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panding when sampled for analysis. With time, increases in
dry mass would further reduce the foliar concentration of F
expressed as ug per gram dry mass (ppm). .

Keller? placed seedlings of elm (Ulmus scabra) and black
locust (Robinia pseudoacacia) trees near an .industrial
source of fluoride for 20 weeks during dormancy (November
to April) and then transferred the plants to a greenhouse for
bud break and growth. After three weeks, elm leaves and
entire new shoots of black locust were analyzed for F. The
mean concentrations of F in tissues developed in pollutant-
free air were reported to be “more than double” those of the
controls. However, the actual differences for control and
exposed plants, respectively, were 2.5 and 8.0 ppm F in black
locust shoots and 6.2 and 13.3 ppm F in elm leaves. The
levels of F in these two species, which are considered to be
relatively tolerant of atmospheric fluoride,® are within the
background range and probably below the threshold neces-

‘sary for adverse foliar effects.

Norway maple and lilac are considered to be of intermedi-
ate susceptibility to HF.89 In our experiments, the mean
concentrations of F in post-exposure growth from shoots
exposed to high concentrations of HF continuously for 12
days during dormancy were relatively low. All were <9 ppm
F and within the range of natural concentrations found in
most plants where there are no anthropogenic sources of F.1.8

Conclusion

Results from continuous exposure of Norway maple and
lilac for 12 days to high concentrations of HF indicate that
significant concentrations of F may be absorbed (or ad-
sorbed) during the winter by tissues exposed directly to the
pollutant (bark, buds, etc.). Only a small fraction of the F
accumulated during dormancy is recovered in new growth
that emerges in the spring, and these concentrations are
usually too low to cause direct effects on the plant. We
conclude that deleterious direct effects from exposures of
these two, and possibly, many other deciduous species to
realistic doses of HF during winter dormancy are unlikely.
Whether or not they lead to indirect effects, however, is
uncertain. The suggestion by Keller!? that exposures to HF
during dormancy may increase the susceptibility of plants to
spring frosts should be tested experimentally.
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Modeling Adsorption Bed Behavior Using a Microcomputer

Sharon L. Forbes and Dwight W. Underhill

Graduate School of Public Health
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Pittsburgh, Pennsylvania

Gas adsorption beds range in size from small gas sampling
cartridges to large tanks containing many tons of charcoal
for the control of radioactive offgases from nueclear reactors.
In these, and the many other applications where the break-
through of only a small fraction of the input could be harm-
ful, the need for a simple procedure to predict performance
as a function of time is self-evident. Yet some mathematical
~models in current use inadequately describe the break-
through of contaminant as a function of time. As an example
of poor fit of a theoretical curve to experimental results,
Figure 1 shows the fit of the Mecklenberg and Wheeler
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equations! to a breakthrough curve obtained from a respira-
tor cartridge. Only from zero to 40 percent breakthrough can
these equations be considered adequate, and even in this
range there are difficulties caused by the fact that both the
Mecklenberg and Wheeler equations give a poor prediction
of the rate of increase in breakthrough as a function of time.
More importantly, calculations of the capacity of an adsorp-

- tion bed, as well as determining the efficiency of mass trans-

fer within an adsorption bed, depend on fitting an equation
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to the entire breakthrough curve, and for this purpose both
the Mecklenberg and Wheeler equations are total]y inade-
quate.

The J Function

- Chemical engineers, when required to describe a break-
through curve, very often use a mathematical expression
known as the J function.? Figure 2 shows data fitted by the J
function. There is no question that here, as well as for most
adsorption data, the J function gives a far better representa-
tion of the data than can the Mecklenberg equation. For the
data in Figure 2, the overall difference between the mea-
sured and calculated values is about 3 percent, which is
within the accuracy that the concentration could be mea-
sured.
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Figure 1. Comparison of calculated and experimental break- -

through curves for toluene. Tests were made at 1000 ppm,
50% relative humidity and 53.3 L/min. The calculated curves
closely approximate the shape and magnitude of the experi-
mental data only from 0-40% breakthrough. (From Nelson and
Correia')

Yet it might also appear that the J function, given in the
Appendix, is too complex for practical use. Inspection of this
equation shows it to be an infinite integral of a modified
Bessel function. In practice, graphical procedures can be
used. For example, one can try to fit the curves in Figure
16-18 of the Chemical Engineers’ Handbook to the experi-
mental data, or use the graphical procedure advocated by

Hougen and Marshall.3 As this latter procedure is based on .

determining the slope of the breakthrough curve at a select-
ed point, the results obtained depend somewhat on which
data points are selected for analysis. In practice, either pro-
cedure can be time-consuming and subjective.

Use of the Microcomputer

With the microcomputer, there is commonly available the
means for a simple, rapid, and objective determination of the
best fitting J function. It is shown here how this may be
accomplished using a microcomputer program written in
BASIC. This computer program carries out the following
calculations:

1) Asthis program is written, the J functlon Equation Al
in the Appendix, is approximated by Equation A2, an inte-
gral error function also given in the Chemical Engineers’
Handbook. Most BASIC programs for the microcomputer

62

do not have as a standard subroutine the integral error

‘function, but this may be calculated rapidly with an error <

1.5 X 1077 using the approximation given in Equatlon 7.1.26
of Abramowitz and Stegun.*

2) Touse this program, first the data pairs giving the time
and the corresponding concentration of test agent in the
effluent are entered. The program then finds the best values
for ty, the mean holdup time, and for N, the number of
theoretical plates, which are the two factors needed to define
the J function. As an initial guess the program assumes ¢, to
be a time near the point of 50 percent breakthrough. The
initial value for N is arbitrarily assumed to be 200. The
program next calculates the predicted concentration for
each time the concentration was measured and sums the
squares of the differences between the measured and pre-
dicted concentrations. This procedure is repeated as t, and
N are varied until a minimum is found in the sum of the
squares of the differences between the predicted and the
measured concentrations. With 30 pairs of time-concentra-
tion data, the compiled program takes about five minutes on
an IBM-AT personal computer to determine the values of ¢y
and N giving the optimum fit.

"Analysis of Individual Breakthrough Curves

The values of ¢, and N obtained in the preceding analysis

 can be used to characterize the performance of an adsorption

bed. The mean holdup time, t}, gives the time that the
adsorption bed could operate, assuming that none of the
input passed out in the effluent, before the bed became
saturated with the inflowing contaminant. This is a function
of the adsorptive capacity of the bed and does not depend on
the shape of the bed. Suppose, for example, it was desired to
operate an adsorption bed for 24 hours, and it turned out
that t;, was equal to 20 hours. Then we know that a simple
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Figure 2. The J function fitted to experimental data.

rearrangement of the shape of the adsorption bed may
change the shape of the breakthrough curve, but could not
raise the effective operating time to 24 hours. An adsorption
bed that could meet the above requirement must contain
more adsorbent than the bed that was tested. In other cases
the design criteria might be met by changing the shape of the
bed without necessarily having to add more adsorbent. For
example, suppose it were required to operate an adsorption
bed for 20 hours without significant breakthrough. Then the
bed described above could meet this requirement if the
number of theoretical plates (primarily determined by bed
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geometry) were sufficiently high. Figure 3 illustrates these

two cases.

Correlation of Adsorption Data

If it is desired to correlate adsorption bed performance
over a wide range of conditions, the “J” function may still be
useful if the factors ¢, and IV are determined as functions of
whatever parameters are varied. For example, in the study in
which Figure 2 was taken, it was desired to determine the
performance of respirator cartridges as a function of the
concentration of the challenge agent. The best fitting / func-
tion was determined for each run, and then ¢, and N deter-
mined as a function of input concentration. It was found that
the mean holdup time, ¢}, could be calculated from the equa-
tion:

t,=aC™® (1)

C = input concentration of challenge agent,
mg/m3, and

a, b = constants derived from a log-log plot of ¢y, vs.

C. '

where:
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Figure 3. Effect of mass transfer on use time. For the bed having the low

number of theoretical plates, if the bed geometry were changed to give a

higher number of theoretical plates, the effective use time could be increased

greatly. For the bed with the higher number of theoretical plates, the effective

use time is already near t,, which here is 20 hours. Increasing the number of

theoretical plates could not increase the effective use time to over 20 hours.
!

Equation 2 is equivalent to fitting the adsorption data to a
Freundlich isotherm. If it is known from static tests that
some other adsorption isotherm might be more appropriate,
then Equation:1 may be altered to use that particular iso-
therm. The key factor to remember in deriving an alterna-
tive for Equation 1 is that the mean holdup time should be
inversely proportional to the partition coefficient. ’

The number of theoretical plates was found by a very
similar regression of the number of ‘theoretical plates vs.
input concentration. Here we used the equation:

N=aC"? @)
where:  C = input concentration of challenge agent,
mg/m3, and
@/, b’ = constants derived from a log-log plot of N vs.
C. .

the values of @’ and b’ were determined by linear regréssion,
which minimized the sum of the squares of the difference
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between the logarithms of the predicted and measured val-
ues of N. Thus, once the constants in Equations 1 and 2 are
known, if the input concentration is specified, t, and N may
be predicted from the above two equations and these values
used with the J function to calculate breakthrough as a
function of time.

Calculation of Adsorption Bed Efficiency

Ideally, the adsorbent would become saturated with vapor
before permitting any contaminant to break through into

Table I. Calculation of adsorption bed efficiency from the
number of theoretical plates. .

Fraction :

of ideal . Percent breakthrough .

use time 1% 2% 5% 10%
90% 1037 810 524 320
80% 247 194 126 78
70% 104 82 54 34
60% 55 44 29 18
50% 33 26 17 11

the effluent stream. This corresponds to an adsorption bed
having an infinite number of theoretical plates. This ideal
situation never occurs in real adsorption beds, where there is
always some breakthrough of contaminant before the bed is
completely saturated. The J function allows a calculation of
the degree to which saturation was attained before the ad-
sorption bed has lost its effectiveness. Table I gives the
theoretical plates corresponding to a given degree of adsor-

Appendix

Approximation of the J Function
The J function:

. |
JINNE) =1 j exp(=Nt' — 2)I,{NT2)dz (A1)
0 .

where I, = modified Bessel function of the first kind

N = number of theoretical plates

t = time from beginning of test challenge

t, = mean holdup time

t' = t/ty
This equation can be approximated by

— — [ 2]
Nt') = Y41 - erflyN(1 - t,]+exp[ N(L =) }

J(N,NE) /2{ NG -0+ S8

(A2)

The integral error function ; erf, was approximated by:

erfx = 1 — (a;t + agt® + azt® + a bt + at5)e ™ (A3)

where ¢t = L
1+ px

“a; = 0.254829592
a, = —0.284496736
ay = 1421413741
a, = —1.453152027
a; = 1.061405429
p = 0.3275911
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“bent saturation before a fixed degree of breakthrough oc-
curs. Note that a high number of theoretical plates, core-
sponding to highly efficient mass transfer, permits a more
effective use of the adsorbent before breakthrough occurs.

Conclusnons

When this study began, we thought that procedures such
as described here would require more computational power
than available in a microcomputer, but this was not the case:
microcomputers which are now in common use can process
rapidly a vast amount of adsorption data, and determine
from them the fundamental parameters which describe the
operation of an adsorption bed.

The computer program used in these calculations is avail-
able from the authors on request.
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