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While the potential for product inhibition in catalytic reactions is well known, the impact of neglected
inhibition on measured kinetic parameters is often overlooked. The presence of product inhibition, most
often caused by the competitive adsorption of products with reactants on catalytic active sites, is difficult
to determine a priori for an arbitrary catalytic system. The significance of product inhibition relies on the
concentration of the products, their adsorption thermodynamics on catalytically relevant sites, and pro-
cess parameters such as temperature and pressure. When inhibition is significant, however, apparent
activation energies and reaction orders vary from the differential-reactor apparent activation energy
by a factor of 1/(1 � d), where d is the total inhibition order (e.g., the factor (1 � d) = 1.6 for a system with
product inhibition of �0.6 order). This is illustrated here with the kinetics of NO oxidation over Cu ion
clusters (CuxOy) in Cu-SSZ-13, for which the product NO2 inhibits the forward reaction. Furthermore,
in the presence of inhibition, when only reactants are fed to a flow reactor or placed in a batch reactor,
there is often no practical conversion that is low enough to guarantee differential behavior. Inclusion of
products in the feed solves this problem, allowing accurate determination of kinetic parameters such as
apparent reaction orders and activation energies. We also demonstrate that evaluation of the necessity of
co-feeding products to assure measurement of differential-reactor data in a given catalytic system is
straightforward from a plot of the log of the rate (or conversion) versus the log of the space time in a flow
reactor or elapsed time in a batch reactor. We encourage inclusion of this test in all kinetic analyses that
are reasonably approximated by power law rate expressions.

� 2020 Published by Elsevier Inc.
1. Introduction

Inhibition of the forward rate by products of the reaction is
prevalent in heterogeneous catalysis. Examples include the com-
bustion of methane on Pd [1,2], hydro-dechlorination of chloro-
carbons on Pd [3,4], the water-gas shift on Pd [5], Pt [6,7], and
CuO/ZnO/Al2O3 [8], SO2 oxidation on Pt [9], NO oxidation on Cu,
Fe-zeolites [10,11] and Pt [12,13], NO decomposition on Cu-
zeolites [14], epoxidation of ethylene to ethylene oxide on Ag/
a-Al2O3 [15], epoxidation of propylene to propylene oxide on
Au/TS-1 [16], cyclohexene epoxidation on Ti, Ta, and Nb contain-
ing molecular sieves of the Beta topology [17], ketonization of
acetic acid on both Ru/TiO2 [18] and on H-ZSM-5 [19], and dehy-
drogenation of methanol to methyl formate [20]. Failure to
account for product inhibition in the planning and analysis of
kinetic experiments can produce significant errors in calculated
kinetic parameters. The source of these errors is demonstrated
in the following qualitative argument. Consider a monomolecular
transformation of reactant A to product B taking place in a well-
mixed, continuous stirred tank reactor (CSTR) with pure A as the
sole component of the inlet stream. A typical set of experiments
would vary temperature at constant concentration and flow rate
of A and vary the concentration of A (½A�) by diluting in inert
gas at constant temperature. The slope of a plot of the natural
log of the rate versus inverse temperature equals the negative
apparent activation energy divided by the gas constant R, and
the slope of a log-log plot of rate vs. concentration of A equals
the apparent reaction order of A. We will assume that even
though the conversion of A is below 10% for all data gathered,
the rate is inverse order in B for all measurements, and that this
fact is not known to the investigator. In the activation energy
experiments, as the temperature is increased the conversion will
increase, increasing the concentration of B (½B�). At higher ½B� the
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rate will decrease, thus diminishing the increase in rate caused by
higher temperature and leading to lower apparent activation
energy. This was experimentally verified by Mulla et al. [12]
and Hamzehlouyan et al. [9], who studied the effect of product
inhibition on the kinetics of NO oxidation and SO2 oxidation,
respectively, over supported Pt clusters and recorded a lower
value of the apparent activation energy in the absence of product
co-feeds. Similarly, increases in the concentration of A at constant
temperature will yield more B, which will diminish the rate
increase caused by A and lead to a lower than expected order
in A.

Most commonly, the errors above are generated by the assump-
tion that product inhibition of the forward rate can always be
ignored when operating under conditions which maintain differen-
tial conversion of the reactants. While it is true that there will
always be a conversion below which product inhibition can be
ignored, we will show in the discussion below that this value of
the conversion is often too low for practical experiments and that
no reactor type is immune from this problem. Using NO oxidation
over copper-exchanged chabazite zeolites (Cu-SSZ-13) as an exam-
ple, we show that co-feeding products with the reactant mixture
avoids these potential errors. We then illustrate the quantitative
consequences of ignoring product inhibition. We further generalize
the analysis for any power law rate expression and show that the
need for co-feeding products with the reactant mixture to avoid
falsification of kinetic parameter measurements can be evaluated
with conversion versus space time (or, in a batch reactor, elapsed
time) data. The focus of this analysis is on measurement of initial
rates of reaction at conversions that are intended to be low enough
to minimize effects of products on the rates. The objective of the
power law rate expressions obtained from such measurements is
to provide guidance, through the values of the apparent orders of
reaction and the apparent activation energy and entropy, to a Lang-
muir Hinshelwood, Hougen-Watson rate expression representing a
sequence of elementary reaction steps at the molecular level [21].
Analyses of complex reactions with kinetically important reversi-
ble steps also require data obtained with products in the feed
but are beyond the scope of this paper. Detailed examples of such
reactions can be found in Marin et al. [22]. We note, however, that
if the reaction is irreversible and products do not undergo subse-
quent reactions, the analysis presented here would also apply to
any incremental change in conversion with the inlet mixture rep-
resentative of a specific reactant conversion. In what follows, we
present a straightforward example of the issues that can arise
when product inhibition is not accounted for, a simple experimen-
tal test to determine if product inhibition is occurring, and exper-
imental strategies to accurately measure kinetic parameters in
spite of inhibitory reaction products.
2. Experimental methods

2.1. Catalyst preparation

The methods for catalyst synthesis and characterization have
been provided in detail elsewhere [10,23]. In brief, SSZ-13 was syn-
thesized by following the recipe of Fickel and Lobo [24,25]. The
XRD pattern, N2 adsorption isotherms, 27Al magic-angle spinning
NMR, and H+:Al ratios are reported by Bates et al. and confirm
the zeolite structure and Al coordination [23]. Copper ions were
deposited by a liquid phase ion exchange method by using copper
nitrate as the Cu ion precursor. The catalyst used for kinetic studies
reported in the main text of this manuscript had 28 ± 5% of the Cu
present as CuxOy species, as quantified under in-situ NO oxidation
from separate X-ray absorption results, and the Cu:Altotal ratio was
0.35 as measured by AAS [10].
2.2. Catalyst characterization

Atomic absorption spectroscopy (AAS) was used to quantify
bulk Si, Al, and Cu concentrations. Approximately 20 mg of sample
were dissolved in 2 mL of HF (Mallenkrodt, 40 wt%) for >8 hours in
a high-density-polyethylene (HDPE) bottle, then diluted with
between 50 and 120 mL deionized water (Millipore, Synergy UV
Water Purification System, 18.2 MX cm resistivity at 298 K).
Proper PPE, engineering controls, and emergency exposure precau-
tions must be taken as HF is an extremely corrosive chemical and
will directly attack calcium in human tissue. 1000 ppm standards
for copper (Sigma Aldrich TraceCERT, 1000 mg/L Cu in nitric acid),
silicon (Sigma Aldrich TraceCERT, 1000 mg/L Si in NaOH), alu-
minum (Sigma Aldrich TraceCERT, 1000 mg/L Al in nitric acid),
and sodium (Sigma Aldrich TraceCERT, 1000 mg/L Na in nitric acid)
were diluted to two to three concentrations within the linear cali-
bration range in clean HDPE bottles for use as standards. Elemental
analysis to measure the Cu wt%, Cu:Al, and Si:Al of the dissolved
sample was performed using atomic absorption spectroscopy
(AAS) on a Perkin-Elmer AAnalyst 300. A calibration (absorbance
vs concentration) was generated at the beginning and end of each
run to ensure that absorbances did not drift by more than 5%
throughout the run. Each calibration and sample bottle was shaken
vigorously before collecting concentrations to eliminate possible
concentration gradients due to gravimetric separation. The results
of these elemental analyses are reported in Table S.1 and deter-
mined that the catalysts reported in this study had Cu weight load-
ings of 0–18.93 wt% Cu, Cu:Al atomic ratios of 0–1.6, and Si:Al
atomic ratios of 4.3–4.5.

Powder X-ray diffraction (XRD) data were collected on a Rigaku
SmartLab diffractometer using a Cu K(a) radiation source operated
at 1.76 kW. Two sample holders were used. For one, approximately
0.6 g of sample were loaded in a sample holder with a depth of
2 mm. The second, about 0.05 g of sample were loaded in a sample
holder with a depth of 0.2 mm. Patterns were obtained from 4 to
40� 2h using a step size of 0.01� 2h and scan rate 0.05� 2h min�1

at ambient conditions. XRD patterns were used to confirm the
presence of peaks characteristic of the CHA framework. Represen-
tative XRD patterns are reported in Fig. S.1.

Argon (87 K) adsorption isotherms were collected on a
Micromeritics Accelerated Surface Area and Porosimetry (ASAP)
2020 system. Samples were first pelleted and sieved to retain par-
ticles between 180 and 250 lm in diameter, degassed by heating
0.03–0.05 g of sample to 393 K (0.167 K s�1) under high vacuum
(<5 lmHg) for 2 h, and then further heated to 623 K
(0.167 K s�1) under high vacuum (<5 lmHg) for 8 h. Extrapolation
of the linear volumetric uptake during mesopore filling (~0.08–
0.30 P/P0) to zero relative pressure gave an estimate for the volume
of adsorbed gas in micropores (cm3 (gcat)�1 at STP). An example Ar
isotherm is reported in Fig. S.2.

UV–Visible-NIR spectra of H- and Cu-zeolites were taken at
ambient conditions (calcined beforehand in air at 823 K for 6 h
and exposed to air at ~298 K) with a Varian Cary 5000 UV–VIS-
NIR spectrophotometer and Harrick-Scientific Praying-Mantis dif-
fuse reflectance optics and cell. Barium sulfate (BaSO4, Sigma-
Aldrich, 99%) was used for zero-absorbance background scans for
background correction. UV–Visible-NIR spectra were collected
with a scan speed of 2000 cm�1 min�1 from 4000 to 50000 cm�1.
Approximately 0.1 to 0.2 g of each sample were packed and flat-
tened in a sample cup using a clean microscope slide followed by
sealing of the in situ cell and collection of UV–Visible-NIR spectra.
For Cu-zeolites, UV–Vis-NIR spectra show two bands, which are
assigned to a Cu2+ d-d transition at ~12000 cm�1 and a charge
transfer (O ? Cu) at ~47000 cm�1, as reported in the literature
[23,26,27]. Representative UV–Vis-NIR spectra are shown in
Fig. S.3.
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Ambient X-ray absorption spectroscopy (XAS) experiments
were carried out at Sector 10 of the Advanced Photon Source at
Argonne National Laboratory [28,29]. For Cu-SSZ-13 and CuO
spectra using a six-shooter cell that allows the simultaneous
treatment of six samples, 10–15 mg of each sample were loaded.
All spectra were collected in the step scan mode. An XAS spec-
trum of aqueous Cu(NO3)2 was collected in a glass cuvette. For
experiments using either the six-shooter cell and the glass cuv-
ette, the Cu metal foil spectrum was calibrated to 8979 eV for
the Cu K-edge. In addition, a Cu metal foil spectrum was simulta-
neously collected while measuring sample spectra in the energy
range from 8700 eV to 9890 eV. All spectra were normalized
using a first-order polynomial in the pre-edge region. XAS spectra
are shown in Fig. S.4.
2.3. Catalytic testing

The reactor used for testing the kinetic effect of product co-
feeding on NO oxidation was described in detail by Verma et al.
[10]. In brief, kinetic experiments were performed in a plug flow
reactor system which had the capability of measuring gas concen-
trations either from the reactor outlet or through a bypass loop. An
online gas phase FTIR instrument (MKS Multigas 2030) was used
with factory supplied calibrations to quantify the gas concentra-
tions. Calibrations were validated by flowing NO and NO2 stan-
dards (Praxair). In previous work, we have shown that catalytic
dry NO oxidation (0.304 kPa NO, 0.015 kPa NO2, 10.13 kPa O2,
90.876 kPa N2, 543 K) is catalyzed by Cu ion clusters (CuxOy spe-
cies, x � 2, y � 1), and that Cu ions electrostatically tethered to
two proximal anionic framework sites in Cu-SSZ-13 are inactive
for this reaction [10,30]. These results are reported in Fig. S.5, in
which the NO oxidation rate is zero for samples without CuxOy

clusters. As a result, a candidate Cu-SSZ-13 catalyst with high Cux-
Oy content was selected for this inhibition study from a series of
Cu-SSZ-13 catalysts prepared by a liquid phase ion exchange
method using copper nitrate as the Cu ion precursor. Two sets of
experiments were performed for this study. The first set involved
quantifying the kinetics of NO oxidation in the presence of product
(NO2) co-feeding. The standard gas concentrations in this set were
0.304 kPa NO (Praxair, 3% NO in balance Ar), 0.015 kPa NO2 (Prax-
air, 1.5% NO2 in balance Ar), 10.13 kPa O2 (Indiana Oxygen, 99.5%
commercial grade), 90.876 kPa N2 (Linde, liquid N2 boiloff), at
543 K. The total flowrate was 1500 std cm3 min�1 and the NO con-
version was kept to less than 10% by varying the mass of catalyst
between 30 mg and 300 mg, with most samples between 50 and
100 mg. Cu-SSZ-13 catalysts were calcined in 20% O2 in balance
N2 at 773 K. The NO2 inhibition was quantified by measuring the
apparent reaction order with respect to NO2, and the rate of reac-
tion was calculated at the respective inlet concentrations on the
assumption that the differential plug flow reactor could be treated
as a continuous stirred tank reactor (CSTR) [31–33]. The second set
of experiments involved no NO2 co-feeding. The standard condi-
tions were 0.304 kPa NO, 10.13 kPa O2, 90.891 kPa N2, at 543 K.
Once again, the NO conversion was less than 10%. The inhibition
effect of NO2 was ignored and a CSTR model was used to calculate
the NO oxidation rates. In both kinetic data-sets, the NOx mass bal-
ance, defined as (NO + NO2)inlet - (NO + NO2)outlet was better than
±3 ppm (0.0003 kPa), which is within error of the detection limit
of the FTIR instrument (MKS Multigas 2030, for which the standard
deviation is ±0.5 ppm for both NO and NO2). Lastly, all experiments
were performed far away from equilibrium as quantified by 0.00

02 < b � 0.04, where b ¼ NO2½ �2
K NO½ �2 O2½ � is the approach to equilibrium

and K is the equilibrium constant.
3. Results

3.1. Kinetic experiments in presence of NO2 in the feed stream

When product inhibition is present, accurate kinetic parameters
can only be obtained when the inhibiting product is included in the
feed mixture. In order to show that NO oxidation on Cu-SSZ-13 was
indeed inhibited by NO2, the rate of NO oxidation was first evalu-
ated on the catalyst with NO2 co-feeding (results are designated as
‘‘dataset 1”). The NO conversion, X, was less than 10% and the over-
all rate of reaction was calculated using the inlet NO concentration,
the space time (s) and a CSTR model, which is valid in this instance
because conversion of reactants was differential, allowing the
assumption that the concentrations and reaction rate were con-
stant across the catalyst bed. Therefore, the mass balance for a dif-
ferential PFR can be simplified to that of a CSTR, and the following
equations were used to calculate the rate of reaction for NO + 1/2
O2 ? NO2.

rfwd ¼ FNO0 � FNO

N
¼ FNO0X

N
¼ ½NO�0X

s
ð1Þ

where s ¼ N
Q is space time [(mol Cu) s L�1], FNO0 is the inletmolar flow

rate of NO [(mol NO) s�1], FNO is the outletmolar flow rate of NO [mol
NO s�1], ½NO�0 is the inlet concentration of NO [(mol NO) L�1], N is
the number of moles of Cu in the catalyst [(mol Cu)], Q is the total
volumetric flow rate of gas from the reactor outlet [L s�1], and rfwd

is the moles of NO converted per mole of Cu per second [(mol NO)
(mol Cu)�1 s�1]. Note that Q is assumed to be independent of conver-
sion because even though moles are not conserved in the NO oxida-
tion reaction, the concentrations of NOx are very small relative to
those of N2 and O2, and, at 10% NO conversion, the total flow rate
would deviate by only 0.0015%, within error of the flow measure-
ment. The rate was calculated for the standard feed conditions at
each test temperature and the corresponding Arrhenius plot is dis-
played in Fig. 1. The apparent activation energy is 45 ± 3 kJ mol�1,
in agreement with values reported previously by Verma et al. [10]
and identical, within error, to the apparent activation energies mea-
sured across Cu-SSZ-13 samples with a range of Cu loadings
(Fig. S.6). The rate of NO oxidation at 543 K was also investigated
with varied feed compositions with NO2 included, and the apparent
reaction orders with respect to NO, NO2, and O2 pressure were
1.5 ± 0.1, �0.9 ± 0.1, and 1.1 ± 0.1, respectively (Fig. 2). Reaction
order measurements on Cu-SSZ-13 samples of varied Cu content
were similar to those in Fig. 2 and are reported in Figs. S.7–S.9.

This analysis shows that NO2 inhibits the forward rate of NO
oxidation over Cu-SSZ-13. It is important to once again emphasize
that this analysis rests on the assumption that the plug flow reac-
tor is operating at a sufficiently low conversion such that the rate
across the catalyst bed is invariant and therefore can be approxi-
mated as a CSTR. Since we have assumed a power law expression
for the rate,

rfwd ¼ keff NO½ �a½O2�b½NO2�c

¼ keff NO½ �0 1� Xð Þ� �að O2½ �0 � ½NO�0X=2Þbð NO2½ �0 þ ½NO�0XÞc ð2Þ
Thus, for X sufficiently small, i.e. differential conversion, rfwd is

constant as shown below.

rfwd ¼ keff ½NO�a0½O2�b0½NO2�c0 ð3Þ
3.2. Kinetic experiments in absence of NO2 in the feed stream

To illustrate the effect of NO2 co-feeding on the measured
kinetic parameters, data were obtained without co-feeding NO2



Fig. 1. Arrhenius plot for NO oxidation with NO2 in the feed (0.304 kPa NO,
0.015 kPa NO2, 10.13 kPa O2, 90.876 kPa N2, 500 to 585 K). Differential conversion in
the PFR makes the measured performance equivalent to that of a CSTR. Space
velocities were maintained at ~1300 s�1.

Fig. 2. Natural log of the NO oxidation rate at 543 K as a function of NO2 pressure
( ), O2 pressure (r), and NO pressure ( ). All kinetic data points included in this
plot were obtained with NO2 co-feeding. NO2 pressures between 0.004 and
0.022 kPa were used for NO2 orders. NO pressure between 0.02 and 0.05 kPa were
used for NO orders, O2 pressures between 8 and 20 kPa were used for O2 orders.
Space velocities were maintained at ~1300 s�1.

Fig. 3. Variation of the rate of NO oxidation per mole Cu with temperature, in the
absence of NO2 co-feeding, evaluated with a CSTR model and ignoring product
inhibition. Feed conditions: 0.304 kPa NO, 10.13 kPa O2, 90.891 kPa N2, at 380–
580 K. Space velocities were maintained at ~1300 s�1.

Fig. 4. Variation of the ln of the rate of NO oxidation per mole Cu, with the ln of the
NO and O2 concentrations during dry NO oxidation conditions (0.304 kPa NO,
10.13 kPa O2, 90.891 kPa N2, 543 K). O2 concentrations were varied between 80 and
270 kPa while holding NO and NO2 gas pressures constant. NO concentrations were
varied between 0.024 and 0.05 kPa while holding O2 and NO2 gas pressure constant.
NO2 was not co-fed in the feed stream.
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for comparison to the data from Section 3.1. The NO conversion
was less than 10% and the rate of NO oxidation was evaluated with
the CSTR formalism described in Eq. (1), i.e. on the assumption that
the reactor can be considered differential but ignoring the possible
effect of NO2 inhibition on the rate. The resulting Arrhenius plot is
shown in Fig. 3. The apparent activation energy for the no NO2 co-
feeding case was 22 ± 1 kJ mol�1. This value was lower than the
apparent activation energy measured from NO oxidation experi-
ments in the absence of NO2 co-feeding by Metkar et al.
(56 kJ mol�1) [11] but similar to those reported by Akter et al.
(17–35 kJ mol�1, 500 ppm NO, 10% O2, 373–523 K, 0.5–6 wt% Cu)
[34] over Cu-CHA catalysts.

Fig. 4 shows that when NO2 inhibition was ignored and Eq. (1)
was assumed to be valid, the apparent reaction orders with respect
to NO and O2 at 543 K are 0.8 ± 0.1 and 0.5 ± 0.1 respectively. These
numbers, however, differ markedly from similar kinetic estima-
tions performed with NO2 co-feeding in the feed stream (set 1).
The ratio of kinetic parameters obtained from NO2 co-feeding ver-
sus no co-feeding (ncofeed : nnocofeed) for apparent activation energy,
NO order, and O2 order are 2 ± 0.2, 1.9 ± 0.2, and 2.2 ± 0.2 respec-
tively. This systematic trend is addressed below. We note that
studies of NO oxidation on Cu-SSZ-13 at 563 K gave NO, O2, and
NO2 orders of 0.85 to 1.0, 0.47 to 0.51, and �0.89 to �1.0, respec-
tively [11]. In contrast to our findings at 543 K, the NO and O2

orders did not change much in the absence of NO2 in the feed in
that study [11]. The lack of effect of the product in the feed and
the relatively high value of the of the activation energy, 56 kJ mol�1,
measured in the 563 K range suggest that the higher temperature
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can contribute to making the rate insensitive to product inhibition
in the 12% conversion range, but the inhibition was clearly present
at the high concentrations of NO2 used in the apparent reaction
order study [11]. A reaction order for NO of approximately unity
has also been reported for NO oxidation over Cu-chabazite in the
573–673 K range in the absence of NO2 in the feed [35]. These
two studies suggest that the NO reaction order is a function of tem-
perature and that NO2 inhibition is significantly decreased at
higher temperature but it cannot be ruled out that the detailed
structure of the Cu sites in not identical to that presented here.

4. Discussion

4.1. Quantitative analysis of the NO2 inhibition effect

The analysis of the data for NO oxidation in the absence of pro-
duct NO2 in the feed in Section 3.2 above starts with the assump-
tion that the PFR can be presumed to be differential and therefore
approximated as a CSTR. To examine this assumption more closely,
we start with the general design equation for a PFR, Eq. (4).

s ¼ ½NO�0
Z X

0

dX
rfwd

ð4Þ

This equation reduces to the CSTR equation (Eq. (1)) only if rfwd

is constant over the range of X. If we start with the power law rate
expression in Eq. (2) and note that in this case [NO2]0 = 0, then at
small X the rate expression becomes:

rfwd ¼ keff ½NO�aþc
0 ½O2�b0½X�c ð5Þ

Eq. (5) illustrates the source of the error that originates from
neglect of product inhibition, which is specifically that the rate is
a function of X and therefore of position in the plug flow reactor.
Thus, integration of Eq. (4) is necessary and leads to:

s ¼ k�1
eff ½NO�1�a�c

0 ½O2��b
0

Z X

0

dX
Xc ¼ k�1

eff ½NO�1�a�c
0 ½O2��b

0
X1�c

1� c

 !
ð6Þ

Solving Eq. (6) for X then leads to:

X ¼ s1=ð1�cÞ 1� cð Þ1=ð1�cÞk1=ð1�cÞ
eff ½NO��1þa=ð1�cÞ

0 ½O2�b=ð1�cÞ
0 ð7Þ

As is true in general for plug flow reactors, since the rate
changes with conversion (Eq. (5)) and conversion changes down
the length of the reactor, the rate of reaction, rfwd, is not directly
defined by any measured parameters of the PFR experiment. If,
however, we were to mistakenly assume that the reactor is differ-
ential and described by the CSTR approximation, then the forward

rate of reaction would be given as ½NO�0X
s : Then both the order plot,

Fig. 4, and the Arrhenius plot, Fig. 3, have ln[½NO�0Xs � as the ordinate.
The true expression for X, however, is given by Eq. (7) and the

expression for ½NO�0X
s is given by Eq. (8).

½NO�0X
s

¼ sc=ð1�cÞA1=ð1�cÞe�Eapp=ðRTð1�cÞÞ½NO�a=ð1�cÞ
0 ½O2�b=ð1�cÞ

0 ð1� cÞ1=ð1�cÞ

ð8Þ
We see from Eq. (8) that the NO and O2 orders produced from

Fig. 4 are actually a/(1-c) and b/(1-c), respectively. Similarly, the

Arrhenius plot of the log of ½NO�0X
s versus 1/T when [NO]0 and [O2]0

are held constant, Fig. 3, yields an apparent activation energy of
Eapp/(1-c) from Eq. (8). Furthermore, the ratio of the true values
of the orders and apparent activation energy to those measured
in the absence of the inhibition product NO2 will in each case be
1-c. Recalling that c has been found to have the value �0.9 ± 0.1,
yields a value of ncofeed : nnocofeed = 1.9 ± 0.1, in agreement with the
measured kinetic ratios presented at the end of Section 3.2 above.
Finally, we show in Section S.7 that if we relax the approxima-
tion that the PFR is differential and numerically integrate the PFR
equations using Eq. (2) for the rate with the values of a, b, and c
extracted from the NO2 co-feeding analysis above, the data give
activation energy values in the agreement with those from the
co-feeding experiment. This is the expected result because, as dis-
cussed, the CSTR approximation for the PFR is valid when NO2 is
co-fed.

Two important observations arise from this NO oxidation exam-
ple. First, when product inhibition is present, but is overlooked,
and data are obtained without the inhibiting product in the feed,
serious errors are incurred in all measured kinetic parameters. This
problem can be avoided by including the products in the feed at
concentrations high enough that the product concentrations are
also differential axially within the bed. The expected prevalence
of product inhibition, generalization of the analysis, and a simple
experimental test for the presence of inhibition are discussed in
turn below.

4.2. Product inhibition is more likely than expected

To evaluate the likelihood of encountering product inhibition,
we must first examine its origin. We begin with the simplest case.
A Langmuir Hinshelwood Hougen Watson (LHHW) analysis of
A ! B on a catalytic surface yields:

rB ¼ kKAPA

1þ KAPA þ KBPB
ð9Þ

where k is the rate constant for the rate-determining step of A to B
on the surface and KA and KB are adsorption equilibrium constants
for A and B. For simplicity, assume that KAPA is very much less than
1. If KBPB is large with respect to 1, the rate will be first inverse
order in B and will be decreased by the presence of B unless PB is
small enough to make KBPB � 1. Since PB = PA0XA, where XA is the
conversion of A, there is a value of XA below which the rate is inde-
pendent of B, and that value depends on the value of KB. Thus, it is
true, as many assume, that there will always be a conversion low
enough to remove the inhibition effect and guarantee differential
conversion in a PFR. The question is, how low does XA have to be?
To estimate a typical value of KB in units of atm�1, we take the cor-
relation suggested by Vannice et al. [36] for the upper bound of
�DSoads as 51.0–0.0014 DHo

ads, where the entropy units are J (mol
K)�1 and the enthalpy units are J mol�1. For a typical value of
DHo

ads of 84 kJ mol�1 (20 kcal mol�1), the upper bound for �DSoads
would be 168 J (mol K)�1. The lower bound reported by Vannice
et al. was 41.8 J mol�1 K�1[36]. If we approximate DSoads as 105 J
(mol K)�1 (the average of 41.8 and 168 J mol�1 K�1) and assume
that the onset of inhibition will occur when KBPB = 0.1 (i.e., when
the term for coverage of B in the denominator of a Langmuir-
Hinshelwood rate expression approaches the order of magnitude
of unity), Eq. (10) shows the relation between PB (with units of
Pa), DHo

B (DHo
ads for species B, J mol�1), R (ideal gas constant, units

J mol�1 K�1) and T (K) at that point:

PB ¼ 0:1 � 101325 � exp 105þ DHo
B

T

� �
R�1

� �
ð10Þ

At 600 K, the rate of reaction of 1 atm of A (to form B) would be
suppressed by competitive adsorption from B (i.e., product inhib-
ited) at a conversion of 0.15%. This value for a reaction at atmo-
spheric pressure shows that the standard assumption that
product inhibition does not impact measured kinetic parameters
at 10% conversion is not reliable and suggests that one should
assume that inhibition will corrupt the observed kinetics until
experiments prove otherwise. Further evaluation of the effects of
parameter choice are included in the Supporting Information, Fig



Scheme 1. Series of elementary steps consistent with the data collected in this
manuscript and the data reported previously by Verma et al. [10].
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S.12, and those results further support the conclusion that is it not
safe to assume that an arbitrary low conversion is adequate to
guarantee that inhibition can be ignored.

For our example of NO oxidation on Cu-zeolites, however, the
situation is more complex, because the partial pressures of the lim-
iting reagent are low and the reaction mechanism must be consid-
ered more carefully to include the possibility of product inhibition.
We can first attempt to apply the same approach represented by
Eq. (10) for the simplest general LHHW reaction A ? B, however,
as we see below this approach fails as the mechanism for NO oxi-
dation is not as simple as this example reaction. Metkar et al. [11]
estimated that the adsorption enthalpy for NO2 on Cu-CHA was
141.5 kJ mol�1 by regressing parameters in a kinetic model. The
upper bound of �DSoads calculated from the Vannice correlation
[36] using DHo

ads;NO2
= �141.5 kJ mol�1 would be 249 J (mol K)�1.

Given the similarity between this value and the tabulated value
of �DS0 from NIST of 269 J (mol K)�1 [35], this approximation is
not non-physical, though it would equate to near-complete
entropy loss upon adsorption. Assuming the onset of inhibition
occurs when the product of the adsorption constant for NO2 and
the NO2 pressure, KNO2

PNO2
, is equal to 0.1 leads to Eq. (11) if we

use the upper bound value for �DSoads of 249 J (mol K)�1,

PNO2 ¼ 0:1 � 101325 � exp 249þ DHo
ads;NO2

T

 !
R�1

 !
ð11Þ

At 543 K with an NO partial pressure of 32 Pa, Eq. (11) predicts
no inhibition even when the conversion approaches 100%. Inhibi-
tion is clearly present at conversions below 10%, however
(Fig. 2). To see why the simple analysis behind Eq. (11) breaks
down in this case, we need to look more closely at the mechanism
for NO oxidation. As reported previously by Verma et al. [10], and
as is compared to the series of elementary steps reported by Met-
kar et al. [11] in Section S.10 of the Supporting Information, a
sequence of elementary steps consistent with the data is given in
Scheme 1.

Assuming that the first, third, and fourth steps in Scheme 1 are
in quasi-equilibrium and that *, O*, and NO2* are the most abun-
dant surface intermediates leads to the following rate expression:

r ¼ k2K1L½O2�
1

½NO� þ
K�1
3 K�1

4 ½NO2 �
NO½ �2 þ K�1

4 ½NO2 �
½NO�

ð12Þ

where L is the total number of active sites, k2 is the rate constant for
step 2, and K1, K3, and K4 are equilibrium constants. This expression
does not have the simple LHHW form discussed above, and there-
fore Eq. (11) does not apply since both Eqs. (10) and (11) are derived
for cases in which the inhibiting term in the denominator of the rate
law follows the KBPB format. We see that the inhibiting terms in the
denominator of Eq. (12) are ratios of equilibrium constants and the
ratio of NO2 and NO concentrations, and that product inhibition will
be significant when [NO2]/K4[NO] is large. Specifically, product inhi-
bition will be apparent when the following equation is satisfied:

0:1 � 1
½NO�
� �

¼ K�1
3 K�1

4 ½NO2�
NO½ �2

þ K�1
4 ½NO2�
½NO� ð13Þ

Multiplying Eq. (13) by [NO] leads to:

0:1 ¼ K�1
3 K�1

4 ½NO2�
½NO� þ K�1

4 ½NO2� ð14Þ

While it is still possible to apply an equation of the same gen-
eral form as Eqs. (10) and (11) for this more complex case of
equilibrium-controlled inhibition, as shown in Eq. (14), we need
to know how K3 and K4 depend on temperature. Metkar et al.
[11] provide estimates for the value of K3 and K4, though we note
that Verma et al. [10] wrote step four in the opposite direction ver-
sus than of Metkar et al., such that K�1

4 in Verma et al. [10] is equiv-

alent to the values of K4 reported by Metkar et al. The value K�1
3 K�1

4

was estimated as 12.7exp(5200/RT) (see derivation in Section S.10),
therefore the value of the second term in the denominator of Eq.
(12) is equivalent to 40.2([NO2]/[NO]2) at 543 K. The value of K�1

4

is calculated as 1.27 * 10�8*exp(141500/RT) and the right hand side
of Eq. (14) equal to 0.1 when the conversion of NO to NO2 is 0.05%
(assuming an inlet NO pressure of 32 Pa and a total pressure of
101,325 Pa). Thus, inhibition would be expected when conversion
is equal to or greater than 0.05%. This analysis also shows clearly
that increasing temperature will decrease the coverage of O* and
NO2* and, thus, decrease the inhibition effect. Another interesting
case of quasi-equilibrium control of an active intermediate by
products is given was reported by Huang et al. [20]. This case
shows that when the rate expression is not yet determined from
data, prediction of the presence or absence of product inhibition
can be difficult, and it emphasizes the need for direct experimental
verification of the effect of products on the rate.

These examples serve to illustrate that the limit on conversion
below which the influence of the products on the rate can be
ignored can be substantially lower than is usually invoked in the
literature (which is usually set at 10% conversion of reactant).
Finally, we note that though we have used the simple A ? B reac-
tion as an example, any sequence of steps that involves multiple
products competing for sites will generate a LHHW rate equation
that will have Kj Pj terms in the denominator for each product, j,
and that any time a Kj Pj term is order 1 or higher it has the poten-
tial to affect the rate and will do so unless a reactant term KiPi for
adsorption of reactant i is substantially greater than KjPj. As also
shown above, more complex sequences of steps can lead to more
complex relations that determine the influence of the products
on the rate.
4.3. Generalization of the analysis

First we consider a general reaction of two reactants going to
two products, A + B? C + D. From the discussion above, one cannot
assume, a priori, that the forward rate will be independent of the
product concentrations, so we express the generalized power law
rate as

rfwd ¼ kappC
a
AC

b
BC

c
CC

d
D ð15Þ

A comparison of this rate expression to that shown in Eq. (2),
shows just one additional term, involving CD. Following the same
logic as used for Eq. (2), but adding CDo as well as CCo to the feed
to ensure differential PFR behavior, and comparing that case to
the case where the effects of products are ignored leads
toncofeed : nnocofeed = 1-c-d. This result shows that all products that
affect the forward rate but are not included in the feed in kinetic
experiments will lead to substantial error in the values of all mea-
sured kinetic parameters.
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The analysis has so far been applied to a plug flow reactor run at
low, presumed differential, conversion. The analysis of a low con-
version batch reactor is identical to that shown here with s
replaced by the elapsed reaction time, t. For an ideal CSTR, where
the reaction medium is well-mixed, the rate is identical at all spa-
tial positions in the reactor and the concentrations of reactants and
products are each equal to those in the reactor effluent. Under
these conditions, Eq. (3) is not an approximation, but is the true
representation of the rate for all conversions. For the power law
rate in Eq. (15),

rfwd ¼ CAoX=s ¼ kappC
a
AC

b
BC

c
CC

d
D; ð16Þ

where X is the conversion of A and the concentration values of the
reactants and products are those measured at the reactor effluent. If
products are included in the feed and the conversion is kept suffi-
ciently low to allow Ci = Cio(1-X) = Cio for reactants and Cj = Cjo + CAo-
X = Cjo, then,

rfwd ¼ CAoX=s ¼ kappC
a
AoC

b
BoC

c
CoC

d
Do; ð17Þ

and conversions measured at constant s with each of the reactant
and product feed concentrations varied independently will produce
the data for construction of the log/log reaction order plots to pro-
duce the true reaction orders, a, b, c, and d, analogously to the pro-
cedure for the truly differential PFR in Section 3.1. If the products
are not fed, however, Eq. (17) becomes,

rfwd ¼ CAoX=s ¼ kappC
a
AoC

b
BoC

c
AoC

d
AoX

cþd: ð18Þ
The rate is still given by rfwd = CAoX/s, but the rate is no longer

determined by the inlet concentration alone because of the Xc+d

term. We can solve for X, however, to give,

X ¼ s1=ð1�c�dÞk1=ð1�c�dÞ
app Cðaþcþd�1Þ=ð1�c�dÞ

Ao Cb=ð1�c�dÞ
Bo : ð19Þ

Substituting X into the expression for the rate gives,

rfwd ¼ sðcþdÞ=ð1�c�dÞk1=ð1�c�dÞ
app Ca=ð1�c�dÞ

Ao Cb=ð1�c�dÞ
Bo ð20Þ

Thus, we see that regardless of reactor type, ignoring product
inhibition and not including products in the feed produces the
same error in all the measured kinetic parameters,
i.e.ncofeed : nnocofeed = 1-c-d.

4.4. A simple test for product inhibition

It is clear that ignoring product inhibition when it is in fact pre-
sent produces inaccurate kinetic data. While the solution to this
problem is straightforward - including the products in the feed –
the solution is not without a cost in time and effort. Re-plumbing
to accommodate controlled and measured feeds of the product
components may be required and measuring small changes in pro-
duct concentration in the outlet versus the inlet may challenge the
detection scheme. These adjustments must be made if inhibition is
present, but they could be avoided if it could be shown experimen-
tally that product inhibition does not occur in the system under
Table 1
Literature examples of the quantitative effects of inhibition of products.

Overall reaction stoichiometry Catalyst Ki

2NOþ O2 $ 2NO2 Pt/Al2O3 [12]; Pt/SiO2 [37] Ea
(k
N
O
N

CH4 þ O2 ! CO2 þ H2O Pd/ZrO2 [2] Ea
(k
H

study. To generate such a test, we need only to consider Eq. (19).
If we maintain constant inlet reactant concentrations and vary
the space time (either by changing flowrate or amount of catalyst,
or both) and measure conversion, while keeping X small, a plot of
ln X versus ln s will have a slope of 1/(1-c-d). If the slope is less
than 1, either c, or d, or both have measurable negative values,
inhibition is indicated, and products must be fed in order to mea-
sure useful kinetic data. This approach has been demonstrated in a
recent study of propylene epoxidation to propylene oxide [16].
Furthermore, it is straightforward to show that this approach also
applies to a low conversion PFR or batch reactor.

The above procedure still requires that the analytical system be
accurate enough to measure small conversions of reactants. One
way to achieve the higher precision necessary for analysis is to
add an internal standard to the feed and to measure the concentra-
tions of reactants and products before and after the reactor for each
process condition. Finally, it should be noted that this analysis is
only valid for single reactions which can be defined by a power
law model.

There are not many examples of direct accounting for product
inhibition by comparing data in the presence and absence of prod-
ucts in the feed in the literature, but a few are shown below in
Table 1.
5. Conclusions

In view of the importance of accurate interpretation of kinetic
data to the science of catalysis and the rational design of improved
catalyst formulations, the prevalence of product inhibition, and the
falsification of kinetic parameters caused by overlooking product
inhibition, it is prudent to account for the effects of products on
the rate for all kinetic measurements. Including products in the
feed is a reliable way to guarantee data integrity at a modest cost
in analytical and reactor complexity. Such efforts are necessary for
prediction of catalyst performance at elevated conversions (and
product concentrations) relevant to industrial practice based on
kinetic parameters measured in lab-scale reactors in the presence
of relatively low (but consequential) product concentrations. Plot-
ting the natural logarithm of conversion versus the natural loga-
rithm of the space time is a simple way to check for product
inhibition and a straightforward way to ascertain whether product
co-feeding is necessary. We encourage inclusion of this test in all
kinetic analyses that are reasonably approximated by power law
rate expressions.
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