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he principles of chemical kinetics and reaction engi-

neering are part of the core disciplines within chemical

engineering and among the most desired skills sought
by engineering employers."! Chemical reactions often do
not occur spontaneously at reasonable process temperatures
and require catalysts to increase their rates and to selectively
influence reaction pathways to desired products. Catalytic
materials are ubiquitous in the chemical and refining indus-
tries and will be used in technologies that shape the future of
clean energy and chemical production.® In a heterogeneously
catalyzed process, the chemical reaction occurs at a fluid-solid
interface through a sequence of elementary steps involving
molecules and reaction intermediates adsorbed onto active
sites on the catalyst surface.®! The kinetic details of these
elementary steps contain fundamental information about the
surface chemistry involved in the reaction and can provide
insight into the underlying reaction mechanism. Furthermore,
chemical engineers apply knowledge about how process vari-
ables such as temperature, reactant and product concentrations
and flow rates, catalyst surface area, and active site density can
influence reaction rates in order to optimize existing chemical
processes or to design improved catalytic materials.

There are many examples of laboratory reactors that are
used for chemical engineering instruction in kinetics,™ reac-
tion engineering,”! and heterogeneous catalysis,'®” yet few
have the capability to perform simplified experiments that
demonstrate multiple aspects of chemical reaction engineering
such as chemical kinetics, reactor design, and catalysis. The
laboratory unit that we have designed provides chemical engi-
neering students with a hands-on learning tool to supplement
their classroom curriculum in chemical kinetics and reaction
engineering. Our instructional reactor unit is mobile, is con-
structed with inherent safety features, and is versatile in its
ability to perform multiple types of experiments with precise
measurements, as described in the next section.
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The catalytic oxidation of methane (CH, + 20,— CO, +
2H,0) by a supported metal catalyst—an industrially relevant
process—is used as a model reaction for this experiment.
Methane is considered to be the most eco-friendly fossil
fuel because it has the highest hydrogen-to-carbon ratio of
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any hydrocarbon molecule (H/C
= 4) and typically contains low
levels of nitrogen and sulfur, which
minimizes the effect of impurities on
reactor performance.® Furthermore,
when methane is oxidized at low
temperatures (<550 K) in a cata-
lytic process, lower levels of NO_
atmospheric pollutants are generated
than in higher-temperature thermal
combustion processes. Previous
experimental studies have shown
that supported Pd catalysts are the
most practical materials for catalytic
methane combustion due to the high
turnover rate (TOR) per metal sur-
face area.l”!”

APPARATUS AND
METHODS

The experimental apparatus is
a self-contained catalytic reaction
unit (Figure 1) that can be used to
perform a variety of experiments
(Table 1), each of which can be
conducted during a two-hour labo-
ratory session. These experiments
provide students with the ability to
gain experience with different types
of chemical reactors, and to observe
the effects of product inhibition and
intrapellet mass transfer limitations,
which are two common artifacts in

TABLE 1 Gas inlet/outlet lines
Experimental capabilities for catalytic Reactor
. . CO; analyzer Clamshell furnace
reaction unit 2 Y pressure
- - = gauge
Topic Experiments J !_l
Determine rates of reaction Recycle
- - Furnace w/ valves
Determine reaction orders
. temperature
Chemical Determine temperature depen- controller
Kinetics ivati
dence (activation energy) Recycle
Examine inhibition effects by —  flow
reaction products meter
Measure kinetics in various
reactor types (batch, PFR, .. Reactor
Reactor CSTR) 3:}\'2
Design Study heat and mass transfer
effects in heterogeneous Reactor Gas feed N2, CHy/Air Reactor bypass
catalysts temperature valve flow meters valves
indicator

Figure 1. The self-contained laboratory catalytic reaction unit.

TABLE 2
Equipment parts list and cost estimate per experimental unit*

Ttem Quantity Est./l{}létD Cost T(;t%l SC];)st
Swagelok SS-41GXS2 1/8” 3-way ball valve 6 $90.00 $540.00
Swagelok SS-4L 1/4” metering valve 1 $100.00 $100.00
e O T
Swagelok SS-200-3 1/8” union tee 9 $30.00 $270.00
izcaffgl;s&z_um 1/4” union, Ultra-Torr 3 $40.00 $120.00
Miscellaneous (e.g., nuts, ferrules, unions) 1 $200.00 $200.00
1/4” stainless steel tubing (per foot) 17 $20.00 $340.00
AVS clamshell furnace 1 $1,900.00 $1.,900.00
80/20 support stand 1 $700.00 $700.00
PP Systems WMA-4 CO2 analyzer 1 $2,100.00 $2,100.00
Metal Bellow MB-21 pump 1 $1,200.00 $1,200.00
Omega thermocouple, type K 2 $30.00 $60.00
Omega pressure gauge 1 $20.00 $20.00
Multi-tube (2) gas proportioning rotameter 1 $480.00 $480.00
50 mm rotameter 1 $120.00 $120.00
Glass reactor 1 $110.00 $110.00
Omega CN2110 series temperature controller 1 $400.00 $400.00
Gl e el g HEREE
Total Estimated Cost $8,920.00

*  Prices as of December 2014

the measurement of kinetic data.

A complete itemized parts list for the reaction unit with esti-
mated costs is shown in Table 2. It is constructed as a modular
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unit that rests on a laboratory benchtop and only requires two
gas feed lines, one exhaust line, and one electrical connection.
The catalytic reactor is constructed out of borosilicate glass
and consists of a preheating coil, a catalyst section, and a
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U-shaped effluent line (Figure 2). The catalyst section contains
a thermowell for a K-type thermocouple, which is used for
temperature indication that is displayed on a readout, and a
catalyst bed, which is supported by a porous glass frit. An
O-ring with a Swagelok™ Ultra-Torr vacuum fitting seals
the thermowell from the catalyst section.

Gas inlet

Thermo-couple

Gas
outlet Preheat coil
Clamshell Catalyst
furnace bed
Glass frit

Figure 2. The cross-section view of the clamshell
furnace showing the glass reactor with K-type thermo-
couple inserted into catalyst bed, which is supported by

Prior to the start of the experiments, 0.25 gof a 0.5 wt% Pd/
ALQ, catalyst powder is loaded into the reactor by pouring the
catalyst through the thermowell and onto the glass frit. In order
to study the effects of heat and mass transfer limitations on the
reaction rate in subsequent experiments, the powder catalyst
can be replaced with Pd/AlL O, pellets of a desired size. The
reactor is heated by using a clamshell furnace, which contains
a thermocouple connected to a temperature controller.

As shown in Figure 3, the catalytic reaction unit can simu-
late three different ideal reactor configurations: batch, plug-
flow (PFR), and continuous stirred-tank (CSTR). The flow
paths for each mode of operation are indicated by the thick
lines in Figure 3. The batch and CSTR configurations incor-
porate a metal bellows recirculation pump, which recycles
product gases to the reactor feed at high enough flow rates
to simulate well-mixed behavior.*!l The PFR configuration
is a single-pass mode of operation. Gas delivery flow rates
are measured and controlled by two rotameters with integral
needle valves: one rotameter for the methane/air mixture,
and the other for the nitrogen diluent to adjust the methane/
air concentration. A CO, analyzer collects a slip-stream of the
effluent gas mixture and analyzes the CO, concentration by
using a non-destructive infrared (IR)-based sensor, and then
returns the gas to the process stream.

The students measure the instantaneous CO, concentration
at the reactor outlet by using the analyzer, and then average
CO, readings over a time interval to minimize the error in-

a glass frit. troduced from instrument noise. The exit CO, concentration
(a) (b) (c)
To Vent To Vent To Vent
N, CH./Air N2 CH4/Air N, CH./Air
\/ \/ \I/ \/
Bypass Bypass Bypass
o} e ol
Relief Reactor

Recycle pump

Batch

Recycle pump

Plug-flow

Recycle pump

CSTR

Figure 3. Process flow schematic showing the different ideal reactor configurations for the experimental setup: (a) batch, (b)
plug-flow (PFR), and (c) continuous stirred-tank (CSTR). Flow paths for each configuration are designated by thick dark lines.
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and inlet methane concentration are used to calculate the
methane conversion at the exit of the catalyst bed (see “Cal-
culations” section). During the experiments, the flow rates of
the methane/air mixture and of nitrogen, along with the reactor
temperature, can be adjusted to achieve a desired methane
conversion (4 — 6%, within the differential limit of <10%).

In experiments to determine the activation energy, the
reactor temperature is varied across a 40 — 50 K temperature
range while the methane/air mixture and nitrogen flow rates
are held constant. In experiments to determine the apparent
reaction order for methane, the methane feed concentration is
varied while the total flow rate and reaction temperature are
held constant. The methane concentration is varied by adjust-
ing the flow rates of the methane/air mixture and the nitrogen
diluent to maintain a constant total flow rate. Since oxygen is
in excess, the order of reaction for oxygen is assumed to be
zero, 'l which means that the change in air concentration
has a negligible effect on the reaction rate.

SAFETY

The lower and upper explosive limits (LEL/UEL) for
methane in air are 5 vol% and 15 vol% " respectively. In
these experiments, we use pre-mixed methane/air mixtures
containing 1 — 2.5 vol% methane to guarantee that the operat-
ing range will always remain outside of the explosion region.
Another benefit of using these methane/air mixtures is to
ensure that O, will remain in excess (~4X molar excess) of
the stoichiometric amount required for complete oxidation of
methane, thus avoiding CO formation from partial oxidation
(CH, + 3/20,— CO + 2H,0). The presence of CO in the
reactor would require additional laboratory safety devices,
including an atmospheric CO gas detector connected to an
automated safety shut-off valve to stop the methane/air flow
to the reactor in the event of a leak. The proposed laboratory
experiments are designed specifically to eliminate hazards
associated with CO exposure. The reactor exhaust in the
current apparatus is connected to a ventilated fume hood in
order to prevent exposure to the laboratory.

Additional safety features include a pressure relief valve, set
to 5 psig, that is installed upstream of the reactor for protection
in the unlikely event of overpressure. The reactor by-pass can
be used at any time to stop the reaction. Safety glasses must
be worn at all times during operation of the laboratory reactor
unit and users should exercise caution to avoid contact with
the furnace and external tubing to prevent thermal burns.

CALCULATIONS

The methane conversion is determined by the number of
moles of methane that have reacted per mole of methane fed
to the system, which can be determined for flow reactors
from the measured outlet concentration of CO, (1 mole of
CO, is formed per mole of CH, reacted) and the known inlet
concentration of methane:
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C C
X:gzﬁwhenq:qo (1)

qOCCHM CH,,

In Eq. (1), X is the conversion of methane, q, is the inlet
volumetric flow rate (liters s'), q is the outlet volumetric flow
rate (liters s™), C, is the concentration of species i (moles
liter") and C,, is the concentration of species i at the inlet
(moles liter"). Since CO, and water are the only products of
the reaction (CH, + 20,— CO, + 2H,0), the total number
of moles is conserved during the reaction and the inlet and
outlet flow rates are equal.

The relation between the reaction rate and the measured
parameters is derived from the mole balance on the species
of interest for a particular system. For the batch reactor, the
rate is given by:

dC
r=Y oo, 2)

W dt
where r is the rate [(mole CO,) (g_ ") s']; V is the reactor

volume (liters); W is the mass of catalyst (grams of catalyst);
and C,_ is the concentration of CO, (moles liter").

The CSTR rate equation is given by:

9Cc,
r=——= 3
= 3
where r is the rate [(mole CO,) (gcm'l) s'; q is the volumetric
flow rate (liters s'); W is the mass of catalyst (grams); and

Ceo, is the concentration of CO, (moles liter™).
The differential form of the PFR rate expression is:

dX
r=qC,, aw

(4)

In the limit of low conversion (X < 0.1), the concentrations
and temperature are often assumed to be constant throughout the
reactor, in which case the integration of Eq. (4) yields Eq. (3).
If the PFR cannot be considered differential, however, then
the reaction rate can be calculated from the PFR data if the
dependence of rates with concentration is known [Eq. (5)].

In order to measure the temperature and concentration
dependences of the rate, the experimental data are fitted to a
power law expression:

r=k,,,Cc,C5,C0,Chio (5)
— _E"’PP
k,, =Aexp _T (6)

where kapp is the apparent rate constant; o, 3, v, and d are the
apparent reaction orders with respect to concentrations of
CH,,0,,CO,,and H,0, respectively; Ais the pre-exponential
factor; E. is the apparent activation energy (kJ mole™); R is
the universal gas constant (kJ mole™! K'); and T is the reac-
tion temperature (K).

205



By combining Egs. (5) and (6), the overall power law rate
expression is given as:

app

E o
T ]Ccmcgzcgozcizo

r=Aex
|5

(7)

Taking the natural log of both sides of the power law rate
expression [Eq. (7)] gives:
1
T

A plot of In(r) versus T' [Eq. (8)] allows the calculation of
the apparent activation energy from the slope of -E_ /R, if
the experiments are performed with constant reactant and
product concentrations.

app

R

(8)

1n(r)=1n(Ach4cE,2cg%ci,zo )—

Additionally, the apparent reaction order for methane can
be determined from the power law rate expression in Eq. (5)
when the data are collected at a fixed temperature. We assume
that the orders for O, and CO, are zero because oxygen is in
excess and because there is no inhibition of the reaction rate
by CO, (below 0.5% CO,)."""? If inhibition by H,O is also
ignored, then the H,O order is assumed to be zero!"*'>'* and
the rate expression reduces to:
=k, [C (1-X)] =K, Cay L forl=X =1 (9)

CHyy

r=k,, pC§H4
From the linear regression of In(r) versus In(C, , ), the apparent
order of reaction for methane, . is given by the slope.

Researchers have shown, however, that the oxidation of methane
on supported Pd catalysts is inhibited by H,0,"***!* a product
of the methane oxidation reaction. By using the experimen-
tally determined H,O reaction order of -1, the rate expression in
Eq. (5) becomes:

CZH4 _ k I:CCH4.U (1 - X)ir ~ kappCZ;IlL,ﬁ
2C., X 2X

app — Tapp
CHZO CH, 0

r=k for 1-X =1 (10)

Proper accounting of the effects of product inhibition on the
reaction kinetics can be accomplished by using a straightforward
mathematical treatment of the experimental data. However, the
instructor can choose to simplify the mathematical analysis for

the students by assuming that the methane oxidation rate is
uninhibited by the reaction products. Under this assumption,
the reaction rates, apparent activation energies, and apparent
methane order can be determined more simply. The simplified
analysis provides students with a qualitative understanding
of the effects of operating parameters, such as reactant par-
tial pressure, temperature, and catalyst particle size, on the
methane oxidation rate. The implications of the important
differences between these two methods of data analysis (with
and without water inhibition) are discussed below.

RESULTS
Methane oxidation kinetics with water inhibition

The order of reaction for methane in the CSTR configura-
tion, accounting for H,O inhibition of the reaction rate, is
determined by substituting the rate expression from Eq. (10)

into Eq. (3) and rearranging to solve for X as follows:
qCCH4_0X _ CCHMX :kappcg;IA_o £

w
or T=—
w T 2X q

(11)

/2

tk, Col

pp —CH,4 0

- (12)

By combining Eqgs. (12) and (10), the simplified rate
expression becomes:

o o 2
:kappCCHl4,o — kappCCHIA,O — kapp Ca/z 13
r 2X w2 )2 1 CHyy ( )
‘ckaPPCCHmo
2

The slope of the linear regression of In(r) versus
In(C,, ) gives the apparent reaction order for methane,
oo Eq. (13), however, shows that the true reaction
order for methane (o) is related to the apparent reaction
order ((xapp) by a= 20Lapp. Thus, the true methane reaction
order for the CSTR is 1.0+0.2. Similarly, for the batch
and PFR configurations, the methane reaction orders are
1.1+0.2 and 0.8+0.2, respectively, as shown in Table 3.
These values are in agreement with the methane reaction

balance N,.

TABLE 3
Methane oxidation kinetics for various reactors on a 0.5 wt% Pd/Al,O, powder catalyst with water inhibition
Reactor Rae * a’ E app
/107 (mole CO,) (g, s /kJ mole™! /kJ mole™!
Batch ¢ 1.5+0.2 1.1£0.2 85+5 169+9
Plug-flow © 1.3+0.2 0.8+0.2 88+3 176x6
CSTR 1.6x0.1 1.0+0.2 911 181+2
a Rates determined at 506 K with 1.2% CH,, 9.7% O,,0.1% H,0, and balance N, at 0.13 liter min™ total flow.
b CH, reaction order was measured at 506 K by assuming reaction orders of -1 for H,0, and 0 for O, and CO,.
¢ Measured between 498 — 528 K.
d Batch rates are determined from initial reaction rates [Eq. (2)] measured with 1.2% CH,, 9.7% O,,0.1% H,0, and balance N,.
e PFR rates determined according to PFR model [Eq. (16)] and the power law rate expression [Eq. (10)] with 1.2% CH,,9.7% O,,0.1% H,O, and
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order of 1.1+0.1 measured by Fujimoto, et al."* on Pd/ZrO,.

The apparent activation energy is determined from Eq.
(8) by plotting In(r) as a function of T' for a fixed initial
concentration of methane. Eq. (13) shows that the measured
rate, accounting for H,O inhibition [Eq. (10)], is proportional
to k' for the CSTR configuration. Thus, the overall power
law rate expression is:

k 12 . A 12 _EZI ;
r:(aj CCZ“’:(EJ exp 2R’¥ C;fm (14)

Taking the natural log of both sides of Eq. (14) gives:

AC E
1n(r)=lln Denyy | Eanf 1 for a=1 (15)
2 2T 2R\ T

A comparison of the temperature dependent terms in Egs.
(15) and (8) shows that the apparent activation energy (Eapp)
for methane oxidation is related to the slope of In(r) versus
T!, denoted as E*, by Elep = 2E". Thus, the apparent activa-
tion energy measured in the CSTR configuration is 181+2 kJ

mole! (Table 3).

The kinetics in the PFR configuration, accounting for H,0O
inhibition, were determined by using the differential form
of the PFR model [Eq. (4)] with actual reaction orders. The
following expression for the apparent rate constant can be
derived by using Eq. (4) and the rate law with the correct
H,O order of -1 (full derivation provided in the supplemental
information available online):

C

k., =% X (16)

The apparent activation energy determined by the slope of
ln(kapp) versus T from the PFR model that accounts for H,0O
inhibition [Eq. (16)]is 176+6 kJ mole™! (Table 3). This appar-
ent activation energy is twice the value of 88+3 kJ mole™! for
E", which is determined by the slope of In(r) versus T' and
does not account for H,O inhibition. The methane oxidation
rate for the PFR (Table 3) with H,O inhibition, calculated by
using the power law rate expression [Eq. (10)] and L9 from
the PFR model [Eq. (16)],is 1.3 x 107 (mole CO)) (g ") s

cat

at 506 K (1.2% CH,, 9.7% O,, 0.1% H,O, and balance N.)
and is within 15% of the rates calculated for the batch and
CSTR configurations.

A similar correction for H,O inhibition is applied to the
batch reactor to show that the apparent activation energy
for the batch configuration is 169+9 kJ mole™, which agrees
with the values determined in the PFR and CSTR modes. The
batch reactor rates are reported as initial rates where the H,O
concentration (0.1% H,0O) is similar to that within the CSTR.

Simplified methane oxidation kinetics
by assuming no water inhibition

If the methane oxidation reaction is assumed to be zero
order in H,O and that differential conditions can be achieved,
then the reaction rate for the PFR, like the CSTR, can be
determined directly from the experimental data according
to Eq. (3). Based on this assumption, the rate for the PFR at
an average methane conversion of 4.9% is shown in Table 4
along with rates for batch and CSTR configurations at average
methane conversions of 4.5% and 4.3%, respectively, at 506
K (1.2% CH,,9.7% O,,0.1% H,0, and balance N,). Reaction
rates for the batch and CSTR were identical within experi-
mental error, but lower than rates for the PFR (Table 3). The
reason for this rate discrepancy is because H,O inhibits!"*'*
the methane oxidation reaction by competing with methane
for Pd surface sites. The PFR contains no water at the inlet
of the catalyst bed, while the CSTR (with a recycled product
stream) and batch reactor (started from the CSTR configura-
tion at steady state) contain a finite concentration of H,O at
initial times. These results demonstrate that the PFR cannot
be considered a differential reactor when reaction products
inhibit the reaction rate, even though the PFR is often modeled
as a CSTR in the limit of low conversion out of convenience to
directly calculate the rate from an algebraic equation [Eq. (3)].

Fortunately, there is a straightforward experimental solution
that removes complications in the kinetic analysis caused by
product inhibition in the PFR. Addition of water to the reactor
feed, in an amount that results in only a differential change
(<10% of its initial value) in water concentration along the
length of the bed due to the chemical reaction, ensures that the

TABLE 4
Methane oxidation kinetic parameters for different ideal reactor types on a 0.5 wt% Pd/ALO, powder catalyst from analysis
that assumes no water inhibition

Reactor Rate * a b E'*
/107 (mole CO,) (g, ") s app / kJ mole™!

Batch ¢ 1.5+0.2 0.6+0.1 85+5

Plug-flow © 22+0.2 0.4+0.1 88+3

CSTR 1.6+0.1 0.5+0.1 911

Rates determined at 506 K with 1.2% CH » 9.7% 02, 0.1% HZO, and balance N, at 0.13 liter min™! total flow.
CH 4 reaction order measured at 506 K, by assuming reaction orders of 0 for HZO, 02, and COz.

Batch rates are determined from initial reaction rates [Eq. (2)] measured with 1.2% CH,, 9.7% O,,0.1% H,0, and balance N,.
PFR rates determined according to the CSTR model for differential reactor [Eq. (3)] without accounting for water inhibition.

a
b
¢ Measured between 498 — 528 K.
d
e
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Our instructional reactor unit

O CSTR T is mobile, is constructed with

1 inherent safety features, and is
versatile in its ability to perform
multiple types of experiments
with precise measurements.

The experimentally determined rates in Table 4,
ranging from 1.5 to 2.2 x 107 (mole CO,) (g, ") s at

-16.5- . ! . ! . ! . ! . ! .
90 -85 80 -75 -70 -65

506 K (1.2% CH,,9.7% O,, 0.1% H,0O, and balance

-6.0 N 2), are comparable to those obtained by Ribeiro, et

|I"I(CH4 5 concentation / mol L'1) al.l' for methane oxidation on supported Pd catalysts

’ (091to 5 x 107 (mole CO,) (g ") s extrapolated to

506 K with 1.2% CH,,9.7% O,,0.1% H,O and E_

Figure 4. Apparent methane reaction orders obtained from rates deter- = 82 kJ mole™). The apparent reaction orders for
mined by using the CSTR model [Eq. (3)] at 506 K on 0.5 wt.% Pd/Al,O,in methane on the 0.5 wt% Pd/Al,O, powder catalyst in
the PFR (circles) and CSTR (squares), neglecting inhibition by H,O. the PFR and CSTR configurations were determined

from the data in Figure 4 to be 0.4+0.1 and 0.5+0.1,

respectively (Table 4). Similarly, the apparent reaction

240 | I without H,0

| EAwith H,0 81
"o 159
e 7
2 120
3
W 60

order for methane in the batch reactor was determined
to be 0.6+0.1. The slopes of In(r) versus T' (E*) for
the three reactors were also similar, ranging from 85 to
91 kJ mol™'. We reiterate that these apparent methane
reaction orders and activation energies (Table 4) were
77 estimated by using rate equations that assume the H,O
reaction order is zero and result in falsified kinetic
values. These falsified kinetic values (Table 4) have
instructive value when compared to the true kinetic
values (Table 3), because it illustrates the corruption
of kinetic measurements due to product inhibition.

Student laboratory results

Apparent activation energies and methane reaction
orders obtained by using the three reactors (batch,
CSTR, PFR) for the methane catalytic oxidation ex-
periment were collected from eight groups of chemi-

Figure 5. Activation energy comparison of the averaged
student data for the three reactor configurations with-
out inhibition by H,O (solid) and with inhibition by H,O
(shaded). Error bars are determined based on the stan-
dard deviation according to the “n-1” method.

rate is approximately constant throughout the reactor and that
the PFR operates as a differential reactor and can be modeled
as a CSTR (Eq. (3)). The capability of co-feeding products,
however, has not been added to the reactor setup described
in this experiment (Figure 1). It can be easily done by adding
a water saturator to the feed.

208

cal engineering students (29 total students) at Purdue
University. Figure 5 shows a comparison of the activation
energies determined by the students for each reactor, both
with and without accounting for the effect of water inhibition
on the reaction rate. The reported values are averages of the
data obtained by the eight student groups. When water inhibi-
tion is neglected, the students measured E" values of 83+13,
9112, and 87«11 kJ mole! for the batch, CSTR, and PFR
configurations, respectively. Taking into account the inhibition
of water on the reaction rate, the apparent activation energies
reported are 159+25, 181+20, and 168+16 kJ mole™! for the
batch, CSTR, and PFR configurations, respectively. These
values are in reasonable agreement with those listed in Table 3.
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The average values of the methane reaction order
for the three reactor types are shown in Figure 6. For
the case without inhibition by water, the apparent
methane reaction orders measured in each reactor
are 0.6+0.1. When water inhibition is included in
the analysis, the methane reaction orders are 0.9+0.3
for the batch reactor, and 1.0+0.2 for both the CSTR
and PFR. These results are in excellent agreement
with those reported in Table 3, as well as in the
literature 12151

In order to examine the effect of internal mass
transfer resistance on the reaction rate, the students
replaced the powder 0.5 wt% Pd/Al O, catalyst
with cylindrical pellets (3.3 mm L x 3.5 mm D) of
0.5 wt% Pd/Al,O,, and then determined the appar-
ent activation energy from the PFR configuration.
Figure 7 shows an Arrhenius plot of ln(kapp) versus
T, in which the apparent activation energies for the
two different catalyst particle sizes are compared by
using the PFR model with H,O inhibition to extract
kapp [Eq. (16)]. The apparent activation energy of
176+6 kJ mole™' for the 0.5 wt% Pd/Al O, catalyst
powder is approximately twice that of the 0.5 wt%
Pd/A1 O, pellet (911 kJ mole™), which indicates
that internal diffusion limitations are present.!" This
exercise allows the students to observe how kinetics
can also be falsified in the presence of mass transfer
resistance, which can have important consequences
in fundamental studies of chemical kinetics and
in industrial applications for reactor design. For
example, if the particle size of the catalyst pellet
were reduced, the higher apparent activation en-
ergy would cause the reaction rate to become more
sensitive to temperature and potentially increase the
probability of a runaway reaction.'?!

CONCLUSIONS

By properly accounting for inhibition of the re-
action rate by H O, students can measure apparent
methane reaction orders, reaction rates, and appar-
ent activation energies on a supported 0.5 wt% Pd/
ALQ, catalyst that are similar for the three types of
ideal reactors and that are in agreement with results
published in the literature for supported Pd catalysts.
From these experiments, students observe that the
reactor configurations incorporating product recycle
(CSTR, batch) exhibit lower rates than the single-
pass PFR configuration under the same reaction
conditions, because one of the reaction products
(H,0) inhibits the reaction rate. In this case, the PFR
cannot be considered a differential reactor, since the
reaction rate varies with conversion and H,O pres-
sure along the length of the reactor.
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Figure 6. Methane reaction order comparison of the averaged
student data for the three reactor configurations without inhibi-
tion by H,O (solid) and with inhibition by H,O (shaded). Error bars
are determined based on the standard deviation according to the
“n-1" method.
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Figure 7. Arrhenius plots comparing the effect of internal mass
transfer resistance for 0.5 wt.% Pd/Al,O, powder (circles) versus
0.5 wt.% Pd/Al O, pellets (squares). Apparent rate constants for
the PFR were determined from measurements between 498 — 528 K
(1.2% CH,, 9.7% O,, 0.1% H,0, and balance N,) by using Eq. (16)
to account for water inhibition.

An important lesson demonstrated by the experiments in our instruc-
tional reactor unit is that falsified kinetics can be measured when the
products of a reaction inhibit the reaction rate. In these instances, the
measured apparent activation energies and reaction orders are differ-
ent from their true values. In lieu of co-feeding the products with the

209



reactants to assure their concentrations, and the reaction rate
in turn, are constant throughout the reactor at low conver-
sion, proper treatment of the experimental data that explicitly
accounts for product inhibition is necessary to accurately
estimate kinetic parameters and apply them to solve reaction
engineering problems.

Additionally, by comparing apparent activation energies for
0.5 wt% Pd/Al O, catalysts of different particle sizes, students
learn that internal mass transfer resistance within catalyst
pellets can also lead to falsified kinetics. When intrapellet
concentrations differ from external fluid concentrations, the
reaction rate is no longer solely dependent on the number of
catalytic sites in the pellet, but instead becomes limited by
the internal diffusion of reactants to the active sites.

These findings show that chemical engineering students
can use this versatile laboratory reactor unit successfully
as a hands-on tool to learn important concepts in chemical
kinetics, catalysis, and reaction engineering on a system with
real-world applications.

SUPPLEMENTAL INFORMATION

Additional figures of the glass reactor and laboratory unit,
derivation of the PFR model with water inhibition, and in-
structional materials are available via the internet at <https://
engineering.purdue.edu/~catalyst/publications.html>.
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