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Evaluation of Post-Treatment Filter
PART 2. Modeling Laboratory-Scale Filter Breakthrough Data

1. INTRODUCTION

The Post-Treatment Filter (PTF) may serve to reduce pollutants during normal operation
of the Pollution Abatement System (PAS) or, in the unlikely event of PAS failure, serve as a
final containment system to prevent accidental release of toxins to the environment. The purpose
of the modeling work is to enable prediction of the PTF performance under normal operating
conditions and during a maximum credible event such as an incinerator burnout or explosion.

The useful life of an adsorptive filter depends (1) on its total capacity to adsorb a
challenge chemical and (2) on the way in which the total capacity is approached. Considering
the filter’s capacity alone, premature breakthrough may drastically reduce its useful life relative
to what would be expected. This premature breakthrough results from dispersion of the
concentration wave as it passes through the filter. An understanding of adsorption equilibrium
and dispersion are both crucial to correctly estimate filter performance.

The approach taken to evaluate the PTF incorporates estimates of adsorption equilibria,
modeling breakthrough experiments on a laboratory-scale filter, and scaling up laboratory-scale
results to the full-sized system. Adsorption equilibrium can be measured in the laboratory with
little concern for scale-up problems. Conversely, the extent of premature breakthrough may
differ depending on the size and shape of a filter, the flow rates, and other factors. Predicting
the extent of early breakthrough from laboratory scale tests requires a detailed understanding of
the factors that contribute to concentration wave spreading.

Many factors can influence dispersion in packed-bed filters. Studies of dispersion in beds
with inert packing such as glass beads have been conducted.** Correlations for dispersion,
considering interstitial fluid phenomena such as molecular diffusion, eddy dispersion, and radial
velocity gradients have been developed and tested.'” Mass transfer into adsorbent particles has
also been studied extensively for the interparticle and intraparticle space, and methods for

modeling these in adsorption beds are well established.*

Published studies on the effect adsorption has on dispersion are rare. Mahle and Friday’
studied breakthrough of various challenge chemicals for the same adsorption bed. Measured
data was modeled using a convection-diffusion equation. Langer and co-workers’ correlation’
was used to estimate effective dispersion coefficients. Measured mass transfer coefficients were
used. The Langer correlation made good predictions only when the adsorption equilibrium was
linear. The predictions were poor for favorably adsorbed chemicals. The convection-diffusion
model used by Mahle and Friday’ with an effective dispersion coefficient determined by the
Langer correlation’ predicts a sharpening of the breakthrough curve with a favorable isotherm.
This was not observed experimentally.




Dispersion of interstitial fluid largely results from deviations from plug flow (a
dependence of axial velocity on position on a radial cross-section). Langer and co-workers’
showed experimentally that it depended on fixed-bed dimensions for beds with inert packing. To
better understand the adsorption and bed dimension effects, a scale-up model, which considers
radial dependency of the axial velocity, will be discussed.

The goal of the on-going work is to develop a set of model equations, which can be
solved and thus used to evaluate the PTF. A subordinate goal is to develop a set of correlations,
which will allow adsorber performance to be predicted, while requiring a minimum of data to be
input to the model. The combined effects of adsorption and nonuniform flow (radial velocity
gradients) may be important in determining the shape of the concentration breakthrough. This
initial modeling effort (Part 2) involves maximum likelihood model parameter estimation using
laboratory-scale experimental data, a priori estimation of model parameters, and comparing
estimated parameters to fit parameters. Part 2 efforts will be followed by an estimation of scale-
up effects. The final report will include the estimates of adsorption equilibria for the chemicals
of interest and model predictions of the breakthrough times.

2. THEORY

Two models were developed for predicting breakthrough behavior. The first is used to
fit experimental data and to make breakthrough predictions. The second model is used to
determine the dimensionless groups important in developing correlations to describe dispersion
with adsorption. If the model is valid, the dimensionless groups derived from it should be useful
in designing experiments, which may provide information relevant to a full-scale process. The
dimensional analysis also will aid in developing a correlation for the effective dispersion
coefficient of the first model, which considers adsorption and scale-up.

2.1 Breakthrough Model.

The model to be used for the final evaluation process will be referred to as the
breakthrough model. It consists of a material balance neglecting fluid-phase accumulation,
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a rate equation,
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and an adsorption equilibrium equation,




g=r(*T) ®

where D; is an effective axial dispersion coefficient, ke is the external film mass transfer
coefficient, a is the area per unit volume, and c* is the vapor-phase concentration in equilibrium
with the adsorbed phase. Intraparticle mass transfer resistance is neglected.

Wakao and Funazkri® give the following correlation to obtain the external mass transfer
coefficient, kg,

0.6 0.333 '
ked evpd
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where d,, is the particle diameter assuming spherical particles, D is the diffusivity of the
chemlcal in the mixture, p is the vapor-phase density, and p is the viscosity of the vapor-phase.
The term v is equivalent to 0/4 where Q is the volumetric flow rate, and 4 is the cross-sectional
area of the bed. For nonspherical particles, the particle diameter may be multiplied by a shape

factor, ¢;.

A correlation for the effective dispersion coefficient is taken from Bischoff"

D, _ D, . 0.45D (5)
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where v is a tortuosity factor equal to 0.73 and B is set equal to 10. This equation is based on
work by Bischoff and Levenspiel, 7 who discussed the relationship between various dispersion
models. The first term on the right accounts for molecular diffusion in the axial direction. The
second term on the right accounts for dispersion due to nonuniform flow and the decreased

dispersion due to radial diffusion and mixing.

Bischoff and Levenspiel’ did not consider the effects of favorable adsorption.
Determining a correctlon factor for favorable adsorption for Equation 5 is one objective of this
work. Mahle and Frlday suggest dividing Langer and co-workers’ correlation by the separation
factor, R. In this report, the following correlation is tentatively proposed

D D 1 0.45 '
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were R, is related to the separation factor and to a dimensionless factor in Equation 9, and n is an
exponent to be fit to experimental data.




2.2 Scale-Up Model.

To understand how adsorption affects both axial and radial diffusion, a model that
accounts for mass transfer in the axial and radial directions, is used. Model parameters
determined for laboratory-scale filters may need to be modified before they can be used to
predict the performance of the full-scale filters. The second model, which will be referred to as
the scale-up model, is intended to aid in determining how parameters used in the breakthrough
model will change on scale-up. Neglecting fluid-phase accumulation and effects due to finite
mass transfer

-D.—~-D|—+——
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where D, and D, are effective diffusion coefficients in the axial and radial coordinate directions.
These differ from D5 due to packing tortuosity and eddy diffusion. The velocity, v, is
dependent on the radial position. Although the velocity distribution is likely complex, use of a
simplified profile may be adequate to understand scale-up effects. Fahien and Stankovic®
derived an equation for the velocity in a packed bed based on their observation that the maximum
velocity occuned one particle diameter from the wall. The velocity profile Fahien and
Stankovic® derived is a function only of the ratio of the particle diameter and the diameter of the
packed bed. The ratio is denoted by o.

Dimensional analysis allows information to be obtained from an equation without having
to solve it. This is especially useful in determining scale-up effects when equations describing a
process are difficult to solve. The dimensionless form of Equation 7 is

ox  dx/dYovX | 1 dx/dYd’X 1 dx/dY]1ex &’x ©
ot A 3 P, A a2 P, A |pdp ol

where X = ¢/c,,s Y = q/q,,;, { =2/L, and p = 2r/D. The dimensionless time is t = v t/L, where
v, is the superficial feed velocity. The axial Peclet number is defined ev/d/eD,, and a radial
Peclet number is Pe, = (D /2L)(evD/2eD,) where D, and D, are the effective diffusion
coefficients in the axial and radial directions. Dimensionless groups defined so far apply also for
systems where there is no adsorption. The partition function A = p,, ref/ Crer 1s @ measure of
adsorbent capacity, and dX/dY is the dimensionless derivative of the adsorption isotherm. The
dimensionless velocity v is a function of radial position. The shape of the function is determined
by the ratio of particle to bed diameters, a.

The dimensionless isotherm derivative is unity for a linear isotherm. This is consistent
with the observation made by Mahle and Friday5 that the Langer3 correlation for the effective
dispersion coefficient becomes more reliable when the isotherm is linear. For a linear isotherm,
Equation 8 has the same form as the analogous equatlon descrlblng flow through a packed-bed
without adsorption (i.e., the situation the Langer and Bischoff’ correlatlons were formulated to
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describe). For a Langmuir isotherm, the factor dX/dY evaluated at X = Y= 1 is equal to 1/R, the
inverse of the separation factor. This suggests a definition

1
R =
YT dx/ dYly., ()

The effect dX/dY has on dispersion can be understood by examining the interplay between
convection, axial diffusion, and radial diffusion. The dX/dY function is multiplied by each of
these terms in Equation 8 but does not affect the convection term in the same way as it affects the
diffusion terms. For convection, the higher the concentration, the greater the mass flux. With
diffusion, the amount of material transferred is proportional to the spatial derivative of the
concentration, and the derivative has a maximum at some concentration below that of the feed.
When adsorption is favorable, dX/dY, evaluated at the feed concentration, is greater than dX/dY
evaluated at a lower concentration. Therefore, transport through convection is not hindered as
much as transport due to diffusion when the adsorption equilibrium is favorable. When axial
diffusion can be neglected (and radial diffusion is limiting), dispersion will increase with
increasing favorability of adsorption. If radial concentration gradients can be neglected (and
axial diffusion dominates), there will be a sharpening of the breakthrough curve with increasing
favorability of the isotherm.

3. ANALYSIS AND RESULTS

Experimental breakthrough data were analyzed, and the results were tabulated. Table 1
summarizes these results. To determine the capacity of the adsorbent, the stoichiometric center
was estimated. The stoichiometric center, assuming a constant feed concentration, is
approximated by

t

1 n

2 ®tn == D Aty (10
f ti =tl

where ,...t, are times of data points, At; =1;-t;, ¢/ is the feed concentration, and ¢; is the

concentration at #;, The capacity of the adsorbent was calculated from the time at the
stoichiometric center by

QOcrtyn
_ 11
7T m, (1)

where Q is the volumetric flow rate, and M, is the mass of the adsorbent in the filter bed. A
useful measure of the extent of wave spreading is the slope at the stoich’ometric center

11




SCS = = (12)

The slope of the natural logarithm in the low concentration limit is also of interest.

LCLS = lim 422 (13)

y=0 dt

The concentration y is in ppmv.

TABLE 1. Results from Analyzing Breakthrough Experimental Data

Experiment T RH F4 s q Qeat de/dt | dlnc/dt | Gr.
(©) (SLPM) |  (hr) | (molkg) | (molkg) (m?]V)m% (1/hr)
; _
04/04/95B | 46.5 80% | 12.1 | 42.7 1.76 | 234 2 0.41 A
04/07/95B 60.9 40% | 12.1 48.4 2 3.31 1.3 0.49 B
04/10/95A 59.6 60% | 18.1 30.3 1.87 2.98 2 1 C
04/12/95A 59.6 60% | 33.4 14.1 1.61 2.59 2.6 0.89 A
04/13/95B 46.5 80% | 12.1 40 1.65 3 0.37 C
04/14/95A 59.6 60% | 12.1 54.7 2.26 3.63 0.38 D
05/26/95A 59.8 0% | 121 47 1.94 1 0.38 C
6/27/95 51.1 90% | 12.1 36.8 1.52 1.8 0.3 B
08/07/95A 583 0% | 12.1 314 1.3 12.02 1.3 0.58 B

Table 1 is a partial summary of the data taken for DMMP with a 20 ppmyv feed on a dry
basis. The table lists the experiment identifier, temperature, relative humidity, and dry feed flow
rate. For all experiments, the bed diameter is 3.1 cm, and the bed length is 3.81 cm. The time at
the stoichiometric center was determined from Equation 10, and the loading at equilibrium with
the feed, g, was determined from Equation 11. The slope, at the stoichiometric center defined by
Equation 12, was determined by averaging values for five data points above and five data points
below the stoichiometric center. The natural logarithm in the low concentration limit, defined by
Equation 13, was determined by averaging over the 10 lowest concentration points with a
positive slope. The general quality of the data is indicated by a letter grade. Figure 1 shows the
breakthrough curves for five of the experiments.

Adsorption Equilibrium.

Adsorption isotherms were not available for DMMP on coconut shell carbon. Data for
2-hexanol on BPL activated carbon was the closest available. The Polanyi Potential theory
defines a potential energy function characteristic of a given adsorbent. This provides a means of
estimating an adsorption equilibrium relationship for a chemical-adsorbent pair from measured

12
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data of another chemical on either the same or similar absorbent. The more similar the
adsorption properties of the two chemical-adsorbent pairs, the more accurate the approximate
adsorption equilibrium relationship can be expected to be. The Dubinin-Astakhov equation is
based on the Polanyi Potential theory and may be expressed in the form

BE :
Inp=Inp,, - E?[—me I (14)

where the fractional loading 6 = ¢/g,,,. The saturation vapor pressure Dsa: 15 given by the
Antoine equation. To estimate equilibrium for the DMMP/coconut shell carbon system, for
which only one data point was available, the following procedure was used. Fitted values for
BE/R and m obtained for 2-hexanol on BPL carbon were reused without modification. The vapor
pressure equation for 2-hexanol used to correlate BPL carbon data was changed to that for
DMMP. -The value of g,,, was fit to the DMMP/coconut shell carbon data point. Isotherm
parameters fit for 2-hexanol are shown in Table 2. Except for g, , parameters estimated for the
DMMP-coconut shell system are also shown in Table 2. DMMP Antoine constants were found
by fitting data reported by Kosolapof’f.10 Best fit values determined for g,,, were found to
differ for each set of experimental conditions and are listed in Table 1.

TABLE 2. Constants used for Adsorption Equilibrium, P(Pa), T(K), q(mol/kg)

2-Hexanol/BPL q.=3.736 BE/R =2700 m=2.103
Dubinin-Astakhov Constants

2-Hexanol A=21.612 B=3158.5 C=-99.98
Antoine Constants

DMMP A=17.46 B=1635.6 C=-184.6
Antoine Constants

The effective dispersion coefficient and the external mass transfer coefficient were fit to
experimental data using the maximum likelihood approach. The simplex method was used to
minimize

‘ 2

m: —d.

2 =xmd) 2’) (15)
O

where the m; and d; are the model predictions and the measured data at the series of times i. The

variance ¢ was assumed to be proportional to the magnitude of the breakthrough at any given

time 7. It was defined as

14




c = (m,. d,.)o'5 (16)

The model equations were solved using an initial approximation for D; and k. At every time i
for which a data point was available, the model output its prediction for the breakthrough
concentration at that time. When the run was complete, all information needed to evaluate
Equations 15 and 16 was available.

The data first modeled was from the 04/04/95B experiment where a 20 ppmv DMMP feed
at 80% RH was passed through a filter containing coconut shell carbon. The conditions of the
experiment are listed in Table 1. For this experiment, g, Was determined to be 2.34 mol/kg.
The one dimensional breakthrough model was run with initial approximations for D; and k5 and
breakthrough concentrations were calculated for all times for which data points were available.
Equation 15 was minimized using the simplex method presented by Press and co-workers.” The
results for selected iterations are shown in Figure 2. The final results significantly differ from
the initial approximations and remain at the final values for many iterations. The fit value for the
effective dispersion coefficient is D; = 61.1 cmz/s, and for external film mass transfer, k}a =346
1/s. The best fit of the data is shown in Figure 3.

The values for the external film mass transfer and effective dispersion coefficients were
also calculated from Equations 4 and 5, assuming the values for the physical properties listed in
Tables 1 and 3. The binary gas diffusion coefficient was calculated using the method of Wilke
and Lee (Reference 11). The viscosity was assumed to be equal to that of air at the temperature
of the 04/04/95B experiment and was taken from Appendix 9 of McCabe and co-workers."” The
coconut shell particles range from 0.1 to 0.4 cm and are irregularly shaped. The shape factor
used was that for anthracite coal given by Geankolis,"” and the diameter used was the average.
The resulting external film coefficient was 214 1/s. The calculated value for the effective
dispersion coefficient was 1.8 cm’/s. The prediction for the external film resistance was within
about 40%, close to the fit value. The value predicted for D; was 97% less than that of the fit
value. The fit value for D; was used with Equation 6 to determine the exponent n = 1.7.

TABLE 3: Properties used in Correlations for k,and D,

Dyp 0.085 cm”/ . p 0.018 cP
d 0.2 cm s 0.63

D

The values of D; and k; fitted to experiment 04/04/95B were used with the value for g,
fitted to the dry experimental data (experiment 08/07/95A) to model resuits for DMMP
breakthrough in dry air. The result is shown in Figure 4. Early breakthrough appears to be
modeled well by coefficients fitted to the previous experiment; but, in the higher concentration
region, model prediction begin to deviate from the data.

15
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Model predictions using values from Equations 4 and 6 and g,,, values in the isotherm
equation fit to the experimentally determined stoichiometric centers are shown in Figure 5. The
flow rates increase from experiments 04/14/95A, 04/10/95A, and 04/12/95A. Constants from
correlations are listed in Table 4. Figure 5 shows that the slope of the logarithm of the
concentration increases with increasing flow rate.

TABLE 4: Constants from Equations 4 and 6 with n = 1.7 used for Model Results for

Figure 5
Experiment Re kea (1/s) D; (cm®/s)
04/14/95A 24.1 200 48
04/10/95A 347 260 73
04/12/95A 64.4 360 140

4. DISCUSSION

4.1 Breakthrough.

Figure 3 shows that the model fits the wet (80% RH) data fairly well, especially in the
low concentration region. This is expected because Equation 15 is defined in such a way to
emphasize the errors at low concentrations. If the earliest breakthrough that bypasses the
adsorbent completely is chemical, then finite fluid-phase mass transfer rates as well as effective
dispersion are important in this region. Note the fit value for the external film coefficient (346
1/s) is close to the value calculated from the correlation (214 I/s). The later, middle- to high-
concentration breakthrough more likely consists of re-mixed chemical that had been distributed
along a radially dependent concentration front before leaving the filter. In this case, the effective
dispersion coefficient D; is more important. The value for D; calculated from the published
correlation Equatlon 5(1.8cm /s) is 97% lower than the fit value (61.1cm” /5) As noted, Mahle
and Friday® found that fit values for D; were increasingly greater than Langer correlation values®
as adsorptlon isotherm favorability increased. Predictions were improved when the Langer
value® for D, was divided by the separation factor, R More work is required to better establish a
correlation for deviations between either the Langer or similar correlations and isotherm
separation factors. If D; can be predicted from the ratio of the Bischoff correlation predlctlon
(Equation 5), and the separation factor, then the separation factor can be estimated from fit values
of D; and the Bischoff correlation predlctlon of D;. This ratio indicates that the separation
factor for DMMP on coconut shell at 20 ppmv in the presence of water vapor is about 0.03. Our
tentative correlation, Equation 6, predicts the fit value for D; when n is set to 1.7.

Figure 4 compares the wet data (80% RH) fit to the dry data (0% RH). The same values
for k;and D; were used with a refit adsorption isotherm. The new isotherm equation uses a
dlfferent value for g, . The low-concentration, early breakthrough is well fit. From the
correlation, Equation 4, ka =210 1/s, differing by only about 2% from the value calculated for
the wet experiment. The later, middle- to high-concentration breakthrough data are not fit as
well. The fit value of D; for the wet experiment is too small to model the dry experimental data.
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The separation factor for the dry case then appears to be smaller; therefore, the adsorption
isotherm appears to be more favorable for the dry case than for the wet case. This is consistent
with what one would expect.

If the early, low-concentration breakthrough is controlled by finite mass transfer rates,
then reducing wall effects will not significantly affect it. The early breakthrough could be
reduced by increasing the rate of mass transfer. In Figure 5, experimental and model results
show that the low concentration breakthrough for the 04/14/95A case occurs before that for the
04/10/95A case even though 50% more DMMP is passed into the filter in the 04/10/95A case.
This is due to the decrease in external mass transfer resistance resulting from the 50% increased
feed flow rate. The middle- to high concentration breakthrough is more difficult to either predict
or control. It tends to increase for a given filter with increasing flow rate. As indicated in Figure
4, middle- to high- concentration breakthrough also depends on chemical-adsorbent interactions.
Equation 6 with n = 1.7 was used to estimate D;. The model results fit the experimental data
fairly well. However, more work is needed to develop reliable correlations for D, as a function
of the important dimensionless groups.

4.2 Scale-Up.

Dimensional analysis of the breakthrough model suggests that the Sherwood number,

k f d p¢s .. . .. '

Sh =——"" | is important in determining the shape of the breakthrough curve. The

Dyp

evpd), )
Sherwood number depends on the Reynolds number, Re = , and the Schmidt number,
7!

Sc = 5 s , which are independent of the filter dimensions. Therefore, the contribution made

ABP

by finite mass transfer resistance to the breakthrough curve should not depend on filter size.
Analysis of the scale-up model suggests that the ratio of particle and bed diameters, a =d, / D,

d a radial Peclet number, Pe. = - 222
,an aradia cclet numoer, er—4L SD

r

vm

, all change

the axial Peclet number, Pe, =

with changing filter dimensions. Therefore, scale-up problems may occur.

The scale-up model indicates that the shape of the adsorption isotherm will also affect the
r group.

The Lange:r3 and Bischoff' correlations predict that radial diffusion reduces axial dispersion.
For the breakthrough experiments, the correlations predict that the influence of axial diffusion is
negligible. When adsorption is favorable, the greater the concentration at a point, the more
rapidly the concentration wave moves at that point. This implies the following. If flow through
a filter is uneven (if velocity depends on position on a cross section) and there is a uniform
concentration front at the inlet of the filter at the initial time, then as time goes on, the velocity
gradient distorts the concentration front. Some dispersion will occur and will result in there

shape and propagation of the concentration wave through the filter through the
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being a radially dependent concentration gradient (where the velocity is greatest the
concentration will be greatest). When adsorption is favorable, the higher concentration regions
of the concentration wave move through the filter faster than the lower concentration regions.
This amplifies the effect of uneven flow and therefore may increase the breadth of the
breakthrough curve.

Subject to the assumptions inherent in the scale-up model, the extent of uneven flow is a
function of the ratio of the particle to bed diameters. If this ratio is held constant, then increasing
Pe, will increase dispersion and result in earlier, more gradual breakthrough. However, if
particle size remains the same as bed diameter is increased, the net effect on dispersion cannot be
determined without solving the scale-up model equation. Later work, which will report on
results found from solution of the scale-up model, will present a more detailed analysis.

5. CONCLUSIONS

The following conclusions were drawn from the study conducted:
¢y The breakthrough model (Equation 1) can predict laboratory-scale breakthrough.
This is a convection-diffusion equation for adsorption that considers external mass transfer

resistance. The diffusion coefficient is replaced by an effective dispersion coefficient.

2) Early breakthrough cannot be predicted accurately without considering external
mass transfer resistance.

(3)  When adsorption is favorable, the correlation for effective dispersion coefficient
(Equation 5) becomes unreliable.
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APPENDIX
PARAMETER CALCULATIONS

For the external film calculation for experiment 04/04/95B, the interstitial fluid was
assumed to consist of 8% water vapor. The volumetric flow rate used was 13.1 SLPM.
Intermediate quantities used in the calculation include & = 0.4; a = 6(1-€)/¢d, = 28.6 I/cm;
Re=23.2; Sc=1.98; Sh=11.1; k;=7.48 cm/s; ka = 214; Pe,=2.47; and D, = 1.8 (Equation 5).

For experiment 04/07/95B, fluid was assumed to contain 9% water vapor, and the
volumetric flow rate was 13.2 SLPM; D, = 0.085 [334.1/319.7]"% =0.092 cm’/s; = 0.018
[334.1/319.7]%% =0.019 cP; Re=24.1; Sc = 1.96; Sh=11.29; ky a =204 1/s; and Pe, = 2.47

(Equation 5).

For experiment 04/10/95A, fluid was assumed to contain 8% water, and the volumetric
flow rate was 19.5 SLPM; D,z =0.085 cmz/s,' pw=0.018 cP; Re =34.7;Sc = 1.98; Sh=13.6;
kra =264 1/s; and Pe, =2.40 (Equation 5).

For experiment 04/14/95A, the same numbers as those used for experiment 04/07/95B
were used.

For experiment 04/12/95A, fluid contained 8% water vapor, and the volumetric flow rate
was 36.2 SLPM; D,z =0.085 cmz/s; p=0.018 cP; Re=64.4; Sc =1.98; Sh=18.8; kra =360
1/s; and Pe, = 2.32 (Equation 5).

For the Dubinin-Astakhov equation, the dimensionless isotherm derivative is

dy mRT[ RT p}’"“

= ~—1
M BE BE npsal

This equation gives the value of 0.13 for the correction factor R' of Equation 6 to describe the
04/04/95B experiment.
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