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NOMENCLATURE

This table contains symbols which are used frequently through-
out the investigation. Not included are common mathematical symbols

or symbols which are both defined and used locally within the body of

this work.

Symbol Definition

A molar concentration of component A, moles/1.

A initial molar concentration of component A, moles/l.

B molar concentration of component B, moles/l.

B initial molar concentration of component B, moles/l.

C molar concentration of component C, moles/l.

C0 initial molar concentration of component ¢, moles/1,

Di effective diffusion coefficient of component i, cm.e/sec.

Dg reduced effective diffusion coefficient of component i,
(Di/ROL).

g half width of initial concentration square wave,

h grid interval in X-direction.

i reduced distance grid coordinate

J reduced time grid coordinate.

k grid interval in T-direction.

L forward reaction rate constant, (moles/l.)-l(sec.)_l.

ki reduced forward reaction rate constant, (moles/l.)_l.

k reverse reaction rate constant, (moles/l.)*l(sec.)-l.
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Symbol Definition

kg reduced reverse reaction rate constant, (moles/l.)-l.
L column length, cm,

Ri column velecity of component i, cm,/sec.

Ro arbitrary constant, cm./sec,

R? reduced column velocity of component i, (Ri/RO).
t time, sec.

tRi peak emergence time, of component i, sec.

T reduced time, (tRO/L) .

T; reduced peak emergence time,

aTi extrapolated chromatogram peak basewidth, sec,
X distance, cm.

X reduced distance, (x/L).
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SUMMARY

The amount of product formed in a reversible reaction is limited
by the existing eguilibrium. Some method of removing the product from
the reaction mixture may be used to increase the yield of reversible
reacticns, thereby forcing the reaction substantially closer to complete
conversion. Another method of driving to completion an equilibrium-
limited reaction in Wwhich at least two products are formed would be the
use of a combination tubular reactor-chromatographic unit, a so-called
chromatographic reactor.

A chromatographic reactor is a tubular reactor which contains a
packing capable of catalyzing the reaction and separating the products.
This packing does not have to be a homogeneous material capable of both
processes, but may be a heterogeneous packing consisting of a catalyst
mixed with a material capable of sgeparating the products. In the
chromatographic reactor an inert carrier ges flows continuously through
the packed column. Discrete reactant samples (or mixtures of the reac-
tant and products) are introduced into the carrier gas at intervals
gufficient to insure that no two samples occupy the same portion of
the column at any time. If a difference exists in the rate of travel
of the various products through the column, the products will separate
and cannot react in the reverse direction to reduce =the yield. 1In

gffect the reaction has been forced to an increased yield. Depending

on physical considerations, almost any desired degree of completion can




result. This method has the added advantage of producling separated
products and thus eliminating the usual purification step.

The objective of this investigation was to present a reasonable
mathematical model of the chromatographic reactor with solutions which
would enable prediction of the conditions reguired for a desired
separation and conversion.,

The simplifications used by previous authors to represent
mathematically the chromatographic reactor and to subsequently solve
the resulting equations have severely limited the ugefulness of their
sclutions. Assumptions of instantaneous equilibrium, irreversible
reactions, and zero diffusicn prohibit their solufions from realisti-
cally representing any practical chromatographic reactor., None of the
solutions can be used to quantitatively predict the conditions required
for a desired reaction.

The consideration of the effects of diffusion, finite reaction
rates, and a reversible reaction greatly complicates a chromatographic
reactor model, 1In this investigation, these effects were included in
the mathematical description of the reaction 2A 2 B + C occurring in
a chromatographic reactor, The system of equations developed consists
of three nonlinear partial differential equations with their associated
initial and boundary conditions,

The solution of this mathematical system by numerical techniques
has become practical with the advent of high speed computers. The

nonlinear parabolic equations were transformed by impliecit finite

difference approximations into systems of nonlinear algebraic equations.
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These nonlinear systems form tridiagonal matrices which can be solved
efficiently using a reiterative technique to approximate the nonlinear
terms., Systems of equations similar to those used in this work have
been shown to be stable and convergent by earlier workers. A product
material balance was used during the calculations to monitor the reac-
tion, All calculations were programmed for a Burroughs B-5500 Informa-
tion Processing System.

The numerical solutions were compared with available analytical
solutions for the limiting case of no reaction. The comparisons have
shown the computer program to be an accurate finite difference approxi-
mation scheme over the entire range of variables investigated in this
study.

An activated alumina-ferric oxide column was developed capable
cf separating a H2-HD-D2 mixture, Experimental nonreactive data from
this column were used for a compariscn with the numerical solutions to
the equations describing the chromatographic reactor model, The main
difference between the experimental and numerical chromatograms was
due to the fact that the experimental chromatogram did not have
symmetrical peaks. The nonreactive data of this study and H2-D2
exchange reaction data in the literature were used to calculate numeri-
cal chromatograms of the 2HD = H2 + D2 reactlon occurring in the chro-
matographic reactor.

Following the analytical and experimental comparisons, the

numerical scheme was used to obtain solutions of equations describing

the chromatographic reactor over a sufficiently wide range of variables
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to include most practical situations. The product yield was studied as
a function of product peak separation, effective diffusion coefficient,
reaction rate constants, and equilibrium constant.

Calculations were made which proved that neglecting the effect
of diffusion and finite reaction rate constants results in a model of
the chromatographic reactor that is not reslistic. Predictions based
on such a model can only indicate trends. Alsc the assumption that
reversible reactions proceed irreversibly in a chromatographic reactor
gives excessive reactant conversions, especially for high reaction rate
constants and low equilibrium constants.

This investigation showed that the major factor limiting conver-
sion in a chromatographic reactor is the effective diffusion coeffi-
cients of the reactant and products. Reactant conversions significantly
in excess of the static equilibrium values are possible using the chro-
matographic reactor with reversible reactions whose egquilibrium con-
stants are equal to or greater than 0.0CL.

An interesting result of this study is the indication that large
chromatographic separations of components and large reaction rate con-
stants are unnecessary and result in only marginal further reactant
conversion over that possible with more moderate values,

It was found that an optimum order exists for the rate of travel
of the various reaction components through the column. The reactant
should have a column veloclty intermediate between the wvelocities of
the two products to insure maximum conversion. Another requirement for

maximum reactant conversion 1s the use of Lhighly concentrated, egquili-

brated mixtures of reactant and products,
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The chromatographic reactor concept has been shown to be an
effective and practical method of obtaining reactant conversions of
reversible reactions significantly in excess of the maximum possible
in a batch or continuous tubular reactor. It was also noted that under

certain circumstances almost complete conversion is possible accompanied

by fully separated products needing no further purification.




CHAPTER I

INTRODUCTION

Chromatographic Reactor Concept

Normally the amount of product formed in a reversible reaction
iz limited by the existing equilibrium. Some method of removing one
of the products may be used to increase the yield of reactions in which
at least two products are formed, thereby forcing the reaction substan-
tially closer to complete conversion. Several investigators (1,2,3)
have proposed driving an equilibrium-limited reaction to completicon
through use of a combination tubular reactor-chromatographic unit -- a
so-called chromatographic reactor.,

In the chromatographic reactor, as in elution chromatography,
an inert carrier gas flows continuously through the packed column.
Discrete reactant samples (or mixtures of the reactants and products)
are introduced into the carrier gas at intervals sufficient to insure
that no two samples cccupy the same portion of the column at any time.
If a difference exists in the rate of travel of the various products
through the column, the products will separate and cannct react in the
reverse direction to reduce the yield. 1In effect the reaction has been
forced to an increased yield. Depending on physical considerations,
almost any desired degree of completion can result. In addition,

separated products are obtained eliminating the usual product puri-

fication step.




A requirement of the chromatographic reactor 1s that the column
packing must catalyze the reactlon and separate the products. However,
a homogeneous packing capable of both processes is not required. 1In-
stead, a heterogeneous packing consisting of a catalyst mixed with a
material capable of separating the products would accomplish the equi-
valent results. An exception exists when a gaseous catalyst can be
supplied in the carrier gas thus requiring only that the packing

separate the products.

Chromatographic Reactors

The chromatographic reactor concept has been tested experi-
mentally by two groups (4,5,6) using the éehydrogenation of cyclo-
hexane to benzene. Conversicns 30 percent higher than those cobtained
under static equilibrium conditions were observed in both cases., With
the most favorable conditions, even higher conversions were obtained,

Apparently other workers have encountered a chromatographic
reactor reaction earlier without fully realizing or intentionally
employing this concept. Thomas and Smith (7) passed mixtures of hydro-
gen and deuterium through a chromatographic column packed with palla-
dium. While they were cnly partially successful in separating hydrogen
and deuterium, some of their ancmalous results can readily be explained
by considering that the catalytic conversion to hydrogen deuteride
occurred during separation.

Hall et al. (8) and Gaziev et al. (9) used the chromatographic

reactor technigue with the cracking of 2,3-dimethylbutane and the

dehydrogenation of cyclohexane to benzene, respectively. However, no




attempt was made to induce or measure any product separation.

The yields of many other reactions may be ilmproved by the use
of a chromatographic reactor. The requirements for increased yields
by this method are first, that there be at least two products, and
second, that all reactants travel through the column without appre-
ciable separation.* One possible example is the dehydrogenation of
isopropyl alcohol to acetone which has been studied by Erofeev (10)

over a copper-magnesium oxide catalyst.

Previous Mathematical Chromatographic Reactor Models

Solutions of the equations describing systems similar to a
chromatographic reactor have been attempted to predict the conditions
required for a desired separation or to explasin observed results. It
will be of value to review the pertinent literature.

Sedimentation - Electrophoresis Solution

Gilbert and Jenkins (1ll) have mathematically determined the
effect on the schlieren pattern of a reversible reaction A =B + C
occurring during sedimentation or electrophoresis of a solution.
Although the eguations derived were applicable to a chromatographic
reactor, the authors found it necessary to make several limiting
assumptions, In effect, diffusion and finite reaction rates were neg-

lected and the resulting equations were solved to cbtain the concentra-

*This insures that the reaction can proceed in the desired direction.
Although this may at first appear to limit the usefulness of a
chromatographic reactor, a judicious choice of the many partitioning
agents available could allow separation of the products without appre-
ciable reactant separation,




tion distributions of A, B and C as a function of distance for large
values of time., In addition the soluticns cbtained were for boundary
conditions different from those describing the chromatographic reactor.
The effects of diffusion and finite reaction rates definitely limit
the conversion in a chromatographic reactor and should be included in
any mathematical model. Therefore, the sclutions of Gilbert and
Jenkins were not useful in this study.

Reaction in a Series of Countercurrent Extractors

The effect of a reaction occurring during a series of extrac-
tions, such as con a Crailg machine, has been examined by Bethune and
Kegeles (12). Concentration distributions for components &, B and C
were calculated as & function of the number of transfers for the simul-
taneous cceurrence of the reaction A 2 B + ¢, While not directly con-
sidering diffusion, the authors developed equations along lines similar
to the plate theory of chromatography which effectively included diffu-
sion. However, there are two reasons that restrict these results to
only a qualitative description of the chromatographi: reactor. First,
instantanecus equilibrium between reacting species was assumed and,
secondly, the calculations were made for only 100 theoretical transfers.
Chromatographic columns contain the equivalent of sewveral thousand
theoretical transfers or plates. These results would require lengthy
extensicon to adequately describe the chromstographic reactor.

Bethune and Kegeles showed that regezrdless of the fransfer rate

through the column assigned the complex A, the maximum concentration of

the complex must lie between the maximum concentrations of B and C.




(The present investigation demonstrates that this remarkable feature

applies only for reactions having large reaction rates.) Alsc it was
noted that under these conditions it was possible focr a component to

have more than one concentration peak,

Solution of Equations for Chromatographic Reactor

Two groups have presented a mathematical model of the chroma-
tographic reactor. While their simplifying assumptions éermitted
solution of the equations, it will be advantageous to extensi;ely
explore these assumptions and their limitations.

Roginskil, Yanovskii et al. Model, The first attempted mathe-

matical description (4} of a chromatographic reactor used the assump-
tion that reversible reactions occurring during chromatographic separa-
tion are irreversible. This assumption was made because the products
were continuously separating and could not react in the reverse direc-
tion once separated. However, there is actually a considerable period
during which the products overlap and can react reversibly to reduce
the yield. One reason which probably led to the irreversible assumption
was the necessity of neglecting diffusion in order 4o obtain a solution.
The absence of diffusion would greatly shcrten the sime that the pro-
ducts overlap. The combination of a first order irreversible reaction
A =B+ C and negligible diffusion resulted in a first order linear
partial differential equation easily solved analytically.

Roginskii et al, {4,13) included in their treatment the effect

of finite adsorption and desorption on the catalyst surface. Roginskiil

and Rozental' (13) actually solved the case where tie adsorption kine-




tics are of the same magnitude as the reaction kinetics. It was sug-

gested that these results be used to calculate the rate constants for

both adsorption and chemical reaction of the components, A method was
outlined utilizing the percentage conversion at variable temperatures

and carrier gas veloclties to determine these constants.

Tables were calculated by Gaziev et al. {14) for determining
the reaction rate constant of various irreversible reactions of the
form nA — B + C + other products, assuming instantanczous adsorption
equilibrium and zero diffusion. The input reactant pulse shape was
shown to effect the yield of those reactions other than first order.
These results were used to calculate the heat of adsorption, the acti-
vation energy, and the reaction rate constant for the dehydrogenation
of ecyclohexane to henzene.

Recently a more complete mathematical description of the chro-
matographic reactor has been atfempted by Roginskii and Rozental’
(15). Through the use of statistical theory they were able to include
the effect of diffusion., However, the limiting assumption of a rever-
sible reaction proceeding irreversibly was retained. The sclutions
offered are only for first order irreversible reactions.

F, M. Magee et al, Model, The reversible reaction A2 B + C

has been treated mathematically for a chromatographic reactor by
Magee (16). Using a highly simplified model that neglected diffusion
and finite reaction rates, the author was able to solve the special

case of reactant 4 and product B moving at the same rate through the

column, These assumptions led to a first order partial differential




equation which was solved on an analogue computer. Under these condi-
tions Magee determined the effect of the egquilibriun constant, the rate
of product separation and reaction time on the product yield. As a
result, limits were placed on the magnitude of product separation and
equilibrium constant necessary for a chromatographic reactor., A product
separation as small as 3.3 x lO_u cm./sec. or an equilibrium constant of

2 x 1071

, was suggested as a minimum requirement.

Matsen, Harding and Magee {5,6) have experimentally tested the
results of Magee using the dehydrogenation reaction of cyclohexane to
benzene, While experiencing higher yields than those obtained under
static egquilibrium conditions, the stoichiometry of the dehydrogenation
reaction and the particular elution wvelocity did not allow a qguantative
comparison with the mathematical sclutions of Magee.

The simplifications used by previous authors to represent
mathematically the chromatographic reactor and to sibsequently solve
the resulting equations have been shown to severely limit the useful-
ness of their solutions. Assumptions of instantaneous equilibrium,
irreversible reactions, and zero diffusion prohibit the soclutions from
realistically representing any practical chromatographic reactor. None

of the solutions can be used to guantitatively predict the conditions

required for a desired conversion.

Objective of the Theoretical Investigation

It was noted {5) that the maximum possible yields cannot be

estimated until a solution to the equations desecribing a realistic model

is obtained. The first objective of this investigation was to present a




reasonable mathematical model of the chromatographic reactor together
with solutions s¢o that prediction of the conditions required for a
desired separation and conversion would be possible,

The previous review has demonstrated the importance of consider-
ing the effects of diffusion, finite reaction rates and a reversible
reaction in any realistic model of the chromatographic reactor. Inclu-
sion of these effects greatly complicates the matheratical equations
yielding a nonlinear system of three simultaneous partial differential
equations, This system must be approximated by a finite difference
scheme and subsequently solved on a high speed digital computer using
reiterative techniques,

The soluticns are of a generalized nature enabling other inves-
tigators to readily determine the percentage conversion for their
particular reaction and chromatographic reactor. Product yield was
studied as a function of product peak separation, eZfective diffusion
coefficient, reaction rate constants and eguilibrium constant over a
sufficient range to include most practical situaticas.

A comparison of experimental chromatographic reactor data with
the numerical solutions to the equations describing the chromatographic
reactor model would determine whether the numericel solutions adequately
represent a physical chromatographic reactor. A possible reaction that
could be used in a chromatographic reactor to supply experimental data

is the reversible H,-D, exchange reaction, 2HD =& H

*
»-Ds + D2. This reac-

2

*
The Hp-D, exchange reaction is actually much more complicated than
this equation indicates. It is generally agreed that there is first
a dissociation of H2 and D2 into atoms, followed by the formation of HD.




tion has only one reactant and no net change on reaction of the ftotal
number of moles, In asddition, the physical propertiss of all three

isotopic variations of hydrogen should be very similar,

Separation and Reaction of H,, HD and D2

There is extensive literature available on the chromatographic
separation of H2, HD and D2 and several papers indicating a reasonable
reaction of HD producing H2 and D2 at the conditions required for separa-
tion, The mathematical treatment would nod include a volume change
because there is no change in the total moles of reactants plus products

for this reaction,

Separation and Analysis of the Hydrogen Isotopes.

Thomas and Smith (7) cbtained the first partial resolution of
hydrogen and deuterium using elution chromatography. A 43 foot column
packed with palladium and maintained at 1750 was used with an argon
carrier gas., Because of the separation difficulties encountered over
the range of conditicns tried, there appears little chance for a
satisfactory separation on a palladium column. However, this column
is of definite interest in a 2HD = H2 + D2 test of the chromatographic
reactor for two reascns. First, hydrogen isotopes =zdsorbed on palladium
undergo a dissociation into atoms insuring the occurrence of reaction
and separation without resorting to a heterogeneous column packing.
Second, the palladium column coperates at a temperature much higher than
the low temperature necessary for other chromatographic separations.

At the higher temperature, larger reaction rates will be available. It

is possible that later investigations will overcome the separation

problems.
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All other separations of hydrogen isotopes have been based on
differences in adsorptivities on solid adsorbents. These differences
exist only at temperatures below 900 K. ané the majority of experiments
have been at 770 K. An excellent review on the separation and analysis
of various forms of hydrogen has been recently published {17). Readers
interested in an extensive literature development on these separations
are referred to the review. Only the papers of direct concern to the
present work are considered here,

With mixtures of hydrogen and deuterium there are actually five
components; the ortho and para forms and the reaction product hydrogen
deuteride. Chromatograms obtained using most low temperature adsorbents
have overlapping peaks for orthohydrogen and hydrogen deuteride. In
order to separate a mixture of H,, HD and D2 into its three components,
some method of preventing the ortho-para separation in the chromato-
graphic column was required. The ortho-para separation can be prevented
by constantiy equilibrating the ortho-para isomers during the chromato-
graphic separation., This method has been proved by Klinkenberg (18)
and Giddings (19) who have made theoretical studies of the reversible
reaction A # B oceurring on a chromatographic column. Only one peak
appeared on the chromatogram. This peak had a retention time between
the two pure substances and was broader,

Smith and Hunt (20) packed a 21 foot column cf activated alumina
coated with chromium oxide to insure ortho-para equilibration, Using

neon as a carrier gas at 770 K., they obtalined the first successful

resolution of hydrogen, hydrogen deuteride, and deuterium.
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At the low temperature necessary for separation the only carrier
gases available are hydrogen, neon, and helium. Hydrogen cannot be
used in this chromatographic reactor test hecause it is one of the pro-
ducts. Neon, used by Smith and Hunt, is expensive and requires recycle
equipment to reduce the carrier gas cost. Helium appears to be the
only logical choice., The main disadvantages of helium are the small
difference in thermal conductivity between hydrogen isctopes and helium
and the anomalous thermal conductivity bpehavior of mixtures of these
gases, If the exit gas stream is passed through a hot copper oxide
furnace before entering the thermal conductivity detector, the oxides
of the isotopes are formed, The detector is much more sensitive to the
oxides than to the isotopes themselves,

Moore and Ward (21) used this detecsion method with helium
carrier gas in the second successful separation of hydrogen, hydrogen
deuteride, and deuterium, A 12 foot column at 7?0 K., packed with
activated alumina coated with ferric oxide to promote equilibrium
between ortho and para isomers of hydrogen, was employed. Partial de-
activation with carbon dioxide improved the peak symmetry. Moore and
Ward noted that extreme alumina activation at 480° slso led to ortho-
para equilibration, Venugopalan and Kutschke (22) have successfully
applied this method to the separation and analysis of the hydrogen
isotopes. .0On a six foot activated alumina column with helium carrier
gas the isotopes were separated in 40 minutes with noticeable peak

tailing.

Other workers have improved the column preparation method of
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Moore and Ward. Notable papers on the optimum conditions are those of
Shipman {23), King (24) and Botter et al. (25).

Most experimenters now using helium carrier gas use the copper
oxide combustion furnace to amplify the exit chromatographic signal,
Furnace temperatures from ’416O to over 750D have been used, Several
papers (21,22,23,26,27) are available on application of this technigue.

While the vast amount of hydrogen isotope separation has heen
performed on alumina columns, other adsorbents should be equally effec-
tive, Botter et al. (25) and Kwan (28) have investigated several
adsorbents. Results of these papers suggested the pissibility of using
Molecular Sieve 13X (manufactured by the Linde Division of Union Car-
bide), a synthetic caleium aluminum silicate having an open and well
defined structure of molecular dimensions, treated with ferric oxide.
Greater peak separations and resulting component resolution should be
attained.

Hydrogen Exchange Reaction Catalysts.

Kinetics of the reaction H2 + D2 2 2HD have been studied over
chromium oxide and nickel catalysts by Gould et al. (29). Apparent
equilibrium constants were calculated as a function of time for a tem-
perature range of -1900 to 110°. At —1900 for chromium cxide, the
apparent equilibrium constant rose to 0.50 in two hours and equilibrium
was obtained in 26 hours. Nickel catalyst kinetics were much slower,

vielding an apparent equilibrium constant of 1.3% in 21 hours. For

very large times, the value of the eguilibrium constant at -190O was

reported to be 2.2.
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Kummer and Emmett {30) followed the HE-D2 exchange reaction at
-1950 over singly and doubly promoted iron catalysts. Reaction time
for half conversion was 3~10 seconds for the singly promoted catalyst

and about 100 minutes for the double promoted catalyst.

Objective of the Experimental Investigation

A second objective of this investigaticon was to test the pre-
dictions of the solutions to the eguations describing the chromatogra-
phic reactor model against experimental data of this study and the
H,-D, exchange reaction data of Kummer and Emmett (30).

In this work, chromatographic cclumns were developed capable of
resolving H2-HD-D2 mixtures in a helium carrier. The columns were used
to test the effectiveness of varicus catalysts held first at room tem-
perature and later at 770 K. The extremely active, singly-promoted
iren catalyst of Kummer and Emmett was tested along with other chromium
oxide and nickel catalysts, Necessary calculations of the eguilibrium
molar concentrations at various temperatures were made using the
tabulated data of Woolley et al. (31). The results of these tests were

used to supply chromatographic reactor data. The experimental data

were compared to the solutions of the chromatographic reactor model to

determine if the developed model was resglistic.
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CHAPTER IIT

MATHEMATICAL DESCRIPTION AND SOLUTION

Mathematical equations describing chromatographic models are
available (32,33,34) whose solutions are capable of realistically
representing the separation of a nonreactive mixture of A + B + C,
Extension of these equations for the reaction 2A = B + C in a
chromatographic reactor is accomplished in this investigation.

The solutions presented here and in the previously mentioned
papers are all based on a linear, nonideal chromatographic medel which
assumes that the equilibrium concentrations between the two phases are
proportional (& linear adsorption isctherm), but includes the effects
of finite mass transfer rates between the phases, diffusion, and other
band spreading processes, Most gas-liquid chromatography can be ade-
quately represented by these assumptions. Implicit in the use of a
linear adsorption isotherm is that the calculated concentration distri-
bution in the column will be symmetrical shout its maximum concentra-
tion, The resulting chromatogram will be essentially symmetrical. If
the experimental chromatogram for a nonreactive system is not symmetri-
cal, the calculated results will not exactly represent the physical
case,

The presence of asymmetrical chromatogram pesks does not neces-

sarily imply nonlinear isotherms, only that the chosen chromatographic

model yields non-symmetrical peaks only with nonlinear isotherms.
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Other mechanisms, not included in the model, might have caused the

actual asymmetry.

Mathemstical Description of Model

Consider the component, A, moving with a velocity Ra cm./sec.
through a packed column extending to infinity in both directions.
Let the component enter the experimental section at x = O and leave
at x = L, If the effective diffusion coefficient for component A is
D cm.g/sec., the change in concentration of A in the column (described

a

as a function of time and distance) is

2
ah . A T
ot D, ax2 - Ra % (1)

With the addition of the reaction 24 & B + C, BEquation (1) becomes

2

al 9 A oA 2 -
— = — e, {“,
St Da N 5 Ra % 2k1A + 2k2B (2)
X
where kl and k2 are the forward and reverse reaction rate constants,
respectively.

Similar equations can be written for components B and C.

3B . 3B 3B 2

S-E_Dbae_Rb-éE+klA - k,BC {3)
X

a0 2%e ac o

§E=ch;§'Rc'a§+ kA% - kBC (%)

Changing the two independent real variables x and t by the

arbitrary relations,

R
T=t(-—L£) and X =

Bt
L
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and substituting the following reduced constants,

D] =D,/R L
i i""o
O
R, = Ri/RO
o
k| = le/RO
O
ky = k,L/R_
the following equations result:
fil;) 0 aeA o QA o, 2 o
57 - Do T3 - Ry 3p - kAT + 2kBO (5)
aX
aB 0 823 o oB 0,2 o
T -0, 3 - Ry gt KA - kRC (6}
oX
oC o 320 o aoC 0,2 0
ﬁzDCHE_.RC-aT-FklA —keBC (7)

RO is an arbitrary constant with the dimensions of velocity and may be,

for example, the carrier gas velocity or the column velocity of one

component,

The initial conditions are:

A (X,0) = F, (X}

1
B (X,0) = F, (x)
¢ (x,0) = F3 (X}

with the boundary conditions, as X approaches plus and minus infinity,
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A X, =B (X,T) =¢C (X,T) =0

An overall material balance gives,

w o« -}

J' A (X,T) aX + f B (X,T) aX + j C (X,T} dX = constant

- -

These three nonlinear, second-order partial differential equa-
tions with the associated boundary and initial conditions constitute
the mathematical description of the chromatographic reactor model,
While the material balance cannot be used fo eliminate one of the

equations, it serves as a useful check on the regquired mass conserva-

tion.
For this investigation the following initial conditions were

used:

A(X:O) = AO, ~g <X <g

B{X,0) = B_, -g <X<g

¢(x,0) = C,» -2 <X<g
and

A(X,0) = B(X,0) = C¢(X,0) = 0, || > g

Qutline of Numerical Solution

A rectangular semi-infinite grid is superimposed on the plane
surface representing the X-T domain. This surface extends unbounded

in the T-directicn from time T = 0 and is sufficiently wide with

respect to X to include the region of interest.
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A, .
1,J o
T 1 T
! k o I
! r-0
-1 0 1 2 3
X -

The rectangular grid is arranged with an h-interval in the X direction
and a k-interval in the T direction. The set of points in the X,T-
plane is given by X = ih and T = jk, where 1 and j are integers and
J is restricted to non-negatives. If the aumber of internal points

between X = 0 and X = 1.0 1s called N, then it follcws that
(N + 1)h = 1.0
Also the mesh point Ai 3 is equivalent to
]

Ai,j = A(Xi,Tj) = A(ih,jk)

If the functions A(X,T), B(X,T) and C{X,T) are considered point
functions and implicit finite difference approximations substituted
for the derivatives in Eguations (5}, (6) and (7}, -here results a
quasi-linear algebraic system of eguations for each dependent variable.

Quasi-linear notation is used because some of the resulting matrix
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coefficients are not constants, bul depend on the local values of
the dependent variables.

The resulting systems of egquations form tridiagonal matrices
which can be solved efficiently using the method of Thomas outlined by
Bruce et al, (35). The nonconstant matrix coefficients complicate the
solution, requiring a reiterative technigue., BSolutions based on esti-
mated coefficients are obtained, followed by reiterations with the new
solutions until the coefficient estimation error is within prescribed
limits,

Detailed development of the finite difference equations and a
description of the calculation scheme for the resulting matrices is
given in Appendix A.

The computer program used for the above caleculation scheme is
described in Appendix B. Sample calculations are included in Appendix

C.

Limiting Analytical Solutlons

For the limiting case of no reaction, eguation {5} reduces to

2
a_poda pom
aT ~ Da ax2 - Ra X (8)

Transforming the wvariable A from a function of X and T to a function of

2 and T gives

2
oA o /9 A
= =D (=5 (9)
aT a BZ2

where Z = X - RzT. This substitution is eguivalent to using an X-axis

. e]
moving at a constant rate, Ra’
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If the initial concentration distribution of & in the infinite

system is given by

A(Z,0) =4, -8 <Z<g
and

A(z,0) =0, |z]l>¢

then the sclution is
A . '
A(z,T) = § | ert 5—*—-2—) + erf g—’-—'i—)j (10)
2 ST 2 JOTT

The numerical solutions of the computer program were compared
with the limiting analytical solutions for reduced effective diffusion
coefficients of 0,002, 0,001 and 0.000%5 at reduced times, T of 0.10,
0.40 and 1.00. The results have been plotted in Figures 1, 2 and 3 for
A, =10.0 moles/1., Rz = 1.0, and g = 0.0025. These variables were
gelected as representative of the entire range used in this study.

It is evident that the numerical solutions coinecide with the
analytical solutions except for values of D?T 22 x 10_u. For the
extreme case with the smallest reduced effective diffusion coefficient
and the smallest reduced time, the numerical solution is only slightly
skewed,

A common method of calculating the theoretical number of plates
(which is related to the effective diffusion coefficient) is based on

the assumpticn that the exit concentration chromatogram approximates a

Faussian shape. It can be shown that Gaussian curves exhibit band
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1
spreading proportional to (DT)%. The peak basewidth (extrapolated by
tangents through the inflexion points) is four standard deviations,
4o. Rearranging the Einstein equation for diffusional spreading gives

o] 02
D; = 57
1

where ¢ is measured in dimensionless length units. Converting ¢ to
dimensionless time units (see Appendix C) yields

o (ar)® ®)°

D. =
1 32 Ti

(11)

where ATi is the reduced extrapolated basewidth on the chromatogram,
Ti is the reduced peak maximum emergence time, and Rz is the reduced
component column velocity.

The concentration at the column exit (X = 1.0) was recorded dur-
ing all numerical sclutions. These computed chromatograms were used
to calculate the reduced effective diffusion coefficients from the
resulting peaks for an additional check of the computer program.

Using Equation (11), the calculated reduced effective diffusion
coefficients agree with the coefficients supplied to the program within
three percent. Graphs of the exit chromatograms for no reaction and
reduced effective diffusion coefficients of 0.0005, 2.001 and 0.002
are given in Figure 4.

Analytical comparisons with numerical solutions have shown the
computer program to be an accurate finite difference approximation
scheme over the entire range of variables presently investigated for

the limiting case of no reaction. Additional comments on the solution's

mathematical stability and convergence are included in Appendix A.
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CHAPTER III
EXPERTMENTAL RESULTS

A comparison of experimental chromatographic reactor data with
the numerical solutions of the eguations describing the chromatographic
reactor would determine whether the calculated resulbts adeguately repre-
sent the performance of a physical chromatographic reactor. One possi-
ble reaction that could be used in a chromatographic reactor to supply
experimental data iz the reversible reaction, 2HD & H2 + D2. There is
extensive literature available on the chromatographic separation of H2,
HD and D, and several papers indicating a reascnable reaction of HD

2

producing H2 and D2 at the conditions required for separation.
A requirement of the chromatographic reactor is that the column

packing must catalyze the resction and separate the products. A
heterogeneous packing consisting of a catalyst mixed with a material
capable of separating the products would be eguivalent to a homogeneous
packing capable of both processes. To provide a chromatographic separa-
tor tests were performed to determine the best adsorbent for the separa-
X HD and D2. Subsequent tests were made of the abllity of

various catalysts to promote the H‘2—D2 exchange reaction in order to

tion of H

find the necessary catalyst for the hetercgeneous packing.

Chromatographic Column Selection

The previous review of the separation of hydrogen isotopes




27

discussed several solid adsorbents that could be used to separate

o HD and D2 at 770 K. without an accompanying ortho-para separation.

These adsorbents are highly activated alumina, Molecalar Sieve 13X

H

treated with ferric oxide to promote equilibrium between the ortho and
para isomers of hydrogen, and similarly treated, activated alumina.
Equipment

All chromatographic separations were performed on a Perkin-Elmer
Model 820 chromatograph using Matheson high purity helium (minimum
purity 99.9095 percent) as a carrier gas. Before entering the chroma-
tograph the helium was passed through a Molecular Sisve 5A column to
remove the last traces of moisture and other impurities.

The Perkin-Elmer Model 820 chromatograph has as standard equip-
ment a hot wire thermal conductlvity detector especially designed to
obtain the maximum possible sensitivity using chromatographic ecolumns
with an outside diameter of one-eighth inch. All the columns tested
vwere made from one-eighth inch refrigeration grade copper tubing. This
gize of tubing permitted construction of extremely compact columns., In
addition, only relatively small amounts of adsorbents were required to
£ill the columns,

Modification of the chromatograph was necessary to allow column
operétion at 7?0 K. Each column tested was placed in a Dewar flask
filled with liguid nitrogen. Short connections were made to the
chromatograph with copper tubing packed with 80-100 mesh glass beads

to insure a flat velocity profile.

Sample injection was accomplished, using Hamilton gas-tight
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syringes or the gas sampling valve supplied with the chromatograph.

Mixtures of H., HD and D. were prepared by equilibrating H2 and

2

D2 over a hot filament at spproximately 1000° K. for 20 minutes. (At

1000° K. an equal molar mixture of H2 and D2 react to yield an egquili-
brium HD mole fraction of 0,497 (31).) For all sample preparations
Matheson c.p. grade deuterium {(minimum purity 99.5 percent) and
Matheson prepurified grade hydrogen (minimum purity 99,95 percent) were
used.

A Sargent Model SR potentiometric recorder with a one millivolt
full-scale sensitivity was connected to the bridge output of the ther-

mal conductivity detector.

Highly-Activated Alumina Columns

Moore and Ward (21) and Venugopalan and Kutschke (22) obtained

a separation of H2, HD and D. on strongly activated alumina without an

2
ortho-para separation. Moore and Ward activated the alumina for eight
hours at h800. Venugopalan and Kutschke used an activation temperature
of h50O for one week. Both groups obtained chromatograms with notice-
able peak tailing,

A column packing which required activation at approximately the
same temperature necessary for catalyst activatiaon would facilitate
preparation of a hetercgeneous column containing both a chromatographic
separator and a reaction catalyst. If the peak tailing could be

eliminated or greatly reduced, highly activated alumina mixed with a

catalyst would represent a simply prepared chromatographic reactor.

A 10 foot column packed with 80-100 mesh alumina was activated
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at 3500 for one week under a ilow helium flow. This lower activation
temperature was used with the anticipation that a reduction in the
amount of peak tailing would he obtained, while reta ning the ortho-
para equilibration, Although the ortho-para isomers of H2 and D2 did
not separate, the chromatogram peaks exhlbited extreme tailing. Deu-
terium emerged from the column with an apparent retention time of 34
minutes compared to 14 minutes for hydrogen, giving a relative reten-
tion ratio of 2.44 for deuterium,

In an attempt to improve the peak symmetry of separations
obtained with the highly activated alumina column, partial deactiva-
tlon was attempted. Carbon dioxide was passed throuzh the column until
it wasg detected at the exit using a barium hydroxide soclution., The
column was cooled to ?TO K. and the helium flow started. Peak shape
was greatly improved; however, the orthe-para isomers of hydrogen com-
pletely separated. Para-hydrogen, ortho-hydrogen and ortho-para deu-
teriun had retention times of 5.20, 6.00, and 8.67 minutes, respectively.
Ortho and para deuterium did not separate.

It 1s possible that less carbon dioxide deactivation or a lower
initial activation temperature would retain the orttro-para equilibrium
and improve the peak symmetry. However, the peak skapes obtained with
the carbon dioxide treatment did not appear to warrant further investi-
gation. Strongly activated alumina columns were not suitable for use
in this work.

Molecular Sieve 13X - Perric Oxide Columns

Several columns were filled with 80-100 mesh Molecular Sieve 13X
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packing that had been coated with ferric oxide to promote ortho-para
isomerism. The packing was prepared by adding approximately 20 ml, of
1.8 molar ferric chloride to 40 ml. of 80-100 mesh Molecular Sieve 13X
until the packing was completely dampened, Fifty ml. of water was
added and the slurry titrated to a pH of 7.0 with 3.0 molar ammonium
hydroxide (required approximately 36-40O ml.). The silurry was washed
and decanted several times until the packirg was free of the excess
ferric hydroxide precipitate, leaving a small amount adsorbed on the
packing. The packing was dried 24 hours at 120°, sieved, and the 80-
100 mesh range poured directly into the column.

A three foot column of the above packing was activated at 165O
for two days under a low helium flow. At T?O K. the Molecular Sieve
13X - ferric oxide column produced chromatograms with extreme tailing,
but no ortho-para separation, Hydrogen and deuterium had apparent
retention times of 4.8 and 12.6 minutes, respectively.

In an attempt to reduce the peak asymmetry, a six foot column
was gctivated at 250 for 16 hours. Chromatograms with improved peak
symmetry were obtained, although some tailing was still evident.

Since partial deactivation of the previous alumina column
improved the peak shape, the six foot Molecular Sievs 13X - ferric
oxide column was saturated with carbon dioxide at room temperature.
After cooling to 770 K., the helium carrier gas flow was started.
Hydrogen and deuterium peak shapes were quite acceptable, with little

notlceable tailing. However, these peaks were not completely separated

as they had been bhefore the carbon dioxide treatment.
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Numerous references in the literature have been made to the
fact that Molecular Sieves irreversibly adsorb carbon dioxide. To
test this statement, the six foot column was heated fo 120° for three
hours with a low helium flow. When used to separate hydrogen and
deuterium at TTO K., extremely skewed peaks were obtained with a large
separation., This result indicated that carbon dioxide was readily
removed from the column on heating and not irreversibly adSOrbed.*

A subsequent carbon dioxide treatment of this column, gave
results slightly superior to those obtained on the Molecular Sieve
13X - ferric oxide column previously treated with carbon dioxide.
Hydrogen and deuterium had apparent retention times of 1.57 and 2.52
minutes, respectively.

In order to provide sufficient separation of a mixture of Hg’
HD and DE’ a 20 foot column filled with 70-80 mesh Molecular Sieve 13X
ferric oxide was prepared. After activation at 120° for 12 hours, the
column was partially deactivated with carbon dioxide as previously
outlined.

A good separation of hydrogen and deuterium was obtained with
apparent retention times of 6.16 and 9.43 minutes, respectively.

However, each peak exhibited such a high effective diffusional spread-

ing that a good separation of Hg, HD and D, would be impossible.

%This apparent conflict between the experimental results of this inves-
tigation and previous chromatographic literature is readily resclved.
Carbon dioxide has an extremely long retention time in Molecular Sieve
columns, but is not irreversibly adsorbed.
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Activated Alumina - PFerric Oxide Columns

A 12 foot chromatographic column was packed with 80-100 mesh
alumina coated with ferric oxide. This packing was prepared in the
same manner outlined for the Molecular Sieve 13X - ferric oxide column
packing. After activation at 120° for one day with a low helium flow,
the resulting chromatogram showed bad peak tailing, but no ortho-para
separation.

A similarly prepared nine foot column was activated at 25° for
16 hours. Upon cooling to 7?0 K., the exit chromatogram exhibited
much more symmetrical peak shapes, but with less separation. Bubse-
guent carbon dioxide treatment followed by a 10 minute column purge
with helium before cocling, offered no improvement. Carbon dioxide
partial deactivation without a purge gave a slight improvement in the
deuterium peak symmetry.

The 12 foot column which had been previously activated at 120°
was treated with carbon dioxide and ilmmediately coocled in liguid nitro-
gen. A chromatogram of hydrogen and deuterium was cbtained equal to
the results for the column activated at 250.

In crder to obtain sufficient separation between hydrogen and
hydrogen deuteride, a 20 foot column of 70-80 mesh glumina coated with
ferric oxide was activated at 120O for 12 hours. After activation,
the ¢olumn was treated with carbon dioxide and immediately immersed in
liquid nitrogen.

Tests were performed to determine the carrier gas flow rate

giving the best separation. It was found that an exit flow rate of
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helium measured at room conditions of 110 ml./min. was optimum, The
use of 70-80 mesh packing in place of the normal 80-100 mesh did not
hurt the separation and required only half the pressure drop.

At the optimum flow rate, a 2.0 ml. sample of H2, HD and D2
equilibrated at lOOOO K. gave a good H2-HD separation and an excellent
HI)-D2 separation. Peak symmetry was equal to any previous columns used
in this work, Retention times of 5.80, 6.32, and 7.93 minutes were

recorded for H2, HD and D, respectively.

2
Chemical Amplifier

With helium as & carrier gas, large samples of the isotopes of
hydrogen are required because of the small differenc= in thermal con-
ductivity between helium and hydrogen. Also helium-hydrogen mixtures
have a rapidly varying and anomalous thermal conductivity relation with
concentration. In order to eliminate these problems, a copper oxide
furnace was constructed which would oxidize the hydrogen isctopes. A
thermal conductivity detector using a helium carrier gas is much more
sensitive to the oxides of hydrogen isotopes than to the isctopes
themselves. In effect, the copper oxide furnace acts as a chemical
amplifier.

Other workers (21,22,23,26,27) have used a chemical amplifier
with furnace temperatures from h16O to over 7500. A detector tem-
perature above lOOO is required to prevent condensation. OQther report-
ed details of construction are very sketchy. Copper oxide wire, 35-48

mesh copper oxide, fine copper oxide powder, and corper oxide powder

mixed with firebrick have been used. All these forms of copper oxide
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have drawbacks. Powders have sufficient surface area, but large pres-
sure drops. The large mesh copper oxide has no appreciable pressure
drop, but very 1ittle surface area. All methods appear to reguire
excessive reactor volume to permit sufficient contact time,

A high surface form of copper oxide is needed which can be
prepared in any desired mesh range. This requirement was met in this
investigation by completely wetting a 80-100 mesh sample of Chromosorb-P
{(a diatomaceous earth product manufactured by the Johns-Manville Co.)}
and a 80-100 mesh sample of alumina with a saturated solution of cupric
nitrate. After drying overnight at 1050, each sample was reduced to
the oxide form at TOOO in a furnace for two hours. Both samples were
sieved to 80-100 mesh and packed in separate four irch long, one-fourth
inch outside diameter stainless steel combustion tubes constructed such
that they could be inserted in the chromatographic system before the
detector.

It was expected that alumina with its much larger surface area
(210 m.g/gm.) would be more efficient than Chromosorb-P (k4 m.z/gm.).
However, alumina exhibited adsorption even at the high temperatures
uged and produced extremely diffused chromatogram peaks.

Chromosorb-P 41d not display any peak spreading properties dur-
ing the tests to determine the optimum operating temperature for the
chemical amplifiier. No signal amplification was noted below 200°.
Between 200° and 400° the amplification increased steadily, reaching

a plateau above 400°. No change in amplification was found as high as

5000v It was therefore decided to use the chemical amplifier at h5o°
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where it possessed a signal amplification of about 34. This amplifica-
tion is equivalent to using a sample 34 times as large for the same
response without a chemical amplifier.

Chromatograms obtained using the chemical amplifier following
the 20 foot activated alumina - ferric oxide column were guite satis-
factory with total separation of HD and D2 and sufficient separation of
H2 and HD. It was estimated that a 40 foot column would completely
separate all the components.

If a Hé-D2 exchange reaction catalyst capable of operation at
the temperature required for chromatographic separation were available,
a heterogenescus chromatographic packing could be made from a mixture of

the catalyst and the previously developed, activated alumina - ferric

oxide packing.

Hydrogen Exchange Reaction Catalyst Tests

A review of the literature indicated that rezsction catalysts of
chromium, nickel, and iron should be effective in promoting the exchange
reaction between hydrogen and deuterium. One sample each of a chromium
catalyst and a nickel catalyst and three iron catalvsts were obtained
for an evaluation of their effectiveness.

Equipment

A Tive inch section of stainless steel tubing with a one-fourth
inch cutside diameter was wrapped with nichrome heater wire and insulated
to provide temperatures in excess of 500°. The tubing had an internal

volume of approximately 1.5 ce. Sieved catalysts weare packed in this

small tubular reactor and activated at the prescribad conditions under
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a reducing carrier of Matheson prepurified hydrogen [minimum purity
99,95 percent). During activation a one foot Molecular Sieve 13X
column was attached to the reactor entrance and anctaer to the exlt to
prevent impurities that might poison the catalyst from entering the
reactor.

After activation and cooling to room temperature, the reactor
was placed in the chromatographic system immediately before the 20 foot
activated alumina - ferric oxide column. This placement allowed direct
analysis of the resction mixture leaving the tubular reactor, Also it
was unnecessary to construct a hetercogeneous chromatographic reactor
{capable of simultaneous reaction and separation) for each catalyst test.

Chromium Oxide Catalyst

A chromium oxide catalyst, Cr-140LP, was obtained from The
Harshaw Chemical Company. The catalyst contained 1€ percent Cr203,
supported on high activity alumina with a surface area of 80-100 m.2/gm.
After sieving the catalyst, a 100-120 mesh range wa:s activated for two
hours at 3000 in the tubular reactor.

At room temperature with a helium exit flow rate of 105 ml,/min.,
the catalyst converted an equal molar mixture of hydrogen and deuterium
to essentially an equilibrium mixture., At this flow rate, the reactor
residence time was approximately 2.5 seconds,

Because of the extremely rapid reaction at room temperature,

catalyst tests were undertaken at 770 K. However, no reaction was

found to occur at 770 K. even though the residence ime had been exten-

ded to approximately 10 seconds. In addition, the catalyst greatly
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retarded the hydrogen - deuterium sample giving increased retention
times for both components, This increased retention resulted in an
extremely diffused chromatogram, unsuitable for use in an investiga-
tion of the chromatographic reactor concept.

The diffused chromatogram was believed to be due to the activated
alumina catalyst support. Previous experiments with chromatographic
columns indicated a possible improvement with a carbon dioxide treat-
ment of the support material prior to the catalyst test. While carbon
dioxide treatment reduced the peak spreading, no reaction was found at
TTO K. In addition, the carbon dioxide poisoned the reaction catalyst
such that no reaction occurred at room temperature. The chromium oxide

catalyst would not be useful in this work.

Nickel Catalyst

A nickel catalyst used commercially to promote the hydrogen-
deuterium exchange reaction was obtained from the Girdler Catalysts
department of Chemetron Chemicals. Girdler nickel catalyst T-316 was
supplied in three-sixteenths inch tablets composed <¢f 50 percent nickel
on a kieselguhr support. The recommended activation was two hours at
1500—3150 in a stream of hydrogen. The catalyst was ground and sieved
to a 80-100 mesh range and packed into the tubular reactor.

After two hours activation at 3000, the catalyst was tested at
room temperature. An unexpected result was found. On injection of the
first equal molar mixture of hydrogen and deuterium, only a hydrogen

peak appeared on the chromatogram. With subseguent injections hydrogen

and hydrogen deuteride appeared. Finally all three isotopic variations




38

emerged from the column in equilibrium concentrations. The nickel
catalyst preferentially adsorbed deuterium and desorbed hydrogen until
an equilibrium mixture had been adsorbed on the catalyst surface.

The nickel catalyst was cooled to 7?0 K. and tested, Extreme
catalyst adsorption, long retention times, and no apparent reaction
made this catalyst useless for the hydrogen isotope exchange reaction
in & chromatographic reactor at 770 K. The dependence of the reaction
products on the previous injected reactants found at room temperature
also eliminated the nickel catalyst.

Iron Catalysts

Three iron catalysts were tested for the hydrogen-deuterium
exchange reactlon: Harshaw Chemical Company Fe-0303P catalyst, Girdler
G3A singly-promoted catalyst, and a singly-promoted iron catalyst
received from Dr. P. H. Emmett, catalyst 385.

Catalyst Fe-0303P, Harshaw Catalyst Fe-0O303F contained 20 per-

cent Fe203 mounted on high actlvity alumina with a surface area of
105 m.2/gm. After sieving, the 100-120 mesh range was activated two
hours at 3000 under a hydrogen carrier.

At room temperature an equal molar mixture of hydrogen and deu-
terium reacted to give about 10 mole percent hydrogen deuteride., An
equilibrium mixture at this temperature contains 47 percent hydrogen
deuteride, The approximate time required for half conversion was cal-

culated to be 12 seconds.

A test of the catalyst at TTO K. revealed no apparent reaction,

Again, the activated alumina catalyst support retarded and spread the
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hydrogen-deuterium sample passing through the reaction catalyst,

Catalyst G3A. Girdler catalyst G34A is a iron catalyst singly

promoted with chromium. An activation of two hours at 260-315° in a
stream of hydrogen was recommended by the manufactur=r. The catalyst
was received in three-eighth inch tablets which were subsequently
crushed and sieved to 80-100 mesh.

At room temperature the catalyst converted an equal molar
mixture of hydrogen and deuterium to essentially equilibrium. The
chromatogram showed no additional spreading caused by the catalyst.

No apparent reaction was found at 770 K. However, the reten-
tion times on the catalyst were of the same magnitude as for the
alumina column alone., Also the separation ratic of hydrogen and
deuterium was much greater than previously experienced on chromato-
graphic columns. Although producing more diffused chromatograms, the
iron catalyst alone actually could have separated tle reaction mixture
becanse 1t retarded deuterium more than it retarded hydrogen.

Treatment of the catalyst with carbon dioxide was performed to
determine whether or not this would poison the catalyst at room tem-
perature. The reaction was greatly retarded, although some hydrogen
deuteride was still produced, After reactivation at 3000 for two hours,
the original fast reaction rate was restored,

A four foot column with an internal volume of 2.7 cc. was packed
with 80-100 mesh G3A catalyst. It was thcught that the longer contact

time and the apparent selective adscorption of deuterium on the catalyst

would permit a reaction and separation of the hydrogen isotopes. After
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activation at 3000 for two hours, the four foot catalyst column offered
only slight separation at 770 K. and no apparent reaction,

In an effort to insure that the catalyst had been properly acti-
vated, the catalyst column was warmed to room temperature and the chro-
matographic alumina-ferric oxide column added to the system. An equal
molar mixture of hydrogen and deuterium reacted at room temperature and
again gave essentially equilibrated reaction products. Apparently the
catalyst was properly activated.

P. H. Emmett Catalyst 385, After the previous failures to

obtain a H,2--D2 exchange reaction at 770 K. using chromium, nickel, and
iron catalysts, a sample of the singly-promoted iron catalyst 423 used
by Kummer and Emmett (30) was requested from Dr. P. H. Emmett, Although

the supply of catalyst 423, which gave the extremely rapid H -D2 ex-

2
change reaction at 770 K., was exhausted, a 10 gram sample of catalyst
385 was supplied. The catalyst contained 0.83 percent alumina, 1.63
percent silica, and 0.45 percent beryllium oxide, ir. addition to iron
oxide. This catalyst should act as a singly-promoted catalyst., Activa-
tion at 500D for two or three days at a hydrogen spece velocity of
5000 was recommended by Dr. P. H. Emmett to produce a very active
c;talyst usable at 770 K.

Catalyst 385 was activated at 500O for three hours with a
hydrogen space velocity of about 5000, At room temperature the exchange

reaction was practically instantaneous, giving hydrogen deuteride in an

equilibrium mixture from an equal melar mixture of hydrogen and deuter-

ium, The chromatogram exhibited no additional tailing or peak spreading
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caused by the catalyst.

Cooling the catalyst to TTO K. completely stcpped the reaction.
One distinct feature of catalyst 385 at 770 K. was the complete absence
of any peak spreading causged by the catalyst.

A longer activation was undertaken to comply with the recommended
activation time. Catalyst 385 was activated for 48 hours at 5000 with
a hydrogen space velocity of 5000. Molecular Sieve 13X columns were
placed before and after the catalyst reactor to prevent water and oxy-
gen contamination, A carrier gas preheater was constructed to insure
that the entering hydrogen was above 5000.

Following this activation, the tubular reactor was placed in the
chromatographic system prior to the 20 foct activated alumina-ferric
oxide column and cooled to 770 K. The helium carrier gas was further
purified by passing through a six foot Molecular Sieve 13X column
cooled to 770 K. With all these precautions and the long activation,
no reaction occurred between hydrogen and deuterium at 770 K.

Tests of chromium, nickel, and iron catalysts have not produced
any catalyst capable of operating at a temperature f 770 K. Several
of the catalysts gave an almost instantaneous reactlon bhetween hydrogen

and deuterium at room temperature,

Chromatographic Reactor Data

Two chromatographic columns, 10 and 20 feet long, were con-
structed to provide nonreactive chromatographic data for a comparison

with the numerical solutions of the eguations describing the mathemati-

cal model, The columns were Tilled with “he 70-80 mesh alumina - ferric
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oxide packing previously described.

To provide the maximum separation of HZ’ HD and D2, a final
comparison of the various activation temperatures anl carbon dioxide
partial deactivation treatments was undertaken, The 10 foot column
was activated at 25° for 1l hours with a helium flow rate of 25 ml, /min,
At 77° K. and an exit flow of 110 ml./min., this column gave a reten-
tion ratio of 1.28 for deuterium relative no hydrogen. The column was
subsequently treated with carbon dioxide and immersed in liquid nitro-
gen hefore starting the helium carrier flow. This treatment gave a
relative retention ratio for deuterium of 1.21. The carbon dioxide
treatment had little effect. In both cases the separation of Hé and
D2 was only marginal,

Column activation at 120° for 20 hours gave a chromatogram with
diffused peaks and extreme tailing. Retention times for hydrogen and
deuterium of 10.81 and 18.38 respectively, gave a relative retention
ratio of 1.70 for deuterium. Carbon dioxide treatment at room tempera-
ture follewed by a 10 minute helium purge before cooling in liquid
nitrogen did not significantly alter the chromatogram,

Another carbon dioxide treatment of the 10 foot column was per-
formed followed by immediate immersion in liguid ni-rogen before start-
ing the carrier flow. This treatment greatly improved the chromatogram
peak shape and only reduced the retention ratio of deuterium to 1,39,
Retention times for H,, HD and D, were 3.88, L.2k and 5.41 minutes,

respectively.

Optimum column treatment, as determined from these experiments,
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consisted of 20 hours activation at 120° with a low helium flow rate,
cooling to room temperature under helium, followed by passing an excess
of carbon dioxide through the column at room temperature. The column
was immediately immersed in liquid nitrogen and partially cooled before
starting the helium carrier gas flow. An optimum exit flow rate of

110 ml./min. was maintained.

Using these optimum conditions and the chemical amplifier,
chromatograms of HQ-HD—D2 mixtures were cbtained for the 10 and 20 foot
columng., Samples of egual molar mixtures of H2 and D2, equilibrated at
lOOOO K. over a hot wire filament, were injected into the carrier gas
stream using a Hamilton gas-tight syringe. With ths aid of equations
developed in Appendix C, reduced constants were calculated for 500
microliter samples of the H2-HD-D2 mixture for the 10 and 20 foot
columns,

For the 20 foot activated alumina - ferric oxide column, the

reduced constants are:

[
Dyp = Db = 0,0003Lh6
O [
Dyp = Da = 0.000382
o _ .0 _
DD2 = Dc = 0.000284
O_O__
RH2 =R = 1.104
R;D = R® = 1.000
a
0O [}
Ry, = R[ = 0.8027

For the 10 foot activated alumina ~ ferrie oxide column, the

reduced constants are:

D, = D = 0.000594
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DED = D, = 0.000773
Dgg = D, = 0.000517
Ry, = By = 1.097
Ry = Ry = 1.000
Rpp = Rg = 0.7876

Using the reduced constants, numerical solutions were obtained
for comparison with the experimental chromatograms. Experimental and
numerical chromatograms are shown in Figures 5 and 6 for the 20 and
10 foot columns, respectively.

The main difference between the experimental and the numerical
or calculated chromatograms is due to the fact that the experimental
chromatogram dees not have symmetrical peaks. The experimental
concentration curves rise abruptly, but exhibit tailing with decreasing
concentration. This asymmetry has long plagued gas-solid chromatography
and is usually believed to be due to the nonlinear adscrption isotherms
of the so0lid adsorbents.

Several interesting papers have been published that cited other
possible causes of asymmetric peaks, Scott {36) considered the change
in temperature of an absorbent undergoing adscrption and desorption.

It was shown that chromatogram peaks of the shape experienced in the
present investigation could be caused entirely by heats of adsorption
and desorption.

Giddings (37) conecluded that peak tailing could originate as

a kinetic effect of adsorption and desorption even with a linear

adsorption isotherm. It was noted for linear isotherms, that tailing
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will not significantly decrease with sample size; while for nonlinear
isotherms, tailing will be reduced with smaller samples. Kinetic
talling will increase with increasing column velocity, whereas tailing
caused by nonlinear isotherms will be little affected.

A more detailed numerical chromatcgram was calculated with the
reduced constants of the 10 foot activated alumina -~ ferric oxide
column. For an equal molar mixture equilibrated az 770 K., the graph
ig shown in Figure 7 with the time axis given in 1:s reduced form.
The individual component concentrations sre Included as well as the
composite chromatogram,

The reduced reacticn rate constants for the hydrogen-deuterium
exchange reaction were calculated using the data o Kummer and Emmett
(30) and Appendix C. The results of these calculazions for the 10 foot
chromatographic column gave the forward snd reverse reduced rate con-
stants as 11 and 21 (moles/l,)“l, respectively. Using these reduced
reaction rate constants and the nonreactive experimental data, a
numerical chromatogram was calculated to determine the amount of HD
which would have been converted if a reaction had occurred., This
chromatogram is presented in Figure 8 for the same eguilibrium sample
used with the previous graph.

The theoretical 10 foot column has reduced the computer calcu-
lated HD mole fraction from an initial equilibriuwn mole fraction of
0.408 teo 0.123. Despite the slight H2-HD separation in this column,

it is readily seen that a considerable improvement has been realized

ueing a chromatographic reactor.
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The calculations for the reduced reaction rate constants for the
20 foot alumina - ferric oxide column gave a value of 2L (moles/l.)_l
for the reduced forward rate constant and b6 (moles/lv)_l for the
reduced reverse rate constant. The reduced reaction rate constanis
for the 20 foot column are not exactly twice the values for the 10 foot
column because the reactant retention time on the 20 foot column was
greater than twice the retention time on the 10 foot column. The
reduced reaction rate constant was defined in Appendix C as the product
of the actual reaction rate constant and the reactant retention time.
The nonreactive chromatogram for the 20 foot column is given in Figure
9 and the reactive chromatogram in Figure 10. The HD exit mole frac-
tion for the 20 foot column with reaction is 0.0536. This amount is
less than half the amount for the 10 foof column.

An additional advantage of the longer column is the greater
separation between H, and HD, By proper switching of the exit affluent,

2
essentially pure H2 and D2 can he obtained and the remaining portion
recycled to the column feed.

In the experimental part of this investigation an activated
alumina - ferric oxide column was developed capable of separating a
H2—HD-D2 mixture. Experimental nonreactive data from this column were
used for a comparison with the numerical sclutlons to the equations
describing the chromatographic reactor model. The main difference

between the experimental and numerical chromatograms is due to the fact

that the experimental chromatogram does not have symmetrical peaks.

The nonreactive data of this investigation and the H2—D2 exchange
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reaction data of Kummer and Emmett (30} were used to calculate numerical

chromatograms of the ZHD = H2 + D, reacticn oceurring in a chromatographic

2

reactor.
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CHAPTER IV
NUMERICAL SOLUTICNS

The primary purpose of this investigation wes to obtain solu-
tions to the nonlinear equations describing the chromatographic
reactor model for the reaction 28 ® B + €., These equations were
developed in Chapter II. A numerical method for sclution of the
equations 1s given in Appendix A along with a discussion of its
stability, convergence and error. The computer program of the numeri-
cal solution scheme 1s included in Appendix B.

The numerical solutions for nonreasctive chromatographic columns
are compared to the availlable analytical solutions in Chapter II and
to experimental data in Chapter III. Using the experimental data of
Chapter III and the reaction rate constants calculated from the data
of Kummer and Emmett (30), numerical chromatograms were calculated for
the reaction and separation of a HE-HD-D2 mixture,

A complete solution to Equations (5), (6}, and (7) involves
eight parameters plus the required initial conditions. These para-
meters are Dg, Dg, Dg, ki, kg, Rg, Rto), and Rg. Certain assumptions
were made concerning these parameters 1n order to cover a large range
of values without using an excessive amount of computer time, The

reduced effective diffusion coefficients of all three components were

assumed egqual (Dz = Dg = Dg). For the numerical solutions the ratic

. o
of reduced forward reaction rate constant, kl, to the reduced reverse




A1
A

: o R *®
reaction rate constant, RE, was taken equal to the equilibrium constant,

Ke. The equilibrium constant was generally set equal to 0.500, although

other values were used. (For the reaction 2HD = H, + D the equili-

2 2’
brium constant at 77 K. is approximately 0.526 (31).) The total ini-
tial concentration, (AO + B+ Co)’ was taken equal to 10 moles/1.
Usually the individual initial concentrations were fixed to represent
an equilibrium mixture of A, B and C with BO = CO. The effect of using
a non-equilibrated feed was also studied.

The value of RZ was taken equal to 1.0. This choice 1s eguiva-
lent to stating that the maximum concentration of component A emerged
at the reduced time of T = 1.0 for a nonr=active ckromatogram. Relative
o o) o} o ; -
values of Ri were taken such that RC > Ra > Rb. {In a few cases other

orders of column velocities were taken to test the effect on the product

yield) 1In reduced time units the nonreactive peak emergence time is

given as Tgi = (1/82). A relation between the various peak emergence
(o} (0] o} o o

t1 i 1 i £ = o = = 1

times was arbitrarily fixed as Ty (TRa TRC) (TRb TRa)’ where

Q. 5 ] . . .
TR is called the reduced pesak emergence time, This relation requires
that the resulting nonreactive chromatogram have peaks that are equally
separated in time. The retention time relationship can be rearranged
g ' O Q o] Q

give + 2 R = 1.
to give (R, + R )/(2R R ) = 1
In this investigation, the reduced effective diffusion coeffi-

cient, DE, was varied from 0.00025 to 0.002. Extrepolations to zero

R
This choice assumes that the stoichiometric equation 2A 2 B + C repre-
sents the reaction mechanism and that the reactant and products all
obey the equation of state, PV = RT.
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diffusion were made to extend the total range studied effectively to

0= D? < 0.002. Beven values of the reduced reaction rate constants
ki and k2, were taken from zero to 1000 {moles/l.}_l, The effect of
=

the egquilibrium constant was studied for values of Ke of 0.001, 0,01,
0.1, 0.5, and 1.0. The three possible variations of the peak emergence

order were also ilnvestigated.

Effect of Chromatographic Separation on Yield

The effect of the chromatogram peak separation was examined at

. o
four values of the reduced peak emergence time, T_, chosen to cover

R?

the range expected in most chromatographic separations. These values
were T; = 0,10, 0.15, 0.25, and 0.50, The corresponding separation
ratios (relation retention ratios) between the various component peaks

can be calculated from the appropriate ratio involving only T;. For

the above T; range, the separation ratio between the first and last

emerging peak is between 1.22 and 3.00. (In this investigation the
experimental H, - D2 separation ratio ranged from 1.21 to 2.Lk.,)

Many chromatographic separations are currently used with com-
ponent separation ratios less than 1.22. However, the numerical solu-
tions can be easily extrapolated to zero separatior by remembering that
the maximum reaction yield with no separation is equal to the batch
reaction yield.

The effect of the peak separation, TO on tre amount of reactant

R!

A remaining for a reduced effective diffusion coefficient, D?, of

0.002 and an eguilibrium constant, Ke, of 0.500 is shown in Figure 11

with the reduced forward reaction rate constant as a parameter. The
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mole fraction of reactant A was determined from the material balance
calculated from the exit concentration chromatogram. Two facts should
be noted from Figure 1l. First, there is very little increase in con-
version with separations, T§= greater than 0.25. Second, reduced
reaction rate constants greater then 100 (moles/l.)'l do not offer a
corresponding increase in yield.

A similar graph for a reduced effective diffusion coefficient,
DE, equal to 0.001 is offered in Figure 12. While exhibiting a some-
what parallel behavior to Figure ll, Figure 12 offers a much more rapid
decrease in reactant for a corresponding increase in separation. How-
ever, the limited effectiveness of reduced reactior rate constants

greater than 100 (nm:)les/l.)_'l or reduced peak emergence times greater

than 0.25 1is still evident.

EBffect of Diffusion on Yield

A good reduction in the amount of reactant remaining was noticed
in Figure 12 when the reduced effective diffusion coefficient was
halved. To determine the effect of diffusional spreading on the yield,
numerical solutions were obtained at reduced effective diffusion ceeffi-
clents of 0.00025, 0.0005, 0.001, and 0.002 for a range of reduced for-
ward reaction rate constants, ki, and reduced peak emergence times,

T§4 The numerical solution scheme required an extremely fine grid mesh
and a corresponding long calculating time for accurate calculations at

low diffusion coefficients. In order that the curives might bhe extrapo-

lated to zero diffusion, it was reasoned that with no diffusion and a

rapid separation of preducts the minimum reactant remaining at any
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time, T, could be calculated by integratiag a limiting form of Equa-
tion (5). Equation (5) can be approximated, for nc diffusion and a

rapid separation of products, as

Transforming the variable A from a function of X ard T to a function

of Z and T gives

where 2 = X - RZT. Integrating from zero time to time T = 1.00 (peak
emergence time) with the independent variable 7 held constant at Z = O
gives A(T = 1) = Ao/{l + 2kiAo)’ vwhere A is the initial concentration
of reactant A,

For an equilibrium constant of 0.500 and a total molar concen-
tration of 10 moles/l., an equilibrated feed, with Bo = Co’ would con-
tain A = 4,142 moles/1. This value of the initial molar concentration
of AO was used with the above eguation to calculate the limiting amount
of reactant A remaining at zero diffusion.

The effect of the reduced diffusion coefficient on the amount of
reactant remaining is shown in Figure 13, 14 and 1% for reduced peak
emergence times, T;, of 0.10, 0.15, and 0.25, respectively. It is evi-
dent that small diffusion ccefficients are quite necessary at low com-

ponent separations to insure a good reduction of the reactant, A. This

effect is greatly pronounced for small reaction rate constants, As

the diffusion ccefficient approached zero, the exit mole fraction of
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component A decreases more rapidly for the smaller reaction rate con-
stants than for the larger values.

For the larger reaction rate constants the amount reactant
remaining decreases almost linearly with a decreasing diffusion coeffi-
cient over a considerable diffusion coefficient range. Again it is
apparent that large reactant rate constants offer _ittle improvement

in the amount of reactant converted in a chromatogiraphic reactor,.

Effect of Reaction Rate Constants

The effect of the reaction rate cconstants on the amount of
reactant remaining after passage through the chromatographic reactor
is shown in Figures 16, 17, and 18 for reduced effective diffusion co-
efficlents of 0.002, 0.001, and 00,0005, respectively. Calculations
were made using four component peak separations and seven reduced reac-
tion rate constants. With an equilibrium constant of 0.500, the reduced
forward reaction rate constants were 2, &, 20, 50, 100, 200, and 1000
(moles/l.)_l.

For all values of separations and diffusion coefficients, the
amount of reactant at the chromatographic reactor exit decreases rapidly
with increasing forward reaction rate constant. Tals reactant conver-
sion increases very slowly for reduced reaction rate constants, ki,
greater than 50 (moles/l.)_l. Very little improvement is noticed with
reduced rate constants of 100, 200, and 1000 (moles/l.)‘l.

A comparison of Figures 16, 17 and 18 at different chromatogram

peak separations further demonstrates the great improvement possible

using a chromatographic reactor over a bstch reactor. With a reduced




65

200°0 :3USTOTIISO0) UOTSNIJIQ SATIO9FFF DPooupay
*006°0  :3UBLSUO) WNTIQTITINDT

"BuiutBuWey 3UBIOESY JO }UNOWY SY3 U0 JUBLSUO) 938Y UCTIORSY 2ayu3 JO 99873  °9T 2andty
1-Cl/s9rom) by "INYESNOD 317 MOILOVIN QU VANOA
0001 4, 00z 051 00l 05 o
M T 1 T ! T T T |
F - 050 —=
— ’ y
s ‘/ﬁv/
_ﬁ e, e
sl0 I
L —Cr —Or
oro=%1

o

o

o

S0

90

£o

(+814:03 Buipay sxe} G33d $310W T¥LOL/NOLLIYIY SITON LIX3




66

*TO00'0 :3IUSTOTIIIS0) UOTISNIJITA SATIO8JJY Paonpay
‘006 0 rqueqsuc) WNTIQTTINDY
*FUTUTEWSY JUBLOESY JO JUNOUWY 513 U0 3UR3SUC) 938Y UOTIOwsY SUL JO 3993Jd LT =Jandty

(-CLreejow) Iy "ANYASNOD 31VH NOILOYIN QUVAND S

0001 Qb LA 5L 00l 05 0
Ny I T T | T I I |

STo

S0

olo=%1

i

{21430 Buipn|axe) 033 SITIOW TIVLOL/LNYLIVIE SITOW LIXI




67

*G000°0 JUSTOTIIS0) UOTSNIJTJ 2ATH03IJH paonpsy
"00$°0 t3UeISUO) WATIQITINDE
‘FurtuTemwsy 3JUE}oEIY JO JUNOUY YL UO JULLSUO) 238Y UOTIORSY 2YJ JO 209JFE QT 2Indtg

1L L/souw) .wv_ 'LN¥ASNOD 31vH HOILD3IY A¥YME0S

so0L gq_. 007 051 ool s 0
T T T T T T T T T ¢
sL'0 —0
oro=31 T TT—

(sarund Bnpn|3¥a) J334 SITTOW Y LOL/INYLOVIA STTTOW LIX3

L0




68

effective diffusion coefficient of 0.0005* and the small peak separa-
tion, T;, of 0.15, reactant A has been reduced from an initial mole
fraction of 0.414 to less than 0.020. This amount is less than five
percent of the batch equilibrium value and represents a 20 fold lmprove-
ment in reduction of the remaining reactant,

The use of reduced reaction rate constants may remove their
physical significance. 1In order to provide some meaning to the magni-
tude of the reduced rate constants, calculatlions were performed for a
batch reactor with a non-equilibrated feed. For an initial equal molar
mixture of A, B and C and a total molar concentration of 10 moles/l.,
Figure 19 presents a graph of the mole fraction of component A versus
the reduced time, T. It should be remembered that component A emerges
from the chromatographic reactor at a reduced time of 1.00, If the
actual retention time of component A is 10 minutes, the maximum reduced
time, T, shown in Figure 19 corresponds to only three seconds. A
reduced forward reaction rate constant of 1000 (moles/l.)_l would give
a mixture essentially at eguilibrium in less than one-half second.
Obviously with such a rapid reaction, calculations made at this high
rate constant can be considered equivalent to lnstantaneous reaction

equilibrium.

Effect of Non-Equilibrated Feed

Most of the calculations were made using an equilibrated feed

Systems with low reduced diffusion coefficients of 0.0005 may be
found. In the experimental section of this investigation reduced
effective diffusion coefficients between 0.0003 and 0.0006 were
quite common.
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to the chromatographic reactor. This choice was msde to insure that
any decrease in reactant was due entirely to the clwromatographic
reactor concept and did not include a change that could have been
obtained in a batch or continuous reactor. To determine the effect
of using pure reactant A (rather than an equilibrium mixture of A, B
and C) a series of calculatiocns were made at three separations, TE,
with a reduced effective diffusion coefficient equel to 0.002, The
results are presented in Figure 20. A comparison with Figure 16
reveals no significant difference for a reduced forward reaction rate
constant greater than 20 (moles/l»)_l. However, for reduced rate con-
stants less than 3.0 (moles,"l.)_:L the exit mole frection of A is
greater than the minimum cbtainable using a static eguilibrium system

rather than a chromatographic reactor. For small reaction rate con=-

stants an equilibrated feed should always he used.

Effect of the Equilibrium Constant

Most of the numerical solutions were obtained with an equilibrium
constant of 0.500. This value was chosen because the equilibrium ccon-
stant at 77° K. for the 2HD = H, + D2 reaction is 0.526 (31). The
equilibrium constant was assumed to be the ratic off the forward resc-
tion rate constant divided by the reverse reaction rate constant.

If the equilibrium constant is larger than wnity, a chrometogra-
phic reactor would offer only a small improvement over that obtained in
a batch or continuous tubular reactor. For example, an equilibrium

mixture of Hé-HD—DQ, with equal molar concentrations of H2 and DQ’

would contain a HD mole fraction of 0.200, 0.137, 0.0909, and 0.0576
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for eguilibrium constants of L4, 10, 25, and 100 respectively. There
appears little need of the chromatographic reactor concept for large
equilibrium constants,

The unique feature of the chromatographic reactor is its ability
to give ylelds for reversible reactions greater than the maximum possi-
ble with a batch or continuous tubular reactor (even under conditions
of instantaneous equilibrium). The amount of reactant A remaining was
calculated as a function of the equilibrium constant to determine the
range of equilibrium constants of interest. An eguilibrium constant,
Ke’ of 1.00 was taken as the maximum value for the previously outlined
reasons., Magee (16) had suggested a minimum equil:brium constant of
2 x 10-7. However, this suggestion was based on a chromatographic
reactor model that neglected diffusion and assumed instantaneous equi-
librium., Probably a much larger value would be more realistic,

Figure 21 shows the eguilibrium constant effect on the amount
of reactant remaining at a reduced peak emergence iime, Tg, off 0,15
and a reduced effective diffusion coefficient of 0.002. All calcula-
tions were made using an equilibriuwm feed mixture of A, B and C with
BO = Co' The exit mole fraction of reactant A is shown as a function
of the reduced reverse reaction rate constant, kg. It should be remem-
hered that the reduced forward reaction rate constant is ki = kg (Ke).
Only a marginal improvement appears possible using the chroma-

tographic reactor with reactions having an equilibrium constant less

than 0.00l. For Ke = 0,001 the chromatographic reactor can reduce the

amount of reactant remaining after equilibrating in a bateh reactor
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from about 94 percent to less than 86 percent with a reduced reverse
, ¢] - . -1 S, _ .
reaction rate constant, k,, of 2000 (moles/1.) ~. This improvement
- i
amounts to only a 8.5 percent reactant reduction.

It might be argued that the minimum limit fcr the equilibrium

-

constant should be determined from a study of the yield versus the

Z. For example, comparison

3 ; e
at a reduced reverse reaction rate constant of 200C (moles/1.) ~, the

reduced forward reaction rate constant, k

. . pos Q . .
reduced forward reaction rate constant, kl’ with Ke = 0.001 is only

2.0 (moles/l.)‘l, while with K_ = 0.01, kf = 20 (mcles/l.)_l. It could

be argued that with a reduced forward reaction rate constant equal to
-1 . e Hon o
20 (moles/1.) the reaction with the equilibrium constant equal to

0.001 might give almost equal results compared to an equilibrium con-

stant of 0.01. However, remembering that ki = kg (Ke), Figure 21 gives
o

o

] = 2.0 (moles/

an exit mole fraction A of about 0.85 at Ke = 0.001 and k

l.)-l, in contrast to an exit mole fraction of 0.66 for K, = 0.01 and

k; = 2.0 (mcles/l.)_l. Ever calculated as a percentage of the batch
equilibrium mole fraction, 1t is obvious that there is a greater reduc-
tion with Ke = 0.01 than Ke = .00l. This conclusion should be expected
because as the equilibrium constant is reduced holding the forward
reaction constant fixed, the reverse reaction rate constant must in-
crease and further hinder the desired reaction.

Russian workers (4,13,14,15) have proposed chromatographic

reactor models using the assumption that reversible reactions occurring

during separation are irreversible. This neglect of the reverse reac-

tion was taken to be true because the products were continuously
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separating and could not react in the reverse direction once separated.
Ag discussed in Chapter I, this assumption is not realistic., It should
be noted that this assumption would be more valid if the equilibrium
constant was much larger than unity. The reverse reaction rate constant
would then be small compared to the forward rate constant and probably
could be ignored. However, the previous discussion noted that there is
little practical reason to use a chromatographic reactor with reactions
having a large equilibrium constant. In the range of interest the
reverse rate constant is larger than the forward rezte constant.

To test the magnitude of the error caused by using the irrever-
gible reaction assumption, two numerical calculations were made at a
reduced effective diffusion coefficient of 0.002 and a peak separation,
Tg, of 0.15, At a reduced forward reaction rate constant, ki, of 20
(moles/l.)-l, the exit mole fraction of reactant A was decreased from
an equilibrium of 0.4l to 0.0792. The inclusion of a reduced reverse
reaction rate constant, kg, of 40O (moles/l.)-l only reduced the reac-
tant to a mole fraction of 0.175. Obviously the irreversible reaction
assumptlon is not realistic and gives an excessive reduction compared
to 1ncluding the reverse reaction.

At a reduced forward reaction rate constant egual to 100 (moles/
l.)—l, the results are even more erroneous. Neglecting the reverse
reaction gives an exit mole fraction of reactant A of 0.0195. With a
reverse reaction, the mole fraction of reactant A is reduced to 0.132.

The assumption that a reversible reaction proceeds irreversibly in a

chromatographic reactor is quite limiting and would appear much worse

at lower equilibrium constants,
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Effect of the Peak Emergence Qrder

All the previous numerical solutions were obtained using com-
ponent velocities fixed relative to Rz such that Rg > RZ > RE. This
cholce gives the optimum peak emergence order for the reaction 24 =
B + C. Reactant A travels through the chromatographic reactor between
components B and C. As component € is formed, it separates from reac-
tant A because Rg > Rg. Likewise, any component B produced has a
slower column velocity than reactant A and separation results., The
products are always separating from each other and move toward a lower
concentration region of the cther product. There is no time during
which one product moves into a higher concentration region of the
other product. This choice of the relative component column veloci-
ties gives the minimum chance for occurrence of the reverse reaction,

Two other unigue cholces of the peak emergence order exist.

o)
b

These peak orders are Rz > Rg > Rg and. Rg > R

> Rg. With both peak
emergence orders, any product € produced from reactant A by the reac-
tion 28 # B + C must pass through a relatively high concentration
region of product B. The time during which there 1s a possibility of
the reverse reaction coccurring is greatly increased and a lower con-
varsion of reactant A should be expected,.

Calculations were performed at all three peak emergence orders
to determine the amount of reactant A converted. A reduced effective

diffusion coefficient of 0.002 and an equilibrium constant of 0,500

were used, For =21l calculations the reduced column velocity of compo-

nent A was held constant at Rg = 1,00, The values of the other column
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velocities were taken such that all component peaks on & non-reactive

chromatogrém would be separated by a reduced time, T, of 0.15. For

the column velocity order R: > RE > Rg, the retention times used were
o o o _ . o) o’ o _

TRa =1.00, ‘I'Rb = 1.15, and TRc 1.30. TFor Rc > Rb > Ra’ the reten
. . o _ o o _

tion times were Tp = 0.70, T, = 0.85, and Tp, = 1.00.

The effect of the peak emergence order is given in Figure 22

o)
1 It

a5 a function of the reduced forward reaction rate constant, k
is apparent that the successful use of a chromatographic reactor is
only possible with the proper peak emergence order.
The difference in the amount of reactant remaining for two
component velocity orders RC > R > R° and R > R® > R” is significant
ompo J a Rb c c Rb a & ’

For RZ > RE

> Rg, products B and C remain for a time in the chroma-
tographic reactor after reactant A has completely emerged. A reverse
reaction between B and C can occur to produce A and 1imit the amount of
A converted. Although any A produced can react to form B and C, the
concentration of A present is quite weak compared to the concentrations
of B and C. This concentration difference results in a large conver-
sion of B and C by the reverse reaction to produce component A.

With the component column velocity order Rg > R;’ > RZ, products
B and C emerge from the column before reactant A. There 1s much less
time to produce component A by the reverse reactior, In this case an
intermediate conversion is experienced relative to the other two peak

emergence orders,

It is evident that the optimum comoonent column velocity order

should be used in a chromatographic reactor. This does not necessarily




78

‘FuluTEWSYy qUBIOEAY JO 4UNONWY I3} UQ JIpI) Sousdasmy ¥Wead aU3 JO 3091JE  *gg oJanPig

*00G*C  :GUB9SUO) WMIJITTTNDI
‘2000 JUSTOTIIS0) UOTSNIJTIJ SATIOSJIH Paonpay

(= 1/5010m) by INVASNOD Ly NOLLDYIY a¥YMA04
00z 051 001

"

05
I I | I I | L I

B <oy <oy

o<y <3y

< du<dy

vt
=1

[A

o

¥o

50

0

g

(1214202 Buspnjaxs) 0334 $ITOW TYLOL/LNYLIVIH $TT0W LiXT




79

limit the application of a chromatographic reactor to a small number
of reactions., A Jjudicious choice of one of the mary partitioning
agents available can permit use of the optimum peak emergence order
for almost any group of three components,

Bethune and Kegeles (12) discussed the effect of the three
possible peak emergence orders in their thecoretical study of the
reaction A ® B + C which cccurred during an extraction on a Craig
machine., The authors showed that regardless of the relative velocity
assigned to component A the maximum column concentration must lie
between the maximum concentrations of B and C. Also it was noted that
under these conditions it was possible for a comporent to have more
than one concentration peak,

The model used by Bethune and Kegeles assumed instantaneous
equilibrium. Results of this investigation, which considers finite
reaction rates, show this effect to hold only at relatively high reduced
forward reaction rate constants (greater than or equal to ki = 100
(moles/l.)_l). For reduced forward reaction rates of 20 (moles/l.)-l
or less the maximum component concentrations exist in the same order as
their assigned column velocities,

At a reduced forward reaction rate constant, ki, of 1000 (moles/
l.)"l and the pezk emergence order Rz > RE > Rg, tvwo concentration peaks

were found in this investigation for component C. Between these peaks,

the concentration of component C was only slightly less than the peak

concentrations.
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Effect of Feed Concentration

The numerical results of this investigation were calculated using
an arbitrary total molar concentration for the feed of 10.0 moles/1.

This value was used to facilitate the computation of the numerical solu-
tion scheme without requiring excessive values of the reduced reaction
rate constants.

Four calculations were made to illustrate the effect of the
total feed concentration on the amount of reactant remaining. An equi-
librated feed (with BO = CO and an equilibrium constant of 0.500) was
used for the numerical solutions with total molar concentrations, AO +
BD + Co’ equal to 0.1, 1.0, 5.0, and 10.0 moles/1l. The results are
shown in Figure 23 for a reduced effective diffusicn coefficient, D?;
of 0.001, a reduced forward reaction rate constant, k;, of 20 (moles/l.)_l3
and a reduced peak emergence time, Tg, egual to 0.10.

The amount of reactant remaining descreases rapidly with increas-
ing total molar concentrations less than 1.0 moles/1. However, as the
total feed concentration increases further there is less and less reduc-
tion in the amount of reactant remaining after emerging from the chroma-
tographic reactor. There appears to be a limit to the reduction possible
with highly concentrated feeds. The results of this investigation in-
dicate that the most important limiting process is diffusion.

Molar gas concentrations of 0.10, 1.0, 5.0, and 10.0 moles/l.
correspond to approximate pressures of 2.5, 25, 125, and 250 atmospheres,

respectively. Equipment design and construction would also limit the use

at higher pressures. Probably most chromatographic reactor applications
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would offer sufficient reduction of reactant A over that possible in
an equilibrium batch reactor at a total molar concentration in excess
of one.

Although no calculations were made to determine the feed con-
centration effect for larger reaction rate constants, it 1s expected

that lower total feed concentrations could be used with the larger

reaction rate constants to achieve the same total conversion.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The following conclusions have been drawn from the results of
this investigation.

1. Neglecting the effects of diffusion and finite reaction rate
constants results in a model of the chromatographic reactor that is not
realistic, Predictions based on such a model at best can only indicate
trends.

2, Calculaticns using the assumption that reversible reactions
proceed irreversibly in a chromatographic reactor give excessive reactant
conversions, especially for high reaction rate constants and low equili -
brium constants.

3. The numerical scheme developed in this work gives an accurate,
efficient computer solution of the nonlinsar parabclic eguations (5},
(6), and (7) which describe the chromatographic reactor.

Iy, The chromatographic reactor has been shcwn to be capable of
giving reactant conversions in excess of the maximim possible with a
batch or ftubular reactor. Under certain circumstarces, essentially
complete reactant conversion is possible accompanied by fully separated
products.

5. The effective diffusion coefficients of the reactant and

products have been shown to be a major factor limiting conversion in a

chromatographic reactor.
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6. Reactant conversions significantly in excess of the static
equilibrium values can be obtalned with reversible reactions whose
equilibrium constants are equal to or greater than 02.001.

7. Large chromatographic separations of components are unneces-
sary and result in only marginal further reactant conversion over that
possible with moderate separations. Relative retention ratios between
adjacent components in the chromatographic reactor of less than 1.25
are sufficient, and adequate conversion is possible with retention
ratios as small as 1.01 - 1.05.

8. Iarge reaction rate constants offer small improvements and
do not appear to be a major factor controlling the conversion.

9. The feed to the chromatographic reactor should be an equili-
brium mixture of the reactant and products to insure maximum conversion.

10, High feed concentrations should be used; however, excessive
feed concentrations offer little conversion improvement.

11. The reactant should pass through the chromatographic reactor
with a column velocity intermediate between the velocities of the two
products to insure maximum reactant conversion.

The following recommendations for additional studies have been
suggested from the results of this work.

1. The numerical sclutions presented in this work should be
extended to determine the effect of other than equal peak separations
and equal diffusion coefficients.

2, Calculations should he performed to determine the effect of

separation, diffusion, and reaction rate constants on conversion with

reactions having equilibrium constants between 0.0C1 and 1.0.
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3. Additional calculations should be made o determine the
reactant conversion as a function of separation, diffusion, and reac-
tion rate constants at lower total molar feed concentrations and larger
sample volumes.

I, The numerical scneme offered for solution of the nonlinear
equations describing the chromatographic reactor should be modified

and used to study other possible reactions, such as A 2B + C and

5. Experimental data should be cbtained forr a reversible reac-
tion in a chromatographic reactor, constructed to -ake advantage of

the greater conversion at higher feed concentrations, and compared to

the numerical solutions presented in this investigation.
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APPENDIX A

NUMERICAL METHODS

Development of Finite Difference Approximations

finite difference approximations of derivatives are obtained by
differentiating varlious interpolation formulas formed by a Taylor series
expansion of the original functlon. Bubsequent manipulations of these
approximations result in numerous finite difference equations. The
following development is based largely on the work of Lapidus (38).

Expanding the function f(x) in a Taylor series about h gives

h h2
/ H
f{x+h) = f(x) + N £(x) + 5T (x) + ... + R

where Rn is the sum of the remaining terms in the nfinite series,

The definition of the feollowing linear operators is
Ef(x) = f(x+})

Af(x) = f(x+h) - £(x)

vf{x) = f(x) - f(x-h)

H

s2(x) = £ (x + ) - 1 (x - D)

and

DP(x) = £'(x)




a8

where E, A, ¥V, & and D are called the shift, forwarc difference, back-
ward difference, central difference, and differentisl coperators, res-
pectively.

The Taylor series expansion in operator notation, is

o

2

WD nD .
Ef(x) = (14 7 + “21 o) £

Recognizing this expansion as the infinite series representation

np .
of e gives

A=e - 1
v =1 - e”hD
p -1 1
§ = eanD - e 2 = 2sinh (EhD)

Manipulation of these relations yields

Expansion of hD = log(l+A) in a series approximation leads to

Truncation of the series after the first difference gives

f{x+h) - f(x) .

£(x) = o(h) (A-1)

n




where O(h) is the order of the truncation error.

Expansion and truncation after the first difference for

yields

£(x) = f(x+n;b— £ (x-h) . O{hg) (a-2)
Similar expansion and truncation of
2.2 2
B = (2 arcsinh =)
Fu
results in
e f{x+h) - 2f £x-1 2 ’ ;
£ (x) = (xrh) Q(X) + flxh) o(n%) (4-3)
h

Other finite difference approximations can be obtained from the remain-
ing operator relations or from truncation of the previous eguations

after higher differences.

Finite Difference Approximations of Partial Derivatives

Let the function f(x,t) be defined on the x-t plane bounded by
- < x <ewand 0 £t <o, A rectangular grid may be placed over the

region of interest in the x-t plane with an h-interval spacing in the

¥ direction and a k-interval spacing in the t direction. The grid

=]

mesh points are defined by the relation



where 1 and j are integers and j 1s non-negative,
Using Equations (A-2) and (A-3), the finite difference approxi-
mations of the partial space derivatives can be written as,

of.

—Ld _ L - e _
X 5h (Fia1,y = fiop,5) * 007D (A-14)
and
azfi i1 2
-1 Sl - . -
aicg = h2 (fi_|_l,j 2fi,j + fi_l,j) + 0(n") (A-5)

A similar equation for the time derivative using Equation (A-1) gives

o, .
—5d oLy

Tl £y )+ 0(x) (A-6)

1,341

Finite Difference Approximations of Parabolic Equations

The choice of finite difference approximaticnas used in a numeri-
cal solution is not entirely optional. There are many difference equa-
tions which will yield a solution of the desired partial differential
equation. There 1s no one best approximation schemz for any given equa-
tion and its associated boundary conditions. However, the selection of
several schemes can be made which will facilitate a more rapid and
accurate calculation. This selection is made after a careful review
of the effect of stability, convergence, and truncation error on the
effort required for a solution.

Equations (5), (&) and (7) and the associated boundary conditions
follow from the mathematical model of the chromatographic reactor. These

equations are nonlinear parabolice differential equations. The classical

one-dimensional heat or diffusion equation is a limiting form of the
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parabolic type, whose soluticns have heen extensively investigated,

Explicit techniques represent the simplest ard most straight-
forward finite difference schemes. The second space derivative of the
diffusion equation 1s replaced by the appropriate approximation on the
grid row corresponding to t = 0, ALl the mesh points on this row are
known and represent the initial conditions. The tine derivative is
approximated between the initial time row and the second time row.

All of the values on the second row can be readily caleulated using
the initial values,

The computation scheme extension consists of caleculating ex-
plicitly all the mesh points on the third row, usinz the previously
calculated second row values, This procedure is continued until all
grid points are known for sufficiently large times.

Several convenient features are available using an explicit
difference equation. First, each peoint to be calevlated is simply
related to three known grid points, yielding an exrlicit equation in
one unknown for each new mesh point. Second, only a simple digital
computation program is reguired, with minimum storage requirements.

There are severe restrictions on the use of explicit approxima-
tions that limit their computer application. Richimyer (39) noted that
explicit equations require extensive computation time to achieve the

desired accuracy whenever smell distance increments are used, Explicit

equations are conditlonally stable, requiring

Dk _ 1
= g o
h2 2
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where D is the diffusion coefficient in the diffusion eguation.,

Implicit equations have no such stability requirement, being
unconditionally stable for all values of h and k. There is no limit
on the maximum time step associated with the distanze step., As s
result, larger time steps can be used requiring less computation time
to reach a desired solution. However, the implicit computation scheme
is more complicated than the explicit scheme and reguires more computer
storage. Primarily because of the unconditional stability (and the
availability of high speed computers with large storage), most solu-
tions of parabolic equations use implicit difference schemes. All
further discussion will concern only implicit techniques.

Laasconen gave an example of a simple impliecit scheme for the
diffusion equation, A substitution of the finite difference relation
(A-5) for the sécond space derivative was made on the grid row to be
calculated. The time derivative approximation {A-€) was used between
the desired row and the previously calculated row. For each new mesh
point one implicit equation results, involving three unknown mesh points
on the new row and only one known point on the previous row. If equa-
tions are written for all new mesh points, a system of simultaneous
equations results with the same number of equations and unknowns. Solu-
tion of a matrix is required for every row calculated. However, the

*
matrix is of a special form (tridiagonal) allowing rapid solution and

*

A reasonable requirement for any implicit difference equation is that
it may involve no more than two time levels and tliree space levels,
Buch a prerequisite insures a tridiagonal matrix solution at each time
step.
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requiring minimum storage.

The stability and convergence properties of laasonen's implicit
scheme (commonly called a backward difference equat’on) have been ex-
tensively investigated for solutions of the diffusion equation. Doug-
las (40) and Wasow (41) have proved that the backward difference equa-
tion solution is unconditionally stable and converges to the partial
differential solution as the grid mesh approaches zero,

The rate at which the difference egquation solution converges
t¢ the parabolic eguation solution can be discussed in terms of the
order of the total truncation error of the differenze equation. The
total truncation error for the backward difference equation can be

given as
2
O(k) + o(h")

Douglas {42) has studied the problem of obtaining a solution
of the backward difference equation out to a given time, T, with the
truncation error held less than some prescribed value., It was con-

cluded that if the ratio

h

(x)®

is considered constant for all &, the minimum work would be required
when o = . Using this criteria, the time step, k, is proportional
to the square of the distance step, h. The convergence rate can bhe

expressed as

0(k) + O(h2) = 0(k)
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Crank and Nicholson {(43) achieved a total truincation error
improvement by averaging the space derivatives cver the desired grid
row and the previously calculated row. The improvec error of this

scheme is
O(k2) + O(he)

Douglas (40) proved the Crank-Nicholson system unconditicnally stable.

While the rate of convergence with a fixed ratio, A = k/h2 is given by
=)
o(k™) + O(he) = ¢(k)

the suggestion was made toc modify the ususl convergence criteria such
that the fixed ratio, R = k/h is held constant. This ratio is a
logical choice since the total ftruncation error involves h and k in
an equal manner. Using this fixed ratio, the finite difference solu-

tion converges to the differential solution with thes rate given as
0(k2) + O(hg) = O(kg)

Wasow (41) proved the convergence of the difference equation sclution
for any form of h and k approaching zero.

Various initial conditions and their effect on the convergence
of the Crank-Nicholson procedure have been studied by Juncosa and Young
(44). For step functions and linear functions as initial conditions,

it was shown that the difference solution still converged at the rate,

O(h2).

A further improvement in the total truncaticn order was suggested
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by Douglas (40,L45) and Richtmyer (39). In addition to the Crank-
Nicholson average of the space derivatives, a weightlied average of the
time derivative was used which included mesh points on either side of
the desired point. Dﬁuglas proved the unconditional stability of this
procedure, The order of the fruncation error for the impliecit diff-

erence equation is
O(ke) + O(hh)
A convergence rate of
0(k2) + O(hh) = 0(k2)

was given, where the fixed ratio A = k/h2 was maintained as h and k
approached zero, Douglas determined that this higher order scheme was
slightly superior to the Crank-Nicholson procedure. While both methods
have the same order of convergence rate, the time averaged method has
a smaller coefficient, fequiring fewer calculations for the same
accuracy.

All of the previous implicit difference equations have involved
only the linear diffusion equation. Richtmyer (39) has considered the
effect of lower order terms on the stability of linear parabolic egqua-
tions and found that implicit difference schemes are practically un-
affected by the lower order terms.

The study of stability and convergsnce for ronlinear parabolic

equations is difficult, if not impossible. Rose (46) and Lees (L7)

have proposed implicit difference techniques for sclving general
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nonlinear parabolic equations of the form

o Ay _ du 3du
= (P(Kat) 'a'_x) =F (Xat’aus 3% at)

Implicit finite difference eguations which approximate non-
linear parabolic equations are usually nonlinear anéd require iterative
solution techniques. Lees has proposed a modified backward difference

scheme that eliminates the reiteration reguirement -f

du  duy _ du 3uy du
F(x,t,u, 'é;{': 'éTt") = Fl(x:t:u: BX) + F2(X,t_,u, BX) St

The function w and its first space derivative are ev/aluated at time,
(t - k), instead of the usual backward difference a3 time, t. All
other derivatives are evaluvated at time, t. This modification of the
backward difference equation yields a linear matrix system of the tri-
diagonal type which gives a solution at each time lavel without
reiteration,

Lees proved the order of the fruncation error for the modified

backward difference scheme to be
2
0(k) + o(h%)

for all constant values of the mesh ratio & = k/hz. Therefore, the

convergence rate is given as

ok} + O(hg) = 0(k)

. Ju  ouy . . . ou
If the function F(x,t,u, 3% EE) is a nonlinear functicn of 3t

the modified difference equation must be solved using an iteraticon
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technique., Lees developed an iterative procedure ard proved that a
unique difference solution exists, which converges to the differential
solution for small h and k.

Rose (46) conceived a general weighted combination of the first
and second space derivatives on the time rows t and (t - k). The
approach was quite similar to the Crank-Nicholson d:.fference equation,
where the space derivatives are equally weighted. Rose showed that
the reiterative solution of his difference equation converged to the

differential scolution with the rate given as
2
0(k) + o(h™) = 0(k)

for any constant value of A = k/hg.

Lees (L47) extended the Crank-Nicholson difference method to
include nonlinear parabolic equations. Instead of esvaluating the
function u at time, t, as Rose did, Lees used an average of the func-
tion at the time levels t and (t - k). This choice improved the con-

vergence rate to
2 2
0(k™) + 0(n™) = o(k)

for all values of the mesh ratio A = k/hE. While this convergence
rate is of the same order as that for the scheme of Rose, the coeffi-
cient is smaller and a smaller error results.

It has been shown that stable finite difference solutions of

nonlinear parabolic differential equations exist. Convergence of the

difference solution to the differential solution hes been proved for
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sufficiently small h and k. This convergence holds regardless of
whether an iterative solution technigue is reguired. The truncation

error and convergence rate have been included for all difference

equations discussed.

Finite Difference Approximations of Chromatographic Reactor

The finite difference approximations in the wresent investiga-
tion represent a combination of the extended Crank-¥icholson pro-
cedure as due to Lees (47) and the weighted time derivative of
Douglas (45) and Richtmyer (39). While no proof is offered, the

previous papers would indicate a truncation error cf
0(k?) + o(nh)
A convergence rate can be given as
O(kz) + O(hh) = O(k2)

for any constant grid mesh ratic, A = k/h2.
The finite difference representations of the dependent variable,

A(X,T) and its derivatives are:

- i
ALT) = 38 40+ Ay )
2 _ 1
30 M g~ Ay ) ¥ Ba - A 00
2
3 A 1
w on LA, e~ 0 5e1 * Ay, gen) * (Bang g - By

+ A )1,

i-1,3
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1

1 p =
L5 (Ai-l,j+1 - 0,50 %% (Ai,j+l - Ai,j) tip (A

141,341

)1

- Ai+1,j

Similar expressions were written for the two dependent variables B(X,T)
and C(X,T) and their derivatives.
Using these approximations, Equation (5) yields the following

difference equation:

S Pio1,gen Y YR gen Y Yt e T

ihii1,5 T Yshi,s  Yehia,s Y Py (A-7)
with
- 6x0° + 31kR® - h°
Y1 a a ?
o 2 2. .0
Y, = L2kD_ + 10h” + 6h kkl(Ai,j+l + Ai,j),
= 3hR® - 6kD° + h°
Y3 a a ’
= 6x0° + 3nkR® + h°
Yy T a a ?
ve = 1260 - 100 + 6n7kK®(a +A, L)
5 a 1Yi,3+1 i,j"?
= 3nR® - 6kD° - h°
Y6 a a ?
B. = 6h°kkS(B + B, (¢ + ¢, L),
1 2VP1, 341 T P, 1,540 T L)

The matrix coefficients Yos y5, and Bl are not cornstants, but are

functions of the local dependent variasbles. A reiterative matrix

solution 1s required,




100

The difference equation for B{X,T) is

=Y, 541 T YeP a1 T YoPia1 54 T

YioPi-1,5 T Y11Bi,i T MicBia1,s t Bo (4-8)
where
= 6kD° + 3nkR® - hE
'YT_ b b'_ 3
0 2 2 .0
Yg = 12kD_ + 10h" + 3h kk2(Ci,j+l + ci,j),
« 3nkR® - 6KkD° + h°
Y9 ka b 3
& (o} o} 2
Y10 = ka + 3hka + h,
o 2 2
Y = 12kD - 10h” + 3h kke(Ci’j+l + ci’a),
= 3mkR - 6xD° - h°
Y1 b b »
2.0 2
B, = 3u kkl(Ai’j+l + Ai,J) .
For C(X,T), the difference egquation isg
= Y2301, 541 T YR ge1 t YisCidn g4l T
Y16Ci-1,5 - Y17%i,5 ~ Yislie1,5 * P2 (4-9)
with
6 o} e} h2
vy5 = OKD_ + 3nkR, - b7,
o] 2 2,,0
Yy = 12kD_ + 10h” + 3h kk2(Bi’j+l + Bi,j),
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o] o 2
Yy = 3HKR] - 6HD] + %,
= 6x0° + 3nkRC + b°
Y16 ¢ ¢ ?
s’ 2 2.0
vyg = 12KD; - 10b" + 3h kkg(Bi’j+l + Bi,j),
- 3nkR® - &kD° - n°
Y18 c c :

Again, matrix coefficients Ygr Yi1° Yiio le, and ﬁg are functions of
the local dependent variables requiring reiterative solution technigues.

Substitution of the finite difference egquations gives a non-
linear tridiagonal matrix for each dependent variable, A simple method
for solving tridiagonal matrices was given by Thomas (35). While equi-
valent to a Gaussian elimination technigue, the computational algorithm
avoids the error growth in the back scolution of the Gaussian elimina-
tion., 1In addition, computer storage requirements are minimized. An
outline of the algorithm follows,

For the system of n simultaneous linear equations given by

blxl *CyX, = dl,

arxr-l + brxr + crxr+1 = dr’ r = 2,3,..,.,n-1,
anxn_l + bnxn = dn,
let
Wl = bl’
Cr-l
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W, = br -84, 1> r=2,3,...,n
and
g, = dl
= T
1l wl
- dr Srbp1
gr_..__....._.........._......_..._w s I‘=2,3,o.-,n-
¥

The solution is given by

X =
- S

X, =8, - QX 1 r =1,2,...,n-1.

The algorithm consists of calculating w, @ and g in order of
increasing r, followed by the calculation of x in order of decreasing
T,

An improvement in the computer application of this algorithm
can be made noting that v, is a local dummy variable which does not
require computer storage.

If

then for r = 1,2,...,n,

w =h = a
r r rqr~l’
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and

e T8 7 ¥y -

This algorithm requires only three multiplications, two divi-
sions, three additions, and two extra storage units for each grid
point calculated. The Thomas elimination of a thirl division by
using 9. greatly increases the computer solution speed. The rearrange-
ment of the calculation scheme as outlined reqguires one-third less
algorithm storage than the method given by Thomas, but retains his
division savings.

An outline solution of the three finite difference equations

(A-7), (A-8), and (A-9) is:

1. Solve the A{X,T) matrix, using previous values of A(X,T),
B(X,T), and C(X,T) to calculate the nonlinear matrix
coefficients.

2. Solve the B(X,T) matrix, using present values of
A(X,T) and the previous values of B(X,T, and C(X,T)
to calculate the nonlinesr matrix coefficients.

3. 8olve the ¢{X,T) matrix, using present values of
A{X,T) and B(X,T) and the previous values of C(X,T)
to calculate the nonlinear coefficients.

4. Recalculate steps 1, 2, and 3, using the new values of
A(X,T), B(X,T) and C{X,T) until sufficient accuracy
between the assumed and calculated valu:s is obtained.
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APPENDIX B

COMPUTER PROGRAM FOR NUMERICAL SOLUYTION

The calculations were made on a Burroughs B-5500 Information
Processing System operated by the Rich Electronic Computer Center at
the Georgia Institute of Technology. The program language was Exten-

ded Algol 60,

Qutline

The computer program has been broken into funetional sections
preceded by COMMENT SECTION statements. An cutline description of
each section can be found following the section heading.

SECTION (I). The required program declaratiosns of variables
and input-output lists and formats are included in this section.
Input-oubtput equipment mode control and program labels are also
presented. A procedure is listed allowing interruption of long
pregram calculations every 600 seconds.

SECTION (II). 1In Section II, input data are read into the
program and stored for as many cases as desired., The input data
contain an initial square wave concentration profile, diffusion co-
efficient, and column velocity for each component. Forward and
reverse reaction rates, initial and final grid mesh, and variable

test errors are specified. The first case to be calculated is

retrieved and an output printing made of the input data.
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SECTION (III). Initial program constants and the initial square
wave concentration profile are set for each component. The matrix co-
efficients which are constant are evaluated.

SECTION (IV). Detailed control of the numerical calculation
program is maintained in this section. At fixed times, concentration
profiles of A(X,T), B{X,T), and C{X,T} are printed. As the components
spread by diffusion, the grid mesh can be increased without an appre-
ciable truncation error. Therefore, a much faster calculation is
poesible, This modification is accomplished separately for h and k.,

Initially all three components are entirely contained within
a small portion of the column near the enirance. At some later time,
the front of the column ig again empty. It would be wasteful and
require extremely long computation times to include the entire column
length in every time level calculation. ¥For this reason, the program
was designed to allow calculation within the columr portion contalning
all three components., Column sections near the entrance are effective-
ly removed from the calculation scheme once those sections are empty.
When the fastest component nears the end of the first section, addi-
tional sections are added until the column exit is passed.

The column is continually monitored to determine when all of the
components have emerged from the column. At this ftime, the stored exit
concentration of compeonents A, B and C is printed. If there are addi-
tional input data seis stored, a new calculation i3 started; otherwise,

the program is stopped.

SECTION (V). The reiterative solutions of the nonlinear matrices
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for A{X,T), B(X,T), and C(X,T) are obtained using the outlined tech-
nique of Appendix A. After sufficient iterations, she present time
values at (t - k) are replaced by the values at t aad the calculations
started for time (t + k). In addition, the column exit is monitored
and the exit concentration stored as a function of time to be later

printed under section IV,

Computer Program Nomenclature

DIFFA - Dg GAMMALl7 - Y17

DIFFB - D; GAMMALS - yg

DIFFC - D H - h

GAMMAL - v, K - K

GAMMAZ -y, Kl - Ky

GAMMAZ - v, K2 - K

GAMMAL - Yy RA - Rg

GAMMAS - yg RB - Ry

GAMMAG - g RC - B

CAMMAT - o T - T

GAMMAE - g N

GAMMAG - Yo ALl ] Ai,,j+1(estimated)
GAMMALD - v, a2l ] A 5

GAMMALL - vy, Bol ] - By

GAMMALZ -~ vy, B1l ] B, j+1(estinated)
GAMMAL3 - vp5 B2[ ] Bi,J+l

GAMMAL: - vy, col 1] - €

GAMMALS - Y, cil ] Ci, j+1(estimated)
GAMMALE - v . cal ] Ci a1
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APPENDIX C

SAMPLE CALCULATIONS

Dimensionless varisbles and constants were used in this work in
order to present the results in a more useful and general form. The
relations between these variables and constants and their physical
counterparts may appear somewhat obscure.l A method is outlined for
converting any set of physical data to its dimensionless form.

The dimensionless constants and variables are given as

D? = D,/(R L),
Rg = R/R,

ki = kIL/R,
kg = KIR,
X = x/L,

T = tRO/L,

where Ro is some arbitrary velocity and L is the c>lumn length,

The Reduced Velocity, Rg

For the reaction 2A = B + C with Rb < Ra < Rc’ let Ro equal Ra'

The velocity, Ra’ can be determined experimentally from the nonreactive




133

chromatographic separation data by the relation,
R, = EEL (¢c-1)
Ra

where tRa is the peak emergence time (also commonly called the apparent

retention time). The reduced velocity, Rg, can he calculated from

chromatographic retention data as

= E; _ (L/tRi) - tRa
i~ R, (L/tRa) te

=

R (c-2)

i

Reduced Effective Diffusion Coefficient, Dg

For a sufficiently narrow initial sguare wave (or any other form
of rapid injection), it can be shown that Eguation (10) approaches the

Gaussian distributien,

gh 5
A(Z,T) = ——7 exp{-2°/LDT) (c-3)

(mDT) =

Taking the second derivative of (C-3) with respect to Z and

setting it equal to zero yields inflexion points at
2
Z = 2DT {c-4)

Equation (C-4) is commonly called the Einstein equation, The half-
bandwidth, Z, at the inflexion point is called the standard deviation,
S. The bandwidth between the inflexion points is therefore two
standard deviations, Zo.

Substituting Equation (C-U4) in Equation (C-3) gives the con-

centration at the inflexion points,




13k

A(Z,T) = —= exp(-%)

The maximum concentration occurs at 2 = 0 and is

A(0,T) = —2—

(nbT)?

1l
=

. - N - " i -
The concentration at the inflexion points is Amax exp(—z) 0.607 Amax'

Evaluating the first derivative of (C-3), taken with respect to

Z at the inflexion points gives a slope of

Y -3)
%% 2 = Amax EKP(-i) N Ama EEP(
25 = 2DT (2pT)2 * ¢

Extrapolation from the concentraticn at the inflexion points to zero
concentration using this slope, ylelds a Gaussian ktasewidth of four
standard deviations, ko,

In chromatographic practice, the graph of exit concentration
versus time (the chromatogram) is assumed to have & Gaussian shape if
the internal column concentration was Gaussian, The approximation is
generally valid; but, it must be noted that even for pure Gaussian
column concentrations the exit chromatogram is never exactly symmetri-
cal. The chromatogram will always be slightly skewed toward larger
times. A simple example will demonstrate the cause for this asymmetric
chromatogram.

A Gaussian curve with a basewidth bo, is traveling through a
column with a velocity of R.l cm./sec. Tre basewid:h is given by the

expression, 6° = 2DT. Tt will take (hc/Ri) seconds to pass a fixed

point., Let the fixed point represent the column exit. OCn the
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chromatogram, this basewildth will be
AT, = == (C-5)

However, the basewldth is not constant, but changing because the last
material to leave the column will have diffused more than the material
which has been in the column a shorter period of time, This changing
basewidth gives a chromatogram skewed toward larger times. If the
basewidth, aTi, is small compared to the peak emergence time, tRi’
the peak will be almost symmetrical and can be assuned Gaussian, For
large effective diffusion coefficients or small emergence times, it
must be remembered that a skewed chromatogram does not necessarily
mean the column spreading is non-Gaussiarn.
Using Bquations (C-4) and (C-5) yields
. 2 (aTi)‘R?l
i 2ti 32ti

where Di is the effective diffusion coefficient. With the relations

and

the reduced effective diffusion coefficient can be written as

t AT, »
o _ 1 Ra i
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To ecalculate the reduced effective diffusior coefficient from an
experimental nonreactive chromatogram, the followirg procedure is used:
1, Draw tangents through the exit chromatogram inflexion
points {located at 0.607 times the peak maximum) to

determine the basewidth, aTi.
2. The apparent retention time, t., is measured on the
chromatogram from the injection time to the peak
maximum,
3. Using Equation (C-6) and the apparent retention time
for component A, the reduced effective d{iffusion
coefficient is calculated.
Other relations derived from the properties of the Gaussian eguation
which express the effective diffusion as some function of the bandwidth
measured at variocus heights may be used in place of the above procedure,
The concept of theoretical plates {or transi'ers) has been carried
over into chromatography from the theory of distillation., A good per-

formance index for any column is the height equivalent to a theoretical

plate, H, written as

= |

H =

where N is the number of theoretical plates. It can be shown that

02
H=—L—

Using the Einsteln Bquation (C-L) gives

2DT
L

[
L—'!qm

H = (c-7)

where D is the effective diffusion coefficient,

Chromatographic rate theories have been developed (32,33,34)
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which explain the various contributions to the theoretical plate
height. The basic approach is statistical and uses the theorem that
the total variance of a group of independent statistical processes
occurring simultaneously is the sum of the individual variances. The
variance is the square of the standard deviation. The general approach
of van Deemter et al. (34) predicts contributions to the plate height
from longitudinal gas diffusion, eddy diffusion {ca1sed by column pack-
ing), and resistance to mass transfer between and i1 the gas and liquid
or sclid phaseg. The dependence of the theoretical plate height on its
various spreading processes can be obtained from ths eguation developed
by van Deemter et al. While it probably cannct be used to quantitatively
predict the theoretical plate height and therefore the effective diffu-
sion coefficient, the equation offers a good gulde to methods of con-
gtructing an efficient column or 1mproving an existing column.

It is important to remember that the diffusion constant used in
the mathematical description of the chromatographic reactor includes

other effects in addition to longitudinal diffusior.

Reduced Reaction Rate Constants

The reduced reaction rate constant for compcnent i is
o} L
=k, (==
ki i (R )
o

Letting

the reduced rate constant is
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Q
k= kitRa (c-8)

Reaction Rate Constants from Experimental Data

For the batch reaction 2A @ B + €, with forward and reverse

reaction rates constants given as k. and kg? respectively, the follow-

1
ing equation can be written:
dA 2
il 2(-klA + REBC) (c-9)

For an initilal equal molar mixture of B and C, the initial concentra-
tions are A4(0) = 0 and B(0) = ¢(0) = B . Noting that B{t) = C(t), an

overall material balance ban be written.

A+B+C=A+ 2B = 2BO

Using the material balance, Equation (C-9) reduces to

dA

k
TP 2 2
== [(1 - uKe)A - uBOA + LLEO ] (¢-10)

where K_ = kl/kg.
When equilibrium is established, Eguation (C-10) gives the
equilibrium concentration of A as

2B
o]

A (c-11)

e

Roj=

i 1+ 2(Ke)

Integrating Equation (C-9) to determine the time necessary for
half cconversion of the reactants gilves

A Je 1
€ Y2k dt

] = -] %= (c-22)

(1-kKx )A2 4B A + 4B °
a Q Q

o]

0
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An expression for the reverse reaction rate constant, k2, as a
function of the reaction half time can be obtained by evaluating the
integrals in Equation (C-~12) with the aid of Equation (C-11).

L
1 1+ 6(1{6)'-2

o = T 1n [
B (K )2(t)

- L
2
1+ 2(Ke)

k (C-13)

Kummer and Emmett (30) studied the reaction of equal molar mix-
tures of hydrogen and deuterium, For this reactioa at TT.MO K., the
authors gave a time for half conversion of 3-10 seczonds over a singly-
promoted iron catalyst. Woolley et al. (31) gave an equilibrium con-
stant of 1.90 for the reaction H, + D, = 2HD at 77.4° K. This value
is the reciprocal of the equilibrium constant for the reaction written
in the other direction. Assuming the initial concentration, B0 equal

to 4, Equation (C-11) gives the equilibrium concentration, A, as 0.408.

With the data of Emmett (30}, Equation (C-13) gives
0.054 < k, < 0.18
and
0.028 = k, < 0.095

If an average value of 6.5 seconds for the half ccnversion time is

used, the caleulated forward and reverse reaction rate constants are

0.0Lk

o
[}

and

k, = 0.083
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where the rate constant units are (mole/l.)-l (sec.)‘l.

Equations {C-2), (C-6) and (C-8) can be used to calculate the
reduced variables for component velocities, effective diffusion co-
efficients, and the reaction rate constants from norreactive chroma-
tographic and reaction kinetic data.

Although the data for the velocifties and diffusion coefficients
must be from nonreactive experiments, this requirement does not pre-
clude the use of actual data from a chromatographic reactor. To in-
sure the conditions used for developing the equations, no reaction
should occur during passage of the component through the column when
velocitieg and diffusion coefficients are being measured. QOtherwise
the apparent retention time and the peak basewidth would not be
related directly to the component velocity and effective diffusion
coefficient,

Data obtained on a chromatographic reactor by injecting separate
samples of each of the reaction products In the column at different
times can be used to calculate the reduced constants. No reaction can
occur because the products are separated. Therefore, the velocities
and diffusion coefficients of the products can be calculated., The
reactant values can be estimated from an average of the values of the
products, from the known separation ratio for the chromatographic
packing, or from the chromatographic reactor exit concentration during
a reaction run, ignoring the errors of using reactive data,

A simple method for obtaining the necessary data is to construct

a column identical to the chromatographic reactor, but without a
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reaction catalyst, All the reduced constants for the reactants and
products can be calculated from one chromatographic analysis. The

assumption implicit in this scheme is that the only change on addition

of a reaction catalyst is that of promoting the des:red reaction.
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