JOURNAL REVIEW

Laboratory Reactors and Their Limitations

Choosing the type of laboratory reactor for evaluating process kinetics
may be the most crucial step in an industrial process development program.
Not only would a wrong choice result in expensive delays, but data may

be obtained which would scale-up erroneously, leading to a disastrous
commercial design. Some of the pitfalls and limitations of various laboratory
reactors are discussed for some typically complex industrial reaction systems.
A modus operandi is suggested for choosing from among the potential
reactors those that have the best chance of supplying the desired data. As

VERN W. WEEKMAN, JR.

Mobil Research and Development Corporation
Pauisboro, New Jersey 08066

is typical of many complex industrial reaction systems, no one reactor turns
out to be ideal and many times the building of two or more types is

advantageous.

The design of an industrial reactor must begin with
accurate, reliable laboratory data. For maximum useful-
ness these data should be derived from a carefully planned
reaction kinetic study. Since the design and construction
of the laboratory reactor, as well as the subsequent ex-
perimental program, can be very expensive and time con-
suming, close attention should be given to the type of
laboratory reactor to be employed. To those fortunate
enough to work in academic laboratories, it is possible to
first choose a reactor type and then find a suitable react-
ing system to study in it. In the industrial sphere, alas,
the specific reacting system is imposed on us and the
problem is to search for a suitable reactor type for the
kinetic studies.

Most industrial reacting systems are of sufficient com-
plexity that a number of factors or attributes must be
considered when choosing the laboratory reactor. Based
on the author’s industrial experience, a modus operandi
is described for choosing from a wide variety of potential
laboratory reactors the one with at least a fighting chance
of giving the desired accurate kinetic data. To illustrate
the decision process a fairly complex, but not untypical,
industrial reaction system has been chosen. A number of
potential laboratory reactor candidates are then consid-
ered and rated on their various attributes. Also discussed
is how the reactor choices change as we relax some of the
characteristics of the reaction system. The focus will be
on the decision process rather than a comprehensive re-
view of all potential laboratory reactors and their me-
chanical designs.

NATURE OF REACTING SYSTEM

For the purpose of illustration we have chosen a fairly
complex industrial reaction system which is not, however,
untypical of industrial processes. Table 1 shows the nature
of the particular reaction system chosen.

With vapor and liquid present under reacting condi-
tions we will have three-phase flow conditions with the
attendant liquid distribution and residence time problems.
Our complex feedstock, consisting of many different react-
ing species, will present analysis and sampling problems.
The particular system chosen is highly endothermic which
means we will have difficulty in obtaining isothermal data.
Of course, if the system were highly exothermic, we would
face essentially the identical problem. Due to the highly
active nature of the catalyst it will be necessary to powder
it to prevent diffusion disguises. Furthermore, the same
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rapid decay problem will lead to difficulties in measuring
the intrinsic reaction rates. While this reaction system may
seem quite complex, a large number of industrial reactions
would fit this category (including exothermic reactions).
One need only cite catalytic cracking, hydrocracking, and
desulfurization processes in the petroleum industry to see
that such a system is not untypical. In the chemical in-
dustry similar systems can be found in liquid phase oxida-
tion and liquid phase hydrogenation processes.

In the subsequent discussion we will show how differ-
ent aspects of the reacting system can be relaxed or
changed and what the effect will be on the reactor choice.

WHAT ATTRIBUTES ARE IMPORTANT?

Once we have a clear understanding of the nature of
our reaction system we must consider what attributes of
the laboratory reactor will be important to us. Identifying
the critical performance factors is probably the most cru-
cial step in our choice of a laboratory reactor. Of course,
different reacting systems may lead to different attributes.
The following are the attributes which were considered
important for the particular reaction system chosen:

Sampling and analysis of product composition
Isothermality

Residence-contact time measurement
Selectivity time averaging disguise
Construction difficulty and cost

Uk o=

Sampling of a two-fluid phase system containing pow-
dered catalyst can be difficult and should be a strong con-
sideration in the reactor design. For complex reacting
systems with multiple reaction paths, it is especially critical
that isothermal data be obtained. Different activation
energies for the various reaction paths will make it very

TaBLE 1. NATURE oF CHOSEN REACTION SYSTEM

Physical Nature of Feed: Both vapor and liquid (wide
boiling range) at reacting con-
ditions

Complex feed with multiple re-
action paths—highly endother-
mic

Powdered, rapidly decaying at
reaction conditions, highly active
Accurate kinetic rate data for
reactor design

Chemical Nature of Feed:

Nature of Catalyst:

Desired:
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difficult to unscramble the rate constants from noniso-
thermal data.

Because of the two-phase nature of the fluid reactants
in contact with the solid phase, measurement of the true
reaction times will be difficult. Differing velocities between
the vapor, liquid, and solid phases must be considered in
the measurement of reaction times. Adsorption of reactants
on the catalyst surface may lead to catalyst-reactant con-
tact times which are different from the fluid dynamic resi-
dence times.

Due to the decaying nature of the catalyst we will be
faced with unsteady state reactor operation if the catalyst
is not renewed continuously. The selectivity will be altered
even for steady state reactors if different reaction paths
decay at different rates (Froment and Bischoff, 1961,
1962). Thus for such a system we would find that the
selectivity behavior in all reactors would become a func-
tion of catalyst decay time. For the simpler case of all
reaction path activities decaying at the same rate then only
an unsteady state reactor, which time averages the prod-
uct, will show a selectivity disguise (Weekman, 1969).
In the examples given in this paper we will assume equal
decay of all catalyst functions. To eliminate the time
averaging disguise one could employ rapid instantaneous
measurements of the decaying system, but this can intro-
duce sampling problems. Finally, and certainly not of
least importance, we must address ourselves to the diffi-
culty of construction and the cost of the laboratory reactor
system,

We are now in a position to evaluate various potential
laboratory reactors in terms of the key attributes for our
particular reacting system.

~ DIFFERENTIAL REACTOR

While the differential reactor (Figure 1) gets high
marks in many textbooks, it gets lower ones in the indus-
trial lab. The main problem with the differential reactor
stems from difficulties in preparing the feed composition
and in the analysis of the product composition. By its
nature, the differential reactor gives a small incremental
conversion which can be difficult to measure for a com-
plex multicomponent system. This limitation, of course,
will depend strongly on the nature of the analysis re-
quired. One solution to the feed problem is to use an
integral reactor as a feed supplier (Lunde and Kester,
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Gas~Liquid, Powdered Catalyst, Decaying Catalyst System

Problem Comments Rating

Can be pifficult at Poor-Fair

Low Conversions

Sampling and Analysis of
Product Composition

Isothermality Low Heat Release Fair-Good
Residence-Contact Time Channeling Fatal Fair
Measurement V-L Distribution

Problem
Selectivity Time Transient Behavior Poor
Averaging Disguise
construction Difficulty One of Simplest Good

and Cost

Fig. 1. Differential reactor.
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Gas-Liquid, Powdered Catalyst, Decaying Catalyst System

Problem Comments Rating
Sampling and Analysis of Normal Problems Good
Product Composition
Isothermality Very Difficult to Poor-Fair

Achieve Uniform

Temperatures
Residence-Contact Time Channeling or Liguid Fair
Measurement Distribution may be

a Problem
Selectivity Time Transient Behavior Poor
Averaging Disguise
Construction Difficulty Fairly Straight Good

and Cost Forward

Fig. 2. Fixed bed reactor.

1974). Due to the small conversion, heat release, however,
will be relatively small and we can give it fair marks for
isothermality. Any channeling in a differential reactor will
be fatal in terms of measuring accurate contact times.
Being a fixed bed, good vapor-liquid distribution may be
difficult and we can only give it fair marks on this attri-
bute. Since our catalyst rapidly decays, a time-averaged
selectivity disguise may be introduced which can be
serious. For this reason the differential reactor is marked
poor on this attribute. We can, however, give the differ-
ential reactor high marks for construction since, except
for the liquid distribution problem, it can be quite simple
(Pansing and Malloy, 1962).

FIXED BED REACTOR
We have rated the fixed bed reactor (Figure 2) good

on sampling and analysis since higher conversion levels
are obtained and no catalyst, product separation problems
exist. However, rapid sampling to give instantaneous data
during catalyst decay could present problems. The chief
difficulty with the fixed bed is the problem of achieving
uniform isothermal temperatures. Catalyst dilution and
high heat transfer rates at the outside wall (by sand or
salt bath) can help, but severely exothermic or endo-
thermic reactions will still give significant internal bed
AT’s. In terms of residence time measurements, channeling
or uneven liquid distribution may present problems in the
fixed bed. Careful attention to distributing the liquid and
gas can minimize this difficulty. As mentioned above, an-
other problem with the fixed bed reactor is its transient
nature from catalyst decay. If the product is allowed to
accumulate over time, we may face a serious selectivity
disguise due to the product time averaging, We can, how-
ever, give the fixed bed reactor good marks for its rela-
tively straightforward construction and fairly low cost.
Multiple taps can also be employed to give multiple con-
version and selectivity points for each run (Musick et al.,

1972).
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Gas-Ligquid, Powdered Catalyst, Decaying Catalyst System

Problem Comments Rating
Sampling and Analysis of Difficult On-Line Fair
Product Composition Analysis Problem
Isothermality Well Mixed Good
Residence-Contact Time Accurate Residence Good
Measurement Time if Rapid

Quenching
Selectivity Time Transient Behavior Poor
Averaging Disguise
Construction Difficulty Fairly Straight Good

and Cost

Forward

Fig. 3. Stirred batch reactor.
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STIRRED BATCH REACTOR

Since the powdered catalyst will be dispersed as a
slurry in the stirred batch reactor, separation of the prod-
uct from the catalyst must be accomplished by the sam-
pling system. It must also provide rapid quenching to pre-
vent further reaction in the sampling system itself. For
these reasons, on Figure 3, we can only give the reactor a
fair rating in this respect. With enough agitation, iso-
thermality should be excellent. Accurate residence time
measurements should be possible. Since all three phases
are contained in the reactor, this type could provide the
most accurate measurement of contact time of all reactors
considered (provided the reaction can be quenched rap-
idly at the end of the experiment). Unfortunately, the
decaying nature of the catalyst gives us the same prob-
lems as with the fixed bed reactor; and we must give it
poorer marks due to the potential selectivity disguise. On
the plus side again, the stirred reactor is fairly simple to
construct and the cost should be quite reasonable,

STIRRED-CONTAINED SOLIDS REACTOR

A number of different stirred-contained solids designs
are equivalent in terms of performance and three are
shown on Figure 4. A good review of such reactors has
been given by Bennett et al. (1972). The first shown is
the now (in?) famous Carberry reactor (Carberry, 1964;
Tajbl et al., 1966, 1967; Tajbl, 1969a,b) where the cata-
lyst is mounted in the paddle or agitator. For a finely

¥
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Sampling and Analysis of
Product Composition

Isothermality

Residence~Contact Time

Measurement

Selectivity Time
Averaging Disguise

|
Gas-Liquid, Powdered Catalyst, Decaying Catalyst System &
Comments Rating
Normal Problems Good
Well Mixed Good
Solid Accurately Known; Fair-Good
Gas~Vapor Known if
Good Mixing
Transient Behavior Poor
More Complex Than Fair-Good

Construction Difficulty

and Cost

Batch or Fixed Bed

Fig. 4. Stirred-contained solids reactor.
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powdered catalyst this could present difficulties and suit-
able screens or containment methods would have to be
devised. Next is shown the turbine reactor where a small
fixed bed of catalyst is mounted at the throat of a venturi
and the reacting mixture is pumped through by an im-
peller (Garanin et al., 1967; Brown and Bennett, 1970;
Berty, 1969, 1973; Livbjerg and Valladsen, 1971; Ma-
honey, 1974; Choudhary and Doraiswamy, 1972). The
third related type is a recirculating reactor with a fixed
bed of catalyst where the reacting mixture is pumped
through at a high rate, relative to the feed rate, thus
achieving fully mixed conditions (Perkins and Rase,1958;
Satterfield and Roberts, 1968; Butt et al., 1962; Leinroth
and Sherwood, 1964). Another variation of this type has
the catalyst on the walls with a high degree of mixing
from an internal impeller (Ford and Perlmutter, 1964;
Relyea and Perlmutter, 1968). The sampling and analysis
of the product composition of these reactors present no
unusual problem since the catalyst is contained and no
separation is required prior to analysis. Since with enough
mixing energy all can be well mixed, isothermality should
be good. The residence time of solids is, of course, accu-
rately known and with good mixing the gas-vapor resi-
dence times can also be measured quite accurately. The
worst feature of this reactor will be its unsteady state
nature which can again lead to a selectivity disguise. Due
to the requirements of containing the catalyst, the diffi-
culty of construction will usually be increased over the
stirred batch reactor. Some of the problems in construct-
ing recirculating pumps have been discussed by Chambers
et al. (1965) and Hanson and Benson (1973).

CONTINUOQUS STIRRED TANK REACTOR

This reactor (Figure 5), alias the CSTR, has been the
darling of the academic community for years and finds
occasional use in industrial labs. As with the stirred batch
reactors, the catalyst slurry in the reactor will give us some
sampling difficulties, requiring either quenching or rap-

Gas-Liquid, Powdered Catalyst, Decaying Catalyst System

Problem Comments Rating
Sampling and Analysis of Catalyst-Reactant Fair
Product Composition Separation Problems
Isothermality Well Mixed Good

Well Known if Good Fair-Good
Mixing and Rapid

Quenching

Residence-Contact Time
Measurement

Steady State Good
Behavior

Selectivity Time
Averaging Disguise

pifficult Catalyst Poor-Fair
Feeding and Separa-
tion Problems

Construction Difficulty
and Cost

Fig. 5. Continuous stirred tank reactor.
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Gas-Liquid, Powdered Catalyst, Decaying Catalyst System

Problem Comments Rating
Sampling and Analysis of Rapid Catalyst- Fair
Product Composition Peactant Separation

Essential

Isothermality Wall Heat Transfer Poor-Fair
Higher than Fixed
Bed
Residence~-Contact Time Low Velocity Slip Fair-Good
Measurement Problems, Higher
Velocities More
Accurate
Selectivity Time Steady State Goed
Averaging Disguise Operation

Construction Difficulty
and Cost

Fairly Straight
Forward Except
Isothermality

Fair-Good

Fig. 6. Straight-through transport reactor.

idly separating the catalyst from the reaction mixture.
Without this provision the sample may keep reacting at
different temperatures as it cools, disguising the selectivity
behavior. As with the stirred batch reactor, this difficulty
results in only a fair rating on the sampling attribute.
Since it is well mixed we can give it high marks, however,
for isothermality. If the degree of mixing is good and we
can achieve rapid quenching of the exiting mixture, we
can identify the contact time quite accurately. Since cata-
lyst and reactants are added continuously it will operate
in the steady state and, therefore, eliminate any possible
catalyst decay selectivity disguise (at least for the case of
equal decay of all catalyst functions). In constructing this
reactor we can expect difficulties in accurately feeding in
the slurry and in the aforementioned separation problem,
For this reason we have only given it a poor-to-fair rating
for construction.

STRAIGHT-THROUGH TRANSPORT REACTOR

In the transport reactor (Figure 6) we use either the
reactant itself or an inert carrier gas to transport the
catalyst through the reactor. Commercially, the transport
reactor is widely employed in the catalytic cracking of
heavier petroleum fractions to gasoline (Bryson et al,
1972; Strother et al., 1972; Pierce et al., 1972; Saxton and
Worley, 1970). They have also found use in the drying
of grains (Epstein and Mathur, 1971). Since the catalyst
passes through with the reactant, it will be necessary to
achieve either rapid quenching or rapid catalyst-reactant
separation. As with the other dispersed or slurry catalyst
reactor, this results in only a fair-to-good rating in the
sampling category. While the wall heat transfer (Sadek,
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1972) will be higher than with a fixed bed reactor due to
higher velocities, for highly exothermic or endothermic
reactions, isothermality may still be difficult to achieve;
hence, a poor-to-fair rating., For high velocities where
there is little slip between the catalyst and reactant phases,
we can expect very accurate measurements of residence
time. At lower velocities, however, there may be slip
between the phases which can lead to difficulties in accu-
rately determining the contact time. Since the catalyst and
reactant flows are continuous, we can achieve steady state
operation and will not have difficulties with a time averag-
ing disguise. The transport reactors can be quite simple,
being basically a length of tubing; however, more elabo-
rate means will be required to approach isothermality
such as sand or salt baths. In addition product-catalyst
separation facilities are required. Hence, the fair-to-good
construction rating,

RECIRCULATING TRANSPORT REACTOR

By adding a recirculation loop to the transport reactor
we can achieve a well mixed condition provided the re-
circulation rate is large in comparison to the fresh feed
rate (Figure 7). We will still, however, have the same
problem with separating and sampling the catalyst and
reactant as we had with the straight-through transport
reactor. By going to the well mixed condition we have
greatly improved our ability to achieve isothermality, We
have also improved our contact time measurement since
we can achieve higher velocities which will help eliminate
catalyst-reactant slip. The operation is still steady state
and we can give the recirculating transport reactor good
marks in this respect. We had introduced more mechanical
complexity, though, with the need for either a recirculat-
ing pump or recirculating jets. These can give plugging
and flow problems in slurry systems and tor this reason
we have marked down the recirculating transport reactor
to"a fair-to-poor rating for construction. An interesting
version of this reactor, containing both a reaction and re-
generation zone, has recently been published (Kahney
and McMinn, 1973).

PULSE REACTOR

In the pulse reactor we have a small amount of catalyst
over which we can introduce a small pulse of reactant
(Figure 8). The effluent from the reactor can be fed
directly to a chromatograph so as to minimize any sample
handling problems. A wide range of conversion levels can
be achieved so that sample analysis should not be a serious
problem. A small amount of catalyst can be surrounded
by a large heat sink to minimize departures from isother-
mality; however, again strongly exothermic or endothermic
reactions can lead to significant AT’s; hence the fair-to-
good rating, The key difficulty with the pulse reactor lies
in the fact that the catalyst surface concentrations are
changing during the pulse (Makar and Merrill, 1972).
Thus, the adsorbed species will change during the course
of reaction which could lead to a selectivity disguise. If
all reaction paths are altered identically by these adsorbed
species, then the pulse reactor still could be useful for
selectivity studies. Because of the hazards involved, how-
ever, we have given it a poor rating in this respect. While
this is an unsteady state reactor, short pulses of reactant
can follow the instantaneous behavior; fair-to-good marks
are in order for this attribute. Construction difficulties will
be similar to the differential reactor with a small amount of
additional complexity added by the need to introduce
accurate pulses of reactant. Additional problems have been
reviewed by Galeski and Hightower (1970).
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Gas-Liquid, Powdered Catalyst, Decaying Catalyst System

Problem Comments Rating

Rapid Catalyst- Fair-Good

Reactant Separation

Sampling and Analysis of
Product Composition

Essential
Isothermality Well Mixed Good
Residence~Contact Time Well Mixed at Highly Good
Measurement Circulating

Velocities
Selectivity Time Steady State Good
Averaging Disguise Operation

Requires Recircu- Fair-Poor

lating Pump or Jets

Construction Difficulty
and Cost

Fig. 7. Recirculating transport reactor.
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Gas-Liquid, Powdered Catalyst, Decaying Catalyst System
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Problem Comments Rating
Sampling and Analysis of Can Fire Direct to Good
Product Composition Chromatograph

Isothermality Small Amount of Cat.

in Large Heat Sink

Fair-Good

Residence-Contact Time
Measurement

Transient Surface Poor
Coverage and Chroma-
tograph Separation

Selectivity Time
Averaging Disguise

Short Pulses can
Follow Instantaneous

Fair-Good

Behavior
Construction Difficulty Similar to Dif- Good
and Cost ferential Reactor
Fig. 8. Pulse reactor.
REPRISE

Table 2 summarizes all the ratings for our given reac-
tion system. The first thing that comes to our attention
is that every one of the reactors has some poor perform-
ance feature or limitation associated with it. From this
industrial researcher’s experience, for most complex in-
dustrial reaction systems, clear cut winners are rare, We
usually will be forced to make a trade-off between the
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TasBLE 2. SuMMARY OF REACTOR RATINGS
Gas-Liquid, Powdered Catalyst, Decaying Catalyst System

Sampling
Reactor type and analysis Isothermality
Differential P-F F-G
Fixed bed G P-F
Stirred batch F G
Stirred-contained solids G G
Continuous stirred tank F G
Straight-through transport F-G P-F
Recirculating transport F-G G
Pulse G F-G

G = good, F = fair, P = poor.

TaBLE 3. SUMMARY OF REACTOR RATINGS
Gas-Liquid, Powdered Catalyst, Nondecaying Catalyst System

Sampling
Reactor type and analysis Isothermality
Differential P-F F-G
Fixed bed G P-F
Stirred batch F G
Stirred-contained solids G G
Continuous stirred tank F G
Straight-through transport F-G P-F
Recirculating transport F-G G
Pulse F-G

G = good, F = fair, P = poor.

limitations and advantages of the various reactors. For
our particular system, we can probably eliminate the dif-
ferential and fixed bed as giving serious problems in iso-
thermality or analysis. The stirred batch might be satis-
factory if we could devise a rapid sampling system to ob-
tain instantaneous data to circumvent the decay problem.
Likewise, any of the stirred-contained solids reactors would
be quite satisfactory if we designed an instantaneous sam-
pling system.

Two other reactors that look quite satisfactory, except
for the construction difficulties, are the old faithful CSTR
and the recirculating transport reactor. Here, previous ex-
perience or reasonable ingenuity in design could overcome
the sampling problem and related construction difficulties
and give a most satisfactory system. The pulse reactor
could be satisfactory in systems that do not strongly ad-
sorb or where the adsorbed species do not relatively alter
the reaction paths. If the reaction system is an extremely
critical one involving large amounts of money, it will
probably be best to build more than one type of labora-
tory reactor, The different reactors can then be checked
against each other to give an even more reliable set of
kinetic data. If the reactor results disagree, very valuable
clues can arise which may lead to discovery of some im-
portant phenomena which could have been missed using
a single reactor. The particular reaction system referred to
in this paper was actually so important, five different type
reactors were built for cross-checks; they included the fixed
bed, the stirred-contained solids, the straight-through
transport, recirculating transport, as well as the pulse
reactor. Internal consistency checks between the reactors
lead to very valuable insights into the reaction system and
the subsequent scale-up problem.

REACTOR CHOICES FOR LESS STRINGENT
REACTION SYSTEMS

We can now relax some of the reaction system condi-
tions originally chosen and observe how the ratings of
the various reactors would change.
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Residence- Selectivity Construction
contact time disguise-decay problems
F P G
F P G
G P G
F-G P F-G
F-G G P-F
F-G G F-G
G G P-F
P F-G G
Residence- Selectivity Construction
contact time disguise-decay problems
F G G
F G G
G G G
F-G G F-G
F-G G P-F
F-G G F-G
G G P-F
P G G

Nondecaying System

With a nondecaying catalyst system all reactors would
receive an equally good rating under the decay column of
Table 3 since no decay selectivity disguise would occur,
Now as shown on Table 3, the stirred batch and the con-
tained-solids reactors become close competitors with the
recirculating transport reactor and the CSTR. Due to the
possible difticulty of rapidly separating the catalyst from
the reacting mixture in the transport reactor and CSTR,
the stirred batch and the contained solids get the edge
as our preferred choice.

Single Reacting Phase

If we further relax the complexity of our reacting sys-
tem by eliminating one phase, we eliminate most of the
contact time problem in three of the reactors as shown on
Table 4. The ratings for the contact time problem did not
change for the differential and pulse reactors since the
small amount of catalyst may still give bypassing prob-
lems even with single phase flow. Also the pulse reactor
will still have a serious drawback if adsorbed species alter
the selectivity of the reaction. While the straight-through
transport reactor will still be subject to a catalyst slip
problem, it may be less severe with single phase flow.
For this case our top candidates are still the stirred batch
and stirred-contained solids reactor.

Nondiffusion Limited System

If interparticle diffusion is not limiting the reaction
rates, then pelleted catalysts could be used in the fixed
bed and the stirred-contained solids reactors. This would
simplify containing the catalyst in the latter reactor and
make construction and loading simpler. It would still
be desirable to use powdered catalyst for the other re-
actors to ensure good catalyst-reactant contacting. How-
ever, the pulse and differential reactors would be more
prone to bypassing with pelleted catalyst, while the slurry
type reactors would be prone to the pelleted catalyst
settling out in regions of slower or uneven flow. For this
nondiffusion, nondecaying system the stirred-contained
solids reactor appears to be again our best choice,

AIChE Journal (Vol. 20, No. 5)



TABLE 4. SUMMARY OF REAaCcTOR RATINGS
Single Fluid Phase, Powdered Catalyst, Nondecaying Catalyst

Sampling
Reactor type and analysis Isothermality
Differential P-F F-G
Fixed bed G P-F
Stirred batch F G
Stirred-contained solids G G
Continuous stirred tank F G
Straight-through transport F-G P-F
Recirculating transport F-G G

Pulse F-G
G = good, F = fair, P = poor.

Residence- Selectivity Construction
contact time disguise-decay problems
F G G
F-G G G
G G G
G G F-G
G G F-G
F-G G F-G
G G P-F
P G G

TABLE 5. SuMMARY oF REacTOR RATINGS
Single Fluid Phase, Nondiffusion Limited (Pelleted Catalyst), ivondecaymg Catalyst, Low Heat Release System

Sampling
Reactor type and analysis Isothermality
Differential P-F G
Fixed bed G G
Stirred batch F G
Stirred-contained solids G G
Continuous stirred tank F G
Straight-through transport F-G G
Recirculating transport F-G G
Pulse G G

G = good, F = fair, P = poor.

Low Heats of Reaction

If we finally relax the high heat release criterion, along
with the diffusion and decay limitations, the fixed bed
becomes more of a contender along with the straight-
through transport reactor as shown in Table 5. Of course,
the stirred-contained solids would also still be quite ac-
ceptable. The fixed bed would be the simplest reactor to
construct and operate for this system provided attention
was paid to preventing bypassing,

Special Cases

The compact moving bed reactor (Weekman and Nace,
1970; Szepe, 1972) would prove valuable if a relatively
low heat release system were employed with single phase
flow in a nondiffusion limited but decaying catalyst case.
The compact moving bed of pellets ensures an accurate
catalyst residence time with plug flow of the gas phase.
Catalyst decay can be accurately measured in this steady
state reactor system.

The differential reactor becomes attractive for non-
decaying noncomplex reaction systems where the chemical
analysis is relatively straightforward or intermediate con-
version mixtures can be readily prepared.

The pulse reactor should be considered for single phase
low heat release systems that either are not strongly ad-
sorbing or where the adsorbed species do not alter the
selectivity. ’

SUMMARY

The choice of a reactor for studying industrial kinetics
is never a simple one; and one must sit down and rank
the various reactors against the desired attributes. The
final choice will likely be a compromise, but at least its
limitations will be identified and can be accounted for
in the subsequent experimental program.
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Iron Oxide Sorbents for Regenerative

Sorption of NO,

Supported ferric oxide can remove oxides of nitrogen from hot and cold

gases, 20°C to 350°C, containing NO in the range of 50 to 1000 ppm
when sufficient oxygen is present. Rates of sorption and capacities increase
with oxygen concentration. The sorbent can be regenerated with air at

400° to 450°C an indefinite number of times.

Reduced iron oxide sorbs nitric oxide more rapidly than the ferric oxide
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and has a higher capacity. It can be regenerated with hot reducing gases.

SCOPE

Combustion of a fuel in air results in the formation of
small but potentially harmful concentration of nitric ox-
ide. To remove this air pollutant from flue gases and
exhaust an effective sorbent is needed.

To estimate the size of potential sorbers from labora-
tory data it is desirable to obtain differential rate data.
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Such kinetic data are required for an estimate of the size
of a rotary type sorber in which the sorbent is continu-
ously regenerated (Gidaspow and Onischak, 1973). For
the design of the more conventional fixed bed sorbers,
capacity data is needed. Capacity data can be obtained
from integrating the time dependent differential rate data.
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