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ABSTRACT 

Title of Thesis: An Equilibrium Theory of the pH Parametric 
Pump 

Charles Omotayo Kerobo, Master of Science, 1979 

Thesis directed by: Dr. H. T. Chen, Professor 
Department of Chemical Engineering 

Parametric pumping, both batch and continuous, and 

cycling zone adsorption are theoretically scrutinized for 

various operating conditions by using the concept of equilib-

rium stages. The model system is Haemoglobin-Albumin-CM 

sepharose, a physical system in which a local equilibrium 

between liquid and sorbent in the layers of the separating 

medium in the column is characterized. For the batch pro-

cess, the steady-state concentrations in both top and 

bottom reservoirs are found to be independent of the number 

of equilibrium stages, provided that a = 1 (i.e., number of 

transfer steps/number of stages).. For continuous parapump 

process, separation is enhanced with decreasing top feed 

ratio and/or decreasing bottom feed ratio. However, stead-

ily degrading separation is found to exist when the top or 

bottom feed ratio exceeds the void volume of the column. 

The separation obtained for the cycling zone adsorption 

shows that an optimum number of stages is between 10 and 16. 

Below the lower limit, separation steadily decreases, and 

above the upper limit, the separation is found to be con-

stant. Recycle ratio () is found to have an influence on 

the separation below the optimum number of stages and no 

influence above the optimum number of stages. 



A computational algorithm for predicting equilibrium 

parametric pump performance (both batch and continuous) and 

cycling zone adsorption is developed. The algorithm is 

based on a set of exterior solute material balances and a 

linear adsorption isotherm for the solute-adsorbant system. 

The method of STOP-GO is combined with a finite difference 

approximation to solve the material balance equations. 
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Introduction 

The initial theoretical analysis of parametric pumping 

was described by Wilhelm et al. in 1966. In this pioneer-

ing work, a recuperative mode of operation was applied; the 

fluid was heated in a heat exchanger before flowing up 

through the bed and cooled before flowing down. (See 

Figure 1(a).) This thermal recuperative mode was used for 

removing NaC1 from water on a mixed bed of ion exchange 

resins. Wilhelm (1966) discussed the possibilities of 

applying the parapump idea to a variety of oscillating 

fields such as electrical, magnetic, or chemical potential. 

Wilhelm and Sweed (1968), and Wakao et al. (1968) independ-

ently developed the direct mode. (See Figure 1(b).) This 

direct mode of operation called for external application of 

heating and cooling source during up and down flow respec-

tively (water jacket) on the stationary bed before upward 

flow of fluid, and then, the bed is cooled by an external 

source before downward flow of the fluid. 

Sabadell and Sweed (1970) extended the parapump 

process to a recuperative pH mode to remove Y.+  and Na+  

from water. In this recuperative mode of operation, the 

low pH end was closed, and the high pH end opened. To 

maintain the pH levels constant, HC1 was added to the low 

end while fresh feed was introduced and product was with-

drawn from the open end every half cycle. This setup was 

called a semibatch recuperative pH mode carapumping opera-

tion. The neutralization reaction which occurred in the 

1 
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Fig. 1. Apparatus arrangement for thermal parametric 
pumping. (a) Recuperative mode. (b) Direct 
mode. 



column was the source of energy used for the separation. 

Although this method of deriving energy source was not 

optimized, a separation factor of 1.34 was obtained. This 

value was better than that obtained by previous methods of 

parapumps. 

The Batch Pump  

Included in the parapump methods of separation is the 

batch process. Various forms of energy, such as pH and 

temperature, have been harnessed to effect parametric pump-

ing separations. Since the basic concepts of pH parametric 

pumping were developed from the thermal system, thermal 

parapumping operation will be used in illustrating the 

principle behind the batch process. There are two differ-

ent methods of imposing temperature fluctuations in thermal 

parapumping operation: the "recuperative" thermal mode and 

the "direct" thermal mode. (See Figure 1.) 

In the recuperative mode, the fluid flows back and 

forth through the bed and carries thermal energy into and 

out of the bed. The solid particles within the column come 

in contact alternately with fluid coming from the hot end 

and with fluid from the cold end. Thus, each particle 

experiences an alternating temperature field. The adsorp-

tion-desorption cycle produced by this field causes the 

alternating mass flux between particle and liquid phases 

(Rolke and Wilhelm, 1969). The face angle between the 

temperature, which varies with axial position within the 

column, limits the separation obtainable from this mode 

3 
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of operation. 

The direct thermal mode was then developed to overcome 

the phase angle difficulty. Since the column is surrounded 

by heating and cooling jacket, temperatures can be changed 

unifoLmly throughout the bed. In both thermal modes, 

separation arises from the coupling of adsorption-desorp-

tion cycles with the reciprocating flow. 

Many investigators have used different types of 

theoretical analysis in predicting the separations that can 

be obtained by batch process. Among these theories is the 

"equilibrium" theory promulgated by Pigford et al. (1969), 

and later generalized by Aris (1969). This equilibrium 

theory simplifies the transport equations by assuming that 

the solid and fluid are locally in equilibrium. Axial dis-

persion was neglected and the equilibrium relationship was 

assumed to be linear. The resulting equation after apply-

ing these assumptions is a hyperbolic partial differential 

equation solvable by method of characteristics. Pigford 

(1969) tested the validity of the analytical solution of 

the hyperbolic equation by applying a parameter curve 

fitting using Wilhelm and his co-worker's data (1968), but 

found no correlation. This lack of correlation, as one 

would suppose, is a result of the oversimplification of the 

transport equation obtained from the equilibrium theory. 

In any case, this paper (Pigford et al. 1969) served as the 

limelight behind the reason for separation. Pigford and 

his co-worker's paper (1969) raised considerable contro- 
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versy amongst active and prominent investigators in this 

field because of difference of opinions. 

Originally, Pigford et al. (1969) and Aris (1969) 

assumed that there was no dead volume in the reservoirs and 

that the reservoirs are perfectly mixed. Gregory and Sweed 

(1970), and Chen and Hill (1971) extended the equilibrium 

theory by taking into account the reservoir dead volume. 

In their papers, both open and batch systems were consid-

ered. For the batch case, their results agreed very well 

with Aris (1969) in the limiting case where the reservoirs 

have no dead volume. In the study made by Thompson and 

Bowen (1972), in which a perfectly mixed reservoir was 

assumed, it was theoretically shown that, with no mixing in 

the reservoir, a much greater separation could be achieved. 

A two-column arrangement operated back-to-back (to minimize 

mixing) was also discussed in this paper. 

Butts et al. (1972) extended the equilibrium theory to 

the separations of multicomponent mixtures. In their 

study, a linear and noncompetitive equilibria was assumed; 

it was a batch parapump process with unsymmetric cycles 

(higher flow to one of the reservoirs). With such arrange-

ment, the penetration distance into the column during each 

half cycle was different. A theory for separating multi-

component mixtures and a two-column arrangement, which 

could be used for isolating nth number of components, was 

also discussed. A batch process was probably not very 

suitable for multicomponent systems, since a large reser- 
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voir dead volume that would allow sufficient cycles for 

separation before the fluid was pumped to the bottom reser-

voir would be needed. A single column would be best suit-

able to separate a binary mixture or make a split within a 

series of solutes. Another method of approach was used by 

Butts et al. (1973) to separate a binary mixture of K+ and 

H+ on a Dowex 50 x 8 resin. In this process, the binary 

mixture was adjusted to build up the concentration of K+ in 

the top reservoir and H+  in the bottom reservoir. A high 

separation factor in the neighborhood of thousands were 

obtained. Butts and his co-workers noticed that electro-

neutrality must be preserved within the column so that 

separation of these ions would be possible, viz: when K 

desorbs, H+  must absorb. They also investigated the sepa-

ration of ternary mixtures. In these experiments, K+  ion 

was concentrated in the top reservoir, le in the bottom 

reservoir, and Na
+ 
 in the middle of the column. This paper 

brought to light the possibility of using a parametric pump 

to separate ionic mixtures. 

Shortly after the promulgation of the equilibrium 

theory, Sweed and Wilhelm (1969) developed the STOP-GO 

algorithm. The STOP-GO method of solution is superior to 

that of characteristics in several respects. The number of 

ordinary differential equations to be solved are reduced by 

a factor of one-half. It also provided a very clear physi-

cal picture of what the calculations meant. The fluid is 

displaced a distance of one time step without interphase 



transfer (no axial mixing occurs). When the flow (GO) 

ceases, transfer between the phases begins (STOP). The 

computational STOP-GO algorithm is more realistic than the 

equilibrium model. The STOP-GO model was used to show that 

separation increased as a result of the following: (1) in-

crease in mass transfer coefficient, (2) decrease in fluid 

velocity, (3) increase in cycle time, and (4) decrease in 

reservoir dead volume. The most intriguing part of this 

STOP-GO model is that it predicts that separation first 

increases exponentially and then levels off to some limit-

ing value as the number of cycles increases. Recently, 

Grevillot and Tondeur (1976) studied equilibrium staged 

parametric pump with non-linear isotherms. One single 

equilibration step and discrete transfer was regarded as 

one-half cycle. Suggestive analogies similar to that of 

total reflux distillation were given. 

The Continuous Pump  

Hung and Lee (1971) applied the equilibrium plate to 

parametric pumping. The model consisted of continuous con-

tact columns in which the number of theoretical plates were 

adjusted to simulate experimental data. Unfortunately, 

this model did not agree with the equilibrium theory of 

Pigford et al. (1969). Wankat (1973) applied a two equili-

brium stage theory for liquid-liquid extraction parapump 

(Figure 2) to test the hypothesis of Wilhelm et al. (1968), 

and Sweed and Wilhelm's (1969) (application of parapump to 

systems other than adsorption and ion exchange is possible). 

7 
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In this two equilibrium stage model, several methods for 

holding a liquid solvent stationary were presented. The 

system used was acetic acid and water using diethyl ether 

as the solvent in a horizontal helix and a test tube. This 

helical system consisted of a continuous-flow stage, the 

test modeled to fit a discrete transfer countercurrent 

distribution model similar to the process described in 

Craig and Craig's "Technique of Organic Chemistry," and the 

STOP-GO method (Sweed et al. in 1973). Comparatively, 

qualitive agreement was obtained, both experimentally and 

theoretically, but it was very poor. Hence, it was con-

cluded that the application of the parapumping principle to 

extraction is inauspicious compared to adsorption and ion 

exchange. 

In 1973, Gupta and Sweed used a mixing cell model to 

simulate non-equilibrium parapump. A "near equilibrium" 

approach to the analysis of parametric pumping, which is 

similar to the equilibrium staged model (Hung and Lee 1971, 

and Wankat 1973), was presented by the authors. The "near 

equilibrium" approach showed that significant deviations 

from equilibrium can exist and are, in fact, essential for 

improving conversion and concentration. In addition, the 

model requires considerably less computing time compared to 

other techniques, but it is rather very inaccurate. To 

obtain a good fit of experimental data by the mixing cell 

model, the number of cells has to be adjusted. A two-

column paraphernalia for continuous separation of mixtures 



10 

containing two solutes were also presented. 

Application of parametric pumping process to the 

separation of liquids in open systems have been studied 

extensively, both continuously and semicontinuously, in the 

direct thermal mode. Sweed (1971) was the first to do a 

considerable amount of experimental work, while Horn and 

Lin (1969) were pioneers in presenting a theoretical calcu-

lation for such an open system. The experimental arrange-

ment of Horn and Lin (1969) consisted of a two-column 

arrangement with a center feed, a center reservoir, and 

reservoirs at both ends of the column where products were 

withdrawn. The mathematical description of the apparatus 

was rigorous. The theme of Horn and Lin (1969) was two-

fold. Firstly, a single solute system was used in which it 

was mathematically shown that the solute can be concen-

trated at one end of the reservoir (the "enrichment 

problem"). Secondly, the mathematical analysis of a two-

component system (where these two components are to be sep-

arated from each other, by assuming that the components 

would be soluble in a suitable carrier liquid) was also 

presented (the "split problem"). 

Chen and Hill (1971), and Gregory and Sweed (1970) 

introduced the concept of "penetration distance," which was 

defined as the distance a concentration front will move 

into the column during a half cycle. Relative to this 

"penetration distance" concept, Chen and Hill (1971) used 

the equilibrium theory to study batch pump and open systems, 
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while Gregory and Sweed (1970) applied the equilibrium 

theory in the study of the semicontinuous system. The 

point of reversal of the cycles were determined in terms of 

this so-called penetration distance. In addition to the 

theoretical paper by Chen and Hill (1971), Chen and his co-

workers (1972, 1973a, 1973b) made extensive investigations, 

both experimentally and theoretically, on open systems. 

Chen, Rak, Stokes, and Hill (1972) studied the con-

tinuous parapump operation experimentally with feed intro-

duced at the top. The system used for this continuous 

parapump was toluene-n-heptane on silica gel. For this 

system, transfer rates were very high and compared very 

well with the equilibrium theory. A separation factor of 

over 600 was obtained for only 14 cycles in the region 

predicted by the equilibrium theory. In 1972, Chen, Jaferi 

and Stokes studied the multicomponent separation of fruc-

tose and glucose from water using fullers earth, and 

equilibrium isotherms of Langmuir type was obtained. The 

transfer rates for this system were very slow, requiring 

more than 2 hours to reach equilibrium- A semicontinuous 

parametric pump with top feed was studied experimentally by 

Chen, Reiss, Stokes, and Hill (1973). The system was 

toluene-n-heptane-silica gel and the results were compared 

with the continuous pump with top feed (Chen, et al. 1972). 

The bottom product concentration did not agree so well as 

that obtained previously. In 1973, Chen, Stokes and Lin 

studied another continuous parapump operation with top 
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feed. This time the system was a mixture of toluene, 

aniline and n-heptane on silica gel. Equilibrium theory 

was applied by treating the multicomponent mixture as a 

series of pseudo-binary mixtures. 

Thus far, the investigation of parapump operation by 

open, direct, and thermal mode has shown the possibility of 

obtaining continuous and semicontinuous separations. Large 

separation factors are readily obtainable when the shift of 

equilibrium with temperature is large and mass transfer is 

fast. Under these conditions, the equilibrium theory gives 

a good prediction, but if the mass transfer is slow, less 

separation is obtained and the equilibrium theory will not 

give a good prediction. 

Shaffer and Hamrin (1975) combined affinity charoma-

tography and pH parametric pumping to reduce trypsin con-

centration in an aqueous solution. Chen et al. (1977) 

experimentally investigated a semicontinuous pH parapump 

using haemoglobin and albumin on sephadex ion exchanger. 

The column had a center feed between an enriching column 

and a stripping column, and was operated batchwise during 

upflow and continuously during downflow. Chen et al. (1979) 

used a continuous pH parametric pumping for the separation 

of haemoglobin and albumin. The parapump had a feed, con-

taining the protein mixture to be separated, introduced 

alternately to the column through the top and bottom of the 

column. The products were collected from the column during 

the top and bottom feed. 
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Stokes and Chen (1979) studied the design and scale-up 

of the separation of solutes from multicomponent systems 

on a commercial scale of a continuous thermal parapumping 

operation. The authors developed the design equations 

based on the analytical equations of dilute solution 

theory. Heat exchanger-type configuration to enable the 

authors to use direct thermal mode was adopted for the 

pilot plant and commercial systems. All the energy require-

ments for 0-100% solute separation were given, and auxil-

iary equipment was also included in this paper. It was 

shown that the energies required are of the same order of 

magnitude as that of distillation. 

Cycling Zone Adsorption  

Cycling zone adsorption, first developed by Pigford 

and his co-workers (1969), is similar to parametric pumping, 

except that the fluid to be separated flows in a single 

direction through a series of columns. (See Figures 2 and 

3.) The "direct or standing wave" mode of operation 

utilizes a water jacket which changes the temperature 

cyclically between the cold temperature and the hot tem-

perature. The temperature of adjacent columns are out of 

phase with each other. In the first half of each cycle, 

the column sequence is hot, cold, hot, cold, etc., and in 

the second half of the cycle the column sequence is cold, 

hot, cold, hot, etc. Each region of constant temperature 

was regarded as a "zone" by Pigford et al. (1969). 

Another mode of operation is the "traveling wave." The 
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columns of the traveling wave are adiabatic and the fluid 

is alternately heated or cooled before entering the column. 

The temperatures are again out of phase in adjacent zones. 

In the standing wave mode of operation, experiment has 

shown that a two-zone system produced a larger separation 

than a single zone. It was also shown that a single-zone 

traveling wave separation was superior to the single-zone 

direct wave mode of separation. The reason for this dif-

ference in separation was attributed to the fact that the 

solid has better ability to remove solute from a fluid of 

low concentration by temporarily storing this solute and 

then give this solute up (when signal is given by increas-

ing the temperature) to a fluid of high concentration. The 

author (Pigford et al. 1969) concluded that, since the use 

of several zones allow more opportunities to do this, the 

separation is enhanced when several zones are used. 

Baker and Pigford (1969) did a detailed experimental 

and theoretical analysis on both the direct and traveling 

wave modes of operation. They also applied the local 

equilibrium theory by assuming that there is no axial dis-

persion and heat of adsorption as in parametric pumping. 

The solution of the resulting energy equation, after apply-

ing these assumptions, predicted that a temperature wave 

will pass through the column at a characteristic thermal 

wave velocity without changing shape or amplitude. The 

solution of the linear isotherm equation predicted that 

the separation factor would be infinite as the number of 
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zones becomes very large, but for nonlinear isotherms, the 

separation would not be infinite. 

Gupta and Sweed (1971) utilized the method of charac-

teristics to develop an equilibrium theory for the direct 

wave of operation. They emphasized that the fluid dis-

placement must be correctly chosen to get an increasing 

separation. Van der Vlist (1971) used the cycling zone 

adsorption to separate oxygen and nitrogen from air. A 

two-zone direct mode system was used and obtained a maximum 

oxygen separation factor of 10.6. Ginde and Chu (1972) 

used a mixed bed of ion exchange resins in a single-zone 

cycling zone adsorber to separate NaCl from water. This 

process was essentially an unsteady state cycling zone with 

total recycle, since products from the column were recycled 

until the desired separation was obtained. The parameters 

which affected separations were the amount of liquid in the 

system, the flow rate, and the cycle time. 

In 1972, Rieke extensively studied the standing wave 

mode of cycling zone adsorbers with and without partial 

recycle. Experimental results showed that, for a single 

zone without recycle separating toluene from n-heptane on 

silica gel, optimization of separation could be achieved by 

switching temperature at an optimum frequency. Results 

showed that partial recycle of a product can increase the 

separation, but longitudinal mixing limited the amount of 

separation. 

Wankat (1973, 1974) extended the cycling zone adsorp- 
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tion to extraction. (See Figure 2.) In both the direction 

and the traveling wave modes of operation, he used the 

counter-current distribution type system similar to that in 

Craig and Craig's "Technique of Organic Chemistry," with 

discrete transfer and equilibrium steps which were applied 

to keep one liquid phase stationary. The theoretical 

result obtained for the direct mode (Wankat, 1973) showed 

that if the cycle time is optimized, there would be an in-

crease in separation from zone to zone. A qualitative 

agreement of experiment with theory was obtained when die-

thylamine-water-toluene in the test-tube system was used, 

but quantitative agreement was not so good. The theory 

similar to the direct mode (Wankat, 1973) was also derived 

for traveling wave (Wankat, 1974), but this time energy 

balance was added. Theoretical calculations were made, and 

the results showed great dependency of separation on the 

optimized thermal wave velocity. The separations obtained 

for traveling mode was lower than that obtained for direct 

mode because the thermal wave velocity was too low. Cy-

cling zone separation process seems to be better for the 

separation of liquids than for large separations of gases. 

It also has an advantage over parametric pumping since it 

is inherently an open system and does not require flow 

reversal, but disadvantageous because it has one less de-

gree of freedom. 

This work was focused mainly on theoretical and comput-

er simulation of various versions of pH-driven parametric 



18 

pumps, viz: the batch parapump, the continuous parapump, 

and the cycling zone adsorption. A combination of STOP-GO 

algorithm and a simple equilibrium theory (Pigford et al., 

1969; Jenczewski and Meyers, 1970; Wankat, 1974; Grevillot 

and Tondeur, 1976) and various performance characteristics 

were applied in predicting the protein separation. 



Chapter I 

PROCESS DESCRIPTION 

Operational techniques were developed for continuous 

batch and cycling zone adsorption. In the simplest opera-

tional scheme, the separation was accomplished through 

dynamic adsorption of the mixture using a fixed bed. At 

all times, adsorption was followed by desorption of the 

mixture, provided the intensive variable (pH) is properly 

imposed on the column of ion exchange resins to effect the 

equilibrium distribution of the components being separated. 

Batch and Continuous Parapumping System  

The one-column parametric pumping system in this study 

applies the dynamic adsorption principles for separation of 

components from a mixture (see Figure 4). It consists of a 

column packed with an ion exchanger (cation or anion) and 

reservoirs attached to each end. Axial displacement of the 

fluid in the column imposes a pH difference within the 

column which can be adjusted periodically to high and low. 

The adsorption resin adsorbs solute when the pH is low and 

releases solute when the pH is high. 

In this recuperative pH mode, the reservoirs are main-

tained at two different pH values. As the solution 

oscillates through the bed, the particles of the resin 
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experience a periodic change in pH. During the first half-

cycle, the fluid with low pH in the top reservoir is pumped 

into the top of the column. At the same time, the solution 

that emerges from the column fills the bottom reservoir. 

On the second half-cycle, the solution with high pH in the 

bottom reservoir flows back to the column. At the end of 

this half-cycle, the top reservoir is filled with a solu-

tion that comes forth from the top of the column, and one 

cycle is completed. 

The top and bottom reservoirs of the parametric pump-

ing system have dead volumes of VT and VB respectively. 

The top reservoir is maintained at a low pH level by an 

automatic titrator, while a second titrator is used to keep 

the bottom reservoir at a high pH level. The buffer ionic 

strengths for solutions in both top and bottom reservoirs 

are kept at IS2 and IS1 respectively, by means of two 

hollow fiber dialyzers manufactured by Amicon. 

The mixture to be separated with concentration of 

Yo (=1) (normalized) fills the column voids, the top reser-

voir, and the bottom reservoir dead volume at the start of 

the process. Each cycle of operation consists of four 

steps for a continuous process and two steps for a batch 

process, and the sequence of operation is as follows: 

1. Transfer down (push down): The fluid in the top 

reservoir is transferred to the column, and the fluid in 

the column is transferred to the bottom reservoir. Since 

the column was saturated with haemoglobin concentration of 



yo(=1), the bottom reservoir concentration for the first 

cycle is Yo(=1)* 

2. Equilibration at pH (=6): During this equilibra-

tion step, low pH feed is introduced from the bottom of the 

column, while the emergent fluid from the top of the column 

is collected as the lean product. 

3. Transfer up (push up): The solution formerly 

adsorbed by the adsorbent is now desorbed and brought to 

the top reservoir, while the solution in the bottom reser-

voir is returned to the column. 

4. Equilibration at pH (=8): High pH feed is intro-

duced from the top of the column, and the emergent fluid 

from the bottom of the column is the rich product. This 

step ends the cycle of operation. For subsequent cycles, 

steps 1 to 4 are repeated until steady state product con-

centrations are achieved. (Note that for the batch 

process, steps 2 and 4 are omitted.) 

The flow rate within the column is always identical to 

the reservoir displacement rate Q. The volumes of the 

bottom and top feeds ( NT2 and NT4) are not necessarily 

equal to those of top and bottom products. For both the up 

and down flow, the reservoirs have the same displacement; 

that is, NT1 = NT2. 

Since proteins carry both negatively and positively 

charged groups, which can normally bound to anionic or 

cationic exchangers, the net charge is dependent on the pH 

level. At low pH, the net charge is positive; at high pH, 
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it is negative. At the isoelectric point (no net charge), 

the proteins are not bound to any type of ion exchangers. 

The schematic description of pH parametric pumping 

principle is shown in Figure 5. Suppose the protein mix-

tures to be separated contain species A and B with iso-

electric points IA and IB, whereas IA > IB. Two constant 

pH fields (that is, high and low pH, P1, P2) are imposed 

periodically on the systems, and P1 > IA > P2 > 'B. The ion 

exchanger is assumed to be cationic with counter ions S. 

For illustrative purposes, assume the following (note that 

these assumptions are not necessarily true for the computa-

tional algorithm): 

1. The displacement is equal to the void volume of 

the column Ve; that is, NT1 = NT3 = Ve. 

2. The volume of either the top or the bottom feed is 

identical to Ve; that is, NT2 = NT4 = Ve. 

3. The ionic exchange between the counter ions and 

the protein A is essentially complete at the end of each 

stage (Pharmacia Fine Chemicals, 1976). 

At the start of the run, the void volume of the bed is 

filled with the high pH feed solution, and the top reser-

voir is filled with the solution containing a feed of pH = 

P2. The net charges for A and B in the column are negative, 

and in the top reservoir are positive and negative, respec-

tively. During the first downflow stage NT1 the low pH 

(P2) fluid coming from the top reservoir enters the top of 

the column, while the solution emerged from the other end 
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enters the bottom reservoir. The pH of the column is then 

changed from P1 to P2. As a result, S4-  is exchanged for 

the Al-  originated from the top reservoir. During NT2, a 

feed with pH = P2 is introduced through the bottom, and 

simultaneously a top product containing only pure B is 

removed from the column at the same rate. In addition, the 

A+ initially present in the bottom feed is exchanged for 

S. After this adsorption process, an upflow is followed, 

and the high pH enters the bottom of the column. The solu-

tion containing pure B flows out of the column to the top 

reservoir. Consequently, the pH in the column changes from 

P2 to Pl, and desorption of A occurs. S+  shifts back to 

the bed, and the ion exchanger is then regenerated. During 

NT4, a feed with pH = P1 enters the top, while a product 

rich in A is withdrawn from the bottom of the column. One 

whole cycle is thus completed. All the solute A entering 

from either the top or bottom always moves toward the 

bottom product stream. Complete removal of A from the top 

product stream is achieved with one single complete cycle. 

Note that this result is based on the assumptions made 

above. In practice, it may not be possible to implement 

the operating conditions that satisfy the required assump-

tions. 

Cycling Zone Adsorption  

The cycling zone adsorption is similar to parametric 

pumping, except that the fluid to be separated does not 

flow back and forth through a single bed, but instead flows 
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in a single direction through a series of stages in the 

column. This process undertakes the pH recuperative mode 

of operation. The pH of the columns are changed cyclically 

between high pH (=8) and low pH (=6) (see Figure 6). In 

this figure, the column is represented as a series of 

equilibrium stages. Adjacent stages are out of phase with 

each other in that, when one stage has high pH (=8), the 

stages adjacent to it have low pH (=6). 

During the first half of each cycle, the stage pH 

sequence is high, low, high, low, etc., and during the 

second half of the cycle, the stage pH sequence is low, 

high, low, high, etc. Each region of constant pH value is 

called a "zone;" hence, the name cycling zone adsorption. 

Various parameters such as number of stages and recycle 

ratios (B) were scrutinized in this study. 

The product from the cycling zone adsorption is a 

function of time in that the pH and concentration of the 

product vary continually. However, a repeating state is 

reached where the product concentration repeats from cycle 

to cycle. The adsorption-desorption mechanism is similar 

to that of parametric pumping. When a zone is at high pH, 

the stationary phase rejects the solute and the moving 

phase becomes more concentrated. But, when a zone is at 

low pH, the equilibrium distribution coefficient changes 

and the stationary phase stores the solute. The separation 

is a function of the difference of the two pH levels. 

Therefore, for better separation, pH levels must be 
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properly chosen to encompass the isoelectric points of the 

protein mixtures under consideration. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter II 

DERIVATION OF THE WORKING EQUATION 

The working equation used for the simulation of the 

computer programming was derived by using two different 

methods of approach. The first method was the simplifica-

tion of the general transport equation for a dilute binary 

system, and the second method called for a simple material 

balance of the extensive variables of the column. 

To illustrate the first method of solution, consider 

the ion-exchange column with the initial conditions as 

shown in Figure 7. 

Liquid Solid 
(immobile) 

p 

z 

X(t=0)=Xo 

y(t=0,z=0)=y0 

Fig. 7. Ion-exchange Column 

Let y=moles of component A in the liquid phase per unit 
volume. 

30 
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X = moles of component A in the solid phase (adsorbed on 

surfaces of course) per unit volume. 

X = ky, the equilibrium relation for A between solid and 

liquid phases. 

The transport equation for component A in the ion-exchange 

column (assuming dilute binary system) is: 

CA 3 
BX 

CA CA a
s Bt 

+ Vx + Vy ay + VZ OZ 
 

(1)  
2 2 2 

9 CA 9 CA 9 CA 
=DAB (axe y az2 ) RA 

Under the stratum of physiocochemical description, the 

principle of maximum gradient can be used for continuous 

flow system such as plug flow. This maximum gradient 

principle is a less detailed mode of description of flow 

equations, but it could be considered to be a simplified 

multiple-gradient model in which the dispersion terms are 

deleted, only one derivative retained in the bulk flow 

terms. Therefore, for a fixed bed adsorption column, only 

concentration gradients in the axial direction caused by 

the bulk flow are considered, and all radial gradients, 

dispersion, and the like are ignored. Applying the maxi-

mum gradient principle to equation 1, the following is 

obtained: 

CA a (VzCA) = A R 4. m
A 7E7 3Z 

Since there is no chemical reaction, RA = 0 and Vz = con-

stant. 

(t) (2)  



Therefore: 

CA DCA (t) 
, 

at v z 3z = mA (3)  
) 

The interphase mass transfer term, mA(t , for the fluid 

phase is identical to the mass transferred from the solid 

phase, and due to the sign convention for m  A(t) 

m,1 = 
(t) - (t) 
A mA,s (4) 

The interfacial mass-transfer coefficient for the process 

is 

m
(t
1 
) 
= -kA

,
l(pH)a(CA

,1-CAi,$) (5) 

where a = interfacial area per unit volume. 

CA,1 = bulk liquid phase concentration of A 

CAi = interfacial concentration of A 

Combination of equations 3 and 5 give 

ac A 
CA 

 + Vz 3z k(pH)a(CA,i-CAi,$) (6) 

Using the notations depicted in Figure 1, and rewriting 

equation 6 for both liquid and solid phase, we get 
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Liquid: aY at+ vz at = -k(pH)a(y-ye) (7) 

Solid: Dx 5E- k(pH)a(y-y:) (8) 

Combination of equations 7 and 8 gives 

ay ax q  3y . 0 
3t 3t A az  where Vz = x (9) 

Euler's single-step integration scheme written backward, 

but truncated before the first difference, is 

dy 
dz = f(y,z) 



Therefore, 

dy Yi-Yi-1  
if Cri is replaced by Z.-Z. 1 1-1 

a difference equation of the first order is obtained, 

z.-zi-1 = f(y.,z) 

Rearranging equation 10. 

Y(i,j-1)=y(i-j)+f[y(i,j-1)]z(i,j-1)-z(i-1,j-1) (11) 

In general, difference equations does not require even 

spacing of the pivotal points, but assuming that equation 

11 has evenly spaced pivot, Z(i,j-1)-Z(i-1,j-1) is re-

placed by Az and we get 

y(i,j-1) = y(i-1,j-1 + Azf[y(i,j-1)] (12) 

upon rearrangement, 

Y(i,j-1)-y(i-1,j-1) _ f[y(i,j_l)] Az 

Similarly, 

y(i,j)-y(i,j-1) dy x(i,j)-x(i,j-1) _ dx 
At - dt  and At dt 

Substituting equation 13 into equation 9, we get 
(14)  

y(i,j)-y(i,j-1) x(i,j)-x(i,j-1) q y(i,j-1)-y(i-1,j-1)  
At At A At 

Multiply equation 14 by At and AAz to get 

V[y(i,j)-y(i,j-1)1 + V[x(i,j)-X(i,j)-1)] + 
(15)  

V[y(i,j-1)-y(i-1,j-1)] = 0 

Where V = Atq = AAz, 

V = Volume of component A in the fluid phase 

and V = Volume of component A in the solid phase 
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Liquid phase, 
v,y 

Solid phase, 
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rearranging equation 15, we obtain 

Vy(i,j)-Vy(i,j-1)+Vx(i,j)-Vx(i,j-1)=Vy(i-1,j-1)-Vy(i,j-1) 

Vy(i,j)+Vx(i,j)=Vy(i-1,j-1 )-1-1,7X ( i j - ) (16) 

Let x-ky be a linear equilibrium relation for A between 

solid and liquid phases. 

Expressing this equilibrium relation in finite difference 

form, we get 

x(i,j-1) = k(i,j-1)y(i,j-1) and x(i,j) = k(i,j)y(i,j) (17) 

Substituting equation 17 into equation 16, we get 

Vy(i,j)+Vk(i,j)y(i,j) = Vy(i-1,j-1)+17k(i,j-1)y(i,j-1) 
(18)  

y(i,j) [V + Vk(i,j)]= Vy(i-1,j-1)+Vk(i,j-1)y(i,j-1) 

Upon rearrangement, 

Vy(i-1,j-1) + Vk(i,j-1)y(i,j-1)  
y(i,j) - 

V + Vk(i,j) 
(19)  

The second method of derivation which involves a simple 

mass balance of the extensive variables can be obtained from 

Figure 8. 

i-1 i+1 

j-1 

  

„.. 

Fig. 8. Schematic of a One-Cell Model. 
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A mass balance for species A gives: 

V[y(i,j)-y(i,7-1)] Vtx(i,j)-x(i,j-l)] 
At + At -q[y(i,j-1)-y(i-1,7-1)] 

...(20) 

Since Atq=V, combination of equation 20 and 17 gives equa-

tion 19, which was previously obtained via the transport 

equation. This equation is so general that it is good for 

batch, continuous parapump and cycling zone adsorption simu-

lation. The inputs of the computer program simulation 

depends on the desired process, viz: batch or continuous, 

as the case may be, but for the cycling zone, a different 

algorithm is needed. The standard fortran 1V language was 

used for the simulation. 

As can be readily seen from equation 19, the concen-

tration for the next transfer step can be solved in terms 

of the concentrations in the previous transfer step. Since 

the linear isotherm constant, k, is a function of pH, and 

the pH varies with the transfer step, it then becomes 

necessary to use the appropriate k(pH) value that corres-

ponds to the pH of the transfer step under consideration. 

The isotherm slope depends on pH; therefore, the concen-

tration is different for the two half-cycles. Usually, it 

is larger at the higher pH since k(pH) is smaller there. 

At low pH, the solute wave moves slow and it is held up by 

the stationary (solid) phase during the first half-cycle. 

During the second half-cycle, i.e., at the high pH, the 

solute wave tends to become more concentrated, since it 

moves faster. These two effects cause a separation with 



concentrated solute exiting when the pH is high. 
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Chapter III 

EQUILIBRIUM THEORY OF LINEAR ION-EXCHANGE ISOTHERMS 

In the equilibrium theory for the linear isotherms 

used in this study, it is assumed that local equilibrium 

between liquid and sorbent in the layers of the separating 

medium in the column is attained. Deviations from local 

equilibrium can be accounted for in a semiempirical way by 

introducing the concept of "effective plates." In this 

discontinuous model, the solution in an effective plate of 

the bed attains equilibrium with the ion exchanger (or 

sorbent) before it moves on into the next plate. The 

effluent thus consists of a sequence of finite solution 

volumes, each of which is so large as to fill an effective 

plate. On their way through the column, these volumes are 

subjected to a series of equilibrations, one in each 

effective plate. These equilibrium theories substitute 

mixing in the plates for non-equilibrium as the cause of 

boundary spreading. 

Theoretical calculations were based on batch, con-

tinuous flow through the column, and finite rates of ion-

exchange or sorption. These calculations brought out the 

effect of the operating variables such as the number of 

effective plates or cells (for batch, continuous and 

cycling zone adsorption); rate of displacement for the 
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batch process; rate of the feed from the bottom (or rate of 

the feed from the top); rate of product take-off for the 

continuous process; and the effect of recycle on the cy-

cling zone adsorption. In any case, it has been shown both 

qualitatively and quantitatively that the column performance 

depends on these operating conditions. 

The assumption of equilibrium theory is particularly 

very useful in simplifying the material balance made on the 

extensive variables of the column. The assumption of dis-

crete transfer equilibrium stage model was used by Jenc-

zewski and Meyer (1970); Wankat (1974); Grevillot and Ton-

deur (1976). The assumption of the equilibrium theory does 

enable us to have a clear insight of the pH-parametric 

pumping principle. The adsorbent bed is divided into N 

equal cells (plates or stages), each of length Z/NNZ, where 

Z is the length of the column, and each stage is represent-

ed as i, j. In this case, i will be the cell number and j, 

the transfer step. The schematic of this equilibrium 

theory is clearly depicted by Figure 9. Initially, the 

system is assumed to be in equilibrium at j-1, in which 

case each cell will have uniform concentrations in both the 

fluid and solid phases. If each fluid section is displaced 

exactly one step ahead in the transfer step, then the fluid 

y (i, j-1) originally opposite the solid section i will now 

be opposite i+1. After each transfer step, the operation 

is stopped, and all stages are allowed to reach equilibrium. 

Thereafter, equilibrium is immediately re-established and 
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and the next transfer step (j) begins. 

Ion-Exchange Column  

The framework of the ion-exchange is a positive or 

negative electric surplus charge, which is compensated by 

mobile counter ions of the opposite sign. Cation ex-

changers contain cations, and anion exchangers contain 

anions as counter ions. The counter ions can be exchanged 

for other ions of the same sign. Essentially, ion exchange 

is a diffusion process. The ion exchanger takes up certain 

counter ions in preference to others; i.e., it is selective. 

Ion-exchange equilibrium is attained when an ion exchanger 

is placed in an electrolyte solution containing a counter 

ion, which is different from that in the ion exchanger. 

Protein mixture is an amphoteric polyelectrolyte and can 

normally be bound to both anion and cation exchangers. 

Since they carry both negative (for example, carboxyl) and 

positive (for example, amino) groups, their net charge is 

dependent on pH. At low pH, the charge is positive; at 

high pH, it is negative. The point of zero charge is 

called the isoelectric point, and at this pH, the protein 

is not bound to either anion or cation exchangers. 

At pH below their isoelectric points, proteins are 

bound to cation exchangers, and at pH above their iso-

electric points, they are bound to anion exchangers. The 

binding is also dependent on the amount of charge carried 

by the orotein. The greater the charge, the greater is the 

binding. The ionic strength of the environment (i.e., 
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buffer concentration) has a pronounced influence on the 

binding. An increase in ionic strength of the eluant 

means increased competition for the binding sites of the 

ion exchanger; the electrical properties of the eluant are 

also changed, decreasing the electrostatic interaction 

between the ion exchanger and the counter ions. These com-

bine to produce binding strength with the ion exchanger. 

The porosity of the ion exchanger does not influence the 

binding mechanism, but it influences the capacity, since 

much of the ion exchanger may be unavailable to large mole-

cules. 

The parameters which can be varied to carry out the 

fractionation of bound protein mixture are buffer pH and 

ionic strength. Towards the isoelectric point, a change in 

pH renders the protein mixture neutral, thereby causing it 

to be desorbed and eluted from the ion exchange. If the 

ionic strength is low, a minimum competition for the 

charged groups on the ion exchanger exists, but an increase 

of the ionic strength will increase the competition, thus 

reducing the interaction between the ion exchanger and the 

protein mixture. 

The practicality of the elution process described 

above can easily be understood if one considers the follow-

ing: suppose a protein mixture contains species A and B 

and that the corresponding isoelectric points are IA and IB 

respectively. Protein A can be separated from the rest of 

the protein species if P2<IA131, where Pi and P2 are the two 
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constant pH fields (P1=pH of the bottom reservoir and P2=pH 

of the top reservoir). Species A will be negatively 

charged at P1, and at P2, it will be positively charged. 

Species A will be taken up by a cation exchanger, P. (with 

the counter ion S+) at P2 and released at P1: 

R-S+  + Al- ) R-A+ + S+ at P2 (21) 

R-A-1-  + S+ > R-S+  + A at P1 (22) 

The parapump with these pH levels will then remove species 

A from the mixture at the pH end of the column and concen-

trating it at the high pH end (see Figure 5). 



Chapter IV 

COMPUTATIONAL ALGORITHM 

Equilibrium Theory Cum STOP-GO Method  

1. Divide the adsorbent bed into NNZ equal stages, 

each of length Z/NNZ and Z being the length of the bed. 

2. Divide the time domain into NT increments. The 

time interval for introducing the feed from the bottom and 

product withdrawal from the top is NT2, and the time inter-

val for introducing the feed from the top and product with-

drawal from the bottom is NT4. The time interval for the 

downward fluid flow is NT1, and the time interval for the 

upward fluid flow is NT3. For continuous parapump process, 

NT2 and NT4 are greater than one; but for the batch para-

pump process, NT2=NT4=1 (i.e., no feed introduction or 

product withdrawal from either top or bottom of the column). 

3. Initialize the fluid and solid compositions in the 

NNZ stages to some physically realizable values. Initial 

composition was assumed to be YINT=1 in this simulation. 

This initialization (equilibration) step is at j=1. (See 

Figure 10(a).) 

The operational steps of the algorithm can now begin. 

4. Push Down (Figure 10(b).): The time step NT1 for 

the downward flow of the fluid phase is divided into NNZ 

equal time increments of length NT1/NNZ. Each fluid sec-

tion is now displaced one step ahead beginning at j=2 for 
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each time element NT1/NNZ. Equilibration is allowed to re-

establish, the concentration profile Y in the column is 

determined and another displacement is made; this time at 

j=3. When j=NT1 time step is attained, the bottom reser-

voir concentration is calculated. 

5. Feed from Bottom and Product from Top (Figure 10  

(c).): The time step NT2 for the bottom feed and top pro- 

duct withdrawal is divided into NNZ equal time increments of 

length NT2/NNZ. A predetermined volume of feed (pH=6) equal 

to volume element NT2/NNZ is introduced beginning at j=2. 

Equilibration is re-established, the concentration profile 

YY in the column is determined, and the process is repeated 

until j=NT2, after which the top product concentration is 

calculated. 

6. Push Up (Figure 10(d).): The time step NT3 for the 

upward flow of the fluid phase is divided into NNZ equal 

time increments of length NT3/NNZ. Each fluid section is 

displaced one step ahead beginning at j=2 for each time 

element NT3/NNZ. Successive equilibration is allowed, and 

concentration profile YYY determined until a final dis-

placement at j=NT3 is attained, after which the top reser-

voir concentration is calculated. 

7. Feed from Top and Product from Bottom (Figure  

10(e).): The time step NT4 for the top feed and bottom 

product withdrawal is again divided into NNZ equal time in-

crements of length NT4/NNZ. A predetermined volume of feed 

(pH=8) equal to volume element NT4/NNZ is introduced, 
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beginning at j=2. Equilibration is re-established, the 

concentration profile YYYY detei.uined, and the process re-

peated until j=NT4 is attained. The bottom product concen-

tration is then calculated. 

8. This sequence of operation ends the first cycle. 

For subsequent cycles, steps 4-7 have to be repeated. 

Note that for batch parapumping calculation, 

steps 5 and 7 are omitted. 

The simulation of this calculational algorithm 

assumes the following: 

(a) That these NNZ increments (volume elements) 

are entirely independent of one another. 

(b) That the volume elements represent batch 

reactors connected in series. 

(c) That only partial equilibration between 

adjacent phases and full equilibration between opposite 

(solid and fluid) phases take place. 

(d) That each volume element is treated individ-

ually for calculating concentrations. 

Appendix A contains a listing of the FORTRAN IV digi-

tal computer program written to implement the EQUILIBRIUM 

THEORY CUM STOP-GO METHOD for the recuperative pH mode of 

parametric pumping. 

pH Driven Cycling-Zone Adsorption  

1. Divide the adsorbent bed into NNZ equal stages 

each of Z/NNZ, where Z is a length of the bed. (See 

Figure 11.) 
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2. Initialize the fluid and solid compositions in 

some fashion so that the pH of the NNZ stages vary alter-

nately as a square-wave between high pH (=8) and low pH 

(=6). Initial composition was assumed equal for both high 

and low pH feed (YINT=1), while the starting cycle was 

taken as j=1. 

3. Each fluid section is now displaced one step 

ahead with a volume Z/NNZ. This would mean that a high pH 

feed has been transferred to a stage originally occupied by 

flow of low pH, and this constitutes the first half cycle 

(j=2). Allow the equilibrium distribution coefficient to 

change so that the stationary phase now releases the solute. 

Bottom reservoir concentration can now be calculated. 

4. Displace each of the fluid sections one step with 

a volume Z/NNZ. This time, the fluid of low pH is trans-

ferred to a stage originally occupied by fluid of high pH 

and the system is in the second half cycle (j=3). Equilib-

rium is again allowed to occur and the stationary phase 

would now store the solute. The top reservoir concentra-

tion is then calculated. 

For subsequent cycles, steps 3-4 are repeated. 

These calculational steps assume no recycle (BETA=0). If 

recycle is assumed, the fresh feed is now used as a makeup 

solute to obtain a total displaceable volume of Z/NNZ. 

This algorithm is good for continuous separation with no 

recycle (BETA=O), and partial recycle (BETA<l); and for 

batch separation; i.e., total recycle (BETA=1). 
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The following assumptions were made in the simula-

tion of this algorithm: 

(a) That the NNZ equal stages are independent of 

one another. 

(b) That the volume element represent batch 

reactors connected in series. 

(c) That partial equilibration between adjacent 

phases and full equilibration between moving and stationary 

phases take place. 

(d) That each volume element is treated individ-

ually for calculating concentration values. 

(e) That the pH wave is not affected by the 

solute concentration in the column. 

(f) That the pH wave is time dependent. 

(g) That the distribution between the stationary 

(solid) and mobile (fluid) phases obey linear equilibrium 

theory locally in each zone. 

(h) That the cycle "halves" are equal (unequal 

halves could also be assumed). 

Appendix B contains a listing of the FORTRAN IV digi-

tal computer program written to implement the calculational 

algorithm for the pH DRIVEN CYCLING ZONE ADSORPTION. 



Chapter V 

RESULTS AND DISCUSSION 

General  

Computer solution of the mass balance equation (equa-

tion 19) was used to generate concentration curves for 

batch and continuous parametric pumps and cycling zone ad-

sorption at various values of the operating parameters of 

interest in this study. These concentration curves give 

the variation in solute separation, i.e., top and bottom 

product concentrations for parametric pumping and cycling 

zone adsorption with number of cycles. 

The major variables affecting the shape of the batch 

parametric pump concentration curves is a, defined as the 

quotient of the reservoir displacement and the column void 

volume, while the concentration curves for the continuous 

was mostly affected by volume of top feed (NT4), and volume 

of bottom feed (NT2). It is also interesting to note that 

for large reservoir displacements, a large number of cycles 

(n) is needed to attain steady state. The cycling zone has 

a limited functional dependency on the number of stages 

(Nz) and recycle ratio (). Above this limit, separation 

can no longer be improved upon, and below this limit, de-

grading separation is found to exist. 
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Cycling Zone Adsorption  

The conditions used for the simulation of the mass 

balance equation are summarized in Table 1. The theoreti-

cal results obtained for various number of stages and for 

different recycle ratio are shown in Tables 2 to 5. From 

these data, Figures 12 to 15, which show the average pro-

duct concentration divided by the feed concentration for 

haemoglobin (<yB>n/<yT>n) are plotted against the number of 

cycles (n). Symmetric cycles have been used with 1, 4, 8 

or 16 transfers per half cycle (stages). For the different 

stages used, a recycle ratio (8) of 0.0, 0.5, and 1.0 (8 = 

0.0 means no recycle; 8 = 0.5 partial recycle; and 8 = 1.0, 

total recycle) were used. The results showed that recycle 

ratio only have some effect on the separation when the 

number of stages is small. But, when the number of stages 

becomes large, the effect of 8 become negligibly small (see 

Figure 16). 

Figure 12, which is the result of 16 stages, shows that 

recycle ratio has virtually no effect on the separation; and 

Figure 13, which is a plot for 8 stages, shows that the 

separation is equally as good as the separation obtained 

with 16 stages, but the top product has a small dependency 

on 8. Figure 14 exhibits a plot for 4 stages, and it is 

found that separation is functionally dependent on 8; the 

maximum separation obtained when 8 = 1.0, and the minimum 

separation when 8 = 0.0. Shown in Figure 15, is a plot of 

1 stage versus n which gave inverse separation. This 
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phenomenon is consistent with previous reports by Wilhelm 

et al. (1966, 1968), Sweed and Rigaudeau (1975), and Chen 

et al. (1977) for small displacements. One can also see 

that separation is functionally dependent on 8. Figure 16 

is a plot of the separation factors (<yB>co/<yT>„„) versus 8 

(Table 6). 8 has the greatest effect on separation when 

the column is divided into 4 stages as the separation 

increases exponentially from 8 = 0.0 to 8 = 1.0. From this 

figure, the relative separation factors for all the simu-

lated transfers per half cycle are easily discernable. 

From the ongoing analysis, it can be seen that more 

separation would be obtained with a smaller number of 

theoretical stages if the adsorbent was operating near its 

saturation limit. With more stages, there is more adsorp-

tion between stages and more opportunities for equilibrium 

between the solid phase and the fluid phase. From the 

transient concentration plots, the values of the product 

concentrations approach a limit after few cycles. An 

increase in separation and decrease in the effect of 8 can 

be seen as the number of stages increases. However, as 

the number of stages becomes large, the effect of S on 

separation and the improvement on transient concentrations 

becomes non-existent. 

The Batch Parapump  

The conditions for the 

metric pumping are given on 

obtained to demonstrate the 

simulation of the batch para-

Table 7, and calculated results 

effect of a on the transient 



0 1.0 0.5 

25 

4 

15 
S.F. 

<Y13>c°  

< YT>co 

10 

5 

20 

No. No. of Stages 

1 1 
2 4 
3 8 
4 16 

57 
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concentrations are shown on Tables 8 to 17. Following 

these data, the effect of a on concentration transients is 

shown in Figure 18. The ordinate is the average reservoir 

concentrations divided by the initial liquid phase concen-

tration, while the abscissa is the number of cycles. For 

a = 1, the separation first increases exponentially and 

then levels off to some limiting value as the number of 

cycles increases. a is defined as the quotient of the 

reservoir displacement and the column void volume (i.e., 

number of transfer steps/number of stages). This limiting 

value is the steady state concentration. The value is 

independent of N chosen. For al, the steady state con-

centrations in both top and bottom reservoirs are func-

tionally dependent on N chosen. 

Figure 18 reveals three phenomenon, viz: Case I: a=1 

and N = Q(TOV. In this case, the upward and downward flow 

fluid displacements corresponded to the column void volume, 

and maximum separation factor was obtained. The results 

obtained showed that the number of hypothetical cells or 

stages (N) chosen for the computational algorithm has no 

effect on the steady state average concentration values of 

the top and bottom reservoirs. In Case II: a<1 (the up- 

ward or downward fluid displacement is less than the column 

void volume), the number of cells (N) was found to have a 

marked influence on the separation. The steady state 

average concentration values of the top and bottom reser-

voirs were much less than those obtained with a = 1. 
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The reason for this behavior is very clear, since the 

penetration distance is less than the column void volume, 

some of the solute are attached to the upper part of the 

column in upflow displacement and to the lower part of the 

column in the downflow displacement, thus resulting in a 

permanent loss of solute at steady state. Case III: a>1 

(the upward or downward fluid 

the column void volume), some 

bottom reservoir is pushed to 

displacement is greater than 

of the solute from the 

the top reservoir and vice 

versa. This resulted in inverse separation, which is con-

sistent with the view that interface mass transfer is very 

slow, a basis on which equilibrium theory is based. 

On Table 18, a summary of the effect of a on separa-

tion is given and plotted in Figure 19. The plot indicates 

that an increase in a will result in higher values of 

<yB>C/<yT>, reaching 22:1 for a = 1. Beyond that, the 

separation dropped sharply and becomes nonexistent because 

of intermixing between reservoirs. From this figure, it is 

obvious that the condition for maximum separation is a = 1. 

Figure 20 shows a one equilibrium stage recuperative 

pH batch parapumping system. From Figure 19, it is con-

cluded that at a = 1, the steady state separation is opti-

mum and independent of the number of stages (N). Hence N=1 

has been chosen to give a clearly describable diagram. In 

order to construct Figure 20, which is based on the mass 

balance equation (equation 19), two linear equilibrium iso-

therms with slopes k6=1.58 and k8=0.07 are drawn. These 
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equilibrium isotherms were obtained by trial and error pro-

cedure by correlating the experimental data obtained by 

Chen et al. (1978) semi-emperically. 

The batch parapump apparatus consists of a column 

packed with cation exchanger and two reservoirs attached to 

each end. The pH values of the top and bottom reservoir 

were maintained at given levels P2(=6) and P1(=8) respec-

tively. The operation began with column filled with mixture 

of concentration yo(=1) and P1 (=8), and was allowed to 

equilibrate with the solid. The bottom reservoir had a 

concentration of yo(=1) and a pH of P2(=6). 

The first fluid motion was downward, with VT=VB=O. x 

and y here represent the concentrations of solute in the 

solid and fluid phases respectively (see equation 17). 

Based on the results of the simulation given in Table 12, 

an x-y diagram was constructed. The initial concentration 

in the column (y0;x0) is represented by the yo(=1). A 

complete cycle of the operation included four steps. The 

procedure started as follows: 

1. Transfer down: The fluid in the top reservoir is 

transferred to the column, while the fluid in the column is 

transferred to the bottom reservoir. The concentration of 

the bottom reservoir for the first cycle is yo(=1). 

2. Equilibrium at P2 (=6): The column pH is changed 

from P1(=8) to P2(=6). The two phases (solid and liquid) 

are then allowed to equilibrate at P2. A new composition 

in the column (17T1; XTl) is now the equilibrium line k6 and 
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of the operating line passing through (y0;x0). The slope 

of the operating line is (-V/V) (see equation 16). 

3. Transfer up: The solution in the bottom reservoir 

is returned to the column, while the solution in the column 

is brought to the top reservoir. The composition in the 

column is now (YBl;xB1). 

4. Equilibration at P1(=8): The column pH is shifted 

back to P1 and a phase equilibrium is re-established. The 

new equilibrium point (yBl;xB2),  represented by YE2,  is  

located at the intersection of the equilibrium line k8 and 

the operating line passing through (yBl;xTl)  and having a 

slope of (-V/V). The first cycle is thus ended. 

The second cycle is then started by transferring the 

fraction yin from the top reservoir to the column and the 

fraction yB2 to the bottom reservoir. To complete this 

cycle, steps 1 and 4 described above are repeated. Subse-

quent cycles are then constructed on the diagram using the 

results in Table 12. It can be seen that as the number of 

cycles (n) becomes large, the top and bottom reservoir 

concentration approach steady state values, <yT>,„ and <yB>. 

respectively. At steady state, the solid phase has a con-

stant composition which is in equilibrium with both 

and <yB>,,,,,, .e., x=k8<yB>..=k6<yT>., thereby leading to a 

line <yT>.<yE>o,, which is parallel to the y axis. 

The Continuous Parametric Pump  

Presented on Table 19, is a summary of the conditions 

for runs with variable volume of bottom feed, and Tables 20 
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to 23 show the results obtained. Shown in Figures 21 to 

29 are typical concentration transients and separation 

factors following the simulation of continuous parapumping 

operations for variable volume of bottom feed (NT2). For 

each value of top feed (NT4) used, four runs of NT2 were 

made, viz: 6, 11, 16 and 21. In Figures 21, 23, 25, and 

27 plots of the average product concentrations divided by 

the initial liquid phase concentrations vs. the number of 

cycles (n) of operations are shown. 

Figure 21 shows the concentration transients using 

different values of NT2 (=6, 11, 16, and 21) and a constant 

value of NT4 (=6). The results show that if a high separa-

tion is desired, NT4=6 and NT2=6 would be more preferable. 

For this condition, a separation factor of 28.167 was 

obtained for 20 cycles. On the other hand, if higher sepa-

ration can be sacrificed for bottom product enrichment, 

NT4=6 and NT2=21 would give the best results. The plot of 

the separation factors (<yB>./<yT>.) versus NT2 is shown in.  

Figure 22. From this figure, one can see that, as NT2 

increases, the separation factor decreases. 

In Figure 23, a constant value of NT4 (=11) and NT2=6, 

11, 16, and 21 were used. Each run consisted of NT2 and a 

constant NT4, NT2 being varied each time a run was made. 

The separation factors obtained for these set of runs are not 

as good as that obtained with NT4=6. Since NT4 is a high pH 

feed introduced from the top and bottom products withdrawn, 

one would expect that an increase in NT4 would result in 
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increased desorption of already adsorbed protein, and hence 

result in better separation. But, on the contrary, the 

separation was decreasing with increasing value of NT4. 

From this phenomenon, one would conclude that high pH feed 

is not the controlling factor in the separation. Comparing 

Figure 24 to Figure 22, the marked decrease in the separa-

tion factor can be seen. 

Figure 25 is the plot for constant NT4 (=16) and 

various values of NT2 (=6, 11, 16, 21). The trend of de-

creasing separation factor for increasing values of NT4 

can also be seen from this figure. Comparing the bottom 

product concentration ratios for NT2=16 and NT2=21, one can 

see that the difference in the separation is not very 

significant. The separation factors plotted against NT2 

shown in Figure 26 decreases sharply as NT2 increases and 

tends to level off between NT2=16 and NT2=21. It seems 

obvious that NT2 greater than 16 for NT4=16 is of no 

practical value, since the separation factor is the lowest 

and does not give any appreciable improvement for enrich-

ment purposes. 

In Figure 27, a plot for NT4=21 and different values 

of NT2 (=6, 11, 16, and 21) is shown. During the first 

cycle, the top product concentration ratios remain essen-

tially the same as the feed concentration ratio before 

decaying exponentially. As one can see, NT4 has the same 

value as NT1 and NT3 (downflow and upflow reservoir dis-

placement). This seems to suggest that, when NT1, NT3 and 
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NT4 are equal, the concentration of the top product is 

essentially the same as the concentration of the fluid 

phase in the column for approximately the first cycle, 

since the fluid phase in the column is literally pushed out 

of the column and taken as sample, due to complete satura-

tion of the column before the start of run. The separation 

factors for this set of runs is shown in Figure 28. 

In Figure 29, a plot of the steady state separation 

factors vs. NT2 (Table 24) is shown for constant values of 

NT4. At NT4=6, the highest separation factors were obtained 

in both the high region (NT2=6) and low region (NT2=21), 

while at NT4=21, the lowest separation factors in both 

regions were obtained. The characteristic behavior of the 

separation factors with increasing values of NT4 in all 

four cases are the same. From the above results, it was 

evident that if a high degree of separation is desired, 

low values of NT2 and NT4 must be used, preferrably NT1=6 

and NT4=6. If, on the other hand, enrichment of the rich 

section is desirable, then NT2=21 and NT4=6 would yield 

best results. 

Since we have seen the effect variable NT2 for con-

stant NT4 had on the separation, one is now in a position 

to scrutinize the effect of variable NT4 for constant value 

of NT2 has on transient concentrations. The theoretical 

results shown on Table 26-29 for this case using the 

operating conditions on Table 25 have been presented in 

Figures 30, 32, 34, and 36, while the corresponding 
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separation factors have-been respectively plotted against 

NT4 and are presented in Figures 31, 33, 35, and 37. For 

the purpose of comparison, the separation factors have been 

combined and presented in Figure 38. The results showed 

that when the volume of top products, NT2, is held constant, 

and the volume of bottom products varied, the lean product 

concentrations were found to be constant. In other words, 

if NT2 is held constant, and NT4 varied, the lean product 

concentrations are constant for the specific NT2 used. It 

should be emphasized that the amount of sample withdrawn 

as product (both top and bottom) must also be introduced 

as feed, and for a top product to be sampled, fresh feed 

must be introduced from the bottom and vice versa. 

Figure 30 shows the plot for NT2(=6) and NT4(=6, 11, 

16, and 21). The top product transient concentration ratio 

(lean product) for all values of NT4 have constant concentra-

tion value while the bottom product transient concentration 

ratio decreases as NT4 increases. In Figure 32, the plot 

for NT2(=11)for various values of NT4 (6, 11, 16 and 21) is 

shown, and NT2 (=16) for various values of NT4 (6, 11, 16 

and 21) is shown in Figure 34. Figure 36 shows the plot for 

NT2 (=21) for various values of NT4 (6, 11, 16 and 21). The 

characteristic behavior of the separation for all of these 

three cases are the same, viz: constant top product concen-

tration ratio is constant for specific value of NT2, while 

the bottom nroduct transient concentration ratio decreases 

as NT4 increases. It is worth noticing that for constant 
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Fig. 30. Effect of NT4 on Transient Concentrations 
for NT2=6. 
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Fig. 31. Effect of NT4 on Separation for NT4=6. 

80 



81 
30 

0 15 10 20 

No. Nz NT1 NT2 NT3 NT4 

1 22 21 11 21 6 
2 22 21 11 21 11 
3 22 21 11 21 16 
4 22 21 11 21 21 

2.5 

2.0 

1.5 

<17B>n  

yo 

10 

<17T>n  
yo 

0.5 

1,2,3,4 

n 

Fig. 32. Effect of NT4 on Transient Concentrations 
for NT2=11. 
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Fig. 33. Effect of NT4 on Separation Factors 
for NT2=11. 
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Fig. 34. Effect of NT4 on Transient Concentrations 
for NT2=16. 
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Fig. 35. Effect of NT4 on Separation Factor 
for NT2=16. 
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Fig. 36. Effect of NT4 on Transient Concentrations 
for NT2=21. 
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Fig. 37. Effect of NT4 on Separation Factors 
for NT2=21. 
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NT2, though the top product concentration ratio remain 

constant for various NT4 used, an increase of NT2 shifts 

the top product concentration ratio upward. Since we have 

seen from the ongoing analysis that increase in NT4 for 

constant value of NT2 decreases the separation factor (see 

Figures 31, 33 and 35), it is evident that, when NT4 

becomes too excessive, haemoglobin from the top feed passes 

through the column and out as the bottom product. If NT4 

is made even larger than the values used here (note that 

this also means large top feed), the top and bottom product 

will eventually have the same concentrations as the feed. 

NT4 and NT2 are not found to have the same effect on 

separation. However, constant NT4 for various values of 

NT2 described earlier do have a very good agreement with 

the experimental findings of Chen et al. (1979). 

The steady state separation factors for the four 

values of NT2 used are shown on Table 30 and plotted 

against NT4 is presented in Figure 38. The slopes as can 

be seen from this graph for the four cases are somehow 

steeper between NT4=6 and NT4=11 as compared to the slopes 

between NT4=11 and NT4=21. These phenomenon seem to 

suggest that as NT4 increases, the separation decreases 

drastically after NT4=11 for the same reason discussed 

above. 

The effect of NT2 and NT4 on the concentration 

transients is shown in igure 29. The ordinate is the 

average product concentration (grams per cubic centi- 



No. NT2 

1 6 
2 11 
3 16 
4 21 
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Fig. 38. Separation Factors vs. NT4. 
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No. Nz NT1 NT2 NT3 NT4  

1 6 5 5 5 5 
2 12 5 11 5 11 
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Fig. 39. Transient Concentrations as. a Function of 
Number of Stages, Top and Bottom Feed. 
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meters) divided by the feed concentration for haemoglobin. 

The dimensionless concentration ratios for the bottom 

products are always greater than one, while those for the 

top product are always less than one. It can be seen from 

the graph that so long as the NT2 and NT4, which is the 

volume of top product and volume of bottom product respec-

tively (volume of feed from bottom and volume of feed from 

the top), are equal or less than NT1 and NT3, upflow dis-

placement and downflow displacement, that a reasonable 

separation can be obtained. The moment NT2 and NT4 are 

doubled, the top and bottom product concentration ratios 

both approach the dimensionless concentration ratio (i.e., 

yo=1). From Figure 40, one can see that, if all the initial 

conditions are doubled including the number of theoretical -

plates, there is virtually no improvement in the separation 

obtained (see Tables 31 to 33). Since the time of opera-

tions are also doubled, it is probably not worthwhile 

doubling the initial conditions. 

Table 34 gives the summary of the initial conditions 

for runs in which the volume of the top and bottom feed are 

varied simultaneously,and on Tables 35 to 39, the calcu-

lated results are given. On Table 40, and in Figure 41, it 

has been demonstrated that a considerable improvement in 

separation can be obtained if NT2<<NT1 and NT4<<NT3. The 

separation can be seen to increase for NT2=NT4=1 (batch) to 

a maximum when NT2=NT4=3 (approximately one-third the value 

of NT1 and NT3), and rapidly decreases exponentially. (See 



No.  Nz NT1 NT2 NT3 NT4  

1 6 5 5 5 5 
2 12 11 11 11 11 

1.5- 

< Y13> n  

yo 

1.0 

< YT>- n  

yo 

0.5 

10 20 30 40 

n 

Fig. 40. Effect of Doubling Column Parameters. 
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No. Nz NT1 NT2 NT3 NT4  

1 12 11 11 11 11 
2 12 11 5 11 5 
3 12 11 3 11 3 
4 12 11 1 11 1 
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Fig. 41. Transient Concentrations as a Function 
of NT2 and NT4. 
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Fig. 42. Separation Factors as a Function of 
NT2 and. NT4 
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Figure 42.) From the previous work in this area, batch 

process is known to offer the best separation. The reason 

for this behavior is yet to be substantiated theoretically 

and experimentally. 



Chapter VI 

SUMMARY OF CONCLUSIONS 

This study further establishes the reliability of pre-

dicting column performance in terms of equilibrium theory. 

The simulated equation is based on the equations of change 

for the liquid-solid system with the diffusion term of 

negligible importance, and a linear equilibrium relation 

between the liquid and solid phases. The results show that 

a combination of equilibrium and STOP-GO algorithm give a 

good prediction of the concentration transients compared to 

previous methods of solution of the material balance rela-

tions of the extensive variables. 

The results of the cycling zone adsorption simulation 

show very good agreement with results obtained by previous 

investigators, viz: limiting separation with increasing 

number of theoretical stages. This study, which extends 

the simulation to recycling of the product shows that in-

crease in separation and decrease in the effect of $ can be 

seen as the number of stages increases. 

The concentration transients obtained for the batch 

parapump system shows that the steady state concentrations 

in both top and bottom reservoirs are independent of the 

number of theoretical stages chosen provided a = 1. For 
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a<1, both top and bottom reservoir concentrations are less 

than that obtained for a=1, and for a>l, an inverse 

separation is obtained. The optimum separation is also 

obtained when a is unity. 

For the continuous parapump operation, the following 

were noted: 

1. If high separation factor is desired, volume of 

top and bottom feed should be as small as possible, pre-

ferably approximately one-third the volume of top and 

bottom reservoir displacements. 

2. If enrichment of rich product is desired, volume 

of bottom feed should be made as large as possible. 

3. Literally, scaling up column parameters results 

in no improved separation. 



i = 

Ii  = 

IS1 = 

IS2 = 

J = 

k = 

Nomenclature 

stage number 

isoelectric point of i 

ionic strength in the bottom reservoir 

ionic strength in the top reservoir 

transfer step 

x/y, equilibrium constant 

97 

= equilibrium constant at pH = P k
P1 1 

k,2 = equilibrium constant at pH = P2 t-  

n = number of cycles of pump operation 

mA
(t) = interface mass transfer 

NNZ = number of stages or cells 

NZ = number of stages or cells including top and 
bottom reservoir 

Pl • high pH level 

P2 - low pH level 

Q = reservoir displacement rate, cm3/s 

V = volume of fluid phase per stage, cm3 

V = volume of solid phase per stage, cm3 

V
B 

= bottom reservoir dead volume, cm3 

VT • top reservoir dead volume, cm3 

• concentration of solute in the solid phase, kg 
moles/cm3 

• concentration of solute in the fluid phase, kg 
moles/cm3 

y
o 

• concentration of solute in the feed, kg moles/cm3 

< 17B'n average concentration of solute in he bottom 
reservoir at nth cycle, kg moles/cm 
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<17T>n 

<17B>00 

<YT>co 

= average concentration of solut in the top reser-
voir at ntl  cycle, gm moles/cm 

• steady state concentration of solute in the bottom 
reservoir, gm moles/cm3 

steady state concentration of solute in the top 
reservoir, gm moles/cm3 

Greek Letters  

a = (reservoir displacement)/(column void volume) 

recycle ratio 

Other Symbols and Subscripts  

< > • average value 

• cycle number 

• number of cells (used for analysis of batch para-
pump) 

• top 

• bottom 

• initial condition 

Nomenclature for Computer Program Input and Output Redefined 

NT1 • Upflow displacement, cc. 

NT2 • Volume of bottom feed 

NT3 • Downflow displacement,cc. 

NT4 • Volume of top feed, cc. 

See Appendix A for other definitions. 
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SJOB 
Appendix A 

C 
C 
C EOHILIDPIUm THEORY CUM STOP-GO CF.PUTE6 ALGOPITH^: FOR PH PAN1PH1i 
C_ _SYSTEM_RITTEN. I.N_EURTRAN IV TUK_JPE..P?x 340. CW-PUTER . 
C 
C 
C DEPARTmET OF CHEMICAL ENCINEEIoG 
C N. J. I. T. 
C NE4ARK, PEi'i  JERSEY 
C 
C 
C PROGRAM '4RIITEN RY ,CHARLES O. KER000 AND H. T. CHEN 

C 
C 
C THIS PROGRAM CALCULATES THE SEPAc!ATIOS ARISING FROM THE PH 
C RECuPE,RATIvE MODE OF PAkAmETRIC PH!,•PING 
C 
C 
C 
C 
C. 
C  N OMENCLATURE 
C Nil =DOv.NFLOI TIRE INTERVAL 

NT? =8OTTomFEED AND TOP PkODUCT vATHORA'AAL INTERVAL _- 
C MT3 =UPFLCw. TIHE INTF'riVAL 
C NT4 =TOPFEED ArD DOTTLT-,  PRMICT TTF),VAL 

=COOCETPATInk, PROFITE DPHIW; 11 I1,4:1FL.CI;r 

C Yy =CONCEAOPAlIrisi PROFILE OuRUIG AD TOP PRODUCT 
C YYY =CONCETRATION PP0FILE rHIRING HPFL0 ,..4 
C YYYY =croCE:‘, TPAII0H P'UFILE pOkIHr; TOPFFEn AHD hoTl!pi PRODUCT 
C TP =TOP PRODUCT 
C HP =OOTToR PRODUCT 
C ORES =bOTTWA IESEPVOIR COCENTRATIOu 
C TRES =TOP RESERVOIR 

=voLT.,ETqIc FLOARA1E ,CC/SEC 
C AKA =SPECIFIC PATE CrHSTANT FOR FH=8 
C AK6 =SPECIFIC RATE CCIOSTART Fo .  
C YIT =INITIAL SOLUTE CWICE;4TRATIoN 

.0 TVOL =TrTAL VOLUME' PF COLHmo 
C vnID =COLUwJ VOID VOLUME 
C HpH =HIGH PH 
C LPH =LO PH 
C VTDEAD=DEAD VOLUME OF TOP REFRvOIR 
C Vbr)EAD=DEAH VOLHE NOTIO" RFSEVOlq 
C NFINL =NUM ER OF CYCLES 
C 
C 
C 
C 
C 
C 
C 
C 
C. 
C MAIN PROGRAM 
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1 
2 

3 

REAL LPH 
DINENSIO% Y(30,30),HP(90),PRFS(90),YY(30,30),YYY(30,30), 
1YYYY(30,30),TP(50),IES(50),PH(30,30),FP,,(30,30) 
READ(5,65)D,AK8,AN6,YINT,TVUL,VOID,HPH,LPh,\JT0LAb,VBPEAD 
1EAD(5,1001)NI 

5 00 1000 IK=1,NI 
6 1001 FoPHAT(13) 
7 READ(5,66)OZ,NT1,NT2,13,0T4,0FIoL 

65 FORMAT(12F5.2) 
9 66 EoRPAT(12I5) 
10 NNZ=NL-1 
11 A/Wiz:NZ-2 
12 V=(TVOL/AANZ)*VOID 
13 Vb=(TVOL/AANZ)*(1.-VOID) 
14 PH(1,1)=LPH 
15 DO 560 I=2,NNZ 
16 560 PH(I,1)=HPH 
17 BRFS(1)=YINT 
18 THES(1)=Y1NT 
19 N=2 
20 Yr=YINT 
21 500 J=1 
22 DO 10 I=1,NNZ 
23 10 Y(I,J)=YIWT 
24 i/JRITF(6,10?) 
25 102 F0101A1('1') 
26 550 wgITE(6,35)N 
27 35 FORNIAT( // 5Y,'CYCLE="120) 
28 100 DO 30 J=2,NT1 
29 
30 ' 

Y(1,J)=YT 
PH(1,J)=LPH 

31 PH(2,J)=LPH 
32 DO 800 1=3,NivZ 
33 800 PH(1,1)=PH(I-1,J-1) 
34 DO 32 1=2,NO7 
35 32 Y(I,J)=ALPHA(V,VP,AK6,AK8,Y(T,1-1)0(I-1,3-1), 

*PO(I,J),PH(I,J-1),LPH1 
36 30 CONTINUE 
37 SW-L*0. 
38 ONT1=NT1-1 
39 ANN11=oNT1 
40 PO 31 J=1,NINT1 
41 31 SW4=SW4I+Y(NNZ,J) 
42 BRE8(N)=C(Sw.vANNT1)*(V*ANP11)+Vb0EAD,OkF5(N-1))/(v*ATI+Ve)EAU) 
43 vwITE(6,37)UPESCA) 
40 37 FOto,IAT( / 5x,'HOTTON RESFPVION CONCENIRATI('1,=',E20.5) 
45 Mm=1 
46 DO 50 I=2,NNZ 
47 m=NNZ-MM+1 
48 YY(I,1)=Y,NTI) 
49 PPH(I,1)=PH(',,NT1) 
50 
51 50 CONTINUE 
52 IF (H12-1)552,552,562 
53 552 YY(1,1)=ri  
54 PPH(1,1)=HPH 
55 GO Tri 570 

56 562 YY(1,1)=YINT 
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57 P111 1 (1,1)=LPH 
58 DO 52 .1.72,NT2 
59 Pp0(1,J)=LPH 
60 52 YY(1,J)=YINT 

DO 43 J=2,NT2 
62 PPH(2,J)=LPH 
63 DO 610 I=2,NNZ 
64 810 PpH(1,j)=ppiA(I-1,J-1) 
65 DO 42 I=2,NNZ 
66 42 YY(I,J)=ALPHA(V,VU,AK6,141(8,Yy(I,J-1),yy(I-1,„1-1), 

1000(1,2),PPN(I,J-1),LPH) 
67 43 CONTINUE 
68 SUV=0, 
69 NNT2=NT2-1 
70 AtoT2=NNT2 
71 DO 150 J=1,NNT2 
72 150 80t,=tiths!+YY(NNZ,J) 
73 TO(N)=SWI/ANNT2 
74 WRITE(6,101)T0(8) 
75 101 FORvINT( // 5X,'10P PRODUCT=1 ,E20.5) 
76 570 an 110 T=2,0Nz 
77 PpH(I,1)=PPH(I,NT2) 
78 110 YYY(I,1)=YY(I,NT2) 
79 Do 111 J=1,8T3 
80 111 YYY(1,J)=ORE5() 
81 DO 120 J=2,NT3 
82 PP0(1,4)=HPH 
83 PPH(2,J)=HP4 
84 DO 820 1=3,NNZ 
85 520 PP(I,J)=PP0(I-1,3-1) 
86 DO 122 I=2,NNZ 
87 122 YyY(J,J)=ALPHA(V,VD,AK6,AK3,YYY(I,J-1),YYY(I-1,J-1), • 

*000(I,J),000(1,2-1),LPH) 
88 120 CO;ITINUE 
89 sw1=0. 
90 NOT3=(%!T3-1 
91 ANT3=NNT3 
92 DO 431 J=1,Nrr3 
93 431 Sti;,-..7SUr,14-YYY(7.,,i) 
94 TRES(I4)=“SoviArs,NT3)*(v*Ar,N73)+VTDEAD*TkE5(h-1))/(v*AN! T3+V1PE!,D) 
95 WP.ITE(6,805)71,0FS(N) 
96 805 F01,:'1AT( / 5X,'TOP RESE10/IUP C1 0 CINIKATTAr.:= 1 ,20.5) 
97 mm=1 
98 DO 250 I=2,NNZ 
99 m=fINZ-M+1 

100 YYYY(I,1)=YYY(M,MT3) 
101 pti(I,I)::ppH(M,NT3) 

102 mm==1o+1 
103 250 CONTINUE 
104 IF (1,1- 4-1)580,580,590 
105 580 YYYY(1,1)=TRES(N) 
106 PPH(1,1)=LPH 
107 GO TO 595 
108 590 DO 252 J=1,NT4 
109 252 YYYY(1,J)=YINT 
110 DO 243 J=2,NT4 
111 PH(1,J)=HpH 
112 PH(2,J)=HPH 
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113 
114 860 
115 
116 202 

DO 860 I=3,NNZ 
PH(I,J)=PH(I-1,Jr1) 
DO 242 I=2,NNZ 
r(Yx(I,J)=ALPHA(V,V6,AK6,AK8,YYYY(T,J-1),YYYY(T-1,j-1). 

*Pu(1,J),PH(I,J-1),LPHY.. 
117 243 CONTINUE 
118 sur=0. 
119 Nh14=NT4-1 
120 ANNT0=HNT4 
121 DO 300 J=1,NNT4 
122 300 SHr=SuNI+YYYY(NNL,J) 
123 HP(N)=5W4/ANNT4 
124 WRITE(6,301)SP(N) 
125 301 FriqmAI( // 5X,'BOTTOiA PRODUCT=',E80.5) 
126 595 YT=TRFS(N) 
127 IF(O-NFINL)600,700,700 
128 600 N=N+1 
129 DO 520 T=2,4NZ 
130 Y(I,1)=YYYY(I,NT41 
131 520 PH(I,1)=F1{(I,NT4) 
132 PH(1,1)=LPH 
133 Y(1,1)=YT 
134 00 TO 550 
135 700 WRITE(6,5) 
136 5 FORHAT( 1H1,10X,'PH PANAMETRIC PIP4)IN0- HATCH PROCESS') 
137 WRITE(6,710)0,0K8,AK6,YINT,TVOL,VOID,11PH,LPH,Vid),V!3NEAD 
138 wRITE(6,711)1s2,NT1,NT2,NT3,N1- 0,FINL 
139 710 FuWAT('0',1 1:=',F5.2,5x,'AK=',F9.2,9X,1 4K6=',F5.2_,//, 

11X,'YINT=',F5.2,5X,'TOTAI VuLki?,±=',F5.2, 
2//,1X,'HIGH PH= 1 ,F5.p,//, 
31X,'DEAD VOL(1)-1 F OF TOP RESFRVOIR=',F5.2,5X,//, 
41X'uEAD VOLUME OF POTTO'l RESFkVOI';=',F5.2) 

100 711 FOPHAT(1 0 1 ,,NZ=',I5,2X,'NT1=',T5,2X,'N1d=',I5, 

141 WRITE(5,740) 
142 DO 720 N=2,NFINL 
143 SF=BPES(N)/U-eEs(N) 
140 NRITE(6,730)N,TRES(N),HRES(N),SF 
145 740 FO(o.;AT( // 4X,1HI,1uX,IHTRES,11X,4HPkE5,11)(72HSF) 
146 730 FOP!-AT( / I5,3F15.5) 
147 720 CONTINUE 
148 7lRITE(6,1) 
149 1000 CONTINUE 
150 1 FORAT(1 1') 
151 STOP 
152 END 

C 
C 
C 
C FUNCTION FOR CALCULATING THE CONCENTRATICW PkUFTLE IN THE cCLum
C 

153 FUNCTION ALPHA(V,VB,AK6,AK8,YTP,77.P,PH,PHP,PhL) 
154 TF(PH-PhP)10,15,20 
155 10 A6=AK6 
155 A8=4K8 



157 GO TO 30 
158 20 A6=AK8 
159 A8=AK6 
160 GO TO 30 
161.. 15.. 1EAPH-PHL)40,.40,50. 
162 00 A6=AK6 
163 A8=AK6 

_164 GO TO 30 
165 50 A6=AK8 
166 A8=AK8 

.167 30 ALPHA=(1./(V+A6*V13))*(Y1P*A3*V+V*Y2(') 
168 RETURN 
169 END 

103 

SENTRY 
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Appendix B 
sJna 
C 
C 
C CYCLING ZONE ADSORPTION COPPUTFP ALGORIIHN,  FOR PH PARAPUYP 

..5A5JEM.A4RIT1E.N_INLELWTPAA__LV 
C 
C 
C. DEPARTMENT OF CHEMICAL ENGINEEPING 
C ` N. J. I. 1. 
C . NEWARK, NEW JERSEY 
C 
C 
C PROGRAM VHITTEN BY C1-4A R LES O. VEROPO AND H. T. CHEM 
C. 
C 
C 
C. THIS. PROGRAM CALCULATES THE SEPARATIrms APTSTNq Fkr1 THE PH 

C RECUPERATIVE WIDE OF CYCLING ZONE ADSORPTION 
C 
C__ 
C 
C 
C_ 
C NOMENCLATURE 
C TP =Tnp PPODUCT 
C BP =BOTTOM PkODUCT 
C HRES =BOTT0t,i PESERVOIR CO'2CENTRATIO 
C TRES =10P RESERVOIR CflNCENTRATIO; 

=VOLU.MFTPIC ,CC/SEC 
C AK8 =SPECIFIC RATE CnNSTAr,T FOR rH=8 
C AKh =SPECIFIC RATE CnNslAh1 FOk 
C TINT =INITIAL SOLUTE CLE.1.;TRtTION 
C TVOL =TOTAL VOLUME OF COLUMN 
C VOID =COLUWq VOID VOLIAE 
C HPH =HIGH PH 
C LPH =LO.,'4 PH 
C VTDEAP=DEAD VO1Ut'E OF TflP RESERVOIR 
C VBDEAD=DEAD VOLUME BOTTOm N'ESF;2, VOI 
C NFINL =NUmPER OF CYCLES 
C 

_C 
C 
C 
C 
C 
C 
C 
C 
C MAIN PROGRAM 
C 

REAL LPH 
2 DIMENSION Y(h1,61)0P(20),PqrS(f11),YY(20,?.01,YYY(2v,20), 

1YYYY(20,20),TP(2n),T;;E(61),PH(1,f-1),HP,-, (2o,d.o) 
3 READ(5,55)0,AKS,AK6,YINT.1VOL,VOIO,HPH,L 0 h,VIDI:AO,v i mEAFIA 

PEA0(1,66)NZ,HTI,NT2,NTS,NTII,kFIP, L 
5 WRITE(6,5) 
6 5 FORnAf( /// 10Y,'*** PH PARAmFTIC Pur.PINX, -F.ATCH Pi-nCESS **Al ///) 
7 teRITE(h,711)7,NTI,NT,NT3,N74,NEI,'L 
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8 tA;r: TTE (6,710)n, AKti, AK6,YINT, TV ' ...../ 1/ 1 410,14 4'11,1_P14,VTDEAD,4131,EAD,HI_TA 
9 65 FORMAT (12E5.2) s 

10 66 FORMAT (1215) 
11 710 FilionAT( // 5X, '0= 1 ' Ai= 1 ,F5.2.,5X, ' Ale 6= 1 /, 

15X, 'YINT=',F5.2,5X, 'TOTAL VULUOE=' F5.2,5X, VOLU'1E=',F5.2, 
25X, 'HIGH PH= I , F5.e, 5X, P41= 1 / 
35X, 'DEAD VITUtvE OF 1HE FLUID PHASE= 4 ,E 5.2,5X, 
4 'DEAD VOLUME OF THE suL In PHASE= 5.2, 
55X, 'RECYCLE r,ATTn=',F 5.21 

12 711 FM-01AT ( // 5X ,'NZ=? , I 5,5X , 'NT1=' I NTP= 1 , 
15X, INT3=',I5,5X 1  i NT4= 1 ,15,5X, 

13 NNZ=NZ-1 
14 AANZ=NZ-2 
15 v:::(TvoL/AANz)*N.MTD 

16 v8=(TvOL/AANZ)*(1.-VOID) 
17 uizES(1)=YINT 
18 T 4 E. S(1)=TINT 
19 PH (1,1) :=HPH 
20 Y (1,1)=Y INT 
21 DO 1000 T=2,NNZ 
22 M=(..1)**1 
23 IE (N) 1010,1020,1020 
24 1010 PH(1, 1)=HPH 
25 Y(1,1)=YINT 
26 GO Ti) 1000 
27 1020 PHU, n=LPH 
28 Y (I, 1)=Y1f41 *(V+VP*AKF4) (V+V8*AK6) 
29 1000 CONTINUE 
30 PH (1,2)=LPH 
31 PI-1(1,3)=HPH 
32. Y(1, 2)=YINT 
33 Y (1 /  3)=YINT 
34 J=2 
35 1070 DH 1800 I=2,, NNZ 
36 1h00 PH(I,J)=PH(I-1,1-1) 
37 350 t^:RITE (6,35)J 
38 35 FoqriAT( // 5X, 'CYCLE= 7 1'20) 
39 DO 32 I=2,NVIZ 
40 32 ( J)=ALPHA (V, AK AO (I , J*1),V(1-1,J 1 ) I 

*PH(I ,J) PH (I, J-1) ,LHH) 
141 Y(1,J)=Y(1,J-1) 
42 PH (1 ,J)=LP11 
43 210 1  RITI-:(6,36)J, (T,PH(1,J)0(I,.4),1=1,r;fin 
44 36 Fup',IAT( // 5X, ,1?0/19X, ,lbx, ,16X, 'Y 1 /(J?0,2F20.,,S)) 
45 et<ES(J)=Y (NNZ, J-1) 
46 NR1TE(6,37)E0.TES(J) 
47 37 Fr),;r-AT(   / 5x, 'BOUGH RESERVIt);,' 
48 Pi-1(1,J)::LPH 
(49 J=J+1 
50 1100 DO 1900 T=2, rt17. 
51 1900 PH(I, j)=PH(I-1, J-1 ) 
5? Y (1, J-1)::YIPIT*(1.-PET.11)+RETA*TI,F3 (J-2) 
53 On 1032 1=2“Mi 

1032 Y(1, ,J)=ALPHA(V,Vfl, Akh, AMA, Y (T , .1-1) , Y(I-1,J-1), 
*Pli(j,j),PH(I,.)-1),LP!!) 

55 y(1 (1,3-1) 
56 Pii(1,j)=HP11 
57 wRITE(6,36)3, 



58 TRFS(J)=Y(NNZIJ-1) 
59 wRITF(6,609)TRESCJ) 
60 IF(J-NF)NL)1061,1069,1065 
61 1061 PH(1,J)=HPH 
62 J=J+1 
63 1060 Y(1,J-1)=YINT*(1.-BETA)+8E:TA*8pFs(J-2) 
64 GO TI) 1070 
65 805 FUNIATI / SX,'TOP HESEPVTOR C0NCENTRATION= 1 ,F20.5) 
66 1065 STOP 
67 END 

68 FUNCTION ALPHA(V,V8LAK6,A66,YIP,YLP,PH,RHp,PuL) 
69 IF(PH-PHP)10,15,20 
70 10 A6=AK6 
71 A8=AK8 
72 GO TO 30 
73 20 A6=AK8 
74 A8=AKb 
75 GO TO 30 
76 15 IF(Pu-P)LT40,40,50 
77 40 A6=A66 
78 A6=AK6 
79 GO TO 30 
80 50 A6=AK8 
81 A8=AK8 
82 30 ALFHA=(1./(V+A6*VB))*(YTP*A8*vr,+v*yZIT) 
83 RETuRN 
84 END 

106 
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Appendix C  

Table 1  

CYCLING ZONE ADSORPTION  

Conditions for Computational Algorithm with 

Variable Number of Stages and Recycle Ratio 

Operating Variable Value  

Volumetric Flow Rate 0.5 cc. 

Specific Rate Constant for High pH 0.07 

Specific Rate Constant for Low pH 1.58 

Initial Feed Concentration (Normalized) 1.00 gm. mole/cc. 

Dead Volume of Top Reservoir 5.00 cc. 

Dead Volume of Bottom Reservoir 5.00 cc. 

Number of Cycles 20 
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Table 2  

Recycle Ratio (13) 

No. of Stages =16 

n 

0.00 0.50 1.00 

Top 
Res.Conc 

Bottom 
Res.Conc 

Top 
Res.Conc 

Bottom 
Res.Conc 

Top 
Res.Conc 

Bottom 
Res.Conc 

1 0.4561 1.0000 0.4561 1.0000 0.4561 1.0000 

2 0.2348 1.5228 0.2348 1.5228 0.2348 1.5228 

3 0.1467 1.7307 0.1467 1.7307 0.1467 1.7307 

4 0.1117 1.8133 0.1117 1.8133 0.1117 1.8133 

5 0.0978 1.8462 0.0978 1.8462 0.0978 1.8462 

6 0.0923 1.8593 0.0923 1.8593 0.0923 1.8593 

7 0.0912 1.8645 0.0912 1.8645 0.0901 1.8645 

8 0.0892 1.8645 0.0895 1.8666 0.0892 1.8666 

9 0.0895 1.8666 0.0907 1.8674 0.0895 1.8674 

10 0.0910 1.8674 0.0907 1.8995 0.0904 1.8995 

11 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

12 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

13 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

14 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

15 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

16 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

17 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

18 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

19 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 

20 0.0110 1.8995 0.0907 1.8995 0.0904 1.8995 
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Table 3  

Recycle Ratio (3) 

No. of Stages = 8 

n 

0.00 0.50 1.00 

Top 
Res.Conc 

Bottom 
Res.Conc 

Top 
Res.Conc 

Bottom 
Res.Conc 

Top 
Res.Conc 

Bottom 
Res.Conc 

1 0.4561 1.0000 0.4561 1.0000 0.4561 1.0000 

2 0.2348 1.5228 0.2348 1.5228 0.2348 1.5228 

3 0.1467 1.7307 0.1467 1.7307 0.1467 1.7307 

4 0.1117 1.8133 0.1179 1.8133 0.1117 1.8133 

5 0.1162 1.8462 0.1083 1.8462 0.1162 1.8462 

6 0.1176 1.8795 0.1050 1.8795 0.0991 1.8795 

7 0.1176 1.8822 0.1039 1.8721 0.0924 1.8620 

8 0.1177 1.8823 0.1034 1.8735 0.0901 1.8646 

9 0.1170 1.8823 0.1036 1.8744 0.0892 1.8666 

10 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

11 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

12 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

13 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

14 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

15 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

16 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

17 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

18 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

19 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 

20 0.1170 1.8823 0.1036 1.8748 0.0895 1.8674 
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Table 4  

Recycle Ratio (~) 

No. of Stages=4 

ri 

0,00 0,50 1.00 

Top 
Rea.Conc 

Bottom 
Reo.Conc 

Top 
Res.Cono 

Bottom 
Beo.Conc 

Top 
Res'Conc 

Bottom 
Res.Conc 

l 0.456I 1.0000 0.4516 I.0000 0.4516 1.0000 

2 0.2348 I.5228 0.2348 I,5228 0,2348 I.5228 

3 0.3469 1.7307 0.2469 1.7307 0.2469 1,7307 

4 0,2474 1.7519 0.1374 I.7519 0.1473 1.75I9 

5 0.2475 1.7525 I.1796 I'7832 0.11I8 1.8139 

6 0.2475 I.7535 0.I819 1.7994 0,II62 1.8462 

7 0.2475 1.7525 0,1779 1.8160 0.0991 1.8795 

8 0.2475 1.7525 0.1762 1.8123 0.0924 I.8620 

9 0.2475 1.7525 0,1765 I.8130 0.0935 I.8646 

lO 0.2475 1.7525 0.1765 1.8215 0.09I6 1.8646 

II 0.2475 1.7525 0.1765 1.82I5 0.09I6 I.8646 

12 0.2475 1.7525 0.I765 1.8215 0.09I6 1.8646 

13 0.2475 1.7525 0.1765 1.8215 0.0910 1.8646 

14 0.2475 1.7525 0.1765 1.8215 0.0916 1.8646 

15 0.2475 1.7525 0.I765 I.82I5 0.09I6 I.8646 

16 0.2475 1.7525 0.I765 1.82I5 0.09I6 1.8646 

17 0.2475 1.7525 0.1765 1.8215 0.0916 1.8646 

18 0.2475 1,7525 0.I765 1.8215 0,09I6 1.8646 

19 0.2475 1.7525 0.1765 1.8215 0,0916 1,8646 

20 0.2475 1.7525 0.I765 I.8215 0.0916 I-8646 
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Table 5  

Recycle Ratio (3) 

No. of Stages = 1 

,,,,,,,, 

n 

0.00 0.50 1.00 

Top 
Res.Conc 

Bottom 
Res.Conc 

Top 
Res.Conc 

Bottom 
Res.Conc 

Top 
Res.Conc 

Bottom 
Res.Conc 

1 1.3206 0.6714 1.3206 0.6714 1.3206 0.6714 

2 1.3233 0.6766 1.1630 0.6766 1.0027 0.6766 

3 1.3233 0.6766 1.2182 0.7790 1.1130 0.8814 

4 1.3233 0.6766 1.2421 0.7283 1.2068 0.6750 

5 1.3233 0.6766 1.2268 0.7468 1.0433 0.7488 

6 1.3233 0.6766 1.2397 0.7543 1.1455 0.8075 

7 1.3233 0.6766 1.2410 0.7496 1.1486 0.7021 

8 1.3233 0.6766 1.2408 0.7538 1.0802 0.7691 

9 1.3233 0.6766 1.2431 0.7542 1.1461 0.7900 

10 1.3233 0.6766 1.2433 0.7542 1.1245 0.7263 

11 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

12 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

13 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

14 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

15 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

16 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

17 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

18 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

19 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 

20 1.3233 0.6766 1.2422 0.7542 1.1245 0.7263 
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Table 6  

CYCLING ZONE 

Separation as a Function of Recycle Ratio 

Number of 
Stages(n) 

Recycle 
Ratio(13) 

Steady State 
Product Concentration 

moles/cc. 

Separation 
Factor 

(< YB>oci<  YT>.) 
Top Bottom 

16 0.00 0.09108 1.8995 20.8552 

0.50 0.09076 1.8995 20.9288 

1.00 0.0904 1.8995 21.0005 

8 0.00 0.1170 1.8823 15.9923 

0.50 0.10361 1.8948 18.0947 

1.00 0.0895 1.8674 20.8648 

4 0.00 0.24751 1.7525 7.0805 

0.50 0.17652 1.8215 10.3189 

1.00 0.09169 1.8988 20.3359 

1 0.00 1.3233 0.6766 0.5112 

0.50 1.2433 0.7542 0.6066 

1.00 1.1245 0.7263 0.5833 
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Table 7  

CONDITIONS FOR 

BATCH PARAMETRIC PUMPING 

Effect of Reservoir Displacement/Number of 

Stages (a) on Separation 

113 

Operating Variable  

Volumetric Flow Rate 

Specific Rate Constant for High pH 

Specific Rate Constant for Low pH 

Feed Concentration (Normalized) 

Value  

0.5 cc. 

0.7 

1.58 

1.00 gm. mole/cc. 

Total Volume of Column 30.00 cc. 

Void Volume of Column 0.75 

Dead Volume of Top Reservoir 5.00 cc. 

Dead Volume of Bottom Reservoir 5.00 cc. 

Volume of Bottom Feed (NT2) 0.00 

Volume of Top Feed (NT4) 0.00 

Numbers of Cycles 40. 



Table 8 

a= 0.25 

I 

Number of 

TRES 

Stages=4 

BRES SF 

2 0.82546 1.00000 1.21145 

3 _9,6E3540_ 1.00000 1.49901 

4 0.57295 1.00000 1.74535 

0,48262 1.0000() 2.07203 

0,01000 1.90000 2.43_903 

7 0.35157 1.00001 2.64443 

8 0.30450 1.00002 3.28411 

9._ 0.26659 1.00005 3,79183 

10 0.23590 1.00010 4.23951 

11 0.21110 1.00017 4.7377(i 

ta 0,1910.1 A.00026 5.23689 

13 0,17468 1.00039 5.72707 

la 0.16136 1.00055 6.20018 

_15 0.15050. 1.90076 6,64939 

16 0.14159 1.00100 7.06989 

17 0.13424 1.00129 7.4580;5 

1.8. 0.12816_ 1.0016.7  7.61523 

19 0.12311 1.00202 8.1.944 

20 0.11867 1.00246 8.429.3 

21 0.11531 00295 c.,808 
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Table 8 (cont'd) 

PP 0.11228 1.00350 i..437 /1 ) 

23 0.10969.  1.00410 9.19s7 

24 0.10740 1 .00476 9._541- 000 

25 0.10592 1.n0948 9.52871 

26 0.10382 1.00624 9.6425/ 

87 0.10231 1.00707 9.84319 

28 0.10047 1.00795 9.98300 

29 0.04976 1.00F68 10.11557 

30 0.09866 1.0+ 987 10.23632 

31 0.09765 1.01091 10.59243 

32 0.0967? 1,01200 10.46301 

33 0.09586 1.01314 10.56885 

34 0.09506 1.01434 10.67069 

35 0 09430 1.0195.1 10.76916 

36 0.09359 1.01686 10.8647?  

37 0.0929? 1.01820 10.49783 

38 0.09228 01957 11.146,12 

30 0.04167 1.02099 11.1 75797 

40 0.04106 1.02P/01 11.22,)92 
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Table 9 

SF 

a = 0.5 

No. of stages = 4 

TRFs BRFS 

o.8?333 1.00000 1.21458 

0.b8332 1.00000 1.46341 

4 0.57220 1.00015 1.74790 

0.48385 1.00072 2.06n24 

0.41346 1.00188 2.42315 

7 0.35725 1.0072 2.8095d 

8 0.31224 1.00629 3.2227 

9 0.27610 1.00959  3.6566b 

10 0.2a697 1.01361 4,10422 

11 0.223/10 1.01829 4.55617 

12 0.29425 1.o2-360 5.01152 

13 0.18861 1.0294g 5.45815 

14 0.17578 1.019/ 5.t4,-3311 

15 4.1(-1517 1.04271 6,31276 

16 0.15636 1.0409.5 6.71471 

17 0.14d98 1.05750 7.091-105 

18 0.1 /4e711 9b534 7.46230 

19 u.137'47 1.07342 7.P40F12 

20 0.1 42q4 1.1 e1109 l'Afoll 

21 12(403 4q(, 16 k,f1,-) 
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Table 9 (cont'd)  

22 0.12561 1.09861 8./4603 

23 0.1?261 1.10721 9,03015 

24 0.11995 1.11564 (4.30237 

25 0.11753 1.12450 9.56399 

26 0.11544 1.13314 9.81620 

27 0.11349 1.14175 10.06007 

28 0.11172 1.15032 10.20650 

2g 0,11009 1.15882 10.52629 

30 0.10858 1.1672a 10.75014 

31 0.10718 1.17557 10.96862 

32 0.10586 1.18i80 11.18222 

33 0.10463 1.19192 11.39136 

34 0.1037 1.19992 11.59639 

35 0.10,1 8 1.20780 11.7n7c,o 

36 0,10134 1.21555 11.90'120 

37 0.10035 1.22317 12.18944 

3A 0.09'0 1.23165 12.36049 

39 0.09850 1.23798 12.56646 

40 0.097-.3 1.?413 12./L.3‘,0 
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Table 10  

a = 0.75 

No. of stages = 4 

1 TRES 1311E6 bk. 

0.83463 1.00000 1.19813 

3 0.70253 1.00272 1.70 

0.59671 1.0145h 1.70026 

5 0.51189 1.03298 2.0171 

6 0.44315 1.0592 c).5/4 Plci 

7 0.387u,  1.08193 2.79090 

0.3425h 1.109(53 3.24983 

9 0.30571 1.13873 3.72N490 

10 0.2/544 1.16798 4.24042 

11 0,25043 1.19/09 4.7k009 

12 0.22964 1.22509  5.337u/ 

13 0.2123 1.25352 5.90641 

14 0.19755 1.28041 6.48131 

15 0.18509 1.30823 7.05733 

16 0.1/402 1.35092 7.63045 

17 0.1 8523 1.3544n 6.1974h 

1S .1 ,̀7d4 1,7877 6.7590 

1 9  0.15025 1,39791 9-30398  

20 0.1 11403 1.41790 9.o403h 

21 0.i . o3 i.aih77 1u.3 419 

118 



Table 10 (cont'd)  

22 0.13375 1.15455 10.671490 

_2_3_ ,00293A_ 1.147128_ _ .11.37211 

24 0.12543 1./48701 11.85566 

25 0.12165 1.50160 12.32542 

26 0.118.5 1,51586 12,7 .s139. _ 

27 0.11560 1.52671 13.22357 

28 0.1126/ 1.54093 13.65200 

29 0.11036 1,55239 14.06677 

30 0.10804 1.56313 14.46793 

31 0.10590 1.57320 14.85555 

3a 9.10392_ _1.50263 15,22974_ 

33 0.10208 1,59147 15.59059 

34 0,10037 1.9997a 15.93821 

_35 0.09v3 _ 1.60749 

36 0.09731 1.61175 16.59436 

37 0.09593 1.62154 1b.903?1 

36 0.09465 1.62790 17.199(19 

39 0.09345 1.63365 17.2.1-437.7 

LH) 0.09234 1.63942 17.75511 
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Table 11 

a= 1 

I 

No. of 

TwES 

stages = 8 

BRES SF 

? 0.88896 1.00000 1.12491 

3 0.14580.. 1.09311 1.37361 

4 0.71384 1.18484 1.65981 

5 0.60136 1.26690 1.97532 

6  _0.57_723 ... 1.43959 .  2.32072. 

7 0.52048 1.40393 2.69736 

8 0r,47026 1,b086 3.10648 

.0.42582. . .._ .1.51124 3.54899 

10 0.38649 1.55582 4.02545 

1 0.35169 1.9527 .53594 

12 0.320.90 1.63018  5.0.001 

13 0.29365 1.66107 5.65664 

14 0.26953 1.68800 6.26414 

. 15 0.24819. . 1.71259 6.90018. 

16 0.22931 1.73399 7.56174 

17 0.21260 1,75293 6.24517 

_18. 0.19761 . 1.76969 . 8..94624 
,.. 
19 0.18473 1.78452 9.66024' 

20 0.17315 1.79764 10.3 206 

21 0.1'29P 1.90929 11.10640 
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Table 11 (cont'd) 

22 0.19383 1.({1`953 11.27i4') 

_21_ .9 1.4561., 1. "2 12.54111 

24 0.13671 1,83667 13.24111 

25 0.13243 1.647R 13.92314 

26 0.12617 1.8500R 14.51302 

27 0.12194 1.B556.6 19.21117 

28 0.11759 1.R6059  15.82299 

29 0.11374 1.86499 16.39700 

30 0.11033 1.86881 16.93877 

31 0.10731 1.67222 17.44687 

32 () . 1 0 14 il 4 1.('7525 17.92097 

35 0.10228 1.87792 1e.36118 

34 0.10019 1.88029 16.76801 

35 0.09834 1.88238 19.14243 

36 0.01670 1.88423 19.48970 

37 0.09525 1.88987 19.79935 

3R 0.09307 1.R732 20. 06495 

30  0.09283 1.A8R60 20.34425 

4() 0.0913 1.86973 20.5741) 
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Table 12 

a = 1 

I 

No. of 

TIES 

stages = 1 

841-6 SF 

2 0.7i029 1.00000 1.39919 

3 0.54067 1.2.6360 2.33711 

14 0.40671 1.a4995 3.n6507 

S 0.31206 1.9816? 5 06836 

6 0.2'4513...- --  1.67466 6..83(07 

7 0.19792 1.74040 6.70337 

8 0.16453 1.79665 10.86026 

9 0.1494 1.81961 1e.91120 

10 0.12427 1.842(56 14.82(4 92 

11 0.11210 1.95924 16.52656 

1? 0.10416 1.8700? 17.96043 

13 0.09829 1.27900 19.11841 

1/4  0.09413 1.86474-4 20.02385 

15 0.09119 1.88886 20.71359 

if, 0.08912 1.991/5 21.22901 

17 0.08765 1.1193/9 ?1.60634 

0..)8.h61.18 1.22 21.8A136 

19 0.08588 1.89624  22.07970 

20 0.0853b 1. ,89696 ?2.2?1;71;i 

21 u.08500 1.29747 22.3?339 
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Table 12 (cont'd) 

22 0.08474 1.89782 22.“)965 

A.A.950.A_ ?p,4466 

2a 0.08443 1.89825 22.48337 

2S 0.08434 1.89838 p2.50916 

26 0.08427 1.89847 22.92739 

27 0.08423 1.89853 22.54030 

28 0.08420 1.89857 22.54944 

29 0.08417 _1.89860 22.95589 

30 0.08416 1.89862 22.56046 

31 0.08415 1.89864 22.56369 

3? _ 0...9.8 141.4 1.89869 ?2,56596 

33 0.08413 1.89865 22.567'58 

34 0.08413 1.89866 22.56871 

35 9..014l2_ 1.06 _ 2.2.592 

36 0.08412 1.89866 22.57010 

37 0.08412 1.89866 22.57050 

38.. .0.08412 1.89886 22.57080 

39 0.08412 1.89866 22.97100 

40 0,08412 1 89866 22.7112 
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Table 13  

a = 1.25 

No. of stages = 4 

TRES PRE-S SF 

2 1.10152 0.86759 0.73 

3 1.19294 0.7699b 0.6509 

/1 1.24601 0.69196 0.55445 

5 1.30001 0.h2963 0.48433 

1.3115') 0.97962 0.43280 

7 1.37476 0.54001 0.39201 

1.40129 0.9W-20 0.3627 

1.42246 0.48278 0.3399 

10 1.43942 0.46247 0.3P12) 

11 1.452°6 0.44h24 0.50712 

1? 1.46377 0.4327 0.P9509 

13 1.47241 0.42290 0.2k722 

14 1.47952 0.41462 0.28•027 

15 1.494A3 n.40  q00 6,27476 

16 1.48924 0.40270 0.27041 

17 1.49?76 6.39848 0.26694  

18 1.49557 39510 0.26416 

19  1.407h? 0.50240 0.26198 

20 1.4991-1 0.39021 0.?60,-1 3 

21 1.501 64 34351 0.25863 
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Table 13 (cont'd) 

22 1.50219 0.30713 0.25771 

23 1.50310  o.18603. 0,29682 

24 1.503R3 0,38515 0.29611 

25 1.50441 0.36449 0.25555 

26 1.50467 0.38308 0.25509 

27 1.50524 0.38343 0.25473 

28 1.50553 0.38307 0.25444 

a9 1.50576 6.38279 0.25421 

30 1.50595 0.38255 4.25403 

31 1.50609 0.38237 0.25388 

32 1.50621 0,38222 0.25376 

33 1.50630 0.38210 0.25367 

34 1.5(637 0.38201 0.2535') 

35 1.50645 0.38193 0.25354 

36 1.50647 0.36167 0.25349  

37 1.50691 0.38182 0.25345 

3R 1.50653 0.10178 0.25342 

39 1.50655 0.38175 0.25339 

40 1.50657 0,38172 0.,)5637 
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Table 14  

a = 1.5 

No. of stages = 4 

TRES BFFS SF 

2 1.13770 0.80886 0.71096 

.1.22756._ 0.68.4.46  . 0.55757 

4 1.28624 0.60327 0.46902 

1.32452 0.95028 0.41546 

1.34951 . .... .0,51979_ . 0 48e14... 

7 1.36581 0.49313 0.36105 

1.37645 0.47839 0.34755 

1.3833g 0.46877 0,33886 

10 1.38792 0.46250 0.33323 

11 1.39087 0.45840 6.32958 

12 1-3928Q_ _ 0.4597_2  ..32720 

13 1.39405 0.45398 0.32565 

14 1.39487 0.452a4 0.32465 

15 1.39540 9.45209  _ . . .0.32399 

16 1.39574 0.45160 0.32356 

17 1.39596 0.45129  0.52328 

18 1.39610._ 45108 0.3210 

19 1.39620 0.45094 0.3'2298 

20 1.39625 0.45065 0.32290 

21 045079 052285 
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Table 14 (cont'd) 

22 1.3,4631 0.45075 0.322A2 

23 1.39632_ 0..a5072 U.32274 

24 1.39633 0.45071 0.3227(k 

25 1.39633 0.45069 0.32277 

26 1.39632 0.4506,i 0.5277 

27 1.39632 0.45068 0.32276 

2d 1.39632 0.45067 0.32276 

29 1.39631 0.45067 0.32276 

30 1.39631 0.45067 0.32276 

31 1.39630 0.45066 0.32275 

32 1.34629 •P.45066  0.32270 

33 1.3,1629 0.45066 0.32275 

34 1.39628 0.45065 0.32275 

35 1.39627 0.45069 0.32275 

36 1.39627 0.45065 0.32275 

37 1.39626 0.05065 0.322/', 

3g 1.59625 0.05065 0.3?275 

39 1.39625 0.15004 0.52275 

40 1.39624 0.45064 0.32275 
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Table 15  

a = 1.75 

No. of stages = 4 

1 FRES likES SF 

1.13161 0.79156 0.69949 

..1.20.096_. 0.68173 1,56765 

/4 1.23790 0.62386 0.50413 

5 1.25675 0.59336 0.47214 

6 1.26689. 0.57729  0.45567 

7 1.27223 0.56882 0.44710 

8 1.27505 0,5611 36 u.44262 

9 .1.27652_ 0.5.6?0) 0026._ 

10 1.27730 0.56076 0.43902 

11 1.27771 0.56011 0.43837 

_12 1 .2 7 7`12 rl 59976 . 0.408.P.2. 

13 1.27802 0.55957 3784 

14 1.27808 0.55948 0.43775 

15 1 27810 0.55942 770_ 

16 1.27611 0.95939 0.43767 

17 1.27812 0.5938 0.43766 

18.. 1.2711 0,59,937. 0.43765 

19 1.27811 0,55Q36 0.43765 

20 1.27811 0.55936 0.4764 

21 1.278.1 95935 0.4-‘k"74 
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Table 15 (cont'd) 

22 1.27809 0.55935 764 

1.27809 0.55935 0.43764 

24 1.27808 0.55934 0.457f-1 

25 1.27807 0.55934 0.4576-1 

26 1.27807 0.55934 0.43764 

27 1.27806 0.55933 0.43764 

28 1.27805 0.55033 0.4764 

1.27805 0.55933_ 0.4C764 

30 1.278)4 0.55932 0.45764 

31 1.27803 0.55932 0.43761 

32 1.27803 •.55(1 32 0.43764 

33 1.27802 0.55932 0.43764 

34 1.27801 0.95931 0.43764 

35 J.273.01 0.55931 0.43764 

36 1.27800 0.55931 0.43761 

37 1.27799 0.55930 0.43764 

38 1.277o9 0 .559 30 0.4764 

39 1.27798 9.55930 0.43764 

40 1.27797 G.55030 0.4576t 
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Table 16 

a= 2 

I 

No. of 

TRES 

stages = 4 

BRFS SF 

1.11523 0.79440 0.71232 

1.16453 _ 0.70643_ _ 0.60.662 

14 1.18563 0.66878 0.56407 

1.19465 0.65267 0.54633 

_ 1.19850 _ 0.64578 0.53882 

7 1.20015 0.64262 0.53562 

8 1.20085 0.64156 0.53425 

1.20115 0.64101 0.53367 

10 1.20127 0.64078 0.53342 

11 1.20132 0.64068 0.53331 

12 1.20133 0.6406:3 .0..53327. 

13 1.20134 0.64061 0.53325 

14 1.20134 0.64060 ' 0.53324 

15 1_20133 _ _0.64059  0.53324 

16 1.20133 0.64059 0.53323 

17 1.20132 0.64058 (1,53323 

18  1.201.31. 0.64058  0.5332$ 

19 1.20131 0.64058 0.53323 

20 1.2 1 13v 0.64057 0.53323 

al 1.201.29. 0.6.4057 0,53323 
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Table 16 (cont'd) 

2? 1.20129 (-).614o57 0.5332i 

„ .64056 0.5332i 

24 1.20127 0.64056 0.53323 

25 1.20127 0.64059 0.533d5 

26 1.201P0 0 64055 0.53323 

27 1.20125 0.64055 0.53325 

28 1.20125 0.64054 0.5-4 321 

29 1.2012/4 0.64054 0.53323 

30 1.20123 0.64054 0.53323 

31 1.20123 0."4053 0.532.5 

32 1.20122 .0.64053 0. ,̀532i 

33 1.20121 0.64053 0.53323 

34 1.20121 0 ,613052 0.523 

1.20120 0.64052 0.53323 

36 1.20119 0.64052 o e ti.V3Pi 

37 1.20119 0.64051 0.53323 

3. 1.20116 _ 0.64051 0.53323 

39 1.20117 0.614050 0.53323 

40 1.20116 0.6'050 0.53323 
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Table 17 

a = 3 

No. of stages = 4 

1 TgES FIRE:" SF 

1.06012 0.84445 0.79656 

1.07271 0.P1106 0.79663 

4 1.07534 0.8050i 0./0r“,2 

5 1.o7589 o e R035Q 0.7oh,41 

1.07604 0.80329 0.71695 

7 1.07602 ti.R0322 0.74647 

8 1.07h02 0 POidO 0.70646 

g 1.07601 0.80.519 0.74646 

10 1.07600 0.80319  0.74045 

11 1.0760u P.8031P 0.74645 

12 1.07599  o 8031'1 .7464'1 

13 1.07'196 0,80317 0.74645 

14 1.07598 080317 0.746a`1 

15 1,07c1g/ O w POilf.,  0.74646 

16 1.07596 0.80416 0.7464-3 

17 1.07596 0.PO319 0.74014'1 

18 1.075-19 H RO 19 o.74645 

19 1.07594 0.80314 o.7464', 

20 1.07594 0.803111 .746,15 

21 1.1)75q3 , ,(o;1 g /milt, 
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Table 17 (cont'd) 

22 1.07592 0.80313 0.74645 

_23.. 1.07542 0.80312 0.74645 

24 1..07591 0.60312 0.74645 

25 1.07590 ( A0311 U.74645 

26 1.07590 0,80311 0.74645 

27 1.07589 0.80310 0.70645 

2 1.07588 0.80310 0.74645 

29 1.07588 0,10309 0./4605 

30 1.07567 0.80309 u.7L4h445 

31 1.07587 0.80308 0.74649 

.32 1..07546 0 ,80308 0..74645 

33 1.07585 0.80308 0.74645 

34 1.07585 0.60307 0.74645 

35 1.07584 0.80307 0,746.45 

36 1.07583 0.80306 0.74645 

37 1.07583 0.80306 0.74645 

38 1.07562 0,80305 0,74645 

39 1.07581 0.80305 0.74645 

40 1.07581 0.80304 o.74645 
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Table 18 

Effect of Reservoir Displacement/Column 

Void Volume (a) on Separation 

a (‹YE>cd<YT>00) 

0.25 10.6730 

0.50 12.2700 

1.00 20.8500 

1.25 0.2580 

1.50 0.3237 

1.75 0.4384 

2.00 0.5340 

2.50 0.6670 

3.00 0.7470 
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Table 19  

CONTINUOUS PARAMETRIC PUMPING  

Conditions for Runs with Variable Volume 

of Bottom Feed (NT2) 

Operating Variable Value  

Volumetric Flow Rate 0.5 cc. 

Specific Rate Constant for High pH 0.07 

Specific Rate Constant for Low pH 1.58 

Feed Concentration (Normalized) 1.00 gm. mole/cc. 

Total Volume of Column 30.00 cc. 

Void Volume of Column 0.75 

High pH 8 

Low pH 6 

Dead Volume of Top Reservoir 5.00 cc. 

Dead Volume of Bottom Reservoir 5.00 cc. 

Total Number of Stages (Nz) 22 

Upflow Displacement (NTl) 21 cc. 

Downflow Displacement (NT3) 21 cc. 

Number of Cycles 20 
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Table 20  

Constant Volume of Top Feed (NT4 = 6 cc.) 

Volume of Bottom = 6 cc. 

I YT 

0.99999. 

YR 

.0.99999. 

SF 

0.99999 

3 0./9871 1.80729 1.52894 

4 0.h3102 1.36891 8.16934 

50492  1...49900 * 96090. 

6 0.40659 1.c;9339 3.91920 

7 0.32983 1.67007 5.06347 

_0.86998 J.72990_ b.40747.  

9 0.22330 1.77658 7.99590 

10 0.1869 1.141298 9.70063 

11 0.158419...........1..F18 11.61802 

12 0.1364 1.86.552 13.66806 

13 0.11906 1.88080 15.79667 

4 0 10559 1-89428 17.94060 

15 0.09507 1.90470  80.034+17 

16 0.08687 1.91299 22.08016 

_1.7_ .. 0..0600b .9.19.38 23.84953 

lu 0.075?49 1.92437 29.49158 

19 0.07160 1.98886 "r!)6.95120 

_20._ 0..96656. 1.931.30 10760.. 
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Table 20 (cont'd)  

Volume of 

YT 

0.99932 

Bottom Feed = 11 

YE 

0.99999 

cc. 

;1.1--  

1.00(67 

0.r,5835 1.34144 2.03759 

0.45745 1.6123fi 3.52471 

0.33908 1.m2750 

6 0.26933 1.9938 7.41983 

7 0.228?3 P.13417 9.351 0 

0.20402 2.?4211 10-98977 

9 0.18975 ?.32792 12.26634 

10 0.10134 2.391.15 13.?1334 

11 0.17639 2.45040 13.89201.. 

1? 0.1747 ?.49355 14.3744m 

13 0.17175 P.92788 1.71826 

14. 0-17074 2.95517 1 4.9h549 

15 4.17014 2.9768P 15.1L1557 

16 0.16979 P.59(115 15.27 ,4 

17 0.1699 e-1.076A 1..37810 

0.16946 2.61Rto  

1c) 0.16939 2. 27'49  

.20.. 11.1h935 el 63441 1`1.641) 
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Table 20 (cont'd) 

I 

Volume of Bottom Feed = 16 

YT Yri 

cc. 

SF 

2 _U.98345 . 0.99.999 1.01631 

3 0.601f',2 1.39866 2.12453 

4 0.45003 1.71572 3.81243 

0..38993_ _1.96790. 5..04660 

6 0.36610 2.16848 5.92322 

7 0.35665 2.32804 6.52751 

0.35290.. ._ 2.45495. 6..95644 

9 0.35142 2.55590 7.27311 

10 0.35083 2.63621 7.51422 

11 0.35061. . 2..70009, ._ 7.70143_ 

12 0.35050 2.75091 1.64845 

13 0.35047 2.79133 7.9461 

14 _0.35045.. _ 2..82348... 8.05667 

15 0.35045 2.84905 3.1297)+ 

16 0.35044 ?.86939 8.18788 

_17. 0.35044 88558  8.23410 

18 0.5044 2.3984s 8.2701,4 

19 0.35044 .90870 10006 

20_ 0..35044 2.9164 p4.3234 
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Table 20 (cont'd) 

Volume of Bottom Feed = 21 cc. 

I YT ‘C-i SF 

a 0.91316 0_99999 1.09909.. 

3 0.60466 1.01033 2.33242 

4 0.92565 1.73673 3.30396 

. _._ .0.50541_ 1.99636 3.94998 

6 0.50023 2.20269 4.40379 

7 0.49890 2.36717 4.74479 

8 .0.49,35.h. 2.49769_ '.01015. 

9 0.49647 2.60181 9.21q57 

10 0.49845 2.68450 5.8570 

11. Q 4q844.. 2.79027.. .5.51772 

12 0.119.fi4u 2.80259 5.62269 

13 0.49844 2.84421 5.70619 

_0.49844_ 2.87732 9.77262 

19 0.49844 2.90365 5.82549 

16 0.498 4 2.02460 5.86747 

17 0.49844 2.144126 5.90090 

18 0.41844 2.99451 5.92749 

19 .49haa 2.96506 5.9,4664 

2.0  4911i1i 2.?7344 5.96547 
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Table 21  

Constant Volume of Top Feed (NT4 = 11 cc.) 

Volume of Bottom Feed = 6 cc. 

YT YB SF 

2 0_99999 0.q9_999 0.99999_ 

3 ) 79271 1.20724 1.52294 

0.61102 1.32651 2.10216 

0.50491 1.39449 2.76183 

6 0.40655 1.43271 3.52406 

7 0.32483 1.45377 4.40770 

0.26998 _1,46503_ 54,4?-645:_ 

9 0.22330 1.47076 6.57,11/ 

10 0.18689 1.47343 7.88388 

11 .0.15809 1,47444 9.30297 

12 0.13634 1.41460 10.81563 

13 0.11906 1.a7435 12.38313 

14 0.10558 1.47:i93 13.953987 

15 0.09507 1.117348 15.49863 

16 0.08667 1.47305 16.99654 

17  08048 1.47267 18.29939 

18 0.07549 1.47234 19.50441 

19 0.07160 1.47208 20.56066 

_20 0..0f1t396 1.171 0,  21.46761 
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Table 21 (cont'd) 

Volume of Bottom Feed = 11 

YT YP 

cc. 

SF 

2 0 9993? 0.99999 _ 1.00067 

3 0.65835 1.34144 2.03799 

4 0.49745 1.94254 3.3720 

5L 0-33907_ 1.66097 _ 4..89855 

6 0.26932 1.73072 6.4P616 

7 0.22823 1.77179 7.7()331 

8 

Q 

A.2Jo4Q1 

0.18974 

1.7959.8 

1.1(d3 

8.80336 

9.54049 

10 0.18134  1.81861 10.02902 

14_ 0 1.763b 1.82356 10..33871 

12 0.1734 1.82647 10,52944 

13 0.17174 1.82819 10,64489 

_14. 0.17073 1.82919 10.71396 

15 0.11013 82979 10.79507 

16 0.16978 1 h3014 10 77939 

17 0,16957 1.3634 J.0.79379  

1R 16945 1.83047 10 60236 

19 0.16938 1.83054 1C'.733 

- 20_ _ 0-16934 •83058 10-141027_ 
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Table 21 (cont'd)  

Volume of Bottom Feed = 16 

YT YR 

cc. 

sF 

2 0.96395 0.99999 1.61b3U 

3 0.b0162 1.39666 2.32483 

4 0.45003 1.63417 3.63127 

5 0.38992 1.77332 4.5478h 

6 0.36609 1.85555 5.068/1.-i 

7 0.39664 1.90410 5.33697 

0.394)69 1.93200 5.147699 

9 0.35141 1.94976 5.54841 

10 0.35082 1.95978 9.5g62-; 

11 0.39059 1.96971 5.60691 

12 0.39049 1.96920 9.61837 

13 0.35046 1.97127 5.62486 

14 0.39044 1.91 7,-) 50  5.6P859 

15 0.35044 1.97322 5.63015 

16 0.3504i 1.97365 5.6 4211 2 

17 0.35093 1.07391 5.63276 

0.35n41  1.Q7409 5.h31A 

19 0.350'13 1.97414 5.32 

au 0.35013 1.17120 5.63360 
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Table 21 (cont'd)  

I 

Volume of Bottom 

Y1 

u.91316 

Feed = 21 

Ye 

0.99999 

cc. 

LO- 

1.09509 

3 0.60466 1.41033 2.33242 

4 0.5d565 1.65260 3.14452 

9 0.50540 1.7960,  3.55374 

6 0.50022 1.960/4 3.75982 

7 0.49689 1.93077 3.87011 

0.449Y,  1.96033 3.9205 

9 0.4-i15 1.977b0 3.96778 

10 0.49844 1.98612 3.98867 

Ll 0.49844 1.99422 4.00096 

12 0.498.q3 1.99783 4.006P0 

13 0.498a3 1.(19995 4.012a7 

14 0.49843 2.00121 4.01499 

15 0.49843 2.0019f- 4.0165u 

16 0.49R'43 2.00249 4.01757 

17 0.49h4i 2.00?8h 4.01789 

1F 0.49841 2.00281 4.018?0 

1 9  0.49643 2.00?90 4.u18i4 

20 0.49845 2.00296 4.uPi44 

143 



Table 22  

Constant Volume of Top Feed (NT4 =16 cc.) 

Volume of Bottom = 6 cc. 

I YT YB sF 

0.99999 _ 0.99999 _ 9,999.9.9._ 

3 0.79271 1.20724 1.52293 

4 0.63102 1.28411 2.03491 

_5 0.50491 1.31132 2,59711 

6 0.40655 1.31968 3.24654 

7 0.329Pi3 1.32167 4.00717 

A 0.26998 _1.32117 .....4.oq359.__. 

9 0.22330 1.32007 9.91162 

10 0.18689 1.31690 7.05706 

11 .0..1584.9 1_31759  

12 0.13634 1.317u7 9.66020 

13 0.11906 1.31641 11.05659 

LA__ 1).10558 • 1.at5aF 12.46292 

15 0,09507 1.31547 13.6366 

16 0.08687 1.31515 19.13897 

17 ... _11,0.3046__ . 1,31491_ 16.3391A. .... 

19 0.07549 1.314/0 17.41612' 

19 0.0716() 1.31455 16.3b044 

1.31444 . 19.171'7/ 
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Table 22 (cont'd) 

cc. Volume of Bottom Feed = 11 

I YT yR SF 

2 0.999.52 0.99999 1.00067 

3 0.65835 1.74144 2.03758 

it 0.45745 1.47270 3.21930 

5 0.53907 1.52301 4.49170 

6 0.26932 1.54221 5.72623 

7 0.22823 1.54949 6.7R4d6 

0.20401 1.5522P 7.60894  

4 0.18974 1.55324 1).1'605 

10 0.16134 1.55359 e.5r751 

11 0.17013 1.55372 8.d0884 

12 0.17346 1.55375 8.9E)726 

13 0.17174 1.55376 9,00700 

14 _0.1/073 1.55376 9.10070 

15 0.17o13 1.55376 9.13262 

16 0.16978 1.55375 4.15152 

17 0.16957 1.55375 .1L,27," 

18 0.16445 1.55376 9.1t932 

19 .16938 1.c5775 9.17321 

20 0.16934 1.55375, 4.17550 
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Table 22 (cont'd) 

Volume of Bottom Feed = 16 

YT YB 

cc. 

SF 

2 _ 0.98395_  O ,9y9Q 1.01630 

3 0.60162 1.9666 2.32483 

el 0.45003 1.55263 3.45006 

9 0.389.92 1..61209 4.13433 

6 0.36609 1.63546 4.46627 

7 0.35664 - 1.64392 4.60946 

_ 0.55289 1.64734 4.66809 

9 0.351'11 1.64867 4.69159 

10 0.35082 1.64919 4.70095 

1.1 0.35.059 1.64938 4.70462 

12 0.35049 1.64945 (4.70607 

13 0.35046 1.6494 4.70665 

14 0.35044 1,64"$9 4.70688 

15 0.35044 1.64949 4.706(4/ 

16 0.35043 1.64949 4.70704 

-- 17 0.350(43 1.64949 4.70701 

15 4.35043 1.64949 4.7070? 

lq 0.35003 1.64949 70702 

20... 0.3504.3 1.64949 70702 
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Table 22 (cont'd)  

T 

Volume of Bottom Feed = 21 

YT R 

cc. 

SF 

2 0.91316 0.09919 1.09509 

3 U.600,6 1.41033 2.33242 

4 0.5P165 1.c.tbAd7 2.9P465 

5 0.50540 1.63012 3.22...53 

6 0."30022 1.65-“A 3.36611 

7 0.49849 1.66293 3.33324 

A 0.49855 1.66646 3.3426u 

9 0.49946 1.6o7o3 3.34593 

10 0.40844 1.66835 3.34714 

11 0.49844 1.(,6855 3.3L/58 

1? 0.49843 1.66863 3.34/75 

13 0.49843 1.65866 3.3/17P1 

14 0.49843 1.65857 3.347.5 

15 0.49843 1.66867 3.34783 

16 0.498u3 1.668(38 3.ia7A4 

17 0.493,43 1.66858 3.3473'q 

18 qq,0.4i 858 4.411714 

19 0.49845 6hsa68 5.347m4 

20 ) .49i0 1 ,k685A 3.i40,4 
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Table 23  

Constant Volume of Top Feed (NT4 = 21 cc.) 

Volume of Bottom Feed = 6 

Y1 YB 

0-9999.9. 1.17898 

cc. 

SF 

1.178.99 

3 0.79271 1.23628 1.55956 

0.b3102 1.24489 1.97275 

5 0.90491 1.24450 .a.46#78 

6 0.40655 1.24286 3.05708 

7 0.32983 1.24130 3.76350 

8 0,2(098 1.24004 4.5930. 

9 0.22330 1.23905 5,'14677 

10 0.18689 1.23827 6.62561 

11 0 1.5.8k9 1.237E16 7..8.0901_ 

12 0.1363u 1.23719 9.07431 

13 0.11906 1.23682 10.38811 

14_ 0.1_0558_ 1.23653 .. 11.71136_ 

15 0.09507 1.23630 13.00396 

16 0.08687 1.23613 14.22935 

1.7. _1.23599 15.35847 - 

18 U.07549  1.23569  16.'7201 

1 9  0.07160 1.23580 17.26057 

2Q _ 0_068_56. . 18.023 h5 
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Table 23 (cont'd)  

T 

Volume of 

Yt 

Bottom Feed = 11 

Yii 

cc. 

SF 

2 0.99.932 1_28995 1.290a3 

-i 0.65E35 1.39196 2.11432 

4 0.45745 1.41141 3.08541 

5 0...q07 1.4P493 4.17294 

6 0.26932 1.41546 5.25562 

7 0.22823 1.41547 6.20207 

8 0..20401 1.41542_ 

9 ).18974 1.41536 7.49949 

10 0.18134 1.41536 7.80519 

__1.1 a 17638 1.41534 8 02432 

12 0.17346 1.41534 8.15930 

13 0.17174 1.41533 8.2409 

_14  0..17073 1._41533  

19 0.17013 1./41533 8.31895 

16 0.16978 1.41533 8.33611 

17 0 16957 ,41533 346-56 

18 0.16945 1.41533 8.35239 

19 0.16936 1.41533 8.35595 

_20_ _ I4.94_. .4_153.3_  
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Table 23 (cont'd)  

I 

2 

Volume of Bottom 

YT 

Feed = 16 

YB 

1:33584 

cc. 

SF 

0.9395 

3 (i.60162 1.49768 2.I2294 

4 0.45003 1.4A141 3.29181 

5 0.38992 1.48602 3.8107 

o.3b6u9 1.4eA9t 4.06160 

7 0.35664 1.48709 4.16970 

 4.: 1.;:i iii-,--- 0.3528g 1.48712 

9 0.35141 1.48712_ 4.23189 

10 0.35062 1.48713 4.23900 

11 0.350'9 1.48713 4.24182 

12 0.35049 1.48713 4.24294 

13 0.35046 1.48713 4.24339 

14 0.35044 1.48713 4.24357 

15 _005.049_ 1,4A7t3__ 4T2936a. 

16 0.35043 1.48713 4.P4366 
.--.--- 

0.35043 17 1.48713 4.24Y.7 

1.48713 

19 0.35043 1./.! 7 13 4.2036 

21) 0.35043 1.1,87 1 3 11.,?4V7A 
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Table 23 (cont'd)  

Volume of Bottom 

YT 

Feed = 21 

YB 

cc. 

SF 

0.91316 1 .54506 1.4729A 

ii ..60466 . 7102 2..432- 

a 0.52565 1.49557 2.64520 

9 0.50540 1.50055 2.968.62 

0.50022 1.50129 1  

0.49889 1.50147 3.00962 

0.49855 1.50150 3.01173 

0.49N46 1,50151 3 01227 

to 0.4984 4 1.50151 3.01241 

0.49b44 1 .50151 3.01245 

12 0.49843 1.50151 3.01246 

13 0.4(4843 1.50151 3.01246 

14 0 49i-<43 1.50151 3.01246 

15 0.49h43 1.50151 3.( 

16 0.49843 1.50151 3.01246 

17 0.49Aq5 1.50151 3.01246 

0 496a3 1 50151 

0.49843 1.50151 3.012146 

20 0.Li.qA63 1 0151 

151 



Table 24  

CONTINUOUS PARAPUMP 

Separation as a Function of NT2 

NT4 
(cc) 

NT2 
(cc) 

Steady State 
Product Concentration 

moles/cc. 

Separation 
Factor 

(< YB>cd< YT>co) 
Top Bottom 

6 6 0.06856 1.9313 28.1676 

11 0.1693 2.6344 15.5564 

16 0.3504 2.9168 8.3233 

21 0.4984 2.9734 5.9654 

11 6 0.0685 1.4718 21.4676 

11 0.1693 1.8305 10.8102 

16 0.3504 1.9742 5.6336 

21 0.4984 2.0029 4.0184 

16 6 0.0685 1.3144 19.1715 

11 0.1693 1.5537 9.1755 

16 0.3504 1.6494 4.7070 

21 0.4984 1.6686 3.3478 

21 6 0.0685 1.2357 18.0236 

11 0.1693 1.4153 8.3580 

16 0.3504 1.4871 4.2436 

21 0.4984 1.5015 3.0124 
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Table 25  

CONTINUOUS PARAMETRIC PUMPING  

Conditions for Runs with Variable Volume 

of Top Feed (NT4) 

Operating Variable Value  

Volumetric Flow Rate 0.5 cc/s 

Specific Rate Constant for High pH 0.07 

Specific Rate Constant for Low pH 1.58 

Feed Concentration (Normalized) 1.00 gm. mole/cc. 

Total Volume of Column 30.00 cc. 

Void Volume of Column 0.75 

High pH 8 

Low pH 6 

Dead Volume of Top Reservoir 5.00 cc. 

Dead Volume of Bottom Reservoir 5.00 cc. 

Total Number of Stages (Nz) 22 

Upflow displacement (NTl) 21 cc. 

Downflow Displacement (NT3) 21 cc. 

Number of Cycles 20 
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Table 26  

Constant Volume of Bottom Feed (NT2 = 6 cc.) 

Volume of Top Feed = 6 cc. 

I YT Y6 

4,99999 

1,20725 

SF 

0.99999 

1.52294 

0.9999° 

0 79271 

0.63102 1.36891 2.16934  

0.5049? 1.49900 ?.95090 

6 0.40655 1.59335 3.91920 

7 0.32983 1.67007 5.06347 

A 0.269,M 1.72990 6.40747 

0.22330 1.7758  7 .̀ 99590 

10 0.18669 1.P1298 9.70063 

11 0.15849 1.84138 11.618.2 

2 0.13634 1.e6352 13.66806 

13 0.119u6 1.88080 15.79667 

la ti.l65L-19 1 .A902,5 17.94060 

15 0.09907 1.90479 20.03467 

16 0.08667 1.01299 22.0201n 

17 .0,i0am 1.91.938 23 , y53 

0.07549  1 1.237 25.4915 

).071i20 1.92,q26 26.931do 

0.0585,-,  1.93150 2A.1 7h0 



Table 26 (cont'd) 

Volume of Top Feed = 11 

YT Y6 

cc. 

SF 

2 0.99999 0.9q99Q 0.49904 

3 0.79871 1.20724  

4 0.63102 1.32651 2.1021f, 

5 0.50491  2.761o3 

0„..40655 

.39449

- 1,.43271 L58406 

7 0.32983 1.45377 .40770 

8 0.26996 1.46503 5.42645 

0.82330 1,47076 6.5'4.0.41 

10 0.18689 1.47343 7,388M 

11 0.15349 1.47444 9.30297 

12 0.13634 1.41460 10.8156A 

13 0.11906 1.47435 12.3313 

14 0.10598 1.473(43 13.957 

15 0.09507 1.1734._ 15.4c4 htli 

16 0.08687 1.47305 16.95654 

0.W.04b 1.47267 1J.e9939 

18 0.07511 9 1„ d7234 iri.L304q1 

19 o D71h 1 .47208 ?j ,56O6. 

11.06 t.47186  
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Table 26 (cont'd) 

I 

Volume of Top 

YT 

Feed = 16 

YB 

cc. 

sF 

2 0.99999 7(,79,W94 0.9Q994 

3 0.79271 1.20124 1.52P93 

4 0.63102 1.28411 2.03497 

5 0.50491 .  1.3113? p.59711 

0.40655 1.31988 3.24654 

7 0.329I3 1.32167 4.00717 

S 0.26998 1.32117 4.kiq359 

c) 0.22330 _ 1.32007 _ .9.91162_ 

1 0 0.18669 1.31890 7.05706 

11 0.15849 1.3178q 8.31524 

12 0.13634 1.31107 9.68020 

13 0.11996 1.31641 11.056c10 

14 0.10558 1.31588 12.4 21-R 

15  0.09507 1.31547 )3.83666 

16 0.08667 1.31515 15.13807 

17 0.08948 1.31491 16.3391,1 

lA 0.0754Q 1.3170_ . 17.A1k1P 

19 0.07166  1.31455 1.36043 

20 0.0856 1.31444 10.17157 
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Table 26 (cont'd) 

Volume of 

YT 

Top Feed = 21 

Y8 

1.17A9A 

cc. 

SF 

1.17699 0.99999 

3 0.79271 1.2362F 1.59956 

4 0.63102 1.24485 1.9/27 

0.50491 1.24450 2.4647b 

6 0.40655 1.24266 3.05708 

7 0.329b3 1.24130 3.76390 

0.2h9qH 1.24004 4.5930:5 

9 0,22330 • 1.23909 .54b/7 

1 0 0.1P6A9 1.23827 6.62561 

11 0.19849 1.23766 7,80901 

12 0.13634 1.23719 9.D7431 

13 0.11906 1.23682 10.38P11 

14 0.1055P 1.23653 11.711353 

15 0.09907 1.23630 . 1L00306 

16 0.08687 1.23613 14.22935 

17 O.U0LtM 1.23999 19.35.447 

IA 0.07509  1.235 . 16.37201 

19 0.07160 1.23560 17.26097 

20 0.06356 1 .2397a 02365 
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Table 27  

Constant Volume of Bottom Feed (NT2 = 11 cc.) 

I 

Volume of 

YT 

Top Feed = 6 

YB 

cc. 

'--F 

2 .99932 ).99999 1.000-7 

3 0.65P35 1 .x4144  4.03759 

0.45745 1.123P 3.52/471 

5 0.5390 .P2/51 9.3/A962 

6 0.2o935 1.'93 7.41(1 .3 

7 0.22123 2.131117  

2.24P11 10.9e977 

9 O.175 2.32792 1?.2Fq3-4 

10 0.18134 2.19F-15 13.21334 

11 0.17639 2,145O0 13.6q201 

12 0.17347 2.49355 14.,C744i 

13 0.17175 2.52761 14.71826 

14 0.17074 2.55517 14.965a9 

15  0.17014 2.576(38 15.1/557 

16 0.1k979 2.59415 15.278F'4 

17 0.i6'5 2.0 1,73,1 1S-57,4 i0 

1A 0.1 41q 11,3 •) 41kflO i rl.o r-3,-01 

lg .1f14.54 2.F,274(1 li.511fr4 

2n .1no35  
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Table 27 (cont'd) 

cc. Volume of Top Feed = 11 

I YT YR SF 

P 0.99932 0.99999 1.0'0(,1 

-.3-- 0.65835 _t,34144 .2.03759 

4 0.45745 1.54254 3.37205 

9 0.33907 1.'66097 4.e0855 

6___ 0..26932 _10,1072_ 6.4261b 

7 0.22823 1.77179 7.7c331 

8 0.20401 1.79598 8.803i6 

10 0.18134 1.81861 10.02902 

11 0.17636 1.8?356 10.33871 

12 0.17346 1p82647 1.0.52944.  

13 0.17174 1.82819  10.64489 

14 0.1/073 1.82919 10.7)39“, 

15 .007.03__ 1 8e"):79 . 10.75507 

16 0.169,6 1.3014 10.77939 

1 7 0.16957 1.--i4-37)1  .. i 6 . 703.79 

JO. 0.1kwas 1.51 3047 1 0.6023n 

19 0.16935 1,A3054 1u.A0733 

20 0.164a 1.1.3105A  
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Table 27 (cont'd) 

I 

Volume 

YT 

of Top Feed = 16 

c.4 

cc. 

5F 

2 0.99932 0.49494 1.00047 

3 0.65835 1.-i41 4/1  2.0'3751 

4 0.45745 1.47270 3.21938 

5 0.33907 1.52301 

_..6 0.26932 1.54221 5.72623 

7 0.22823 1.54949 6.7h923 

8 0.20401 1,55222 I.h0P54 

9 0.16974 1.55324 . . .  . . .  _ .   P 

10 0.18134 1.55359 8.56751 

11 0.17638 1.55372 8.60864 

12 0.17346 1.55375 8.9'17P6 

13 0.17174 1.55376 9.04700 

14 0.17073 1.55376 4.100/U 

___15 _ _ 0.1.1_7013__. _1...5”7.6_ q.13262 

16 0.16978 1.55375 9.15152 

17 0.16957 1-  :5537 --- 4.16e3.72 

__18._ 0 1A9as _1_,...5379 9.117,93? 

lq 0.16938 1.55175 9.17'i?1 

20 14.16434 1.5517', 4.175c1,) 
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Table 27 (cont'd)  

Volume of Top 

Y T 

• 

0.99932 

.__0_,.t,5335 

0.45745 

Feed = 21 

Y 

1.28995 

_1.3(0.96 

1.41141 

cc. 

SF 

1.29083 

2..1143.2_ 

3.08541 

2 

3 

4 

5 0.33907 1.41493 4.17294 

0.26932  1.41546 5.29562 

7 0.22623 1.41547 6.20207 

8 0.20401 1.41542 6.93800 

1..41538 7.0.5949_ 

10 0.18134 1.41536 7.80919 

ii 0 . 1 7 6 38 1 . 1534 8. 024 32 

12 _ 1346 1 . 153a 8.15930 

13 .0.17174 1.41533 8.24098 

14 0.17073 1.41533 8.289Pi 

Qt .4_ i 533 ..1895. _ 

16 0.16978 1.41533 8.33618 

17 0.1697 1.41533 ?3,. 'i JJ 63 .•-t 

1.4133 6.35239 

19 0.16336 1.41533 8.3959'.i 

.16934 1.41533 
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Table 28 

CONSTANT VOLUME OF BOTTOM FEED (NT2 = 16 cc.) 

Volume of Top Feed = 6 cc. 

I YT YB IF 

2 0.96395 0.99999 1.01631 

..71_ 0.60162 1,398o6 4.3248_ 

4 0,45003 1.71572 3.b1243 

5 0.38993 1.96790 5.04680 

6 0.36610 2.16848 5,92322 

7 0.35665 2.32804 6.52751 

8 0.35290 2.45495 

9 0.35142 2.155590 7.27331 

10 0.35083 2.63621 7.51422 

11 0.35060 2.70009 7.70143 

12 0.35050 2.75091 7.84845 

13 0.35047 2.79133 7.96461 

0.35045 2.62348 8.056A7 

15 0.35045 2,49u5 8.12978 

16 t).35044 2.86939 A.1P788 

17 0.35044 2.88558 8.23410 

18 .00'5044_  

1 q 0.39044 2.90870 8.3001)6 

20 0.A5044  
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Table 28 (cont'd)  

I 

Volume of Top Feed = 11 

YT YO 

cc. 

5F 

2 0,98395 0.99999 1.01630 

3 0,60162 1;39.866 2.32483 

4 0.45003 1.63417 3.3127 

9 0.39q2 1.7732 4.54786 

0_,36609 1,85553 _5.0E8.48 

7 0.35664 1.90410 5.33897 

0.35289 1.93280 .47699 

9 0.35141 1,94976 54841 

10 0.350.32 1.95978 5.58629 

11 0.35059 1.96571 5.60691 

12 0.35049 1.96920 5.61837 

13 0.35046 1.97127 5.62486 

14 0,35044 1.97250 5.62859 

15 0.3504a 1.97322 5 6307_ 

16 0.35043 1,97365 5.63202 

17 0.35043 1.97391 5.63276 

1R 0.390a3 i 9.7105_ 5.6331.i 

1 9  39043 1.97414 5 6v3a -i? 

0.39043 1.974e0 9,6336A 
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Table 28 (cont'd)  

I 

Volume of Top 

YT 

Feed = 16 cc. 

 YB SF 

2  0.9riI95 0.09999 1.01630 

3 0.60162 1.39P66 2.32484 

4 0.45003 1.55263 3.45006 

5 0.38992 1.61209 4.154_ ri 

6 0.36609 1.63506 . _ . .   4.46627 

7 0.35664 1.64392 4.60946 

8 0.35269 1.64734 --LT,64- 

9 0..35141 1.611867___ 4.69159 _..;  

10 0.39082 1.64919 4.70099 

11 0.35059 1.64938 
__ 

4.70462 

12 0.35049 1.64949 4.70607 _ 

13 0,35046 1.64948 4,706i‘9 

14 0.35044 1.64949 4.706e03 

_15_ 4.35011A 1.64944 4.70697 .. ...... . .......____ 

16 0.35043 1.64949 4.70700 

17 0.35043 1.64949 4.707v1 

_113._ __.035043.. _ 1....64<,!49 4.70792..  

19 n.35043 1.6494° 4,70702 

20 1.'.390Li3 I .AZioclu 4.7C7i'? 
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Table 28 (cont'd)  

1 

Volume of 

YT 

Top Feed = 22 

ye 

cc. 

SF 

P-  0.98399 1.33584 1.35763 

3_ 2. 4 2294. 

4 0.45003 1.48141 3.29181 

i 6. .3 a 94------  1.41160P 3.8110/ 

7 0.35664 1,48709 4.16970 

A 0:352 1 4 8712 4.21406 

9  _0 J . 57I2 .4.23 

10 0.35082 1.48713 4.23900 

11 01-3509 1.48713 4.24162 

1.2 0.35049 1,4A713 4.P4P94 ••• -•• •-• ••• 

13 0.35046 1,48713 4.24339 

--1-.-i871 i  4.24397 

9.3 9 p 14.  4 1.4P713 4.24364 

16 0.35043 1.48713 4.24366 

17 0.35043 1.a-3713 4.247 

....t.F:i..___ _9, 199 ,.3 . 1. 713..  

19 0.35043 1.48713 4.P436is 

21 0.35043 1.11871 4.P63.3 
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Table 29 

CONSTANT VOLUME n. 

Volume of 

.1 YT 

7(7770M FEED (NT2 

Top Feed = 6 cc. 

YR 

= 21 cc.) 

SF 

0.91316 .99999 0950) 

0 60466 1.41033 P.33242 

4 0.92565 1.73673 3.3039E3 

S 0.50910 1.99(136 3.94998 

0„c0023 2.0289 11 /10379 

7 1o,49890 2.36717 I' 74479 

0.49896 7.49785 9.01015 

0.49847 2.60161 9.21997 

10 0.49645 7.68450 5.A8570 

11 0.49844 75027 177,? 

12 0.49844  2.80259 5.622h9 

13 l 49840 2,8/1421 5.7(4,19 

14 0.4PsaLl 2.s7732 9.77262 

19 0,49840 2.90369  9 87949 

1E,  0.1°8/11.1 2.924h0 3?b7/17 

17 ) 49s44 x,9,1126 5„(Zhoc-40 

1A --. ().4984ia 9S4')1 cs.9p749 

19 .4944 2.,16506 9.94 

2n n.a4L,an 9734a -,.99 a7 
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Table 29 (cont'd)  

Volume of Top Feed = 11 cc. 

T YT 

0.91316 90q94 

SP 

1.09509 

0.01166 1.41C33 2.3.324(? 

It 0.92965 1.(-92iio 3.14a32 

9.50940 1.79608 3.5`'31/i 

0.50022 1.88074 3.7- hP 

7 9.49889 1.93077 3.87011 

.44859 1.96033 3.q3205 

o.19M46 1.Q77ri(1  - 9 ,77?' 

10 0.49844 1.98812 3.98867 

11 0.0984U 1.99022 4.00046 

1? 0.49843 1.99761  U.00820 

13 ) 09f34-i 1.99996 u.o1247 

1 'I 0.49647i 2.00121 0.01449 

19 0.44841 2.00196 A.0165n 

16 1).49ALi 0O240 4.017 7 

17 0.498/J3 2.00266 .01/r;4 

1 0.4qA4 ?.00261 '4..18i3(1 

19 i 44)43 2. 9op40 4.0154 

20 A a0H13 2.oc;p96 i 1r: ,19 
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Table 29 (cont'd) 

Volume of Top Feed = 16 cc. 

I YT V3 SE 

p 0.91316 0.qq999 1 W-309 

0.60466 1.41033 2.33 4? 

4 0.5P565 1.56887 2.914465 

0.50540 .63012 3.22538 

0.5002.2 1 6 5378 ...._   3.30611 

7 0.49,311q 1.66293 3.33324 

0.49855 1.66646 1.34260 

0.a9A4A 66763 3.3499A 

10 0.49844 1.66635 3.3471A 

11 0.49844 655 3.34758 

12. 0.49643 1.66863 3.3a775 

13 0.49641 1.66866 3.34781 

1/1 g98d3 1.66P67 1.3a7.',3 

15 0.0643 1.66667 3.34763  

16 n 496a3 1.66668 1.7 1 

17 0 49643 1.6666 --i,.A474 

1P,  0.49643.  1.66 6'6 -4.4,17h4 

0.4nria3 1 .66i,66 3.3'.78 A 

2( 0,4QP.a3 1 .6:;168 3.3 7 a 
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Table 29 (cont'd)  

1 

Volume of Top Feed = 21 

YT YR 

91316 1.34500. 

AO4h6 1.47102 

cc. 

SF 

1.4729,4 

2.4327? 

t4 0.52969 1.49557 2.84520 

90540 1 .90039 2.96i-,6 

0.50022 1.50129 3.00125 

7 0.498s.19 1.50147 3.00962 

P 0.49A55 1.90150 3.011'0 

) 098/1 6,  1.50131 3.0 1 2 27 

10 0.49844  1.50151 3.01241 

11 0.49E1114 1.50151 3,0124~  

12 0.498u43 1..50151 3..G1246 

13 0.49843 1.50151 3.01246 

14 0.49Aa3 1.50131 3.01246 

19  0.49843 1.56151 3.01246 

167. 0.49843 1.50151 x.01246 

17 A.98iC4 1.50151 3.0124 

1P,  0.0c4:-/.47, t..L0151 3 01246 

19 +).!.19F,43 1 50151 (11 11i, 

2(..; 0 itcr74u3 1.90151 1?., 
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Table 30  

CONTINUOUS PARAPUMP  

Separation as a Function of NT4 

NT2 
(cc) 

NT4 
(cc) 

Steady State 
Product Concentration 

moles/cc. 

Separation 
Factor 

(< YB>ci< YT>..) 
Top Bottom 

6 6 0.0685 1.9313 28.1676 

11 0.0685 1.4718 21.4676 

16 0.0685 1.3144 19.1715 

21 0.0685 1.2357 18.0236 

11 6 0.1693 2.6344 15.5564 

11 0.1693 1.8305 10.8102 

16 0.1693 1.5537 9.1755 

21 0.1693 1.4153 8.3580 

16 6 0.3504 2.9168 8.3233 

11 0.3504 1.9742 5.6336 

16 0.3504 1.6494 4.7070 

21 0.3504 1.4871 4.2436 

21 6 0.4984 2.9734 5.9654 

11 0.4984 2.0029 4.0184 

16 0.4984 1.6686 3.3478 

21 0.4984 1.5015 3.0124 
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Table 31  

CONTINUOUS PARAMETRIC PUMPING  

Conditions for Runs to Show the Effect 

of Doubling Column Conditions 

Operating Variable Value  

Volumetric Flow Rate 0.5 cc/sec 

Specific Rate Constant for High pH 0.07 

Specific Rate Constant for Low pH 1.58 

Feed Concentration (Normalized) 1.00 gm. mole/cc. 

Total Volume of Column 30.00 cc. 

Void Volume of Column 0.75 

Dead Volume of Top Reservoir 5.00 cc. 

Dead Volume of Bottom Reservoir 5.00 cc. 

Number of Cycles 40 
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Table 32 

Upflow Displacement (NT1) = 11 cc. 
Downflow Displacement (NT3) = 11 cc. 
Volume of Top Feed (NT4) = 11 cc. 
Volume of Bottom Feed (NT2) = 11 cc. 

3 

Number of 

sr-I 

0.e7814 

0 6126 

Stages-12 

Yvi 

1.400;12 

1.479u0  

8F 

1.59522 

IL 0.51710 1.48959 2.77337 

5 0.51547 I.49?46 2.89532 

0.50929 1,49302 9-4154 

7 0.50753 1.4931? 2.94194 

1.50703 1.49315 2.qt,491 

0.5068e 1 49315 2 94575 

10 0.50684 1.49115 2.94599 

11 0.506ii3 1.49315 2.94606 

12 0.506t3 1.49115 P.9460,3 

13 0.50683 1.49315 2.94609 

14 .50984 1.49319 2.941:09 

15  50642 1.49315 9 4 6 C) 9 

16 .506tA2 1.49315 P.94609 

17 502 1.49315 P 94F,09 

0.506m2 1. i315 2.94609 

19 0.5O62 1.49315 2.94H09 

20 CL 50f,Pp 1.aq 7c15 2 .91i0,0') 

21  
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Table 32 (cont'd)  

22 

23 

506A2 1.4931c, 

1 49315 

1.a9315 

2.94609 

2.94609 24 .50682 

29 0.5062 a931 9/1h09 

26 0 SOf16? 1.49315 2.(1,2,601 

27 0.90662 1./19315 2.q/1609 

28 0.50662 1. .41-9315 8.,4 LIh 09 

29 5066P 1.49.i15 2 QI16oq 

30 0.506M2 1.a 9315 2.(41.1600 

31 0.50682 1 .aq315 p.q116(0 

32 O.SOf2 1./-19319 2 • 9 

33 .50662 1.49315 2.9 /1 609 

34 5062 1.a0315 2.9416i09 

35 1.49319 2.9,46(;9 

36 0.9062 49315 2. 9"i)9 

37  49315 2.q1J 1=,(19 

38 - opsk2 09319 qP6W4 

39 50682 1 49315 2 g Es,0 4-4 

40 0.90h;12. 09315 2. 
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Table 33 

Upflow Displacement (NT1) = 5 cc. 
Downflow Displacement (NT3) = 5 cc. 
Volume of Top Feed (NT4) = 5 cc. 
Volume of Bottom Feed (NT2) = 5 cc. 

I 

Number of 

YT 

Stages - 6 

Y 3 8F 

81Pi2 1.42964 1.7610'1 

..626g7 . • 32119 

Li 0.56547 1.46409 2.9?-,914 

S 0.54S9 1.46494 2.6r75P 

5-i1A -Ap 1.46504 721c,1 

7 0.53607 1.46504 2.73291 

0.53533 1.46503 P.736,1 

0.5390P 1.46503 e.ri791 

10 1.a6503 2./3P3 

11 0.53497 1.46903 2.7565c:" 

12 0.53496 1.46903 2.7357 

13 0.53496 1.46503 2.73856 

14 0.53496 1.460S 2.73659 

15 ) 53496 1.46505 2.73$459 

16 .53496 1.46503 P.7.399 

17 .53496 1.46503 2.73P%5,/ 

0.53496 1.a6503 ro-i9 

0.53496 1.46503 2.73H59 

934961 •46903 

2 1 1.46503 
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Table 33 (cont'd)  

22 0.53496 1.46503 2.7659 

23 0.5349k 46503 73859 

24 0.5349E, 1.46503 2.73659  

25 .53496 1.46503 ?.73,159 

2...6... 5'349.6 1_46503 2.758r,9 

27 0.53499 1.46503 2.73859 

28 0.5349k 1.a6503 2.73e59  

29 0.5349k 1.a6503 2.7W-)9 

30 0.5349k 1.46503 2.738,4 

31 0.5349k 1.116503 2.738',9 

32 0.53496 1.46503 2. 

33 O53d9 1 .16503 2.73+159 

34 53496 1.46503 ?.7it"-04 

35 0.53496 1.116503 2.70,y4 

36 0.53496 1.46503 2.73i5q 

37 0.53496 1.46503 d./ 465) 

33 0 53196 1.46503 2.7 

39 0.53496 1.46503 

40 0.53496 j /6593 2.73i:459  
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Table 34  

CONTINUOUS PARAMETRIC PUMPING  

Conditions for Runs to Show the Effect of Simultaneously 

Varying Volume of Top and Bottom Feed (NT2 and NT4) 

Operating Variable Value  

Volumetric Flow Rate 0.5 cc/sec 

Specific Rate Constant for High pH 0.07 

Specific Rate Constant for Low pH 1.58 

Feed Concentration (Normalized) 1.00 gm. mole/cc. 

Total Volume of Column 30.00 cc. 

Void Volume of Column 0.75 

Deat Volume of Top Reservoir 5.00 cc. 

Dead Volume of Bottom Reservoir 5.00 cc. 

Upflow Displacement (NTl) 11 

Downflow Displacement (NT3) 11 

Number of Cycles 40 



Table 35 

Volume of Top Feed (NT4) = 11 cc. 

Volume of Bottom Feed (NT2) = 11 cc. 

VT 

9973? 

No 

.00000 

SF 

I .00p ,.. 

71024 1.?/4 1.81451.  

14 0.52210 1.4777 2.63039 

5 0.39679 .601.43 0157? 

6 0.3179{' ki;k238 

7 0.2650? 1.73536 :::::  

0.23031 1.7701)3 7.6i.,5 

0.2)756 1.79727? 6.6372?) 

10 0.1926 1.R.0757 9.3m?77 

11 0.182e.ii .m172 ki 937?0 

12 0.17647 1.82364 10.33362 

13 0.17228 1.82760 10.60971 

14 0. 16953 R305? (4 .70791/ 

19 ) 1 772 .3P30 10 9d4c-i7 

16 0.16654 .83346 11.00905 

17 1.16577 1 .“-1"2? t 1.c,h507 

18 0 1k526 1, A3472 11.1 207 

1a 0.16493 1.8 -3509 11.1?f../43 

20 0.16111 .`126 11.1i2e14 

21 .1,',“57 1.,:i3'4n 1. 1 . 1 .?c,, 
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Table 35 (cont'd)  

22 0.16aL17 1.,915549 11.15co7 

>-? -i 0.16d111 

0.16437 

i355L,  

.e3559 

11 • lt,450  

11.16756 24 

25 0.16434 1..3562 11.16q52 

26 0.1h1433 1.M3563 11.1705=1 

27 0.1642 1.M3564 11.17141 

2A 0.16431 1.m3565 11.171'07 

29 0.16450 25565 11.17232  

50 0.16439 1.A3566 11.172cli 

31 0.16,436 4 f 1.556. 11.17271 

32 0.16430  1.85566 11.17241 

55 0.16430 1.,-35b6 11.17294 

34 16430 1.45566 11.17e02 

5 0.16440 1.43566 11I72 

36 0.16429 1.,4 3566 11.17296 

"57 .16a29 / .5966 11.172 1 / 

3A 0.164da 1.--4566 11.1 72'4 A 

3q 1 4,429 1.R3566 11.1729 4  

40 1 .1-, Id cl d iCb6 11.1 72(4n 
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Table 36  

Volume of Top Feed (NT4) = 5 cc. 

Volume of Bottom Feed (NT2) = 5 cc. 

1 YT Y3 SF 

2 1.00000 0„98P50 0.925J 

o..7684 1,?0660 1.93374 

4 0.71070 1.23698 1.81085 

6839? 1.31563 1.924m1 

0.673' 0 1 3298A 1 96775 

7 0.67034 1.32954 1.98339 

0.66910 1.33085 nptio2 

0 66666 1.33131 1.99103 

10 0.66890 1.33148 1.99175 

11 0.66844 1.33154 1.99201 

12 0.66842 1.33156 1.99210 

13 0,66841 1.33157 1.99214 

14 0.66841 1.31157 1, 99?19 

19 0.66841 1.33157 ,49219 

16 0.66841 1.33157 1,99215 

17 '.668a1 i .33157 1.. P19 

PI _ 66841 1.33157 1.q9215 

.66641 1.33157 99215 

2() .n E.gi 1..33157 1.9w -,1', 

- ii1 1.33157 1...215 
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Table 36 (cont'd)  

22 0.668111 1.33157 1.99215 

23 ( 66814 1 1.33157 1.9921 

24 0.66841 1.33157 1.99215 

25 0.66641 1.33157 „99215 

26 0.66841 1.33157 1,09215 

27 0.66841 1.33157 1.99215 

28 0.66641 1,33157 1.99PI5 

29 0.66841 1.33157 1.99215 

30 0.66841 1.33157 1.99215 

31 0.61 1.33157 1.99215 

32 0.668LI1 1,3157 1.9215 

33 0.66841 1.33157 1.9921i 

34 0.666u1 1.33157 1.99215 

35 0 b"811 1.33151 .99215 

36 .66ha1 1.33157 1.Q9?15 

37 i.f1h8iii 1.33157 1.90-2-15 

38 h '6,11 1.33157 1.99215 

39 0.66011 1.33157 1.9921.5 

/-11")  
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Table 37  

Volume of Top Feed (NT4) = 4 cc. 

I 

Volume of 

VT 

0 ./.5536 i 

Bottom Feed (NT2 = 4 

YB 

1 .0000n 

.24.418 

cc. 

SF 

1.00077 

1.64/08 

ti 0.57859 1.42120 P./15630 

S 0.45014 1 1.94953 3.44029 

6 0.35746 . 255 1459505 

7 0.29007 1.70998 5.69511 

0.2a 1 20 1.79866 7.29205 

9 0 20577 1.79429  

10 O.1 4 0R 61498 10.10650 

11 0.1 145 1.83860 11.3799 

12 0.14794  12.5167'4 

13 0.1P,l9 1.86187 13.47704 

114 0.13105 3686 14.261/J4i 

15 0.12590 1.71(10 1 • 4.5:..19 

1 6 0.12217 1.87762 15.31089 

17 1.52 1").7417q 

1 O1175ti ..2,pi_ii4 if, 0?,(11 

19 1164)7 PP390 16.2i010 

?0 0.115a 4i92 1 .V,/1 

21 lItti?c4  1 . 7 (4 37 

1.81 



Table 37 (cont'd)  

22 0.11375 1.88621 16.5179 

23 0.11336 1.8660 1(1.6427)1 

24 0.11307 16.6W727 

6:11284 1.b8709 16.7196,1  

26 0.11272 1,723 16.7432a 

27 0.11261 1.88734 16.76056 

2 0.11,?5,3 16.772iA 

29 0.112a7 )674fL 16.-04 1hil 

30 0.1123 1.88752 16.71.14.1 

31 0.112110 16.79317 

32 0.1123"__ 1.88757 16.7966 

33 0.11236 1.68759 16.79913 

34 0.11235 1.88760 " -fi 9 

35 0 112z4  1.761 16.e0229 

3h 0.1123a 1.76? 16.80322 

37 0.11233 1.);i762 

3!3  0.11P53 1."76d 16.011a4 

39 0.11233  1.763 16.6.970. 

el 0 0.112-53 16. ( • 
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Table 38  

Volume of Top Feed (NT4) = 3 cc. 

Volume of Bottom Feed (NT2) = 3 cc. 

YT YB SF 

0.99983 1 .00000 1.00016 

ti.6051 1.19439 1.08353 

0.65144 1.34814 2.0694b 

0.53010 1.46955 2.7722? 

0.43427 1 5W,43 3.f o471 

7 0.35860 1.64119 57652 

0.29884 1.70094 9.60176 

25165 1 71.0,46 6,94644 

0.21.439 1.73'545 8.32321 

11 0.134g6 1.81490 Q.81256 

12 0.16172 1.83815 11.36654 

13 0.14336 1. , 8565? 12.94975- 

14 0.128V7 1.8110? 14.51867 

15 1174? 1.88247 16 03130 

0.10839 1.9152. 17.45153 

17 ) 10125 49866 1 

18 0.09561 1.Q0430 19.'116 

19 0.09116 1.90;i7Li 20.9381 

?0 12e7 

2.1 .,433 
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Table 38 (cont'd)  

22 0.08268 1.41724 . 1 91 

3 OP009 41898 23 7n6Q4 

24 .07958 1.92035 24.13087 

25 0.07850 1.92143 24.4764/ 

26 0.077h5 1.42228 24• 75620 

27 0.07698 1.92295 24.9P146 

28 0.07644 1.42348 ?5. 

29 o 07602 1 92390 25.30667 

30 0.07554 1.92424 25.421(A 4  

31 0.07543 1.92450 ?5.51 

32 0.07522 1.42471 25.9k649 

33 0.07906 1 • 92487 25.64433 

34 0.07a4 1.42500 25.6°017 

35 0.07463 1.92510 25. 765.) 

36 0.07475 1.92518 25.75929 

37 0.97nbQ 1 (4 . 252 5  25.7/1.0)2 

31 1.c1 530 25.7u601 

39 .0746 22534  25.1024  

all 0.1i7W-if7  92537 
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Table 39  

Volume of Top Feed (NT4) = 1 cc. 

Volume of Bottom Feed (NT2) = 1 cc. 

T T91-- S RI,,T5 SF 

2._. ._ _ 0.9.0.029._ .1.00000 1.11075 

30.F.l5P 1.0"16 1.3P3,4 9 

4 0.7/1083 1.16260 1.5934 

9-..- .67350 1.23767 1.3797 

6 0.61308 1.30957 2.12052 

7 0.59886 1.36636 2.4n4P.1 

a. 0.51020_ 1.42091 2.702 

q 0.46692 1.46987 3.1507') 

10 0.42732 1.91361 i.5a295 

JI .. 0.39?14 1.55329 3.95.U° 

12 12 0.3h057 1.98F64 10594 

13 0.33223 1.6204n 4.,57735 

...0.30680 1.6491 5.37094 

1 5  0.28397 1.7/49 9.,.4671 

16 0.2(-,ae. 1.f79746 6 eq233 

17 0.211510 . 1.71U6 7.006c. 

.2.26° 1.73k5f- 7,5,J6s0 

lq .21379 1.75319  

2!' . 0.20049 1.7.605 F.f4 16,45 

21 0.1Rscs 1.7i!.14P :• 7 
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Table 39 (cont'd)  

2P 0.177 F,  1.7(0441 10.Ci-3'3 

23 0.14,325 1.041.5 10.7P333 

P4 0.1ticIA2 1.P1'301  11.4E3?") 

2") 0.1154.4 1.8e3291 11 iqq4/ 

2.% 0.144q4 1.3029 1P.?r5P 

27 13,17( •k3727 15. 4. 

29 0.14310 1.P4354 13., e 47 

2-4 u.12A( A 1.s4c1 1 14.4-4/0,, J 

30 0.12357 185'421  

31 u.119c1 1.Tk5A7 15.Se 2 

32 6.115q0 1.P1IM 1h.1 72-n 

35 0.112'14 1.A60144 16.57(Y/ 

34 0.10'471 1.P6971 17.6,410 

3'-1 0.17,' 1.-17?h4  17.q,-fo-f 

35 0.10173 ',7c4dP 17.-0Y-P 

37 0.102h? 1. 77‘J4 1 1.?"75P 

3,, 0.1C07d 1. 7Q/6 1.r-r14-c3 

3q 0.0W/0? 1.'1 0.10,=1  

40 9 (171(1 1.57 1°.51(-1l 

186 



Table 40 

Separation Factors as a Function of 

NT2 and 
or NT4 
(cc) 

Top and Bottom Feed (NT2 and NT4) 

Steady State 
Type of Product Concentration 
Parapump moles/cc. 

Separation 
Factor 

(< YB>00/< YT>00) 
Top Bottom 

1 Batch 0.0975 1.8834 19.3169 

3 Continuous 0.0746 1.9254 25.8215 

4 Continuous 0.1123 1.8876 16.8050 

5 Continuous 1.1643 1.8357 11.1730 

11 Continuous 0.5068 1.4932 2.9461 
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