1974c) also
compares the performance of the continuous countercurrent
operation with single-column periodic operation for linear
and irreversible isotherms with film plus pore resistance.

There are very few reports in the literature of the theo-
retical examination of the serial bed arrangement. Sved-
berg (1976) compares it numerically with continuous
countercurrent operation for linear isotherms with film plus
pore diffusion. His formulation also includes axial disper-
sion, but results are presented only for cases for which the
latter is negligible. The ideal performance is quite closely
approached with only one or a few divisions of the bed.
Fornwalt and Hutchins (1966) and Erskine and Schuliger
(1971) suggest a simplified graphical procedure to assess
the effectiveness of multiple beds; Chen et al. (1972) used
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a tanks-in-series model with linear mass transfer driving
force.

ADSORPTION EQUATIONS

The mathematical model is the standard one for iso-
thermal adsorption onto spherical carbon particles with
film and pore resistances (see, for example, Lee and
Weber, 1969). It is assumed that, to a first approximation,
longitudinal diffusion in the fiuid phase can be neglected
so that for plug flow in the external voids

dc dc ow
— —+—=0 1
MR ()
The driving force for transport from the bulk fliid to the
particle surface is given by the concentration difference
across the (assumed) fluid film surrounding each particle
so that the rate of transfer to the particle surface is

w oy = ADs .
r kA (¢ —c*) 3 (c—¢c*) (2)
where ¢ is the value of ¢,, the fluid concentration in the
particle, at the particle surface r = r,.

The driving force for transport from the surface into the
particle is given by the concentration gradient in the parti-
cle at the surface, so that the rate of transport is

w . acy
= = (B 4) Dy — e (3)

Since there is no accumulation at the surface from (2) and

(3)
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This couples (1) to the equation describing diffusion
within the particle:
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It is assumed that equilibrium between fluid and solid
within a pore is established instantaneously so that the
solid concentration is a function only of the local liquid

concentration:
owy _(dwp)( Bcp)
ot  \dec, ot

Thus (5) becomes
acp, D, ( a2,
ar?
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(dwy/dcp) is the local slope of the isotherm. The initial
conditions must be specified on ¢ and w as functions of x
and on ¢, and w, as functions of r and x along with the
boundary condition on ¢ at the bed entrance as a function
of time.

For single-component adsorption, when the only resist-
ance to mass transfer considered is that of the external fluid
film, only Equations (1) and (2) have to be solved. If the
fluid concentration at the particle surface ¢* is assumed to
be in equilibrium with the adsorbed substance when the
latter is uniformly adsorbed on the particle, then ¢* can be
obtained from the isotherm relationship.
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For multicomponent adsorption, considering only the
film resistance to mass transfer, equations identical to (1)
and (2) have to be solved for each component, and ¢* for
each component can be a function of all ¢*, ¢, and w.
Therefore, the whole set of equations has to be solved
simultaneously.

In the special case of binary adsorption, using the modi-
fied Langmuir isotherm (see Table 3)

0° = 1 wy
W —\=— Wy — W
Wy
(7)
Co® = _].; . W2
Wy — | =— ) W1 — Wy
Wy
Therefore

¢® = fi(wy, wp) i=12

Thus the liquid concentrations at the surface can, in this
case, be expressed independently of one another as explicit
functions of the average solid concentrations.

NUMERICAL SOLUTION

The above model for one-component adsorption in a
single fixed-bed with film and pore resistance was solved
numerically by the method of characteristics on the hyper-
bolic external void equations combined with an explicit
central finite-difference formulation on the parabolic parti-
cle equations. A considerable amount of testing of the re-
sulting program on a CDC-6500 computer enabled empiri-
cal criteria to be found for acceptable step size choice in ¢,
x, and 7 (Klaus, 1974). Further, it was found that itera-
tion on the local assumed value of (dw,/dc,) was not re-
quired, so that (6) becomes linear in ¢,. For these reasons,
the explicit formulation did not require excessive computa-
tion.

A check on the accuracy of the numerical procedure for
integrating the particle equations was made by calculating
the change with time in the concentration at the particle
surface when it is exposed to a step change in external
concentration in an infinite bath. The results were com-
pared with those of an independent calculation using a
collocation method (Liapis and Rippin, 1976). Step sizes
chosen by the empirical criteria referred to above pro-
duced results agreeing closely with those of the colloca-
tion method, except at very short times. The step change
in external concentration is likely to produce the sharpest
gradients and hence the most severe test of the integration
procedure, corresponding to the conditions near the fluid
inlet at the start-up of a column of clean adsorbent.

The model used for the simulation of the simultaneous
adsorption of two components considers film resistance
only and was solved numerically by the method of charac-
teristics using a modified Euler method for integration
along the characteristics. The same method was also used
for the single-component model when film resistance only
was considered.

The numerical procedure for the single-column case can
easily be adapted to the multicolumn problem. After a
¢olumn switch, the initial conditions must be adjusted for
the start of the new operating period. That part of the
profile is deleted which corresponds to the saturated col-
umn that has been removed. The profile of the remaining
columns is shifted, and the profile corresponding to the
newly regenerated column is added at the other end. In
our examples it is assumed that all adsorbed material is
removed during regeneration, but, if desired, any profile
could be specified in the regenerated column.
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PROFILE LENGTH

With a long adsorption profile, breakthrough occurs
when much of the bed is unsaturated and carbon utiliza-
tion is poor. If a single column is used, the volume of
carbon required and the frequency of replacement can
then make the overall process uneconomic. In such cir-
cumstances, a multicolumn system may significantly in-
crease the efficiency of carbon utilization (Fornwalt and
Hutchins, 1966).

Long profiles can result from the equilibrium or rate
characteristics as well as from operating parameters. For
a single component with a linear or untavorable isotherm
in a single column, the profile will lengthen indefinitely
until breakthrough; as the isotherm becomes more favor-
able, this effect becomes less important and the profile
length will approach that given by the constant pattern
assumption. However, the constant pattern profile may
itself be long when the rate of adsorption is small in rela-
tion to the throughput rate as, for example, with small film
or pore mass transter csoeflicients. This means that for a
given fluid composition, the profile lengthens as the parti-
cle size and flow rate increase. In multicomponent adsorp-
tion, the component profiles will continue to separate from
one another with increasing distance; thus no overall con-
stant pattern will be attained, although the concentration
fronts for the individual components may approach con-
stant pattern profiles.

For a single component with a favorable isotherm, the
bed length required to reach the constant pattern profile
may also be significant so that the sharpened constant
pattern may not be attained before the end of the bed.

For the case of a fully established constant pattern,
analytical expressions are available for the concentration
profile with external film diffusion and both Langmuir and
Freundlich isotherms. These results have been supple-
mented by graphs showing the additional effects of various
types of particle diffusion in terms of a dimensionless vari-
able (NT) (Fleck, Kirwan and Hall, 1973). The length
of the profile L, between specified concentration limits can
be deduced from the value of (NT) by the expression

_ (NT)»
L=—2 | )

The effect of pore diffusion within the particle either alone
or in series with the external fluid film resistance can be
approximated by using an expression for an equivalent
fluid film resistance analogous to that given by Gliickauf
(1955):

_ 15Dy (1 —¢)
= py

kA (9)

The term (1 — ¢) arises because the solid concentration
is defined relative to the column rather than the particle
volume., For a Langmuir isotherm, the dimensionless dis-
tance (NT) between the dimensionless fluid phase con-
centrations ¢; = c¢'/c¢o and ¢y = ¢%/¢, is given by

1—-4¢ 2
Rln —In—

1—-¢2 b2

1—R

where the Langmuir isotherm w = wobe/(1 + be) is char-
acterized by the parameter R = 1/(1 + bcy) (Michaels,
1952). Results for mixed resistance diffusion kinetics are
given by Fleck, Kirwan, and Hall (1973).

For the examples discussed later with the data given
in Tables 1 and 3, approximate estimates may be made
of the length of the constant pattern profile for single-
component adsorption between the dimensionless concen-

(NT) = (10)
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trations ¢; = 0.05 and ¢, = 0.95:

Phenol (Langmuir isotherm, film resistance 2.4 m
only, feed concentration 0.01 mole/
ms, r, = 4,1073m)

Phenol (Langmuir isotherm, film resistance

only, feed concentration 0.001
mole/m3, r, = 4.107%m)

Dodecy! benzene sulfonate (DBS) 1.5 m
(Langmuir isotherm, film resistance
only, feed concentration 0.01 mole/
md, r, = 4,1073)

Acetic acid (Freundlich isotherm, film and
pore resistance, feed concentration
1 mole/m3, 7, = 1.24 - 10~3m

Estimates of the bed length required to attain the con-
stant pattern profle for single-component adsorption with
a Langmuir isotherm may be made from the results of
Garg and Ruthven (1975). These show that for single-
component adsorption of DBS with a feed concentration of
0.01 mole/m3, the profile is fully developed in a bed length
of approximately 1 m. Development of the profile for
phenol with the same feed concentration requires approxi-
mately 5 m, but with a lower concentration of 0.001 mole/
m3 more than 20 m will be required. Thus, from these re-
sults the length of bed required to develop the stable form
of the constant pattern profile for single-component adsorp-
tion will be of the same order of magnitude as the length
of the fully developed constant pattern profile itself.

The length of a profile also depends on definition. The
profile length at breakthrough may be increased several
times by increasing separation requirements an order of

16.19 m

0.63m

magnitude.
From Equation (10), if ¢; = 1 — ¢ then
14+ R
(NT) = + In ?-2—
1—-R ¢

Thus, with a Langmuir isotherm, the relative lengths of
the fully developed, single-component constant pattern
profiles for ¢; = 0.05 (¢ = 0.95), ¢, = 0.01, and ¢; =
0.0001 will be 1:1.6:3. The effective profile length thus
increases with increasingly high removal specifications, as
for example on expected carcinogens in potable water.

The quantitative estimates made above indicate that for
normal operating conditions the concentration profile can
be one or several meters in length. High utilization of car-
bon will only be achieved either by using a single column
which is long relative to the length of the concentration
profile or by using a series of columns of which only the
most highly saturated is removed. The first alternative is
hardly practical, particularly when one considers the fur-
ther lengthening effects on the profile arising from more
stringent specifications for the removal of impurities, and
the consideration of pore diffusion and multicomponent ef-
fects. Thus, the system of periodic countercurrent columns
will be the natural choice for the removal of impurities
from wastewater by treatment with activated carbon.

BED SWITCHING CRITERIA AND
PROFILE STABILIZATION

When several beds are to be used in series to treat a
fluid producing a long profile, then the criterion must be
developed for when to remove the spent bed at the up-
stream fluid end and to introduce a fresh bed at the other
end. For a single component, the obvious criterion is to
switch as soon as the exit concentration is no longer ac-
ceptable, either as an instantanecus value or on a time
averaged basis. If input flows and compositions are rela-
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tively steady, the instrumentation required for exit con-
centration measurement may be dispensed with and the
beds switched at regular intervals determined from experi-
ence. When the time for a switch is near, the effluent may
be monitored for premature breakthrough. A safety time
factor is commonly incorporated to make this unlikely.
Regular exit concentration monitoring is necessary when
irregular fluctuations occur, and, if the analysis is time
consuming, the fluid leaving the penultimate bed may be
monitored, the last bed then providing a reserve capacity
to ensure that unacceptable material is not released.

Klaus (1974) has shown that for the limiting case of a
linear isotherm and for a linear driving force, a specified
maximum instantaneous output concentration requires ap-
proximately the same time between switches after the first
switch. A stable shape for the fluid concentration profile
at the switching time is also quickly established. This pro-
file stabilization after a few cycles has also been found by
Svedberg (1976) for a linear isotherm. The reason for the
stabilization of an inherently unstable profile is that the
switch eliminates the tails of the profile, both front and
rear. If the switching criterion is based on instantaneous
outlet concentration, then, just before switching, the fluid
concentration profile over the total length of the adsorbent
varies between the feed concentration and the outlet con-
centration specified for switching. The profile shape will
stabilize between these fixed concentration limits. It will
will be demonstrated that for single-component adsorption
with a favorable isotherm, the profile also stabilizes at the
first switch, but this is not the case for multicomponent
adsorption.

SINGLE-COMPONENT ADSORPTION

The above model for adsorption with film and pore re-
sistance was solved numerically for the adsorption of acetic
acid onto activated carbon using data of Heil (1971), as
summarized in Table 1. The film mass transfer coeflicients
are based on the correlation of Wilke and Hougen (1945)
with the modification given in Perry and Chilton (1973).
The resulting fluid and solid adsorption concentration pro-
files are shown in Figures 1 and 2 for film resistance only
and for film plus pore resistance. Also given is a profile for
which the effect of pore resistance is approximately repre-
sented by an equivalent fluid film resistance in series with
the external fluid film resistance.

In the two-column system, when the concentration in the
effluent fluid reaches the limit of acceptability, column
switching takes place. The upstream column which is the
more highly saturated is removed. The downstream column
is moved up or switched to take its place, and a column
of freshly regenerated carbon is added to become the new
downstream column. After the first switch, the new up-
stream column will already be partly saturated; thus the
time to the second switch will be less than the time from
start-up to the first switch, since in the latter case both
columns initially contained fresh carbon. In a single-
column system the whole of the carbon would be re-
placed when the exit fluid concentration reached the limit
of acceptability.

For all three models considered in the example of Table
1, the concentration profile just prior to the first switch,
which also corresponds to single-column operation, is es-
sentially identical with that found just prior to the second
and subsequent switches. Thus one would expect the time
interval between successive switches after the first to be
constant Table 2 confirms that this is the case. The time to
the first switch would, of course, be equal to the period of
the operating cycle of a single-column system. For the two-
column system, the unused carbon capacity in the column
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Fig. 1. Fluid concentration profiles of acetic acid for operating
conditions of Table 1

film and pore resistance in series
—+—r—— film and equivalent pore resistance in series
------ film resistance only
profiles at switching times
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TasLE 1. DaTA USED FOR ACETIC ACID ADSORPTION
SIMULATIONS
Carbon  Type  Hydraffin B 10
dp 124 X 10-3m
P 0.53 X 103 kg/m?
8 0.79
Isotherm for acetic acid w = 72.345 ¢%4 mole/m3 (bed)
Diffusion coefficients Dy 0.92 X 10—9 m2/s
D, 09 x 10~%m?2/s
Column e 05
v 22 X 10-3m/s
column length 1.01 m 2 columns in series
A 2419 x 103 m2/m3
input concentration acetic acid 1.0 mole/m3
Film mass transfer coefficient giving kA values

for film resistance only 0.0712 s—1
for equivalent resistance with film and pore
diffusional resistance in series 0.0139 s-1

TaBLE 2. SWITCHING TIMES FOR ACETIC ACID ADSORPTION

Hours elapsed between switches

Switch number  Film pore Film Film pore lumped
1 14.1 17.3 12.5
2 9.5 94 94
3 9.5 94 9.3
4 9.5 9.3 9.3
5 94 94
6 9.4 9.3

removed is less than 0.3%, whereas with the single-column
system, if we assume film plus pore resistance, about 259
of the carbon capacity is unused.

In the two-column system the times between successive
switches for the different models is almost the same. This
is because the carbon capacity of the column removed is
almost completely saturated for all the models considered.

For the calculation with film resistance alone and with
the addition of pore resistance lumped as an equivalent
film satisfactory results were obtained with a length incre-
ment of 0.025 m and a time increment of 360 s. The incre-
ments correspond for the case of film resistance alone to a
dimensionless distance increment kA Ax/v = 0.81 and a
dimensionless time increment kAc,At/w, = 0.35. The
central processor time required on a CDC-6500 was ap-
proximately 25 to 40 s/switching interval computed. For
the full pore diffusion model it was found necessary to use
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Fig. 2. Solid concentration profiles of acetic acid for operating
conditions of Table 1
film and pore resistance in series
—+—+=+— film and equivalent pore resistance in series

------ film resistance only
profiles at switching times
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ten increments across the adsorbent particle and a time
increment ten times smaller than in the film resistance
calculation. Computing time required per switch was ten
to fifteen times greater than in the film resistance case.

TWO-COMPONENT ADSORPTION

One of the first difficulties encountered in attempting to
simulate multicomponent adsorption is acquiring realistic
data on the components. For example, very few experi-
mental multicomponent isotherms are available in the liter-
ature. The extension of the Langmuir form to multisolutes
has been used for some time in theoretical studies (Wilson,
1940) and is used here with the parameters as obtained
experimentally by Weber and Morris (1964) for dodecyl
benzene sulfonate (DBS) and phenol. These components,
originating from detergents, commonly occur in municipal
wastewater., Their binary isotherms as constructed from
single-component data agree very well with experiment on
the two components together. Details on the carbon used
were not given, however, so that a number of assumptions
were made, as listed in Table 3, which also gives the iso-
therms and other component and operating data used in
the simulations. The diffusion coefficients were each esti-
mated by the structural group method of Wilke and Chang
(1955) for dilute solutions; the film mass transfer coeffi-
cients are based on the correlation of Wilke and Hougen
(1945), with the modification given in Perry and Chilton
(1973).

As already pointed out, the binary simulations were car-
ried out assuming only film resistance to mass transfer.
Garg and Ruthven (1975) refer to the usefulness. of
tumped fluid or solid film models to represent adsorption
column behavior, which our own studies have confirmed.
Gariepy and Zwiebel (1971) and Zwiebel et al. (1972,
1974) present simulated results for the fluid film model for
one- and two-component adsorption and desorption in
single columns. They show qualitative agreement between
simulated and experimental results. Garg and Ruthven
(1973) indicate that their simulated results for single-
component adsorption and desorption with solid diffusional
resistance in the adsorbent particles are qualitatively simi-
lar to those of Zwiebel et al. (1972). Ferrell et al. (1976)
describe the successful use of an equivalent film resistance
model to fit experimental data.
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Fig. 3. Fluid concentration profiles of DBS ond phenol (case A)
(binary adsorption, film resistance anly)
DBS 1’: 300 hours after start
Phenol 1: first switch
2: second switch
3&4: third and following switches
4’: 300 hours after fourth switch

TasrLE 3. DaTA Usep FoR THE DBS-PHENOL ADSORPTION
SIMULATION

Carbon Type Coconut
dy ForcasesAandB 4 X 10—3m
forcaseC 124 X 10~3m
0.48 X 108 kg/m3

P
B 0.55

wibic
Isotherm wj= ——————— . =12

2
14 2 bicy
j=1

If i = 1 denotes dodecyl benzene sulfonate (DBS), { = 2 phenol
W, = 144 mole/m3 (bed) “wz = 180 mole/m? (bed)
by = 4 200 m3/mole by = 110 m3/mole

Fluid diffusion coefficients Dy

DBS 4.15 x 10—-19m2/s Phenol 9.48 X 10—10 m?2/s

Column
e 05
v 5.5 % 10~3m/s
Column length 3.05 m 2 columns in series
A for cases A and B 0.75 x 103" m?/md
for case C 2.419 X 103 m2?/md
Input concentration DBS 0.01 mole/m3
Case A Case B Case C
Input concentration phenol  0.001  0.01 0.001  mole/m3
Effective film mass transfer coefficients giving kA values

For cases A and B with film resistance alone
DBS 0.0115s—? phenol  0.00194 s—1

For case C effective overall coefficients including film resistance
and fluid film approximation to pore diffusion resistance as-
suming pore diffusivity equal to diffusivity in water

DBS 0.00723s—1 phenol 0.0159s—1

TasLE 4. SwrrcHING TiMEs FOR DBS-PHENOL SYSTEMS

Hours elapsed between switches

Switch number Case A Case B Case C
1 2 380 1 456 2080
2 1716 1006 1728
3 1752 1008 1720
4 1768 1008 1720
5 1772 1008
8 1772 1008

All additional 1772 1008

[See figures 3,4 5,8 7, 81
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Fig. 4. Solid concentration profiles of DBS and Phenol (case A)
(binary adsorption, film resistance only)

1: first switch
2: se-ond switch
3: third and following switches
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Our Figures 1 and 2 and Table 2 show that although
there are differences betweer the concentration profiles
predicted in the one component case by the pore resistance
and the equivalent pore resistance models, nevertheless the
factors of economic significance in the multicolumn case,
namely, the time between column switches and the degree
of saturation of the column removed, are surprisingly insen-
sitive to the assumed transport mechanism, Thus it seems
reasonable to expect that simulation studies with a film or
equivalent film resistance model will give some initial in-
sight into the behavior of multicomponent, multicolumn
systems.

Of the many possible effluent specifications for a binary
system, a 99% total molar reduction was chosen. Other
choices for this, as well as for the influent concentrations,
could give a very different profile behavior. The results of
the simulation of case A for a one- and two-column sys-
tem are shown in Figure 3 for the fluid concentration and
in Figure 4 for the solid concentration profile; switching
times are given in Table 4. If a single column is used,
about 40% of the carbon is not utilized at breakthrough,
whereas if the column is split into two columns, only about
0.5% of the carbon content of the column removed at the
first switch is not utilized. After stabilization of the profile
in the two-column system, about 10% of the carbon in the
column removed at each switch will not be utilized. All
the carbon is removed about every 3 544 hr during the
periodic countercurrent operation, compared with every
2 380 hr for a single column.

Figures 5 and 6 show the results of case B giving the
effects of different feed concentrations of the same mate-
rials on the profiles in the column. Under these conditions,
about 33% of the carbon would not be utilized if only a
single column were used. With two columns, 5% of the
carbon in the column removed at the first switch would not
be used, but after the profile had stabilized, about 8% of
the carbon removed would not be utilized. The whole of
the carbon would be removed for regeneration every 2 016
hr, compared with every 1456 hr if only a single column
were used.

In the two-column case, after starting with fresh carbon
in both columns, the concentration profile just prior to
switching changed for the first two or three switches be-
fore stabilizing. The aggregate profiles and those for the
individual components after stabilization were markedly
different from those at the first switch. In contrast to the
behavior for two-component adsorption, the results from
studies of single-component adsorption, including those de-
scribed earlier for acetic acid and runs made for the in-
dividual components, phenol and DBS, used in the two-
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------ Phenol
component studies, showed stabilization at the profile ob-
tained just prior to the first switch or with very little de-
viation from this. In single-component simulations for DBS
and phenol with inlet concentrations of 0.01 mole/m3 and
for acetic acid, the profiles at the second and subsequent
switches are virtually indistinguishable from those at the
first switch. For phenol with a concentration of 0.001
mole/m3, stabilization is slower but is essentially complete
by the third switch when the relative concentration dif-
ference from the profile at the first switch is less than 10%.
As in the single-component case, an approximate indica-
tion of the effect of diffusional resistance within the particle
can be obtained by postulating an equivalent fluid film re-
sistance in series with the resistance of the external fluid.
The simulation of the two-column system of case A was
repeated using this approximation but with a smaller parti-
cle size and the assumption, in default of experimental
data, that the pore diffusivities of the components were
equal to their diffusivities in water (case C). The resulting
overall film mass transfer coefficients were lower than those
used in case A and resulted in flatter concentration profiles
and a lower maximum value for the phenol concentrations
(Figures 7 and 8). However, the time between switches
and the degree of saturation of the carbon in the column
removed were similar to those observed for case A,

The computing time required between switches for the
two-component, two-column case was approximately seven
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to ten times that needed for the single-component simula-
tion with film diffusion alone or about two thirds of that
needed for the single component combined film and pore
diffusion model.

The occurrence of peaks or plateaus in the concentra-
tion profiles of the less strongly adsorbed components is
a characteristic feature of multicomponent adsorption. This
phenomenon is clearly illustrated in the concentration pro-
files for phenol in Figures 3 to 8. In the two-column sys-
tem, between successive switches, a peak in the phenol
concentration profile moves through the columns from the
inlet. One effect of the two-column switching procedure,
in comparison with the single-column procedure, is to en-
large the area under the phenol profile and to push this
profile, as well as that of the DBS, further back into the
first column. The mean concentration of phenol in the col-
umn removed is much greater than the concentration
which would be in equilibrium with the feed (fourteen
times as great in case A and twenty-three times as great
in case B).

In the second column, the ratio of the mean concentra-
tion of phenol to that of DBS is very much greater than
in the feed (in case A 150 and in case B 50 times the ratio
in the feed). This chromatographic effect might be used
in a suitably designed multicolumn adsorption system to
separate, concentrate, and recover valuable components in
high yield.
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NOTATION

A = outer particle surface area per volume of column,
m2/m?

b = parameter in Langmuir isotherm, m3/mole

c = bulk fluid concentration in the column (a function
of x and £), mole/m3

¢, = concentration in the fluid at the input to the col-

umn, mole/m?3
¢, = local concentration in the pore liquid of the parti-
cles (a function of r and t), mole/m?
= hypothetical concentration in the fluid at the outer
surface of the particle, mole/m?
¢! = lower concentration of the constant pattern pro-
file (by definition ), mole/m?
¢? = upper concentration of the constant pattern pro-
file (by definition), mole/m3
free fluid diffusion coefficient, m2/s
effective pore diffusion coefficient (relative to r
and outer particle surface fraction open to pores),
m2/s
functional relation of some variables
external film mass transfer coefficient, D;/8, m/s
equivalent film coeflicient for pore resistance,
Equation (9), m/s
= length of the profile in the column, m
(NT) = dimensionless distance, see Equation (10)

c#

S
I

o

5oEe

R = parameter characterizing the Langmuir isotherm

r = radial distance in the spherical particle, m

ro = radius of the spherical particle, m

t = time, s

v = superficial fluid velocity, m/s

w = average concentration adsorbed in the particle

_ (relative to column volume), mole/m?

w = parameter in modified two component Langmuir
isotherm, mole/m3

w, = parameter in single component Langmuir iso-
therm, mole/m?

W, = logal concentration adsorbed in the particle, mole/
m

w, = concentration adsorbed in the particle in equilib-
rium with input liquid concentration

x = direction of flow along the column axis, m

Greek Letters

B = pore volume fraction of the particles

8 = hypothetical film thickness of the fluid film sur-
rounding the particle, m

€ = void fraction of the packed column

p bulk density of a particle, kg/m?
¢1, ¢ = dimensionless concentration, see Equation (10)

Subscript
i=1,2,... n= component
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