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Fixed Bed Desorption Behavior of Gases 
with Nonlinear Equilibria: 
Part I 1. Dilute, Multicomponent, Isothermal Systems 

Generalized depletion curves for desorption (and corresponding break- 
through curves for adsorption) were calculated for systems characterized 
by the Langmuir-type multicomponent equilibrium equation and controlled 
by the film type rate model. In contrast with adsorption where the nonkey 
(or less strongly adsorbed) component curves display overshoots above 
feed concentration, in desorption the key component depletion curves ex- 
hibit the instabilities in the form of inflections and curvatures. As in the 
one component case, the differences in the depletion and breakthrough 
curves may be related to the rate phenomena. The undulations in the key 
component depletion curves may be characterized by derivatives of the 
rate data. The major significance of these instabilities is to elongate the 
depletion curves, which in turn requires the expenditure of added effort 
during regeneration. Process modifications are indicated, which could 
suppress the instabilities. The predicted trends were c o n k e d  by experi- 
mental depletion curves. 

IMRE ZWIEBEL 
CHRISTOPHER M. KRALIK 

and 
JAY J. SCHNITZER 

Worcester Polytechnic Institute 
Worcester, Massachusetts 01 609 

SCOPE 
Most of the studies dealing with the design of sorption step in the operation of the cyclic processes. Recently it 

based separation processes have focused on the description was shown that in systems characterized by favorable iso- 
of the adsorption step; and even these have been confined therms (d2W/dC2 < 0) the depletion curves are consider- 
mostly to single component systems. From experience, ably elongated in comparison to the corresponding break- 
however, the desorption is known to be the controlling through curves. Mechanistically the elongation may be 
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attributed to the nature of the mass transfer driving forces, 
especially at the latter stages of the desorption step. Such 
asymmetric behavior requires that a longer time be spent 
on regeneration than was spent on adsorption. To deal 
with this problem, special design features have been 
added to industrial installations; for example, a third bed 
in the process could provide extra time on desorption, or 
a temperature/pressure swing step could reduce the time 
required to regenerate. 

Multicomponent systems further complicate the proc- 
ess; for example, during adsorption it is possible to obtain 
adsorbate concentrations higher than the inlet composition 
for the nonkey components. (The key component being 
defined as the component which is adsorbed most 
strongly), Such overshoots in the composition, referred to 
as instabilities, are the result of the displacement of the 

nonkey components by the key component. During de- 
sorption another type of instability is observed; this time 
unusual wiggles and waves appear in the key component 
depletion curves. The characteristics of this instability 
were the objective of the present study. The prevailing 
equations describing the system were solved for theo- 
retical solutions, and also experimental measurements 
were made to observe the behavior of the depletion 
curves. 

The instabilities during the desorption of multicom- 
ponent systems manifest themselves as even greater elon- 
gations in the depletion curves. To overcome these devel- 
opments, considerably more complicated design measures 
have to be implemented than were called for by one com- 
ponent systems if the processes are to be applicable in 
industrial separations. 

CONCLUSIONS AND SIGNIFICANCE 
Using the film model to describe the mass transfer 

mechanism and the Langmuir-type multicomponent iso- 
therm equation to account for nonlinearities in the equi- 
librium data and for component interactions in the ad- 
sorbed phase, both adsorption and desorption profiles 
were calculated for a broad spectrum of binary mixtures. 
The relative rate characteristics of the two components 
were assumed to be identical; thus, emphasis was placed 
on evaluating the effects of concentration variations, com- 
ponent interactions, and equilibrium characteristics. Thus, 
in binary systems, four parameters (such as the inlet con- 
centrations CiO and the equilibrium coefficients K L i  of 
both components) can be used to characterize the deple- 
tion curves and also the breakthrough curves. With the 
more strongly adsorbed component defined as the key 
component, the above can be combined into three char- 
acteristic parameters (ai, the nonlinearity parameters, and 
v, the relative affinity parameter for the nonkey com- 
ponent). 

The nonkey component desorption curves are similar 
to those obtained in pure component systems. The non- 
key component depletion curves do not exhibit an usus- 
ual behavior as do the nonkey component breakthrough 
curves, which overshoot the feed concentration during 
the adsorption process. The key component depletion 

curves, on the other hand, exhibit undulations, which have 
been termed as instabilities. These instabilities inad- 
vertently elongate the key component depletion curves 
in comparison with the corresponding breakthrough 
curves. 

One component desorption could be characterized by 
the rates of desorption, that is, the first time derivative of 
the adsorbent loading. In the multicomponent case, due 
to the component interactions, the instabilities (or wiggles) 
in the depletion curves require higher order derivatives 
of the adsorbent loading for the characterization. 

When the adsorptive properties of the adsorbing species 
are quite similar, 7 + 1.0, no instability occurs regard- 
less of the concentration of either component. When the 
two adsorbing species are dissimilar in adsorptive proper- 
ties, ?) + 0, the instability will appear above a critical 
composition of the nonkey component. Below this com- 
position the key component behaves as if it was a pure 
component. 

The key component concentrations influence only 
slightly the appearance of the instabilities. However, the 
extent of the instability, that is, the extent of the elonga- 
tion of the depletion curve is a strong function of the key 
component composition levels. 

The experimentally observed nonsymmetrical behavior 
of adsorption breakthrough curves and desorption deple- 
tion curves during one component desorption in fixed 
beds was interpreted for systems with nonlinear isotherms 
by Zwiebel et. al. (1972), Garg and Ruthven (1973), 
and Antonson and Dranoff ( 1969). Depletion curves, for 
desorption into an inert purge stream at the same flow 
rate, temperature, and pressure as in the corresponding 
adsorption, are considerably elongated in comparison with 
the corresponding breakthrough curves result from the 
differences between adsorption and desorption rate phe- 
nomena associated with the favorable isotherm. Conse- 
quently, a larger time is required to desorb a bed than was 
spent to accomplish the corresponding saturation. This, 
automatically, precludes the design of simple cyclic sepa- 
ration processes based upon adsorption. To overcome this 
deficiency, either a third bed is incorporated in the proc- 
ess, or excess purge gas is used for desorption, or a variety 
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of pressure-swing and/or temperature-swing operations 
are added. Such costly contributions to the processes con- 
firm the notion that the desorption step is the controlling 
operation. In spite of this, up to now most of the atten- 
tion has been devoted to the study of adsorption, with 
desorption having been described through some simplify- 
ing assumptions (Rosen, 1954; Fukunaga et al., 1968). 

In multicomponent systems, the interactions between 
components give rise to instabilities in the gas concentra- 
tion (Figures 1 and 2)  and adsorbent loading profiles 
which further complicate the relationship between ad- 
sorption and desorption. The adsorption of binary systems 
was initially described by Needham et al. (1966), and 
in gr-ater detail, using both experimental and theoretical 
results, by Gariepy and Zwiebel (1971) and by Thomas 
and Lombardi (1971). In this paper both calculated and 
experimental depletion curves are presented for binary 
systems; their behavior is correlated with the isotherm 
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nonlinearities and related parameters, and they are con- 
trasted with the corresponding breakthrough phenomena. 

EXPERIMENT 

The results presented here are part of a comprehensive 
experimental program, parts of which have been previously 
reported, for example, binary adsorption by Gariepy and 
Zwiebel ( 1971), one component desorption by Zwiebel and 
Schnitzer ( 1971), and Zwiebel et al. ( 1972). The apparatus 
used was described in detail by Gariepy (1972). Using a 
180 x 3.75 (I .D.)  cm activated charcoal column, dilute binary 
mixtures of C02, C2H4, and C2H6 in nitrogen were fed dur- 
ing the adsorption step until the adsorbent was completely 
saturated. Desorption was accomplished by using pure nitro- 
gen purge at the same feed rate and inlet pressure as was 
used during the corresponding adsorption step. The nitrogen 
flow rates were varied between 5000 and 15000 s.cc/min. so 
that the resulting pressure drops were relatively small. The 
particle based Reynolds numbers, however, were maintained 
above 1000; that is, all experiments were carried out in the 
turbulent region. The adsorbate compositions in the gas were 
kept below 3% total adsorbates to avoid significant velocity 
effects due to variable flow rate and to minimize thermal 
efiects due to heats of adsorption/desorption. All the experi- 
ments were carried out at 25"C, and the temperature of the 
system was continuously monitored and no significant devia- 
tion (less than 1°C) was observed from the ambient initial 
and inlet conditions. Thus, it may be approximated that the 
adsorption and desorption experiments were carried out under 
nearly identical conditions. 

Figures 1 and 2 illustrate the experimentally obtained deple- 
tion curves, with the specific data describing these experiments 
given in Table 1. The C02 (nonkey component) depletion 
curves are similar to the curves obtained in the one com- 
ponent case; they are the simple sigmoidal curves, and they 
very nearly coincide for the cases illustrated. On the other 
hand, the CZH6 ( key component ) depletion curves exhibit 
wiggles which inadvertently complicate the desorption step. 
As the concentration of C02 increases in relation to that of 
C2H6 in the feed, the instabilities become more pronounced 
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Fig. 1. Experimental depletion curves; different nonkey component 
(COz) concentration levels (see Table 1). 
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Fig. 2. Experimental depletion curves; different key component (C~HG)  
concentration levels (see Table 1) .  

TABLE 1. COMPONENT CONCENTRATIONS DURING THE 
ADSORBENT LOADING FOR THE EXPENMENTAL RUNS 

Run no. 
(Figures Co(C2Hs) a(CZH6) Co(CO2) a(COz)  
1 and 2) Key component Nonkey component rl 

1 0.15 0.5 0.05 0.1 0.33 
2 0.15 0.5 0.15 0.3 0.31 
3 0.15 0.5 0.25 0.5 0.29 
4 0.05 0.18 0.15 0.3 0.23 
5 0.25 0.8 0.15 0.3 0.39 

Co in moledliter. 

(Figure l), while in the reverse case, at a constant C02 com- 
position as the C2Hs increases, the ethane depletion curve 
instabilities become less significant (Figure 2). 

ANALYSIS 

In analyzing the isothermal adsorption/desorption phe- 
nomena of dilute binary systems, the component ad- 
sorbate mass balances in the gas phase and  in the adsorb- 
ent phase may be written as follows: 

ac, ac, 
az ae - + - + Ai * Ri = 0 

Ri = - a w  
ae 

where the dependent variables Ci and W i  have been nor- 
malized with respect to Ci0 and Wi,, respectively (Wi. 
being the multicomponent equilibrium loading of the ith 
component which corresponds to  the gas phase composi- 
tion Cio). 

In this study, the film type of rate expression was used 
to  describe the mass transfer process 
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R i  = - Br (Ci - C,") (3) 
A i  

This first-order model was selected primarily for its sim- 
plicity, thus enabling a convenient means of studying the 
effects of the equilibrium nonlinearities and component 
interactions. It was not intended to be a rigorous descrip- 
tion of all the rate phenomena, especially for systems with 
porous adsorbents. 

Also, it was stipulated that axial dispersion effects and 
radial profiles were negligible and that the gas flow rate 
throughout the column remained constant. The effects of 
gas phase velocity variation was treated by Zwiebel 
(1969) and Zwiebel and Schnitzer ( 1973), the axial dis- 
persion case during adsorption was studied by Ikeda and 
co-workers ( 1973), and Lapidus and Almundson (1952), 
and the effects of particulate internal mass transfer was 
presented by Garg and Ruthven (1973), Hiester and 
Vermuelen ( 1952), and others. 

The Langmuir type nonlinear isotherm relationship was 
chosen to define Ci*, the normalized gas phase composi- 
tion in equilibrium with .the variable adsorbed phase 
loading: 

(4) 

where the nonlinearity parameter ai = K~iCio, with K L ~  
the Langnuir-type coefficient for the component in ques- 
tion. This expression is quite satisfactory in correlating 
the equilibrium data over a limited region of adsorbent 
loadings. However, this does not mean that the system 
obeys the assumptions of the Langmuir monolayer model. 

The boundary conditions for the desorption problem, 
with a step function elimination of the adsorbate from 
the feed stream, can be written as follows: 

ci(z = 0, e )  = 0.0 
Ci(z ,  8 = 0) = F~(z) = 1.0 

W ~ ( Z ,  0 = 0 )  = G~(z) = 1.0 

(54  
(5b) 

(5c) 
Conditions (5b) and (5c) assume that the bed was ini- 
tially saturated with the adsorbates and that equilibrium 
was established with the feed gas Cio, which was used in 
the previous adsorption step. 

To obtain analogous solutions to the existing correla- 
tions in the literature, a change in variables would have 
been necessary to give the following independent vari- 
ables : 

distance parameters = Bi * z 

Bi time parameters = - ( e  - z )  
Ai 

This, however, would result in a separate solution for each 
of the components, with a different abscissa and a W e r -  
ent set of parameters for each. To facilitate a more con- 
sistent solution whereby the component profiles can be 
presented together on a single set of coordinates, a key 
component was defined. In a given system, the component 
which deviates most from the linear isotherm was chosen 
as the key component, that is, the one with the largest 
value of K L ~ .  Consequently, the independent variables 
were defined as follows: 

2, = Bkey  ' Z 

T=- ( 0  - 2) 

( 6 4  

(6b) 
Bkes. 

A k e y  

which are similar to those widely used in the literature. 
For example, u is identical to the column capacity param- 
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eter and T / v  to the number of transfer units used by 
Hiester and Vermuelen ( 1952). 

In addition, a relative affinity parameter vi was defined 
as 

(7) 

which in terms of the dimensionless coefficients becomes 

The values of this parameter are bracketed, that is, qi = 0 
indicates that the ith component is not present in the sys- 
tem, and ?li = 1.0 represents the case where the ith com- 
ponent is adsorbed to the same extent as the key com- 
ponent. 

In this study, the relative rates of adsorption of all the 
components were assumed to be identical, that is, the 
rate parameter was set at di = 1.0, since emphasis of the 
comparisons was directed to determine the effects of the 
relative loadings, the relative isotherm nonlinearities, and 
the component interactions on the depletion curves. 

As a result of the variable changes, the mass balance 
and mass transfer rate equations were transformed re- 
mectivelv to 
I 

(9) 

These equations, together with the isotherm equation (4)  
and the appropriate boundary conditions, represent the 
multicomponent desorption process. Their solution can 
provide a set of generalized curves which describe the 
behavior of systems that conform to the assumptions used 
in the derivations. As stated above, this system of equa- 
tions is not intended to be absolutely rigorous for all ad- 
sorption/desorption cases. Instead, it is expected to clarify 
certain interactions and to illustrate the prevailing trends 
that could be expected as a result of these interactions. 

The above system of equations was solved by transform- 
ing the partial differential equations into ordinary differ- 
ential equations along the straight line characteristic 
curves ( Acrivos, 1956) 

v = constant ( 1 0 4  

T = constant ( lob)  

The latter were then integrated by a modified Newton's 
method (Gariepy, 1972) on the DEC PDP-10 computer. 
An iterative technique was necessitated by ihe nonlineari- 
ties introduced in the denominator of Equation ( 4 ) .  

RESULTS AND DISCUSSIONS 

In contrast with the linear single component systems 
whose description requires one set of curves for each of 
the two dependent variables, C and W, the multicom- 
ponent systems with nonlinear equilibria require a series 
of sets of curves with different values of the parameters 
~ i ,  c#i, and mi. In all, a system with N adsorbing com- 
ponents requires the specification of 3N - 2 parameters 
for complete description (two of the parameters ?key = 
1.0 and &y = 1.0 having been set by their definitions). 
This, in turn, would necessitate a series of generalized 
plots beyond the capacity of most publications if a broad 
range of values of all these parameters were to be used 
in all reasonable combinations. In this paper, typical such 
data are presented for a binary system, and the previously 
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Fig. 3. Calculated gas phase composition profiles for key component; 

a~ = 0.9,  an^ = 0.5, q = 0.2. 
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Fig. 4. Calculated adsorbent loading profiles for key component; 

a K  = 0.9, anK = 0.5, q = 0.2. 

mentioned interactions are investigated. 
Figures 3 and 4 show typical calculated depletion 

curves for the key component in the gas and adsorbed 
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2.0 1 1 

Fig. 5. Calculated adsorbent loading profiles for nonkey component; 
a~ = 0.9,  an^ = 0.5, q = 0.2. 

phases, respectively. Figure 5 shows the corresponding 
adsorbent loading curves for the nonkey component. For 
comparison, these figures also have the corresponding ad- 
sorption curves plotted. In contrast to adsorption, where 
the nonkey component possesses concentration profile 
anomalies by overshooting the inlet compositions, in de- 
sorption the key component profiles exhibit some unusud 
wiggles. In this paper these wiggles are referred to as 
instabilities. These instabilities appear as a plateauing of 
the gas concentrations and adsorbent loadings midway 
through the depletion process. 

The characteristics of the concentration and loading 
profiles are intimately related to the rates of desorption. 
The variation of these rates is shown in Figure 6, where 
the calculated driving forces of the key component, corre- 
sponding to the case illustrated in Figures 3 and 4, are 
plotted as a function of the normalized time. In Figure 7, 
the rates of desorption at a fixed point in the bed ( u  = 
10) are compared for the two components, and they are 
contrasted with their corresponding adsorption rates. The 
individual component desorption rates, as in the one com- 
ponent systems (Zwiebel et al., 1972), never reach values 
as high as the corresponding adsorption rates. Even 
though initially the desorption rates rise more rapidly, 
over an extended period the integrated average desorption 
rates are lower than the corresponding adsorption rates; 
hence, the elongated depletion curves when they are com- 
pared to the corresponding breakthrough curves. 

The nonkey component desorption behavior is routine, 
and it resembles the single component case. On the other 
hand, the analog to the nonkey component overshoot as 
a form of instability during the adsorption process is the 
plateauing of the key component depletion curve during 
the desorption. In the key component rate curves in a 
binary system, this phenomenon manifests itself as a rate 
function with two peaks. The first one occurring at the 
same time as the nonkey desorption rate peak, the second 
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one somewhat later, after essentially all the nonkey has 
been desorbed. 

In considering the effects on the desorption rates, the 
relative influence of the three variables appearing in the 
driving force portion of the rate equation must be ana- 
lyzed. For example, as can be seen from the following 
expression: 

- C k  
w k  

(1 + ak -k cYnk) - a k w k  - %kWnk 
I c k  - C k o l  = 

(10)  

the key component desorption driving force is directly 
affected by the key component adsorbent loading; that is, 
as WI, decreases, the magnitude of the driving force 
] c k  - Ck'l decreases since c k o  decreases. This is a rela- 
tively strong effect because the numerator of Ck'  decreases 
and denominator increases as w k  decreases. The effects 
of the pertinent variables on the desorption rate are sum- 
marized in Table 2.  Consequently, the first peak in the 
key component rate curve is primarily the result of rapid 
initial decrease in c k .  The changes in W k  and W n k  at this 
early stage in the run (0  < 1.5) are relatively small to 
contribute significantly to the desorption rate of the key 
component. 

The decrease in the key component desorption rate, 
that is, the descent towards the valley in the rate curve, is 
caused by the combination of three effects; the decreasing 
slope of the c k  vs. t9 curve, and the decreasing values of 
both w k  and W n k .  The decreasing values of W k  and w n k  

are the expected desorptive effects; however, the chang- 
ing slope of the Ck curve is the result of an effective ac- 
cumulation of key component in the gas phase. 

Once the nonkey component adsorbent loading reaches 
relativeIy low values (Wnk < 0.2), the process becomes 
essentially a one component desorption. From thereon, the 
relative values of W k  (in C k * )  and ck are such that the 
rate of desorption rises to the second peak. This peak is 
rather low and broad, resulting in a slow desorption of the 
key component and contributing to the elongation of the 
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Fig. 6. Desorption rate profiles for key component LYK = 0.9, 
C Y ~ K  = 0.5,q x 0.2. 
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Fig. 7. Comparison of adsorption and desorption driving forces. 

TABLE 2. VARIABLES AFFECTING THE DRIVING FORCES 

Variables I c k  - Ck'l [Cnk  - C n k o l  

lnverse 
Strong 

direct 
No effect 
Moderate 

direct 

N o  eftect 
Moderate 

effect 
Inverse 
Strong 

direct 

desorption well beyond the time required to saturate the 
bed. 

The rather complex path followed by the key com- 
ponent during both the adsorption and desorption proc- 
esses is illustrated in Figure 8. Here, along the three- 
dimensional representation of the equilibrium surface the 
operating paths are drawn. The heavy curves represent 
both the operating curve and the corresponding equilib- 
rium curve. The separation between the two is so small 
that they could not be distinguished on the scale of Figure 
8.  The complex route traversed during the desorption 
process gives rise to the development of the instabilities. 

CORRELATIONS 

The distinctive features of the key component depletion 
instability are best identified by analyzing the derivatives 
of the desorption rate, that is, the second derivatives of 
the adsorbent loading profiles: 

(11) 

(12) 

a ~ {  - azw, 
ao a02 
--- 

or 

ae 
Differentiating Equation (4) and substituting into Equa- 
tion (12) gives 
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Fig. 8. Operating curves during adsorption and descrption superim- 
posed on equilibrium surface. Equilibrium paths coincide with oper- 

ating curves. 
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Fig. 9. Schematic depletion curves with characteristic points illus- 
trating instability. 

which for the key component in a binary sorbate system 
becomes 

+ ckc a n K R n K 1  } (14) 
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The zeros of the second derivative function correspond 
to the peaks and valleys of the rate curve, or the inflec- 
tion points on the adsorbent loading curve (points 1, 3, 
and 5 on Figure 9). The maxima and minima of the sec- 
ond derivative function correspond to the points of maxi- 
mum curvature on the adsorbent loading curve (points 
2, 4, 6, and 9 on Figure 9).  (This latter correspondence 
is only approximate, but quite satisfactory because (awl/ 

<< 1.0.) The normal, or stable depletion curve, also 
shown on Figure 9, typical of one component desorption, 
possesses only two points of maximum curvature (points 
8 and 9) and one point of inflection (point 7) .  

The early appearance of the inflection point (point 1 as 
contrasted with point 7 on Figure 9) results in a departure 
from the normal monotonic depletion curve. The two in- 
flection points, points 1 and 3, and the two regions of 
curvature, near points 2 and 4, constitute the instability 
in the key component depletion curve. The final inflection 
point and the final region of curvature (point 5 and the 
vicinity of point 6, respectively), may be viewed as the 
counterparts to the similar points on the stable curve 
(points 7 and 8) .  Usually the last two points on the un- 
stable curves occur after the nonkey component has been 
completely desorbed, that is, they correspond to pure 
component desorption. 

The second derivative function is an implicit cubic 
equation in Wk and ack/ae so that an analytic solution 
is not readily available. However, the second derivatives 
can be evaluated routinely during the numerical integra- 
tion of the original model equations. Figure 10 gives the 
second derivative profiles of the key component for the 
illustrated case. The locations of the peaks and valleys 
of the rate curves are clearly spotted by the zeros of the 
second derivative curve, and the points of maximum 
curvature in the adsorbate loading profile are also readily 
identified by the peaks (positive and negative) of the 
second derivative function. These correlations utilizing 
the second derivative functions suggest the existence of 
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Fig. 10. Second derivative profiles of depletion curves; CYK = 0.9, 
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significant diffusive mechanisms in the multicomponent 
desorption case, which are absent in pure component de- 
sorption. 

In this Daper, for the description and correlation of the 
instabilitiis :he value of Wd [Figure 9)  was selected as 
the characteristic variable. It is the adsorbent loading at 
the point of maximum curvature in the upper concave 
curved region (near point 2),  corresponding in time to 
the first maximum in the second derivative function (Fig- 
ure 10). This choice was arbitrary; similar results could 
be obtained if either of the coordinates (W or 8) at any 
one of the characteristic points, (points 1, 2, 3, and 4),  or 
for that matter the values of the first or second derivatives 
at one of these points had been chosen. 

In Figure 11 the characteristic values of Wd are plotted 
as a function of LYK, ffnk, and 7 n k .  (For binary systems the 
affinity parameter for the nonkey component 7, ,K may be 
written without subscript 7 since 7~ = 1) .  The curves 
with low values of the relative affinity parameter 7 be- 
come discontinuous at a critical value of a r , , ~ ~ .  At cYnK 
lower than LY,,K*, that is, at low concentrations of the non- 
key component, there is only one region of concave curva- 
ture, and no instability is observed. At the critical value 
of LY,K* the instabilities appear at rather high values of 
the adsorbent loading (for example, with 7 = 0.2 the 
value of a n K *  = 0.17 and the instability occurs at WK > 
0.9), and thereafter the location of the upper concave 
curvature is given by the nearly horizontal upper branch 
of the characterization curve (dashed lines). The tend- 
ency for instability is reinforced by the fact that the two 
components have dissimilar adsorptive properties at low 
values of 7. However, low values of anK correspond to 
low nonkey component concentration levels where the 
key component behaves essentially independently, hence 
the stable regions. This trend was illustrated experi- 
mentally on Figure 1, where Run 1 exhibits a stable 

depletion curve, but Runs 2 and 3 [at increasing values 
of ( COz) ] show instabilities. 

I t  is noteworthy that in cases where instability does 
occur the location of the lowest point of maximum curva- 
ture (point 6 on Figure 9)  falls along the extension of 
the stable branch of the characterization curve. (See 
dotted sections on Figure 11.) Confirming the stipulation 
that this point represents a return to the stable regime. 

At a fixed nonkey component concentration (anK = 
constant), increasing the key component concentration 
(increasing a ~ )  will not affect significantly the location of 
the start of the instability (see Figure 11, the dashed lines 
are very close to each other), but will sharpen the deple- 
tion curves. This is in agreement with the pure com- 
ponent analysis of Zwiebel et al. (1972) which showed 
that increased concentration levels relatively reduced the 
time required for desorption. This trend was also con- 
firmed experimentally, as shown on Figure 2. 

As the value of 7 increases, that is, as the nonkey com- 
ponent adsorptive properties become more like those of 
the key component, the instabilities will appear at higher 
nonkey compositions (a,,K* increases). In fact, at suffi- 
ciently high values of rl no instabilities occur regard- 
less of the composition of either component. The critical 
value of 7, above which no instabilities occur, appears to 
be at 7 - 0.68, where the value of anKQ asymptotically 
approaches infinity (See Figure 12). This indicates that 
very high nonkey component concentrations are required 
for instability. The curve in Figure 12 establishes the 
boundary between the stable and unstable regions of a 
binary desorption system, 

SUMMARY 

The instability in the key component depletion curve of 
a multicomponent desorption system was identified and its 
characteristics were correlated. The instabilities contribute 

1.2 I I 1 ,  I f 

STABLE 
R E G I O N  

R 
Fig. 12. Key component instability characteristic curve, separating 
stable and unstable regions. Numbers along points correspond to 

run numbers of Table 1. 
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to the elongation of the depletion curves, and this repre- 
sents an economic disadvantage when cyclic separation 
units are being designed. The instabilities predominate 
when the adsorptive properties of the two components are 
unlike (low values of the relative affinity parameter 9) 
and when the nonkey component is present at relatively 
high concentrations (high values of C Y ~ K ) .  

To overcome the design complications caused by these 
instabilities it becomes desirable to evaluate alternate de- 
sorption conditions. For example, the heretofore often 
used procedure of heating the beds to increase desorption 
rates may prove to be an added advantage in that the 
equilibria of the components are equalized at the elevated 
temperatures and thus the value of 9 is increased. Other 
alternatives may include the use of large quantities of 
purge gas so that the concentrations of the nonkey com- 
ponent are reduced below the critical value (CYnK < CYnKO) 

and thus shifting the system into the stable operating 
region. Such remedies, however, may present other prob- 
lems, for example, broadened depletion curves, high veloc- 
ities with increased pressure drops and excessively dilute 
desorbate. Regardless of the alternate measures selected 
to improve the desorption process, added cost factors have 
to be realized, which indicates that careful systems opti- 
mization must be incorporated into the designs. 
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NOTATION 

As 
Bi 
ci 

Ci 
Cio 

Ci0 

f 
F i ( z )  = initial normalized gas phase composition dis- 

Gi(z)  = initial normalized adsorbed phase loading dis- 

ki = mass transfer coefficient, moles/time/bed vol- 

Ki = Cio/Wi,, concentration-capacity ratio of feed, 

K L i  
L 
N 
P 

R, 

t 
T 
u 

V 

wi 

Wi, 

Wi 

= dimensionless capacity coefficient = fJB/fE(i  
= dimensionless rate coefficient = kiL/V 
= gas phase composition of i-th component, moles/ 

= normalized gas phase composition = ci/CiO 
= normalized equilibrium gas phase composition, 

= inlet gas phase composition to adsorption step, 

= void fraction of bed, volume void/bed volume 

volume 

see Equation (4) 

moles/volume 

tribution along the length of the column 

tribution along the length of the column 

ume/concentration 

mass/volume 
= equilibrium coefficient, (moles/volume) -1 
= bed length, for example in cm 
= total number of adsorbing components 
= partial pressure of adsorbates in gas stream con- 

taining inert carrier (see Figure 8) 
= rate of mass transfer between phases, see Equa- 

tion (3)  
= time, for example in min. 
= dimensionless time parameter, see Equation (6b) 
= dimensionless distance parameter, see Equation 

= constant superficial gas phase velocity, volumes/ 

= adsorbed phase loading of the ith component, 

= adsorbed phase loading in equilibrium with inlet 

= normalized adsorbed phase loading, wi/Wt, 

(6a) 

time 

moledadsorbent mass 

gas phase composition, moles/adsorbent mass 
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x = axial position, for example in cm 
Yi = gas phase mole fraction of ith component 
z = normalized axial position = x / L  
Greek Letters 
(Y = nonlinearity parameter = K~iCio  
a o n K  = critical value of non-key component non-linearity 

parameter 
~i = dimensionless relative affinity parameter, see 

Equation (7) 
7 = dimensionless relative affinity parameter of non- 

key component in binary adsorption system = T,,K 
e = normalized time = Vt/fL 
fJB = bulk density of column, adsorbent mass/bed vol- 

4; = relative rate coefficient = &/& 

Subscripts 
i = component species i 
j 
Ic = key component 
nK = nonkey component 

ume 

= dummy component species in summation terms 
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