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Since chemical kinetics is not as yet a predictive science, one of the
tasks commonly faced by the engineer in process development is the accumulation
of rate data to be used in reactor design. This paper will discuss some of the
principles and techniques which can be used to establish useful design data for
complex reactions of obscure mechanism which occur under ill-defined conditions

and yleld incompletely characterlized products == in other words, the usual case
of practical interest, -

It is a truism so obvious it is usually not taught in physical chemlistry
courses that one should first establish the stoichiometry of the reaction he 1s
studying. Yet in process development this is often difficult, Analytical
methods for the mixtures being produced may be time-consuming ar unavailable

-and expensive to develop. There is a strong temptation to determine the prin-
cipal product and most troublesome byproduct and ignore the rest., Gross mater-
ial balances can often be made on the basis of elemental analyses without de-
talled knowledge of molecular composition, ¥Yet these incomplete analyses often
fall to give adequate kinetic data. When reasctions are not well understood, 1t
is not unusual to discover the appearance of s new product when conditions are
changed, If the design has been based on dats taken in ignorsnce of this pro-

duct and operation extrapolated beyond the pilot plant rsnge, serious trouble
can ensue.

The first step, therefore, is a qualitative survey of the reaction
stoichiometry over as wide a range of conditions as possible. The objective
of this survey is to establish the main features of the reactlion mechanism,
For design purposes, the molecular mechanism will never need to be known in de-
tail, but enough of its properties must be determined to formulate a kinetic
model of the reaction for the range of conditions of design interest. . The more
nearly this model reflects the actual mechanism, the more confidently can it be
applied over a wide range of conditions.- Nevertheless, at some stsge, the en-
gineer must be satisfied to work with the data he has, recognizing that he has
not established a mechanism fully.

Is the principal reaction product the ultimate product of reaction; or
‘does it diseppear in side or subsequent reactions under some conditions? Are
the byproducts formed as or from intermediates en route tc the mein products,
or are they formed by independent reaction routes? Do some or all of the pro-
ducts reach equilibrium or steady-state concentrations which are insensitive to
residence time? 1Is there a phase separation in the ccurse of the reaction?
Not every autoclave that is loaded with a homogeneous solution snd delivers a
homogeneous product solution has had homogeneous contents throughout the course
of the run. Are mass or heat transfer rates comparable to or slower than the
chemical reaction rates? These are all questions that can receive qualitative
answers by comparing the results of a few well=planned runs,

Consider a hypothetical example in which (-acid is made by catalytic con-
version of electamine and carbon dioxide 1n a fluid bed, Tnder reaction con-
ditions, Q-acid is volatile in an atmosphere of carbon dloxide but 1t 1s found
that organic matter accumulates oOn the catalvst to 2 degree depending on the
temperature and feed ratio of electamine to C0,. 3ome undesirable electaminic

cid is found both in the product vapor apd_in thie organic residpe on thq cet=-
:iyat which, however, is largely unidentified material. TIhe acid could te
furmﬂé by carboxylation of the amine, hut there is nc eviderce for the ectusl

mechanism,

First experiments might be to vary the pas residence time in the con-
verter, determining the space-time yield and purity of the elec?smine product,
For experimental convenience in these survey runs, the process is not run in
continuous steady-state. Instead, electamine is added Fn t?e capalyst to o
predetermined loading at 8 temperature below thst atl whfch L=acid is fsrmed.
The temperature is then raised and Q=acid styipped qff in A stream of ”OE suf =
ficient to fluidize the bed. The concentration of Z=scid in the product streamn
1s followed during the stripping process, % was'fnund‘thaf t%e nounds pegﬁ
hour of product recovered is directly propcrtional to EHE CCo flow Pﬂte,:ﬂ:.ir
conditions being fixed, but is nearly indeperdent of the electamine re?nin;n?
on the catalyst. This was established by a set of runs at two temperatures .in
which CO2 rate and initial electamine loading were varied.
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| At each temperature, the partial pressure of Q-acid in the nff43aﬂ was
nearly constant throughout each run. However, with high initlal loading of

8le arin:z, this partial pressure was less than with low initial loading. With
other conditvions comparable, the partial pressure of Q-acid was higher at high=-
er temperature. Because of initial transients durlng the stripping runs as the
temperature was being ralsed, the earliest steady data could be obtained only
after 20% to Lj0% of the Q-acid had been stripped off. These results glive a
strong presumption that Q-acid is belng formed 1n vapor-solid equilibrium with
the organic matter on the catalyst, since as much conversion was obtained in a
run-as in runs with twice the residence time. However, runs which differ in
initial loading gave somewhat different apparent vapor pressures. Hence, we
must conclude that there is additional complexity in the mechanism. An addi-
tional complication in a fluid bed is the possibility of poor contacting of
vapor reactant with catalyst when large "bubbles" can form, Since this by-

‘passing Iincreases with gas velocity, a lower yield at high gas velocity would
be expected from this cause alone if it were operative, even though the dense
phase reaches egquilibrium,

Four more runs under strictly continuous steady operation should settle
the qualitative nature of the mechanism. In these, temperature and feed com-
position are fixed but feed rate and bed height are varied as follows:

Run I 2 3 &
V (cu.ft./hr.) Q 2Q 2Q LQ
B {ft,) ¥ L 2L 2L
T (hr.) AL/Q AL/2Q, AL/Q AL/2Q

Conversion of electamine to Q-acld product is the measured response, The
following logic ensues: ‘

Sequence Compare Ly Then
A l. Runs 1 and 2 Same conversion Equlilibrium is attained
B 1.- Runs 1 and 2 Different con=- Elther kinetic con-
| version trol or by-passing
B 2. Runs 1l and 3 Same conversion No bypassing
Different con- Bypassing occurs
version

From this logic, Run L appears superfluous. However, adding 1t gives
a 2 x 2 factorial experiment in bed=height and residence time,

AL/2Q | 2 L

AL/Q 1 3

In this balanced design the following effects are measurable,

Kinetics: K =z Y3 = ¥p +Y¥3 = ),
Bed Height: H = ¥), = ¥p +Y¥3 - 13
Bypassing: B =z Y; - ¥p - Y3 +Y),

The bypassing effect hppears as an interaction between the two maln effects
and the techniques of statistical analysis can be used to get the most out
of the data. At the cost of an extra run, considerable additional confidence

can be obtained in the conclusions, >

In this example, we see the diagnostic value of a few well=chosen runs.
FEven more insight can be gained by abandoning the pilot reactor and studying
“he reaction in an altogether different configuration. Electamine and carbon
dioxide might be loaded into a pressure cell adapted to an ultraviolet spec-
tprometer, The product Q-acid vapor as well as the byproduct, electaminic acid

=14 be followed readily by 1lts UV absorption, In this small batch reactor,
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the approach to steady wvapor pressure of Q-acid could be followed cnnvenientiy
at times close to the onset of reaction and at a series of temperatures. By
interrupting the run st a given time and analyzing the catalyst and its organ=
lc contents, it is possible to associate the composition of organic solids
with the progress of the main reaction.

In this way, the puzzling dependence of rate on feed composition can be
resolved. In the case on which this hypothetical example is based, it was
found that a non-volatile dimeric product of electamine forms rapidly on the
catalyst with evolution of COp. In a second step, dimer reacts with CO> and
forms a solid, "pre-Q", which rapidly develops a steady vapor pressure of
Q=acld. At the same time dimer reacts slowly with COs to form the byproduct
electaminic acid. Thus in the initial runs in which %he loading of electamine
was low, little dimer was formed and the conversion to Q-acid proceeded rapid-
ly, being governed by the rate of evaporation of pre-Q., In the runs in which
the loading of electamine was high, dimer formed rapidly and the conversion
of dimer to Q=-acid was slower, being governed by the rate of conversion of
dimer to pre-Q.

Thus a kinetic model might be written:

E & Dimer + CO» (1)
Dimer + COo -~ Pre-Q (2)
Dimer 4+ COp —_— E}ectaminin acld (3)
Pre=-Q & ? Q=acid vapor (L)

Reaction 1 is supposed reversible but not instantaneous. Reaction 2 is
irreversible and comparable in speed to reaction 1l. Reaction 3 1s irrever-
sible and slow. Reaction L is reversible and very rapid.

Thus far, although rates have been measured, no use has been made of
their quantitative magnitudes. The arguments have depended upon relative
values, the shapes of time-concentration curves and similar qualitative data.
ASs a result, however, a reaction model has been reached in terms of which
rate data can be quantitatively analyzed.

In many cases, such a model is previously known or is sufficlently prob-
able that one can proceed to the quantitative phase with few preliminaries.
In such a case, however, the experimental design should permit testing the f1t%
of the data to the model as well as evaluation of the rate constants and acti=-

vation energles.

when a model has been proposed as the basis for further klnetic study,
the methods of statistical experimental design can greatly reduce the number
of runs required to determine the rate constants and reaction orders. These
methods are now quite readily available in the literature 3 and it is not pro-
posed to discuss them in detall here. They must be used with insight, however,
and are no substitute for thought. Some examples will illustrate the power
and some of the precautions necessary in this approach.

Srini Vasan and the writert studied the kinetics of the water-gas shift
reaction over a commercial iron oxide catalyst. The literature and previous
experience suggested a kinetic model, due to Temkin: T

R = - 4Pco = kpcoﬂ (Ezﬁ)b (5)
i PH2

Although the reaction 1s reversible, conditions were chosen to minimize the
extent of back-reaction. Taking logarithms,

log R = log A - E 4 a 1log Pgo + b log puop - b log PHE (6)
RT :

form in 1/T and the log p;. Standard methods for the de =
E?; ::dam]f;{;:ia or exper{ments permit th% determination of best wvalues for
the parameters E/R, log A, a, and b as well as a test of the guﬂdness—uf;fit
of Equation (6) if fairly general conditions on the errors of measuramanl gre
satisfied. At no increased labor, the model could be generalized to 1lnclude

all of the possible components with arbitrary exponents:

a b c d
R = Kpgo PH,0 PH, PCOp
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The geometrical interpretation of the experimental desi
ful., We may think of R as a function of 1/T and the log Pi Eﬁii; gzitgehalp-
plotted ig n-dimenslonal Euclidean space with the independent variables as
coordinate axes. We seek a mathematical representation of the hypersurface

log R(1/T, log pi). If Equation (6) is such a re
. presentation, log R will be
a8 plane parallel to the axis of log PCOo+ Furthermore, its iﬁtergupts on the

on the log PH 20 and log pH, axis wlll be equal but opposite in sign. If Equa-

tion (7) holds, the log R surface will still be planar, but there will be no
8 priorl constraints on i1ts orientation, The experimental design problem is

now to test whether log R is indeed a plane, and, if so, to find its equation,
With five factors, a 5=-plane in six-dimensional space is determined by five
points., By determining log R at additional points, the deviation from plan=-
arity can be tested., In the example cited, sixteen points were determined
and it was decisively shown that Equation (6) could not represent the data

- within the reproducibility of experiments,

If the log R surface 1s not planar, what shape 1s it? Standard methods
now exist to determine the best quadratic approximation to log R. It 1s
tempting to use this approximation, since the experiments already done to
test the planar hypothesis are the core of the design which determines the
quadratic approximation, Before succumbing to temptation, however, one shoul-?
consider His objectives carefully. Equation (6) or (7) has a theoreticsl in-
terpretation in that a molecular mechanism can be formulated which leads %o 1%,
Of course, the possibility of deriving a kinetlc equation from a mechanlan
does not necessarily make it valid. However, the general quadratic form ls
not derivable from any mechanism and hence cannot posslbly be valld excect 23
an empirical interpolation formula. If the design studlies which are contzo-
plated will never go outside the range of the data taken, then an interrcl:-
tion formula may be a sufficient representation of the kinetlies. However, .=
extrapolation is necessary, much greater confidence can be had in kinetic =z<z-
els based on the best mechanism which can be proposed.

A second consideration is often important, however., _Complex mechanis=s
involve many parameters., The general Langmuir mechanism 2 for the catalyti:
irreversible reaction A + B — > Products has the form

R = kpj} PR

L1 FE, pytEppp "

(8)

Each of the parameters k, KA’ and Kp is exponentially temperature dependent:
T (9)

There are thus nine parameters to determine. TUsually they will differ wide-
1y in magnitude, but theory will not predict in advance which ones may turn

out to be negligible.

It is a fact of the imperfect world that the more parameters that must
be determined, the more difficult it usually is to estimate them. When the
models are linear in the parameters, experimental designs may be found which
will, in theory, allow good estimates to be obtained. The upper limit on
precision is determined largely by the magnitude of the experimental error,
the number of runs to be made and the experimental range of the variables.,

In practice, however, the operable region may be such that balanced desligns
are made impossible by interdependence of the supposedly independent variables.
That is, the process may not remain operable unless a change in one variable
is compensated for in part by a change in another, In this way correlations
tend to creep in to reduce the precision of the estimates as the number of
parameters and variables increase. The only partial counter measures are (a)
the difficult course of attempting to reduce the magnitude of the experimental
errors or (b) an increase in the range of the variables. Chemical processes,
however, always have finlte restrictions on the operable range of the design

~ vaprliables., The workable temperature range is finite; permissable feed com-

positions may be limited by phase changes or explosion limits,
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When models are non linear in the parameters. the same diffi
exlst except that correlations between estimated 5arametera are mgg;tigg to
exlist. Figﬁt the optimum theoretical designs in an unhampered experimentsal
region whi would maximize the precIsion of the estimates are usually ex-
tremely difficult to find mathematically and secondly, the nature of the
function itself may make a high dependence of the estimates unavoidable.
Hence In any actual case, there will be a maximum number of kinetic parameters
which can be determined with precision from experimental data. The more care-
ful and precise the data, the larger this number becomes, but it rarely exceeds
five or six. One must, therefore, scrutinize complex theoretical mechanisms

to disecover which of the man arameters are likely to be b
imental error, K J uried in the exper-

The quadratic empirical surface can be of great help in this process. 1,6
Thus, if Equation (8) is rewritten and expanded into the form of Equation (7)
it will be discovered that K, and Kg occur only in quadratic terms involving ’
1/T and the log p, and log Pps, respectively. Hence, 1f the empiriesdl quadratic
surface lacks terﬁs in l/T X log Pa and log P, X log p,, One can be confident
that py can be omitted from the denominstor of Equatinﬁ (8) without worsening
the fiF. In fact, Kp could not be determined with precision from the dats
that fixed the guadratic surface. In this way, complex mechanisms can be

gazionally simplified without overstepping the limits of reliability of the
auva,

One may find, of course, that the data can be more simply represented by
? niﬁ u?nics of coordinates. Thus Equation (8) is more naturally represented
n e form

Kp KR
(1/R)1/n - 1 (10)

iy pi/R phB/B ki PA PR

This suggests I/PA and 1/pB as better variables than log P, and log pp for

testing this mechanism. In this space, the original experimental points which
are well=-spaced in log pjy may be poorly placed to give the best determination
of the R=1/N surface. New data may be required to determine the parameters of

Equation (10) with precision.

The avallability of high-speed computing capsacity modifies some of these
possibilities. It may no longer be necessary to linearize the rate expres-
8lon for computational reasons. Techniques for non=linear estimation?Z permit
working directly with the proposed model. However, the number of parasmeters
which can be determined simultaneously is limited as before and most theoret-
ical mechanisms must be simplified to make non-linear estimation feasible,

In some cases the ultimate design problem may be able to accommodate an
integral kinetic form rather than a differential one. If, for instance, it
1s clear that a batch reactor will be used with no internal concentration
gradients, only the total volume or residence time will be required for the
design basis, Rather than design a differential reactor or differentiate in-
tegral data, one may then propose a kinetic model in which time is an explicit
factor. Our previous remarks about the maximum complexity of a useful model

are especially pertinent.

These points are illustrated in the case of a study undertaken recently
in connection with the purification steps of a commercial process. A minor
impurity is removed by precipitation with aqueous ammonia. Complication
arises out of the base catalyzed hydrolysis of the principal product, which
represents a loss. The kinetic study was designed to locate the conditions
under which yleld at required purity could be maximized. However, since 1in
design it might become necessary to modify some of the conditions, a kinetlc
model valid over a range of conditions was required. The change in concentra-
tion of the impurity is small and small hydrolysis of the principal product
is expected, even though a large single stage integral converter is ultimately

envisioned.,

As 18 often the case, some older data were avallable for which the ex-
perimental precision was only moderate. New data 1n both small and large
reactors were obtained to test the assumed independence of yields on reactor

size. 1In all, four sets of data were avallable:

., New small reactor data
01d small reactor data
New large reactor data
. 0ld large reactor data

FwmnH
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Four independent variables had been studied: - -

1. Temperature (T)
2. Weight per cent product initially in the impure mixture (P)

3. Weight per cent ammonia initially (N)
i, Reaction time (@)

The response in each run was the precipitate produced, measured as y, per
cent of the initial product P.

Since it was desired to make use of the unplanned older data, an ortho=-
gonal factorial design or central composite second order design was not pos-

sible. As a preliminary survey, a full quadratic model in four varlables was
fitted by least squares to four groups of data:

8., Sﬂts L and P

b Sets 1, 2 and 3

c. Sets 1, 3 and L

d. Sets 1, 2, 3, and L

An additional block variable was added for data in sets 3 and L to test the
effect of reactor size. This effect proved to be non-significent and compar-
ison of residual mean squares of each group of data, showed no significant
difference between groups. Hence all of the data was used in the final anal-
ysis.

A full quadratic model in four variables has fifteen coefficients, four
of which only serve to locate the origin with respect to which linear terms
vanish, By rotating axes about this origin, the six cross-terms can be elim-
inated, leaving only the four squared terms and the constant. This reduction
to canonical form is done by proper choice of four new independent linear
combinations of the independent variables., The results of this -analysis are:

y = .65362 + .L4985L 2§ - .09111 25 - .02671 2§ - .00083 2f (11)
where |
zq = .95990 T1 - .27634 P' + .02143 N' + .OL21L o (12)
zo = 08732 T' + .37390 P! + .92333 NI - .00672 O (13)
z3 = .26183 T' + .88518 Pt - .38296 N' « .03520 #! (1L)
z), = 04916 Tt 4 ,01703 P! - ,01892 N' - .99847 O (15)

Here the primes refer to scaled values of the independent variables.

For example,
Tt = (T(°C.) - 141.85)/27 (16)

From Equation (1ll) we see that z7 is by far the most important term.
By Equation (12), 2] 18 nearly independent of KN and ® and measures T and P
most strongly. Reaction time, 9, is almost identical with z), Hence we
feel justified in treating 1ts small effect independently of the other var-
1ables. Since many of the twenty-one coefficients are small and probably

non-significant, one suspects that there are many alternstives to the quad=-
ratic form which fit the data as well.

ide to a simpler
herefore, a reasonable mechanism was postulated as a gu :
kinetfc axpres;iﬂn. Suppose the hydrolysis to be catalyzed by hydroxyl ion.

Then one might have
p 4+ OH= —> POH™ (ki) (17)

NH3 4+ Hp0 — NH) + OH” (k2) (15)

d/"POH"_/ = k:l /P 7/00-7 (19)
de
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(05~ 7 =z Ky [NH37 = K2 No - [08=7- [For~ ]

K

(20)
P . -
R 7 [08-7 [POH~_Z
[ P_J = Po = /[TPOH~7 (21)
y = [FOHT7 / P, (22)
Fhance
dy = 1 d4/F0H” 7 = 1= ( /OH=7/N.) - - -
2 P, g 12 ULMT/NG) -y PofMo) (1. (29
L ®H_7/No + (3 Po/No)
sSin |
inizgagliemains much less than unity throughout all the tests, and
_ 1/2 " 1/2
[(51-1:70/1@& = Ko /YNo | (2L)
which 1s also smsll, Equation (23) can be simplified to
g% = k].KeNﬂ(l-Y PD ,v-’HO)
Pq y (25)
Po v |

When y is very small, the first term dominates and the initial counversion
should be given approximately by
_ /2

1
v = (k, KpNo/Po) e (27)

This suggests a slightly generalized empirical kinetic expression

log (y =C) =1log A= @8 plogP + nlog N+ & log @ (28)
T

A preliminary estimate of the coefficients with their confidence limits gave
the data in Caese I of Table I. This confirms our earlier conclusion that 8

could be treated independently as shown in Equetion (27). The data were the:
refitted fixing e = =-p = n = 0.5, their theoretical values in Zquation (27)
This gave Casell in Table I.

Table I
Case 1 | Case I1
2 ﬂn .
Coefficient Limits Coefficient 95% Conf,
| I.imits
1n A + 16,64 T .75 + 16,156 + 1t
Z + 8257.87 + 1889.65 + 7648.17 *+ 192%.25
P - 0.562 1 0. 3L} _ (=0.,50) . 0
n + 0.261 t 0,567 (+0,50) + 0

There is no significant difference in the fit between Equation 28 with
four constants (Case I) and Equation 11 with fifteen.

Note that while n and p are not significantly different from their
theoretical values, = is significantly larger than 0.5. Nevertheless, the
fit forced withe¢ = 0.5 (Case II) is not tremendously worse.
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Examination of the residuals shows that the fit i1s poorest at low Ng.
In fact, some hydrolysis occurs even ln the absence of added ammonia. The
hypothstiual mechanism does not allow for this. The empirical models based
on it force the fit by averaging up the reaction order with respect to am-
monia. A more realistic model might arise by adding a term to Equation (26)
which is proportional to l-y. This, when integrated, leads: to

Yy = Glﬂ + GEHQ 1ln (1 -+ Ng y ) (29)
Po coPp

where cl, c, and cq might each have exponential temperature dependence. The

difficulty nf fittgn Equation (29) is much increased by its non-linear form.
For small y, Equatiun (29) reduces to Equation (28). Hence it will be essen-
tial to use the non-linear form if any improvement is to be expected.

In this example, an empirlcal quadratic form has again given insight in-
to what mechanistic terms should be retained in formulating a kinetic model
with fewer constants to determine. It should be clear that there are a large
number of kinetic models that will represent a given set of data. TUnless
these data are of very high precision, the fact that the engineer has found
one such set lends very little support to the corresponding mechanistic in-
terpretation., However, qualitative features can be discerned and more sensi=-
tive experimenis are suggested by the analysis which may test the mechanistic
assumptions in a less equivocal way. Nevertheless, the mechanistically in-
spired empirical kinetic form will usually be simpler and reliable over a
wider range of variables than a pure linear or quadratic form in the original
- experimental variables. Thus the requirements of englneering data for design
purposes can be met without sacrificing the best theoretical knowledge avall-
able.
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