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The Simulation of Binary Adsorption in
Continuous Countercurrent Operation and a
Comparison with Other Operating Modes

Simulation studies are presented of three different modes of operating a
two-component adsorption system. The efficiency with which an activated
carbon adsorbent is utilized is compared for a single fixed bed, a periodic
countercurrent system in which the adsorbent is equally distributed over
two, four, and six beds and a continuous countercurrent system. The carbon
utilization in the single fixed bed was shown to be one third to one half of
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that in a continuous countercurrent adsorber of the same length, whereas
the periodic countercurrent system achieved a utilization of 79 to 989, of

that in the continuous system.

The mathematical models used to describe the three different modes of
column operation include the effects of axial diffusion in the columns, mass
transfer resistance in the boundary layer surrounding each particle, and fluid

diffusion within the porous particles,

SCOPE

Although multicomponent adsorption is often encoun-
tered in industrial application, most of the studies con-
cerning sorption processes have dealt primarily with sys-
tems containing one adsorbable species. Svedberg (1976)
reports results on single component adsorption perform-
ance from the simulation of fixed bed, periodic, and con-
tinuous countercurrent operation with film plus pore diffu-
sion and a linear isotherm.

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 (Hsieh et al.,
1977; Klaus et al., 1977; Liapis and Rippin, 1978) and
cannot be modeled by the assumption of linear isotherms.
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Klaus et al. (1977) report simulated results for two-compo-
nent adsorption in periodic countercurrent operation for a
two-bed system with film mass transfer resistance but in
which diffusional effects are neglected. Their results show
that with periodic countercurrent operation, carbon utiliza-
tion is much higher than with a fixed-bed arrangement.

The purpose of the work described here was to simulate
multicomponent adsorption on activated carbon in fixed
bed periodic and continuous countercurrent operation in
order to compare carbon utilization under the three dif-
ferent contacting modes. The models used include film
mass transfer and diffusional resistances. The continuous
countercurrent operation is theoretically the most efficient
procedure but is difficult to realize in practice (Hiester
et al., 1954; Westermark, 1975). It was therefore of inter-
est to determine how closely the performance of the peri-
odic countercurrent adsorber would approach that of the
continuous system.
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CONCLUSIONS AND SIGNIFICANCE

It is demonstrated from simulation studies that carbon
utilization in continuous countercurrent adsorption can be
two to three times higher than for single columns of the
same length. The periodic countercurrent system achieved
79 to 989, of the performance of the continuous counter-
current adsorption column.

1t is found that in periodic multicolumn operation, the
greatest improvement in carbon utilization takes place
when the single column is divided into two beds. For
more subdivisions, the additional improvement is smaller.
For short columns, even a small number of subdivisions

gives almost the same efficiency as the continuous coun-
tercurrent operation. However, many more subdivisions
would be required to achieve a performance approaching
that of a very long column.

The results indicate that although continuous counter-
current operation utilizes the carbon most efficiently, the
performance of the periodic countercurrent mode of oper-
ation is such that since the latter mode is easier to imple-
ment in practice (Hiester et al., 1954; Westermark, 1975),
it may represent the most attractive adsorption operation
for industrial purposes.

The separation of components from a fluid stream by
adsorption onto activated carbon is a well-established in-
dustrial practice. Renewed interest in this process has
been aroused recently as a method for the advanced treat-
ment of wastewater.

During the adsorption process, the column can be in
either a steady or a dynamic state. During fixed-bed con-
tacting, the column is in a dynamic state; during continu-
ous countercurrent contacting, steady state concentration
profiles are developed in the free fluid phase, while from
the point of view of each particle, the process is dynamic.
Periodic countercurrent operation differs from continuous
operation in that the concentration profile in the free fluid
phase changes periodically between two limiting profiles.

Svedberg (1976) studied the effect on carbon utilization
of the above three different contacting systems for the
case of single-component adsorption with a linear iso-
therm, His models include film plus pore diffusion and
axial dispersion, but results are presented only for cases
for which the latter is negligible. He found that the peri-
odic and continuous countercurrent modes of operation are
superior in carbon utilization to fixed-bed operation when
the total column lengths and the fluid flow rates are the
same, His results also showed that the performance of the
continuous countercurrent operation was quite closely ap-
proached by the periodic mode of operation when the
adsorbent is distributed over only two to four beds.
Neretnieks (1974) also compares the performance of the
continuous countercurrent operation for linear and ir-
reversible isotherms with film plus pore resistance. Forn-
walt 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 a tanks-in-series model with linear mass transfer
driving force in order to study the performance of periodic,
countercurrent, single-component adsorption.

The work of Klaus et al. (1977) represents the first
study undertaken to examine the effectiveness of multiple
beds in the case of multicomponent adsorption. They
considered the adsorption of the binary system dodecyl-
benzene sulfonate (DBS) and phenol under periodic coun-
tercurrent operation with only two beds. Their results show
that with this mode of operation, carbon utilization is
much higher than with a fixed-bed arrangement. The
models considered in their study include film mass trans-
fer but neglect axial diffusion and intraparticle diffusional
resistances.

In this work, the adsorption performance with respect
to carbon utilization is studied for the binary system
butanol-2 and ¢-amylalcohol under three different modes
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of operation: fixed bed, periodic countercurrent with two,
four and six beds, together with continuous countercur-
rent operation.

It is worth noting that the case of continuous counter-
current operation provides a convenient theoretical upper
limit to the separation attainable using periodic counter-
current operation, since the continuous countercurrent
mode may be regarded as an infinite number of infinitesi-
mal beds in periodic countercurrent operation, Also, the
models used in this study include film mass transfer,
axial diffusion, and intraparticle diffusional resistances.
This was not the case in the previous investigations found
in the literature, except for the fixed-bed mode of opera-
tion (Liapis and Rippin, 1978).

MATHEMATICAL FORMULATION

In this section, the mathematical modeling of the three
alternative types of contacting for adsorption processes is
presented. In these models, component 1 corresponds to
butanol-2, and component 2 is taken to be #-amylalcohol.
Liapis (1977a) gives the mathematical formulation in the
case when more than two components are involved.

FIXED-BED MODEL

This model describes the adsorption of solutes from a
flowing liquid stream onto a fixed bed of particles. The
mass transter effects included in the model are intraparti-
cle diffusion, film mass transfer, and axial diffusion. The
essential assumptions are constant coefficients of disper-
sion and diffusion, constant porosities, no radial gradients
in the bed, dilute solutions, and that the spherical ad-
sorbent particles have uniform size and homogeneous
structure. The intraparticle diffusion is assumed to take
place in the liquid within the pores of the particles. The
pore diffusional resistance for concentrated solutions as
well as the solid diffusional resistance for both types of
solutions is discussed in the work of Liapis and Rippin
(1977b). Local equilibrium is assumed between solid and
fiuid phases at each point in the pore, since it is well
established that adsorption onto the surface is virtually
never rate limiting, The equations in dimensionless form
are

0C’ gy (1—-5)(A0>(3)
+\ — — ] (C’a1 — Clpifr=re) K
o - D, T (C'ar p1|r o) Kn

AV (7) ( 32C’ a1 ) A, Vs (7) ( 8C’ay ) (1)
- Le Dpl P€1 852 Le Dpl 66

AIChE Journal (Vol. 25, No. 3)



5C"az (1—e>(A,,> ay
T + P Dp1 (r_o_) (Cdz - CpZIrZrO)KfZ

_ A Vi (1) (32C’d2 ) _ A, Vs (1) ( aC’ 4z ) 2)

" LeD, Pe, \ o Le D,y Y
3C’p1 aC’pe e Ag 92C’p1 9C’p1
= 4
g .2 {" T8 }
(3)
C"p 3C’ps 2 8°C’p2 9C’ 52
= 4
¥s or T or Shyp, { P dp? 6 op }
(4)
where
1 ac,sl
= Co C%0
21 Cn {fp 1+ C%a 5C'0r } (5)
_ C°301 ( aC,si )
V2 = Coz \C’pg )
aC’ 2C%0a 12 K
0y = : 2 ( 2 Fo™ INf1 ) (7)
BC pl Au Ep Shpl Coz sz
21'02 Kﬂ ( ac,s2 )
= Coz + C*go9 —— 8
M S o KOy V@ Ot T C e 9C 2 ®)

The initial and boundary conditions of Equations (1) to
(4) are given fori = 1, 2 by
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The initial condition, Equation (12), implies that clean
adsorbent particles are used, which is usually the case in
practice. The equilibrium adsorption isotherms of the
binary system butanol-2 and ¢-amylalcohol (Balzli, 1977,
Liapis and Rippin, 1977b) are given by
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These isotherms are of the so-called Fritz and Schliinder
types. Liapis and Rippin (1977b) and Fritz and Schliinder
(1974) discuss the functional properties of the isotherms
of this kind.

The fixed-bed pore diffusion model described by Equa-
tions (1) to (16) permits column performance to be pre-
dicted very well (Liapis and Rippin, 1978; Balzli et al,,
1978) over a wide range of operating and design con-
ditions. The effective pore diffusivities Dy; can be ob-
tained from simple, fast, and inexpensive multicomponent

2
Cs2-—
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batch experiments (Liapis and Rippin, 1977b), while the
axial diffusivities Dy; and the film mass transfer coefficients
Ky; can be obtained from the literature data of Liles and
Geankoplis (1960), Wilson and Geankoplis (1966), and
Mandelbaum and Béhm (1973).

PERIODIC COUNTERCURRENT MODEL

The mathematical model that describes periodic coun-
tercurrent adsorption is the same as that of a fixed bed.
The solution procedure for the single-column case can
easily be adapted to the multicolumn problem. After a
saturated column has been removed from the end of the
sequence of columns corresponding to the fluid input and
replaced by a fresh column at the other end, 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 column that has been re-
moved. The profile of the remaining columns is shifted,
and the profile of the newly regenerated column is added
at the other end.

The criterion for when to remove the spent bed at the
upstream fluid end and to introduce a fresh bed at the
other end can be based on instantaneous outlet concen-
trations when simulations are carried out. There may be
many possible efluent specifications for a multicomponent
system that would determine the time of bed switching in
practice.

CONTINUOUS COUNTERCURRENT MODEL

Here, adsorption is considered in a moving bed of ad-
sorbent. It is assumed that a stream of solid adsorbent at
constant velocity enters one end of the column, Figure 1,
and moves in rodlike flow countercurrent to the fluid flow,
simultaneously adsorbing solutes from the free fluid. The
rodlike flow implies that the particles are so small that
the adsorbent stream behaves essentially as an ideal fluid
in its flow properties, It is understood that the introduction
and removal of adsorbent are continuous.

Equations (1), (2), and (9) to (11) still describe the
concentration profiles of the solutes in the free fluid phase.
The adsorbent particles, because of the assumption of rod-
like particle flow, will have the constant dimensionless
velocity given by

Vs Ao o

DplL __af

Then, the partial derivatives of the dependent variables
C’s; and C’p; with respect to dimensionless time r, in
Equations (3) and (4), are replaced by the partial de-
rivatives of the same dependent variables with respect to
dimensionless space ¢, using the following relationship:
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The resulting particle equations have the following bound-
ary condition at the inlet of the adsorbent stream, for
i=1,2:
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Equation (19) replaces Equation (12) in the solution
procedure and implies that it is assumed that clean ad-
sorbent particles are entering the column. The boundary
conditions, Equations (13) and (14), remain unchanged
as well as Equations (15) and (16) which describe
the equilibrium isotherms of our adsorption system.

The same equations are applicable to parallel flow of
adsorbent and fluid if proper adjustment is made to the
algebraic signs of the flow rates.

NUMERICAL SCLUTION

The above models were solved numerically by the
method of orthogonal collocation (Villadsen and Stewart,
1967; Villadsen, 1970; Michelsen and Villadsen, 1972,
Finlayson, 1972) combined with numerical methods which
integrate the ordinary nonlinear differential equations ob-
tained after the application of orthogonal collocation on
the space variables ¢ and p.

The Legendre orthogonal polynomials Py(€) for the
equations of the moving fluid are of the order N = 8,
since this proved to be sufficient to obtain differences in
only the fourth digit as compared to the higher approxi-
mation, The boundary points £ = 0 and ¢ = 1 were taken
as external collocation points. The approximation order N
of the orthogonal polynomials Py(p) for the diffusion
equations in the particles were tested with N = 4, 6, 8,
10. N = 8 proved to be sufficient to obtain differences in
only the fourth digit in the predictions of concentrations,
as compared to the higher approximation. The boundary
point p = 1 was taken as an external collocation point.

In the case of the fixed-bed model, the nonlinear ordi-
nary differential equations resulting from the application
of orthogonal collocation were integrated using a fifth-
order Runge-Kutta method developed by Butcher (1964).
Typical computing times on a CDC 6500 for a FORTRAN
program were in the range of 4 to 15 min/case, depend-
ing on the column length.

The solution method for the equations of periodic coun-
tercurrent operation is the same as that of the fixed bed.
The only addition to the solution procedure for a single
column is that after a column switch, the initial conditions
for the start of the new operating period are adjusted
using Lagrangian interpolation.

The particle equations of the continuous countercurrent
model for small values of the particle velocity result, after
the application of orthogonal collocation, in a set of mod-
erately stiff nonlinear ordinary differential equations. Their
integration is performed using a third-order semiimplicit
Runge-Kutta method developed by Michelsen (1976).
Countercurrent operation results in a steady state profile
for the moving fluid when there are no inlet disturbances
in fluid flow and concentration. The time taken to compute
the steady state profile is strongly dependent on the rela-
tive values of the particle and fluid velocities, Typical
computing times on a PDP 11/45 computer for a FOR-
TRAN program to attain the steady state profile were in
the range of 4 to 25 min, The same computer program
runs approximately twenty times faster on a CDC-8500
computer.

RESULTS AND DISCUSSION

The model equations of the three different modes of
adsorption operation have been solved for six different
column lengths (L = 0.30, 0.41, 0.82, 1.23, 1.50, 2.00 m)
for the binary system butanol-2 and #-amylalcohol. The
parameters used in these column calculations have the
following values:
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Col = Cog =10 kg/ms, DLl = DL2 = 0.04 X 104

m?/s
V; =0.14 X 10~2m/s, ro =50X107%m
Ky = 2.12 X 1075 m/s, Kip =195 X 1075 m/s
D,y = 7.40 X 10710 m?/s, Dps = 13.03 X 1070 m?/s
e =045 ¢ =094, Cpy=Caoin=Co=Csp

The axial diffusivities Dy; and Dp, and the film mass
transfer coefficients Kj; and Ky, were obtained from the
correlations given by Liles and Geankoplis (1960) and
Wilson and Geankoplis (1966). The effective pore dif-
fusivities Dy, and Dy, were estimated from binary batch
experiments using data of Balzli (1977) and the ap-
proach of Liapis and Rippin (1977D).

The effluent specification was, in all cases, arbitrarily
taken to be that for neither of the components should
the instantaneous outlet concentration be allowed to ex-
ceed 1% of the corresponding inlet value. The effluent
specification in the case of periodic countercurrent opera-
tion provides the criterion for bed switching, and in the
case of continuous countercurrent adsorption, it deter-
mines the velocity of the adsorbent particles. For a given
column length L, a particle velocity V is found such that
the effluent specification is satisfied. Figure 2 shows the
relationship between particle velocity and column lengt
that satisfies the above effluent specification for the case
considered. It is observed that, as the column length in-
creases, the particle velocity decreases and, in the limit
for a semiinfinite column length, the particle velocity will
approach zero asymptotically. It can also be seen that as
the column length decreases, the particle velocity in-
creases. The production of the curve in Figure 2 is a

14 T T T T T
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Fig. 2. Countercurrent bed velocity vs. column length for a given
effluent specification.

TasLE 1. ComMpARISON OF CARBON UTILIZATION FOR DIFFERENT
MobpEs OF OPERATION

Continuous

Column counter- Carbon
length Fixed-bed current utilization
(mm) operation operation ratio
0.30 8.18% 18.45% 2.26
0.41 13.70% 40.57% 2.98
0.82 26.17% 71.712% 2.97
1.23 30.32% 95.20% 3.14
1.50 31.40% 96.34% 3.07
2.00 33.18% 99.54% 3.00
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tedious process because for each column length, the re-
quired particle velocity has to be found by successive
approximation. Each step in the successive approximation
is a complete simulation to steady state.

In Table 1, a comparison is made between the efficien-
cies with which the adsorptive capacity of a given amount
of carbon is used in a fixed bed and a continuous counter-
current column,

‘For the fixed bed, the carbon utilization is defined as
the total mass of material adsorbed at breakthrough on
the carbon column to be removed, divided by the total
mass of material that would be adsorbed if the whole of
that column were in equilibrium with the entering fluid.
For the continuous countercurrent operation, the carbon
utilization is defined as the total amount of material ad-
sorbed per unit mass of carbon leaving the column di-
vided by the total mass which would be adsorbed if that
carbon leaving were in equilibrium with the entering
fluid. The carbon utilization ratio defined as the ratio of
the utilization in the continuous column to that in the
fixed bed is seen to pass through a maximum, This is ex-
pected, since for a semiinfinite column, the utilization of
the adsorptive capacity of the carbon should approach the
same value for both fixed bed and continuous counter-
current operations, while for small columns, the particle
velocity required to satisfy the efluent specification is so
high that the capacity of the carbon is very much under-
used.

Figure 3 shows the relationship between carbon utiliza-
tion and column length for different numbers of subdivi-
sions of a given total length., Carbon utilization of 1009,
means again adsorption of the amount of material cor-
responding to the equilibrium isotherms. The value of
NP = o« corresponds to the continuous countercurrent
operation. It is seen that the highest improvement in
carbon utilization takes place when the single column is
divided into two sections, while for more subdivisions,
the exira improvement is smaller. For small columns, even
a small number of subdivisions gives almost the same
efficiency as the continuous countercurrent operation. For
longer columns, many more subdivisions would be re-
quired. It is also seen that the carbon utilization in peri-
odic countercurrent operation is 79 to 98% of that in
continuous countercurrent operation.

The criterion for bed switching is sometimes that the
instantaneous effluent concentration should not exceed a
certain value as in the-above calculations, and sometimes
{for example, Svedberg, 1976) that a given mean value
of the exit fluid concentration should not be exceeded.

If the same numerical value is used for both criteria, the
average value criterion permits the column to operate
longer before switching, resulting in a higher carbon util-
ization. Calculations based on the graphs in Svedberg
(1976) suggest that for the single-component case, the
additional utilization arising from use of the average
value criterion is unlikely tc exceed 5 to 129% of the
potential but unrealized utilization. Figures of the same
order of magnitude may be expected for the multicom-
ponent case because the initial part of the breakthrough
curves has much the same shape as for a single com-
ponent. In fact, calculations carried out for the binary
system using the same numerical value for the average
value criterion as for the instantaneous effluent concentra-
tion show that 3 to 8% higher carbon utilization can be
obtained when the former criterion is used. This extra
utilization is greatest for single-column operation, ap-
proaching zero as NP becomes large. This is clear because
in the limit when NP = oo (continuous countercurrent
operation), the instantaneous and mean values are equal.

In periodic countercurrent operation, the periodic pat-
tern of the concentration profile of the free fluid becomes
constant after two to four column switches, depending
on the number of subdivisions of the bed. For a small
number of subdivisions, fewer column switches were re-
quired for stabilization of the concentration profile of the
free fluid, while more column switches were required for
a larger number of subdivisions.

The multicolumn switching procedure, in comparison
with the single-column operation, decreases the area
under the butanol-2 profile of the fluid phase, since it
increases the concentration difference between the fluid
and solid phases. It also pushes the profiles of both com-
ponents back into the column that is removed. The aver-
age concentration of butanol-2 adsorbed onto the particles
of the column removed is greater than the concentration
which would be in equilibrium with the feed. In the initial
part of the remaining (NP — 1) columns, the ratio of the
concentration of butanol-2 to that of t-amylalcohol was
found to be greater in the feed.

The above results lead to the conclusion that subdivid-
ing a column into two or more columns and operating
them periodically in a countercurrent mode gives a much
better utilization of the adsorbent. Furthermore, although
continuous countercurrent operation utilizes the carbon
most efficiently, the practical problems associated with
this form of operation may make it less attractive in
practice than periodic countercurrent operation. The
primary problems to be overcome in the continuous coun-
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Fig. 3. Percentage of carbon utilization vs. column length with num-
ber of columns as parameter.
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tercurrent operation are: mechanical complexity of equip-
ment, gradual attrition of the solid adsorbent, limitations
in particle size range to avoid excessive pressure drop,
channeling (nonuniform flow) of either fluid or solid, and
contamination between functional sections of the equip-
ment due to the granular and porous structure of the
solid.

Hiester et al. (1954) and Westermark (1975) have
shown that an analysis of some of the technical and eco-
nomic factors involved, in the case of single-component
adsorption, suggests that there is generally no over-
whelming basis for preferring a continuous countercur-
rent system over fixed-bed units.

Although the continuous countercurrent column pro-
vides an upper limit for the performance of the periodic
process, it is probable that for the multicomponent case,
as for the single-component case, the increase in carbon
utilization attainable in comparison with the periodic
process will not be sufficient to compensate for the de-
sign and operating difficulties of the continuous counter-
current system referred to above. Thus, the periodic coun-
tercurrent operation will be preferred for practical ap-
plication,

NOTATION

A,
Cai
Clai

external surface area of the spherical particles, m?
concentration of solute in free fluid phase, kg/m?
dimensionless concentration of solute in free fluid
phase, C4i/Co;

i,in = concentration of solute at x < 0, kg/m?

reference concentration, kg/m3

concentration of solute in pore fluid phase, kg/m3

ot

C...

i

P

C'pi dimensionless concentration of solute in pore fluid
phase, C,i/Cy;

Cs = concentration of solute in solid phase (per unit
volume of particles), kg/m?

C’s; = dimensionless concentration of solute in solid
phase, Csi/C"*sgi

C?s0; = value of Cy; in equilibrium with C,;, kg/m?

Dy; = axial diffusivity of solute, m?/s

D,; = effective diffusivity of solute, m2/s

K; = film mass transfer coeflicient, m/s

L = length of column, m

N = number of internal collocation points

Pe; = Peclet number, (= LVy/eDy;)

Py (&), Px{p) = orthogonal polynomials

r = radial distance in particle, m

ro = radius of particle, m

R = dimensionless radius, /7,

Shpi = 27‘0 Kﬁ/sp Dp,;

t = time from start of sorption process, s
Vi = superficial fluid velocity, m/s

Vs = solid velocity, m/s

x = bed length coordinate, m

Greek Letters

€ void fraction in the bed

¢ = void fraction in particles
p =R
¢ = dimensionless bed length coordinate, x/L

T = dimensionless time, tDp;/ A,
V1, ¥ig, 3, Y = functions given by Equations (5) to (8)

Superscripts

® = equilibrium value
Subscripts

f = fluid

i = integer value

p = pore

s = solid
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