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Comparison of Parametric Pumping with 
Convention a I Adsorption 

A continuous thermal parametric pumping system is compared to a 
conventional adsorption system with thermal regeneration. Well-defined 
mathematical models are used to find the operating conditions which maxi- 
mize the separation and throughput of each system. 

Under practical operating conditions, the model equations indicate 
parametric pumping can process a larger volume feed stream at equivalent 
separations than conventional adsorption for the solute/adsorbent system 
studied. At equilibrium conditions equivalent results are obtained but 
parametric pumping requires more energy. 

R. ALAN GREGORY 
Union Carbide Corporotion 

Bound Brook, New Jersey 

SCOPE 
Parametric pumping is a periodic separation technique 

which represents an alternative to conventional adsorp- 
tion processes. This concept requires a solute/adsorbent 
system in which some controllable thermodynamic variable 
affects the solute equilibrium distribution between the 
fluid and solid phases. Significant separations were reported 
using a periodic temperature change coupled with a peri- 
odic flow in a packed bed of adsorbent (Wilhelm et al.; 
1968). A quantitative comparison of a parametric pumping 
process and a conventional adsorption process for a both cases. 

specific solute/adsorbent equilibria is presented here. 
Model equations for the two processes are used which 

realistic, finite transfer between the fluid 
and solid phases. The optimum operating conditions for 
the two processes are determined using a numerical 
tion of the model equations. The maximum separations and 
throughputs for each process are ‘Ompared under the 
assumption that the Physical equipment is the Same in 

Page 294 March, 1974 AlChE Journal (Vol. 20, No. 2) 



CONCLUSIONS AND SIGNIFICANCE 

FEED STREAM 
QF ‘F 

-L 

The parametric pumping process investigated can proc- 
ess a larger volume feed stream at equivalent separations 
than the conventional adsorption process for practical 
operating conditions. The comparison between the para- 
metric pumping process and conventional adsorption is 
shown in Figure 9. A dimensionless feed rate is plotted 
versus the solute remaining in the product. This plot is 
then the separation/throughput plane for comparison. The 
desired operating conditions are those which yield the 
lowest remaining solute and the highest throughput. The 
curves represent the optimum conditions with the region 
to the right and below each curve as the accessible space 
for each process. At the limiting condition of zero feed 

S EPA R AT0 R 

rate equilibrium is achieved and the conventional process 
gives the best possible separation for the given solute/ 
adsorption system. The one-column parametric pumping 
system illustrated in Figure 2 gives better results for all 
nonequilibrium conditions and equivalent results at equi- 
librium to the conventional process. 

These results indicate that parametric pumping repre- 
sents an alternate adsorption processing technique with 
improved results over a conventional process. Because of 
the more frequent changes in temperature in the optimum 
parametric pumping process, the energy requirements will, 
in general, be higher than those of conventional adsorption. 

Adsorption is the most feasible solution presently known 
for many tertiary treatment separations. We are inter- 
ested in improving the efficiency of these separations. In 
addition, an improved process would expand the use of 
adsorption into areas where it is now only marginally 
acceptable. In taking this approach, it is recognized that 
adsorption is not necessarily the best solution for all 
tertiary treatments, but that each separation problem 
must be considered individually. 

A qualitative discussion of the differences between 
cyclic processes such as parametric pumping and con- 
ventional adsorption processes was given by Harris 
(1970). Horn and Lin, (1969) compared steady state 
adsorption and extraction processes with parametric 
pumping and showed equivalent results for an equilib- 
rium system with linear isotherms. The steady state proc- 
esses required the transport of the solid phase while the 
cyclic process had a heat recovery problem. A quantita- 
tive comparison of conventional adsorption with para- 
metric pumping is made in this paper for a nonequilib- 
rium system with nonlinear isotherms. 

Conventional adsorption processes suffer from several 
disadvantages which have limited their application and 
impose a limit to their efficiency, such as relatively high 
capital investment to supply required capacity, regenera- 
tion stream concentration too low for direct recycle to 
the main process, and secondary pollution effects. The 
goal of a modified adsorption process is to overcome some 
of the disadvantages of conventional operation. Periodic 
adsorption systems such as parametric pumping appear 
to alleviate many of these problems, although introducing 
other disadvantages such as lower energy efficiency. In 
general, these systems are self-regenerating as discussed 
below. Thus, the system is always on stream and multiple 
columns are not required for continuous operation as with 
the conventional method. This offers the possibility of 
increasing the separating capacity for a given column 
using periodic operations. This is the major point investi- 
gated in this work. 

Parametric pumping in a packed column couples a 
cyclic reverse in %ow direction with a change in a 
thermodynamic variable, such as temperature. The 
change in temperature affects the solute equilibrium dis- 
tribution between fluid and solid phases in the adsorp- 
tion column. The major difference from conventional ad- 
sorption is that the column is not completely saturated 
and then regenerated on alternate cycles. The technique 

has been demonstrated experimentally to yield large sepa- 
rations in batch systems (Wilhelm et al., 1968). 

A comparison is made between conventional adsorp- 
tion and a recuperative parametric pumping process where 
heat is introduced to a packed column of adsorbent from 
the ends. The recuperative mode is of more practical 
interest than the direct mode of parametric pumping where 
heat is introduced through the walls of the column lead- 
ing to significant heat transfer problems. 

The constraints on this comparison are illustrated sche- 
matically in Figure 1. A black box separation unit is 
shown with the necessary input and output streams. The 
separation unit will be either a conventional adsorption 
process or some type of parametric pump. The regenera- 
tion stream with flow rate Q R  is required only for the con- 
ventional process. For a given adsorbent/solute system. 
the optimum separation of the different processes are 
found for arbitrary adsorbent column size and feed rate 
Q F .  The separating efficiency is defined in terms of the 
solute remaining in the purified stream compared to the 
solute in the feed stream, that is, 

CBQB 
CFQF 

REGENERATION STREAM 

PURIFIED 
PRODUCT 

(CONVENTIONAL ADSORPTION ONLY) 
Fig. 1. Schemotic of seporotion problem. 
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The total amount of concentrated product QT is assumed 
to be fixed with respect to the feed rate at a value of 
Q p / Q T  = 3. The flow rate of the purified product QB is 
greater for a given feed rate with conventional adsorption 
because of the addition of the regeneration stream and the 
assumed constraint made above on QT. 

Model equations for the two processes are used which 
assume realistic, finite mass transfer between the fluid 
and solid phases. That is, the residence time of the adsorp- 
tion system effects the local approach to equilibrium and 
therefore the ultimate separation possible. The separation/ 
capacity space is mapped for the processes to indicate 
the relative merits of each system considered. 

PARAMETRIC PUMPING SYSTEMS 

The basic separation mechanism of parametric pump- 
ing has been discussed previously (Wilhelm et al., 1968; 
Wilhelm and Sweed, 1968). Detailed models and ex- 
perimental data have been given for both the recupera- 
tive mode (Wilhelm et al., 1968) and the direct mode 
(Chen and Hill, 1971; Wilhelm et al., 1968) of para- 
metric pumping for both batch and continuous systems. 

The advantage of the recuperative mode is that it 
avoids the difficult heat transfer problem of the direct 
mode for large-scale systems. However, for fluid dis- 
placements less than one column volume per half cycle, 
the entire column never experiences the maximum change 
in temperature, hence the differences in the solute equilib- 
rium at any given point in the system would not be as 
great in the recuperative mode. Thus, the separation ob- 
tained by the recuperative mode is never as large as that 
obtained for the direct mode. However, for many real 
systems this effect can be minimized if the slope of the 
equilibrium isotherm is large. This is the case when the 
capacity of the packing to adsorb solute is large. In this 
case the optimum fluid displacement for a half cycle is 
many column volumes. For many real systems the thermal 
wave travels through the column faster than the mass 
wave. This allows the direct mode behavior to be ap- 
proached by heating and cooling only at the ends of the 
column. The recuperative mode of parametric pumping 
will be considered exclusively in this work. 

Two continuous parametric pumping systems will be 
considered in detail. The number of possible process ar- 
rangements is large and the ones chosen are meant to 
be representative. The first requires only one column and 
has both product streams and the feed stream flowing at 
all times. The second system requires two columns with 
the feed stream entering the system at a continuous rate 
but only one product stream exiting the system at any 
time. 

The first system shown in Figure 2 is adapted from 
an arrangement proposed by Chen and Hill (1971). The 
feed rate, top product rate, and bottom product rate are 
held constant and equal to ( X T  + X B ) Q F ,  X T Q F ,  and 
X B Q F ,  respectively. During the first half of a cycle, fluid 
flows up the column from the bottom reservoir. Part of 
this stream is diverted to the bottom product. The feed 
stream is combined with the top effluent and then split 
into two streams. Part goes to the top product and the 
remainder to the top reservoir. On the second half of the 
cycle fluid from the top reservoir is split with part going 
to the top product. The remainder is combined with the 
feed stream and goes to the column. The effluent from 
the bottom of the column is split between the bottom 
product and the bottom reservoir. The reflux ratio of this 
system is determined by the split of the stream at the 

OF 4 , I XBQF g" 
Tz > TI 

COLD HALF CYCLE 

Fig. 2. Continuous one column parametric pumping system. 

HOT HALF CYCLE 

F E k T z  f U R I F l E D  PRODUCT 

TZ =-TI 

Fig. 3. Continuous two column parametric pumping system. 

top of the column between the top reservoir and the top 
product. The product concentrations of interest are the 
averages over one cycle. 

The second system, shown in Figure 3, requires two 
columns. In this system the first column is fed at the top 
during the first portion of the cycle and fed at the bottom 
during the second portion of the cycle. In general, the 
duration of the two portions of the cycle are not equal, 
but the feed rate QF. is held constant. The ratio of top 
to bottom product volume is varied by changing the ratio 
of the times for the two portions of the cycle. 

CONVENTIONAL ADSORPTION SYSTEM 

The conventional adsorption system used as a basis 
of comparison with the parametric pumping operations 
is discussed in this section. A thermal regeneration system 
is assumed to allow a direct comparison with thermal 
parametric pumping. The difference between the conven- 
tional adsorption system considered here and parametric 
pumping is then only in the method of operation. This is 
manifested in the timing of the alternating cycles in each 
system. Conventional adsorption flows in a single direc- 
tion until column capacity is reached and the column is 
then regenerated. Parametric pumping allows the varia- 
tion of the relative cycle times and, in general, the col- 
umn will never be saturated or fully regenerated. Thus, 
conventional adsorption with thermal regeneration can 
be considered as a limiting case at one end of the possi- 
ble operating range of parametric pumping. 

The specific conventional system considered here is 
shown in Figure 4. A feed stream is added continuously 
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ONCENTRATED 
PRODUCT 

I 
/ 

REGENERATION - ----- 
SOLVENT 

ADSORPTION REGENERATION 

Fig. 4. Conventional odsorptipn with thermal regeneration. 

to the column at a constant concentration and tempera- 
ture during the adsorption cycle. During regeneration, 
pure solvent (for example, water) is added at an elevated 
temperature, In order to make a comparison with para- 
metric pumping, the ratio of the total volume of the 
concentrated product stream to the feed stream is held 
constant at 1:3 as indicated previously. 

M O D E L  E Q U A T I O N S  AND D I M E N S I O N L E S S  P A R A M E T E R S  

The equations which describe adsorption in a packed 
bed in general include material balances for n - 1 com- 
ponents, an energy balance, and an expression describing 
the equilibrium distribution of material between the 
liquid and solid phases. The model developed here is for 
a binary system which requires only one material balance. 
Axial dispersion is assumed negligible for both the mass 
and energy balances. In addition, plug flow is assumed 
in the packed bed and mass transfer effects are assumed 
to be lumped in a film around the solid particle. 

Using the following dimensionless variables: 

Z = Z' /L and t = t'/r, where L is the length of the col- 
umn and T is a residence time, a differential mass balance 
on the solute can be written p s  

where +f and +s are the solute concentrations in the liquid 
and solid phases, respectively. 

Interphase mass transfer between solid and liquid is as- 
sumed to be of the following form: 

where +fv is the liquid phase concentration that would be 
in equilibrium with the solid phase concentration. 

A differential energy balance is given by 

aef aef ae, 
az dt .f(t) - + -+ B,, = 0 

and the interphase heat transfer expression is 

(3) 

(4) 

The energy and mass balances are coupled by the equi- 
librium distribution expression 

+fa = +fV(SS, 4 s )  ( 5 )  
Thus, the equilibrium fluid coilcentration is a function 

The equilibrium distribution function used in this work 
of the solid concentration and the local temperature. 

is given as a Freundlich isotherm 

cs = U ( C f " ) b  (6) 

where the temperature dependence is lumped in the pre- 
exponential factor. 

E - 
a = uOeRT (7) 

The dimensionless form is then 

( 8 )  

The dimensionless parameters are defined as dimension- 

Ps +, = - uCob-1 ( + f * ) b  
E 

less fluid displacement per cycle 

dimensionless mass transfer coefficient 

km 7 

dP 
A = -  

dimensionless heat transfer coefficient 

ratio of heat capacities of the solid and liquid phases 

EFFECT OF F L U I D  V E L O C I T Y  AND T E M P E R A T U R E  
ON AND h 

The dimensionless heat transfer coefficient y is obtained 
below in terms of the dimensionless mass transfer coeffi- 
cient A. The temperature and velocity dependence of A 
is then shown. These relations combined with the differ- 
ential heat and mass balances, heat and mass transfer 
expressions, and the equilibrium function constitute the 
model equations for the adsorption systems of interest. 
The method of solution of the model equations is the 
"STOP-GO method used by Sweed and Gregory (1971). 

The ratio of the dimensionless heat and mass transfer 
coefficients is 

We assume j-factor correlations for km and hl (Bird et 
al., 1960) 

where Sc = ('> 
PD f 

and 

If we assume ia = i D  (Bird et al., 1960), then using 
Equations ( 11) and (12), 
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but 
vo = V€ 

Substituting into Equation ( 13), 

The dimensionless heat transfer coefficient y changes 
very slightly with temperature in the range of interest. 
Since the fluid velocity does not appear in Equation ( 18), 
the dependence of this ratio on temperature and velocity 
is the same as the dependence of A. 

In general, the interphase mass transfer coefficient will 
be a function ok the fluid velocity. For most adsorbent 
systems of interest, the controlling mass transfer resistance 
can be considered as lumped in a film around the solid 
particle. 

As shown by Sweed and Gregory (1971), if the desired 
mass transfer coefficient h is compared to a base case A0 
for the same system at constant temperature, then 

* = A. [ [ 9 
The value of the exponent a for this work is taken 

from the literature (Sweed and Gregory, 1971) as a = 
0.7. Thus, the relative velocity dependence of the inter- 
phase mass transfer coefficient is given by 

The temperature effect on the dimensionless mass trans- 
fer coefficient is fitted from data in the literature (Sweed 
and Gregory, 1971) and assumed to be representative 
of ,aqueous systems. Using an exponential form, 

Thus, once a room temperature dimensionless mass trans- 
fer coefficient io is selected, the ratio y / X  and Equations 
(20) and (21) are used to determine y and X for all 
temperatures and fluid velocities. 

In order to put all comparisons on an equivalent 
basis, they must be related to some base system with an 
arbitrary feed rate and residence time. To do this, an 
arbitrary fixed column size is used. The dimensionless 
mass transfer coefficient A is a function of the actual 
local mass transfer coefficient k, and the fluid velocity in 
the column itself. The actual mass transfer coefficient 
depends on the specific system considered. To provide 
a general comparison, k, is not specified but instead the 
effect on each system of the dimensionless mass transfer 
coefficient is investigated over a wide range. The fluid 
velocity in the column is related to the feed rate, the over- 
all residence time, and the reflux ratio. 

The desired comparison requires a fixed feed rate to 
a column of fixed size. This feed rate can be expressed 
in dimensionless form as proportional to the overall 
dimensionless mass transfer coefficient. These conditions 
are specified by choosing an arbitrary residence time 70 

such that 

TABLE 1. VALUES FOR CONSTANTS AT ROOM TEMPERATURE 

Cpf = l.Ocal/g O K  

kf 

C,, = 0.25 cal/g "K 
D = 1.0 x lO-5crnz/s 
pf = 1.0 g/cm3 
Co = 1 x 10-4g-mole/l 
E M  = 4.7 kcal/g-mole 

b = 0.181 
E,  = 4.0 kcal/g-mole 

= 1.45 x 10-3 cal/s cm "K 
ps  = 1.7 x 103g/i 

= 1.32 x 10-4 

vc 

QF 
7 0  = - 

where Vc = column volume and QF = flow rate of the 
feed stream. Then, from the definition of A, 

where dp = the particle size of the solid adsorbent in the 
column. The reciprocal of the dimensionless mass transfer 
coefficient l/ks is effectively a dimensionless feed rate 
for a given system. The parameter i~ is then taken as the 
base case. However, the actual i to be used in the calcula- 
tions within the column will, in general, be altered de- 
pending on reflux and the way the column is operated. 
The base residence time is given by the total volume of 
feed stream per unit column volume in a given time 
period. For example, during the normal cycle for conven- 
tional adsorption, part of the input to the system is regen- 
eration solvent. Thus, the total volume of fluid actually 
introduced to the column is increased. This has the effect 
of lowering the actual A within the column. This effect 
is taken into account using Equation (20). 

The values used for the constants at room temperature 
in the model equation are given in Table 1. 

All of the parameters except a0 are representative of 
phenol adsorption from water on activated carbon (Fox 
et al., 1970). The equilibrium was altered to create a 
solid adsorbent with a much lower capacity for phenol 
than normally encountered with activated carbon. This 
greatly reduces the computer time required to numerically 
solve the model equations and allows a much more de- 
tailed scan of operating parameters. 

The effect of the equilibrium function on the generality 
of the results for the comparisons made here has not yet 
been completely defined. The temperature dependence 
of the isotherms is also not well known for the phenol/ 
water/carbon system. The relation used here is only 
approximate. 

COMPARISON RESULTS 

In this section, the results of the comparison between 
conventional adsorption and parametric pumping are 
given. First the optimum conditions for the conventional 
system are presented under the constraints described in 
previous sections. Results for two parametric pumping 
systems are then summarized. Finally, an overall com- 
parison is made. 

The overall residence time has been fixed in all of these 
systems. This is the residence time defined by the feed 
rate and size of the column. In general, all of the process 
systems have an optimum cycle time. That is, for a given 
feed rate the length of the cycle may be varied. 
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In  Figure 5, the parameter AB is plotted versus the 
separation for the conventbnal adsorption system. The 
parameter is effectively the reciprocal of the dimen- 
sionless feed rate as shown above. The separation param- 
eter of interest is the total solute remaining in the purified 
product stream compared with the total solute fed to 
the system. The parameter a shown in Figure 5 is the 
dimensionless displacement of fluid within the column in 
terms of column volumes of fluid per cycle. As shown, 
the separation becomes poorer with increased throughput, 
that is, decreased An. Some representative curves are 
shown in Figure 5 which define an envelope in the sepa- 
ration-capacity plane. Thus the region of small AB (high 
throughput) and low remaining solute (excellent separa- 
tion) is not accessible by conventional adsorption. From 
Figure 5 a value of a = 4.4 is found to give the o p t i m a  
separation for this system under the constraints assumed. 

The first parametric pumping unit considered uses a 
single column as shown in Figure 2. Optimum conditions 
with respect to displacement per cycle also exist for this 
system. This unit allows the reflux ratio to be varied. The 
reflux ratio reflects the fraction of fluid leaving the column 
on a half cycle which is returned to the column on the 
succeeding half cycle. 

The optimum operating conditions for the single col- 
umn parametric pumping arrangement are defined by the 
results given in Figures 6 and 7. Figure 6 shows separa- 
tion versus a for several values of AD at a reflux ratio of 
R = 5.0. Separation improves with increasing reflux ratio 
although the change is small above R = 5.0. The energy 
consumption for this system increases with increasing 
reflux ratio since the temperature of the column is 
changed more often. An optimum dimensionless displace- 
ment a also exists for this system. 

Some results for the two-column system shown in Fig- 
ure 3 are presented in Figure 8. Separation is plotted 
versus dimensionless displacement a for several values 
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Fig. 5. The capacity/separation plane for conventional adsorption. 
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of An. Again an optimum a exists although the value 
changes slightly with changes in An. Figure 8 gives the 
optimum operating conditions for this system. 

The final overall comparison of the three systems con- 

x " 0  .25 . 5  .75 
DIMENSIONLESS FLUID DISPLACEMENT PER CYCLE, a 

Fig. 6. The effect of displacement on separation for a one column 
parametric pumping system with hn as a parameter. 

0 2 4 6 8 
REFLUX RATIO 

Fig. 7. The effect of reflux ratio on separation for a one column 
parametric pumping system with ?in as a parameter. 

0 
W 
W 
LL 

0 I 2 3 4 5 6 

DIMENSIONLESS FLUID DISPLACEMENT PER CYCLE, a 
Fig. 8. The effect of displacement on separation for a two column 

parametric pumping system with hij as a parameter. 
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TWO COLUMN PARAMET, 
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Fig. 9. Overall comparison of conventional adsorption and parametric 
purnping-dimensionless feed rate vs. separation. 

sidered is shown in Figure 9. The dimensionless feed rate 
&Q.Jk,VC is plotted versus separation. As the feed rate 
approaches zero, all the systems approach equilibrium 
operation. The two-column system is compared on the 
same capacity basis as the other units. The optimum two- 
column conventional adsorption system operates with the 
two columns in parallel. Thus the separation character- 
istics are; the same as the one-column system at double 
the capacity. 

At equilibrium the conventional adsorption unit and 
the one-column parametric pump give the same separa- 
tion which, in turn, is better than the two-column unit 
investigated. As the throughput is increased, the separat- 
ing capability of the conventional unit falls off more 
rapidly than either of the parametric pumping systems. 
Thus at any nonzero feed rate the one column parametric 
pump is superior to conventional adsorption. At some 
finite capacity the two-column parametric pumping unit 
also becomes superior to the conventional system. 

These results show for a given system that parametric 
pumping systems exist which can process a larger volume 
feed stream at equivalent separations compared with con- 
ventional adsorption. There are, of course, many other 
variations of parametric pumping systems using both 
single and multiple columns which may give results 
superior to those shown here. 

The improved separation of parametric pumping at 
finite feed rates can partially be explained in terms of 
increased contact time between the solid and liquid 
phases at a given position in the column. During any 
time period, more fluid must flow through the column in 
the conventional process than with parametric pumping 
because of the required regeneration of the column. The 
additional flow of regeneration solution reduces the local 
contact time between solid and liquid in the conventional 
system. This reduction in contact time is reflected in a 
reduction in the amount of mass transferred per cycle, 
hence less efficient separation. At equilibrium conditions 
obtained in the limit of zero flow rate, conventional ad- 

sorption and parametric pumping yield the same separa- 
tion. However, equilibrium conditions are not realized in 
practical applications. 

NOTATION 

= fluid phase concentration, g-mole/l 
= equilibrium fluid phase concentration, g-mole/l 
= solid phase concentration, g-mole/g adsorbent 
= reference fluid concentration, g-mole/l 
= heat capacity, cal/g “K 
= adsorbent particle diameter, cm 
= activation energy, cal/g-mole 
= heat transfer coefficient, cal/s-cm2-”K 
= thermal conductivity, cal/s-cm-”K 
= mass transfer coefficient, cm/s 
= length of column, cm 
= feed rate, cm3/s 
= temperature, O K  

= time, s 
= time, dimensionless 
= fluid velocity, cm/s 
= column void volume, cm3 
= product flow rate/reservoir displacement flow 

= axial column position, cm 
= dimensionless axial column position 
= dimensionless displacement of fluid per cycle 
= heat capacity ratio 
= dimensionless overall heat transfer coefficient 
= column void fraction, ml void/ml column 
= dimensionless fluid temperature 
= dimensionless solid temperature 
= dimensionless overall mass transfer coefficient 
= adsorbent density, g/l adsorbent 
= residence time, s 
= dimensionless fluid concentration 
= dimensionless equilibrium fluid concentration 
= dimensionless adsorbent concentration 
= fluid viscosity, cps 

rate 
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