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Abstract 

Honeycomb reactor is often used in pollution abatement applications. A typical 

commercial honeycomb reactor is made of a ceramic material, which is deposited with the 

high surface area washcoat carrier such as Al2O3. The polluted gases enter the reactor 

channels and diffuse through this porous structure to the catalytic sites where they are 

converted to less harmful gases. Stringent environmental regulations have driven the 

markets toward increasing engine efficiencies and better after-treatment strategies. 

Achieving high hydrocarbon conversion requires comprehensive information about the 

thermal and concentration fields inside the monolith reactor. The concentration fields can be 

studied by a Spatially Resolved Capillary Inlet Mass Spectrometer technique  

(Spaci-MS). On the other hand, the temperature field is often measured by positioning 

thermocouples at various locations inside the monolith channel, which can be intrusive to 

the reactor and not suitable for fast transient processes. To overcome this limitation, I use a 

new optoelectronic technique called coherent optical frequency domain reflectometry (c-

OFDR). This technique enables instant temperature measurement along a fiber with high 

spatial and temporal resolutions.  

The objectives of my works are: i) illustrate the capability of the c-OFDR method to 

measure transient temperature inside the monolith channel, ii) employed c-OFDR method to 

analyze the veracity of the concentration measurement by the Spaci-MS probe, iii) develop 

the experimental setup combining the c-OFDR and Spaci-MS techniques to study the 

dynamic behaviors of the Pt/CeO2/Al2O3 catalyst system under periodic lean-rich operation.   
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1 Chapter 1: Introduction 

1.1 Spatial Temporal Measurement  

In a seminal paper “The chemical basis of morphogenesis,” Alan Turing showed 

theoretically that a slowly diffusing, a “local” activator, and a rapidly diffusing “long 

range” inhibitor, through their mutual interactions, can create a well-defined spatial 

concentration pattern [1]. He argued that such reaction-diffusion mechanism could be 

responsible for numerous observed patterns in living life and chemical systems. However, 

the identification of these patterns is still a challenging academic topic.  

Spatial temporal experiments in the catalytic system are usually carried out in one 

of these two regimes: the microscopic regime where the reaction is studied on well-

defined single crystal surface under vacuum conditions; and the macroscopic regime in 

which polycrystalline catalysts are studied under atmospheric pressure. In the former 

case, spatiotemporal phenomena has been explored in depth using surface sensitive 

techniques such as electron energy loss spectroscopy (EELS), Auger electron 

spectroscopy (AES), low energy electron diffraction (LEED). Among these, 

photoemission electron microscopy (PEEM) is a major tool. In PEEM, the low energy 

photoelectron emitted to the surface is measured to infer the work function [2]. Because 

the work function is strongly depended on adsorption or reaction layers, it can reveal the 

distribution of chemical species. This method was used successfully to study the 

oscillatory pattern of CO oxidation on platinum surface. In that experiment, oxygen 

covered areas look darker than the CO-covered area due to larger work function of 

chemisorbed oxygen compare to CO [3].     
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In the latter case, there are several techniques for investigating the patterns. In a 

monolith reactor system, common single point temperature measurement methods are 

conducted by either inserting thermocouples at various locations in the reactor [4, 5] or 

by a moving thermocouple in a thermal well [6]. However, these measurements have 

some drawbacks: i.e., thermocouple is bias toward the gas temperature and shows smaller 

gradient than the real one due to heat conduction along the thermocouple’s body. The 

response time may be an issue under the fast transient processes: thermocouple measures 

the temperature at their tip against the reference end (Seebeck effect), and the thermal 

equilibrium with the object is needed. Under fast temperature changes, inaccurate 

temperature readings can occur when thermal equilibrium is not achieved between the 

probe and the object. In addition, the insertion of many thermocouples to a reactor is 

invasive and bounded to generate leaks at the drilled monolith holes [7].   

In order to increase the sampling speed and reduce the conductive probes spatially 

smearing, one of the prominent technique is to use the phosphor thermography [8]. This 

technique relies on the decay rate of inorganic phosphor: a deposit phosphor on the tip of 

an optical fiber is excited with a pulsed laser and the fluorescent decay is monitored to 

calculate the temperature. An advance system can measure at the time resolution in the 

picosecond regime and at a large temperature window from cryogenic up to 2000K.  

Unlike fluorescence technique, infrared thermography (IR) measures the radiation 

intensity emitting directly from the object. The advantage of this technique includes a 

contact-free and fast sampling speed over a large catalyst surface. The measurement is 

always a solid surface temperature, and without upper temperature limit. This is because 

the elevated temperature results in the increment of the signal strength. This technique has 
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been used successfully to observe spatial patterns in exothermic catalytic surface reactions. 

The first report on IR imaging of catalytic reactions was made by Schmitz’s group [9]. 

Their imaging system used IR sensitive semiconductor (InSb) and achieves a spatial 

resolution of ~0.1 mm. IR thermography was also applied to study patterns on supported 

catalysts, in the forms of wafers and pellets [10, 11], on catalytic ribbons and disks [12, 

13]. Fig 1.1 shows the infrared images of a motion of hot zone in the diesel particulate filter 

during the regeneration process. In this experiment, the feed temperature was rapidly 

dropped from 620 to 520˚C, resulting in temperature excursion after 5 s [14]. For a 

honeycomb reactor, an IR technique requires a sapphire window to accommodate for the 

view of the catalyst surface, which may cause heat loss [15]. To tackle the problem, an in 

situ infrared temperature measurement technique based on the use of a pyrometer and an 

optical fiber was proposed. By sliding the optical probe along the axis of a catalyst at 

different locations, the temperature profile can be measured without any reactor 

modification [16].  

A spatial temperature can also be measured by the quasi distributed temperature 

sensor, in which a series of grating sensors are formed in a fiber. For example, extrinsic 

Fabry-Perot interferometers need the construction of small air gaps within the fiber [17]. 

Intrinsic Fabry-Perot interferometers require the construction of two reflecting surfaces in 

the optical fiber generally by the use of a fusion splice [18]. Bragg gratings are produced 

by UV exposure causing periodic changes in the index of refraction of the fiber core [19].   

Lastly, there is a distributed temperature sensor (DTS) technique in which the entire 

optical fiber body acts as a sensor. Thus, a single optical fiber can provide a continuous 

temperature profile along the length without any dead zone. 
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Fig 1.1 Thermal images of motion of hot region during diesel particulate filter’s 
regeneration. Feed temperature was rapidly reduced from 620 to 520 ˚C.  

Most of these methods in this category do not require local changes in the fiber, but 

rather reply on the inherent backscatter or birefringence in the optical fiber to monitor the 

local temperature. The advantage includes fast measurement time (in the order of second), 

and can pin point exactly location and magnitude of any thermal events along the fiber. In 

this thesis, I applied for the first time a novel DTS technique called c-OFDR (coherent 

Optical Frequency Domain Reflectometry), which was developed by Luna Innovation of 

Technology Blacksburg, Virgina [20], to study the thermal behaviors of the honeycomb 

monolith reactor under exothermic reactions.   
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1.2 Thesis Outline 

Following the introduction to the thesis in Chapter 1, Chapter 2 describes the 

principle of operation for the distributed temperature measurement technique (c-OFDR). 

The calibration procedure, preliminary testing, the advantages and disadvantages of the 

technique are briefly discussed. Chapter 3 concerns about the application to transient 

temperature measurement in the monolith reactor. After a brief theoretical introduction to 

the wrong way behavior phenomenon, we show the measurement temperature results of 

the monolith reactor under a sudden drop in feed temperature or flow acceleration of the 

ammonia oxidation reaction to the monolith reactor. The hot spot’s magnitude and its 

propagation characteristics over time are described. These measurement results 

demonstrate the capability and the usefulness of the technique for studying the dynamic 

thermal behavior of the monolith reactor. In line with this, Chapter 4 investigates the 

veracity of the intra-channel concentration measurement (Spaci-MS) technique, which is 

a very popular technique in analyzing the concentration in the structural monolith reactor. 

Chapter 5 describes the experimental system that enables the measurements of 

spatiotemporal temperature and concentration for periodic propylene combustion 

reactions over Ceria based Lean NOx Trap (LNT) catalyst. Finally, the conclusions and 

future works are considered in Chapter 6.      
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2 Chapter 2: Optical Backscatter Reflectometer (OBR) 

2.1 Introduction 

Spatiotemporal temperature can be measured by an optical fiber with 

optoelectronic approaches. Several interrogating techniques have been developed for 

launching a laser into the fiber and for measuring the spectral scatter. These techniques 

often interpret the measured temperature and/or strain based on the change in the 

reflective spectral scatter (either Raman, Rayleigh or Brillouin). Common techniques are: 

OTDR (Optical Time Domain Reflectometry), typically used for long range (kilometer 

scale), low resolution measurements, OLCR (Optical Low Coherence frequency domain 

Reflectometry) used for sub-milimeter range, high sensitivity and short inspection time. 

OFDR (Optical Frequency Domain Reflectometry) used for measurements in the range 

between those of the OTDR and OLCR techniques.  

The OTDR was the first developed method and was commercialized in the late 

1980s. It uses a Stimulated Raman Scatter (SRS) distributed probe, which can measure the 

temperature with a resolution of 1 K, spatial resolution of one to a few meters, and at a 

frequency of about one per minute. These distributed temperature sensors have been 

employed successfully in several industrial applications such as monitoring cable 

temperature [21], monitoring temperature in power generating plants [22], detecting 

leakage in dams and dikes [23], monitoring temperature in drilled oil and gas wells [24], 

automatic detecting fire [25], among other uses. While SRS is suitable for long range 

temperature sensing, it is not applicable for measurements that require fine spatial and 

temporal resolution. Optical frequency domain reflectometer (OFDR) has also been 
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attracting great attention as an interrogating tool for higher resolution. Recently, the first 

practical implementation of OFDR was conducted by Froggatt and co-workers [26] at 

NASA Langley Research Center and later developed by Luna Innovation of Blacksburg, 

Virgina [20].  

For spatiotemporal temperature measurement in the honeycomb monolith system, 

we use a powerful OBR 4600 system developed by Luna Innovation of Blacksburg, VA 

for ultra-high spatial and temporal resolution of temperature measurements [27]. It 

provides an order of magnitude improvement in the spatial and spectral resolution 

compared to other traditional distributed fiber sensor measurements. This OBR enables 

temperature measurements at a spatial resolution of up to 3 mm along the fiber and at a 

frequency of 0.9 Hz.  

2.2 Objective 

A typical OBR system is composed of an interferometer (OBR 4600 equipment) 

that utilized the c-OFDR technique, and an optical fiber. The optical fiber acts as a 

sensing element, while the OFDR is used as an interrogating technique for temperature 

sensing [28]. In this chapter, we describe in detail the working principle of each 

components in the system. Then, we show the calibration procedure and the preliminary 

temperature measurement tests of the OBR 4600 instrument on the monolith reactor. We 

conclude the chapter with a discussion on the limitations of this method. 
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2.3 Working principle of the OBR 4600 system 

2.3.1 Optical Fiber 
 

The optical fibers are made of glass or polymer. Polymer fiber has higher signal 

loss and narrower bandwidth compare to the glass fiber, and cannot be used for sensing 

application. A glass fiber is composed of a core, a cladding material, and a protective 

polymer jacket. To confine light in the fiber, the cladding has a smaller reflective index 

than the core material. The glass fiber is further divided into a single and multiple mode 

fibers. For the multiple mode fiber, the core diameter (~ 50 µm) and numerical aperture 

(NA) is larger than that of a single-mode fiber, allowing the fibers to accept a broader light 

spectrum, but resulting in lower transmission speed and higher signal distortion over a long 

distance due to modal dispersion (NA is a fiber’s ability to collect light, defined as sine of 

the maximum angle (measured outside the fiber with respect to the z axis) of an incident 

light ray that becomes totally confined within the fiber). The manufacturer can produce a 

fiber with a gradual change in the refractive index between the core and the cladding 

(graded index fiber) rather than a sharp change (stepped index fiber). The graded index 

fibers will reduce a modal dispersion by gradually bending light rays toward the center, 

allowing these rays to travel at the same group velocity. Currently, the multiple mode fiber 

has a limited use for sensing application due to the complication of analyzing the reflected 

spectrum.   

On the other hand, the single-mode fiber (SMF) is designed to minimize the 

dispersion for a narrow range of transmission wavelengths by reducing the core diameter 

(~ 9 µm) and the NA of the fiber. In the SMF, light waves are distributed in space in the 
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same way (single mode), and resulting in a single parallel ray of light to the fiber’s length. 

This feature is suitable for distributed sensing application. However, it is noticed that the 

operating cost of SMF is more expensive due to the difficulty of launching light into the 

fiber. For this reason, the good laser source with a narrow wavelength, i.e. injection laser 

diode (ILDs), is needed. Fig 2.1 provides the illustration of how light propagating in these 

fibers [29]. 

The OBR 4600 system requires a single mode optical fiber as a sensing probe. To 

protect the fiber against severe chemical reactions, the optical fiber is coated with a thin 

layer of either polyimide or gold. The polyimide coating allows the fiber to sustain at 350˚ 

C, while the more expensive gold one enables the fiber to operate up to 750˚C without 

losing its integrity. Fig 2.2 shows the OBR 4600 system and the gold coated fiber, 

respectively. 

2.3.2 Reflected Spectral of the Optical Fiber 
 

Optical fiber’s core has amorphous structure, in which its tetrahedron unit cell is 

composed of a silicon atom surrounded by four oxygen atoms. During the manufacturing 

process, the fiber may exhibit density variations along its length: in the “melt” stage of 

glass, a high energetic structure exists between two adjacent tetrahedral unit cells due to 

thermal equilibrium. Quenching silica fiber to room temperature causes these structures to 

be trapped in the final stage. Microscopic structural irregularities arises because of these 

high energy structures. Further structural and index fluctuation occurs from the dopant 

molecules (i.e., Ge) that are introduced into the SiO2 lattice structure. 
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Fig 2.1 Light rays travel in different type of fibers 

 



11 
 

 

Fig 2.2 (A) Luna Technology’ interferometer, Optical Backscatter Reflectometer 
(OBR 4600), (B) Gold coated optical fiber. 
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Scatter is a process of changing the propagation direction of light. In an optical 

fiber, scatter occurs when light encounters a geometrical change or different local refractive 

index of the fiber core. Light can scatter to multiple directions, but the one scattered in the 

backward propagating direction is of primary interested (reflective backward scattering). 

There are three types of backward scattering light in the optical fiber: the Rayleigh, the 

Raman, and the Brillouin (see Fig 2.3, [30]). 

 

The Raman scattering is a quantum effect that related to how the silica bonds 

absorbs and emits the incoming photon energy (see Fig 2.4). Via an intermediate quantum 

state, if the material absorbs energy and the emitted photon has a lower energy than the 

incoming photon, this result is Stoke scattering. On the other hand, if the material loses 

energy and the emitted photon gains energy, this outcome is Anti-Stokes Raman. The 

energy gap between the Stoke and Anti Stoke follows a simple exp(-∆E/kT)  relationships 

Measuring this ratio immediately produces the temperature. Furthermore, this ratio is not 

influenced by other external stimuli such as strain, humid, electromagnetic field… 

On the other hand, Brillouin scattering occurs as a result of an interaction between 

the propagating light photon and the acoustic waves present in the silica fiber, generating 

Fig 2.3 Wavelengths of the backscattered light. λ0 is a wavelength of incoming 
light 
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frequency-shifted components. The frequency shift is directly related to the local fiber 

density and therefore, depends on both temperature and strain. 

 

The Rayleigh scattering is the strongest signal among these three, and is one of the 

main intrinsic loss mechanism in pure silica. Consider two electrons forming a dipole that 

lie along the propagation path of a wave. The Rayleigh scattering process consists of an 

incident wave exciting the dipole into oscillation, resulting in some absorption of the 

incident power. The dipole then reradiates the power. As a frequency increases, more of 

the incident power is scattered as a result of the reradiation process. Such process occurs 

because the dipole oscillator length is less than the incident wavelength. Index fluctuations 

arising from concentration or density fluctuations in the optical fiber are of dimensions 

much less than an excited wavelength. Therefore, the Rayleigh scattering will always occur 

in the optical fiber, and these scatter profiles are dependent on environmental stimulus such 

as temperature and strain. 

The fiber backscattering Rayleigh profile enables the OBR 4600 system to measure 

the distributed temperature profile. When temperature is applied to the fiber, the local 

density (or refractive index) changes and the reflected wavelength is shift toward longer 

Fig 2.4 Raman Scattering Process in Optical Fiber. 
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wavelength. The typical order of magnitude of temperature sensitivity of the wavelength 

around 1550 nm is of 10 pm/°C without spectral shape modification and without hysteresis 

[31]. Thus, monitoring these shift enables temperature determination.  

 

2.3.3 Coherent Optical Frequency Domain Reflectometry Technique (c-OFDR) 
 

The coherent optical frequency domain reflectometry technique (c-OFDR) utilized 

a Mach-Zehnder interferometer to measure the Rayleigh backscattering profile of the fiber 

(see Fig 2.5). The interferometer consists of the test arm which is connected to the optical 

fiber, and a reference arm which has a mirror at its end to reflect the light. A narrowband 

and tunable laser source (TLS) transmits coherent optical radiation into both arms over a 

predetermined range of frequencies. The Rayleigh backscatter of each reflector in the test 

arm interferes with the back-scattered signal from the reference arm and produces 

interference fringes. A spectrum analyzer measures the intensities of these interference 

fringes. An FFT (Fast Fourier Transform) algorithm transforms this wavelength encoded 

signal into a spatial Rayleigh profile.  

However, there are two improvements of the interferometer OBR 4600 compared 

to the Mach-Zehnder instrument. The first improvement is to deal with the polarization 

dependence problem. In some cases, small amounts of birefringence along the fiber length 

may cause the state of polarization (SOP) of the reflected signal to be undetectable on the 

spectrum analyzer. This is due to the intensity of the measured signal is calculated based 

on the dot product of the SOP of the probe light with respect to the reference light. If the 

SOP of the measured and reference fields are orthogonal to the detector, the interference 

will be canceled out and cannot be detected. 
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To overcome this problem, the OBR 4600 used the polarization diversity detection 

technique [32]. This technique uses a polarizing beam splitter (PBS) following by the 

recombining coupler to achieve a polarization independent of the fiber. The PBS allows 

the interference field to be split evenly between the two states “s” and “p”, ensuring that 

an interference signal will be present on at least one of the s and p detectors for any reflected 

fields from the optical fiber (“s” and “p” are originated from the German words senkrecht 

(perpendicular) and parallel (parallel)). 

The second improvement is to deal with a nonlinearity in the optical frequency 

modulation. In the c-OFDR setup, a tunable laser source (TLS) is a key component. 

However, the TLS may fluctuate during tuning frequency process and result in a nonlinear 

sampling. This problem can be avoided by introducing some feedback control mechanisms. 

The OBR 4600 system used a frequency sampling method in which the time varying optical 

frequency is simultaneously measured by an auxiliary interferometer [27]. The fringe 

signals at the detector output of the auxiliary interferometer are used to trigger data 

acquisition on the detectors “s” and “p” to sample the incoming data at equal frequency 

increments [20]. However, this approach reduce the maximum length of the optical fiber 

to be about 30 meters. This is because the maximum length is determined by physical time 

Fig 2.5 Operation principle of C-OFDR. 
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delay difference of the auxiliary interferometer used for data triggering. Fig 2.6 shows the 

schematic optical network that was used in the OBR 4600 system. 

At a fixed fiber temperature, repeated measurements yield the same profile. When 

the temperature of the nth reflector site is increased, its density decreases. The Rayleigh 

profile is elongated in the spatial domain and is shifted towards a longer wavelength in the 

frequency domain. This shift is proportional to the applied temperature and/or strain. From 

the Rayleigh spectral shifts, one can applied Eq. (2.1) to find the relationship between the 

spectral shift changes, temperature fluctuations and mechanical stress applied to the fiber.  

When the external stress caused by fiber fluctuations is negligible and the induced 

strain (ε) is just a function of temperature, the spectral shift (∆ ν) satisfies the relation 

  ( )                          , ')( TKTTfKKTK TTT ∆=∆+=+∆=
∆

− ε
ν
ν

ε  (2.1) 

where ∆ν is the spectral shift, ν is the mean optical frequency. KT and Kε are the temperature 

and strain calibration constants, respectively. The effective temperature response 

coefficient (K’T) is determined experimentally.  

For each fiber segment, the spectral shift is determined by a cross-correlation 

algorithm, which consists of the following steps: one first measures the fiber spatial 

Rayleigh profile at a known temperature (reference state). The measurement is repeated 

under the experimental condition (measurement state). The selected portions of the 

reference and measurement spatial domain are converted into the wavelength domain by 

an Inverse Fourier Transformation (IFT) algorithm. 
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Fig 2.6 Optical network of the OBR 4600 system. 

A cross correlation between the reference and a measured profiles is used to 

determine the location of the cross-correlation peak in the wavenumber domain. If the cross 

correlation peak aligns with zero, then the selected portion of an optical fiber has no heat 

applied. If the location of the cross correlation peak is positive (negative), then the optical 

fiber temperature has increased (decreased). 

Occasionally there exists a strong reflection in the optical fiber (i.e., a very steep 

spatial temperature gradient) due to additional mixing terms between different reflectors 

along the fiber. These term may yield artificial peaks on the Rayleigh spectrum (ghost 

peaks). To identify these ghost peaks, the simple way is to reduce the local oscillation 

reflection by reducing the gain of the interferometer. The intensity of the real peaks 

decreases monotonically with the gain, while the ghost peaks remain constant. Comparing 

the two traces enables us to distinguish the real peaks from the ghost peaks [33]. 
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2.4 Calibration and testing procedure for OBR 4600 system 

2.4.1 Identify the measurement location on the optical fiber 
 

Due to high spatial and temporal resolutions, the OBR 4600 collects a vast 

amount of data along the optical fiber. To improve the sampling speed and reduce the 

amount of information, we use a spot scan mode. In this mode, the interferometer only 

monitors a segment of the fiber. To use this feature effectively, it is essential to 

accurately identify a region of interest for temperature measurement. An elegant 

technique is to coat an entrance location of that region with Aquadag solution to increase 

laser absorbance of the fiber. A 200mW GX3 green laser pointer (beam diameter ~ 2 

mm) is shined directly into this position and creates a local hotspot. This hotspot can be 

detected on the OBR 4600 system, and the region of interest can be identified. Fig 2.7 

illustrates the technique. A monolith reactor (76 mm long) was placed inside the quartz 

tube. A gold coated optical fiber was inserted at the center channel of the monolith. Fig 

2.7B shows the location of the monolith reactor on the optical fiber: the location of 

monolith entrance is at z = 1.06 m, whilst the exit location is at z = 1.14 m. Thus, one can 

measure transient temperature inside the monolith, and ignore irrelevant temperature 

measurements occurring at the upstream or downstream of the reactor. Using this 

technique, the reported position values of the temperature measurement may be off by ± 

2 mm error. 
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Fig 2.7 (A) 200mW GX3 green laser pointer is used to create a local hotspot, (B) 
A region of interest is identified on the OBR 4600 screen. The entrance 
started at z = 1.06 m, and the exit ended at z = 1.14 m.   

2.4.2 Calibration procedure for the OBR 4600 system 
 

There are three calibration procedures for the OBR 4600 system. 

1) Reflectivity Calibration: 

Reflectivity measurements is calibrated by measuring the reflectivity magnitude of 

a very strong reflector. For the calibration, we used a spectrally flat, and a gold-

plated polished fiber termination. All subsequent reflectivity values are measured 

with respect to this reference value.  
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2) The polarization controller calibration: the polarization controller must be 

calibrated before the measurement. In the ideal case, the signal intensity from the 

measure arm should be re-distributed evenly between the s and p detectors of the 

PBS. This is accomplished by blocking the signal in the measurement path and 

monitored the DC power level of the s and p detectors. The polarization controller 

is adjusted such that there is an equal amount of power incident on each s and p 

detectors.  

3) Effective temperature response coefficient calibration: Each optical fiber responses 

differently with the external stimuli. A set of preliminary experiments were 

conducted to determine '
TK  -the ratio between  the Rayleigh spectral shift and the 

temperature. In these experiments, the optical fiber was placed inside a 431.8 mm 

long quartz tube (ID =3.52 mm, OD = 6.04 mm). An electrically heated plate placed 

in the middle of the quartz tube was used to heat the tube. A small thermocouple 

(OD = 0.5 mm) was inserted at the other end of the quartz tube so that its tip did 

not contact the fiber to avoid thermal or stress interactions. Six calibration 

measurements over the temperature window of 25-338.6oC revealed a linear 

relation between the thermocouple measured temperatures and the corresponding 

spectral shifts. Specifically, Fig 2.8 showed the following relation: 

9997.0R                 1.6841-[GHz] 6017.0][ 25 2 =∆−=°− νCT  

The high correlation coefficient of this fit (0.9997) indicates that the temperature 

can be determined from the spectral shift. 
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2.4.3 Temperature Measurement Testing 
 

A set of experiments was conducted to determine the accuracy of the temperature 

measurements by the OBR. The fiber was inserted into the reactor upstream. At the 

downstream, a type K thermocouple (O.D = 250 µm) was placed in the downstream, and 

in a channel adjacent to that housing the optical fiber.  

A static mode experiment was conducted in which no gas was fed to the monolith. 

An electrical heating tape heated to 100oC the first 5 cm of the 7.5 cm long monolith. The 

OBR measured the axial temperature along the fiber one hour after the start of the 

heating. Simultaneously, the fine thermocouple was slowly moved at a 1 cm steps.  Fig 

2.9A shows the average temperature profiles and error bars determined by six 

temperature measurements by both the fiber and the thermocouple. Under no flow 

 

Fig 2.8 Relationship between spectral shift and temperature difference. 
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condition, the standard deviation of the optical fiber measurement was 0.25 °C.  We 

repeated the experiments with a 8,000 sccm air flow through the monolith while raising 

the heating tape temperature to 200oC. Fig 2.9B compares the average profiles of the six 

temperature measurements by both the fiber and thermocouple. The agreement between 

the two is satisfactory, with larger error bars of the fiber measurements close to its loose 

end. Under the flow condition, the maximum standard deviation of the optical fiber 

measurement is 3.5 °C. This value is about 10 times larger than that under the no-flow 

experiments, due to flow induced movements of the loose fiber end. 

2.5 Limitation of the OBR 4600 system 

We noticed that this temperature measurement method may not be suitable for the 

applications in which the flow causes strong vibrations to the fiber. In this case, the local 

strain is time dependent and the technique cannot resolve the Rayleigh spatial shift due to 

strain or temperature. In addition, due to optical fiber materials limitations, the maximum 

temperature that the fiber can measure cannot exceed 700˚C.  
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Fig 2.9 Temperature measurement inside a channel by thermocouple and the 
OBR (A) under no flow condition (Theating tape = 100°C), and (B) 
under flow condition. (Theating tape = 200°C, Fair = 8,000 sccm). 
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3 Chapter 3: Wrong Way Behavior  

3.1 Introduction 

The wrong-way behavior is a counter-intuitive transient temperature excursion 

cause by a rapid change in the properties of the feed to a catalytic reactor, such as a 

reduction of the temperature, or an increase of velocity. It is generated due to the difference 

in the propagation speeds of the gaseous concentration perturbations and those of the solid 

catalyst temperature.  

This phenomenon was first predicted by Crider and Foss [34], and confirmed by 

the experiments carried out by Doesburg and DeJong [35, 36] and Sharma and Hughes [37, 

38]. Predictions and analysis of these counter-intuitive temperature excursions were carried 

out by several authors. McGreavy et al. studied the phenomenon through one and two 

dimensional mathematical models [39]. Metha et al. identified analytical criteria to predict 

the behavior for zero order reactions [40]. Pinjala, Chen and Luss suggested that axial 

dispersion terms should be included in the mathematical model when the transient response 

of the system is studied [41]. Chen and Luss investigated the influence of the intra-particle 

resistances on the wrong way behavior [42]. Il’in and Luss have shown how the reactant 

adsorption on the inert catalyst support may affect the behavior, and later on the same 

authors showed the wrong way behavior can ignite undesired reactions [43, 44]. In 

addition, Oh and Cavendish [45] predicted that this behavior would occur also in monolith 

reactors. Recent experiments by Frey et al. [46], Chen et al. [14], and simulations by Yu 

[47] revealed that a rapid shift to idle during the regeneration of a ceramic Diesel 
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Particulate Filter (DPF) may cause a wrong-way behavior, i.e., generate unexpected high 

local temperature excursions, which can lead to local melting or cracking of the filter.  

3.2 Motivation 

Our goal is to introduce the chemical engineering community to this new 

temperature measurement technique and motivate its adoption to various applications. One 

potential application is continuous non-destructive spatiotemporal temperature 

measurements within the flow channel of a monolith reactor or a catalytic reactor. More 

specifically, we illustrate this application by measurements of the wrong way behavior in 

a monolith reactor caused by a rapid change of the feed to the reactor. Due to the extensive 

literature reports and discussions of the wrong-way behavior and since our main goal is to 

illustrate the temperature measurements capability of the Optical Backscatter 

Reflectometer, we report here the measurements of the wrong-way spatio-temporal 

temperature excursions during the oxidation of ammonia in a monolith reactor.  Our focus 

is on the experimental technique rather than extensive analysis of the behavior.  

3.3 Experimental System and Procedures 

The experiments involved the oxidation of ammonia by a 7.5 cm long and 2.54  cm 

diameter cordierite monolith catalyst (cell density of 400 channels/in2) provided by BASF 

(Iselin, NJ). The monolith was washcoated (loading of 2.3 g/in.3 monolith) with a catalyst 

layer containing 2.41 wt.% Pt, 0.17 wt.% Rh, and the remainder γ-alumina. The monolith 

was wrapped in a Fiberfrax ceramic paper and placed inside a quartz tube (OD x ID x L = 

32 mm x 28 mm x 431.8 mm). The quartz tube was heated by a Lindberg/Blue M split-

hinge tube furnace (320 mm heated length). Insulating end vestibules were used to improve 
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chamber temperature uniformity and minimize the heat loss from the monolith to the 

surroundings.  

The spatiotemporal temperature was measured by a 1.25 m gold-coated fiber (Luna 

HTSO1000) with an OD of 0.125 mm (a Germanium doped fused silica core was coated 

with a gold layer 30 µm thick). One side of the fiber was connected to the LUNA OBR 

4600 data acquisition system, while the second end was loosely laid inside the quartz tube 

and outside the monolith. The OBR measured the temperature profile once every second, 

with a spatial resolution of 3 mm at an accuracy of ±1ºC. The reported position values may 

be off by ±0.25 mm error.  

High purity reactants NH3, O2 and the Argon gases were fed by MKS calibrated 

mass flow controllers (model 1179A) and mixed in a vessel filled with glass beads. A 

schematic of the experimental system is shown in Fig 3.1A. The monolith temperature was 

also monitored with a K-type stainless steel sheathed thermocouple (OD = 0.5 mm) 

inserted from the downstream of the monolith into a channel adjacent to that containing 

the optical fiber. It measured the temperature at a point 0.5 cm upstream of the monolith 

and its location within the monolith is illustrated by Fig 3.1B. The thermal signal was used 

to monitor the feed temperature and to calibrate the optical fiber before the start of each 

experiment.   

3.4 Results and Discussion 

The experiments were started by establishing at a steady-state oxidation of a feed 

mixture containing 1.2 vol. % ammonia, 12.5% of oxygen and the balance Argon in the 

catalytic monolith. We initiated the wrong-way behavior (transient temperature excursion) 

by either a sudden decrease of the feed temperature or an increase of the feed flow rate. 
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Fig 3.1 (A) Schematic of experimental setup; (B) Schematic of reactor setup. 

Our experiments are the first in which a continuous measurement of the spatial 

temperature was conducted at a high sampling frequency of 0.9 Hz. Moreover, we are not 

aware of any other reported experimental observation of wrong-way behavior following a 

sudden increase in the feed flow rate.   

In the first experiment depicted in Fig 3.2, a steady state was attained with a feed 

temperature of 143°C and a feed rate of 8,000 sccm. The corresponding initial temperature 

profile is denoted by t = 0s in the figure and the maximum steady-state temperature was 

242°C. A sudden decrease of the feed temperature from 143°C to 108°C caused the 

upstream section of the monolith to be cooled by the cooler feed, reducing the reaction rate 

in that region. Due to large heat capacity of the solid and the low rate of solid heat 

conduction, the downstream temperature remained high. The combination of an increased 
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concentration of the reactive gas and a high initial monolith temperature in the downstream 

section caused a transient temperature peak of 279°C to develop at t=160s in the 

downstream section of the monolith, exceeding the initial steady state temperature. This 

transient temperature excursion exceeded by 37°C the maximum initial steady-state 

temperature. The transient temperature from then on decreased and eventually reached a 

low temperature steady state after 5280s.   

Under steady-state operation, an increase in the feed flow rate shifts the adiabatic 

temperature downstream without affecting the maximum temperature. We conducted 

experiments to check the impact of a sudden increase of the flow rate on the transient 

response of the monolith reactor. Initially, we let the reactor reach a steady state with a 

feed rate of 5,000 sccm, at a feed temperature of 151°C with a feed containing 1.2 vol. % 

ammonia, 12.5 vol.% of oxygen and the balance Ar. The steady state temperature profile 

denoted as t=0 in the Fig 3.3, attained a maximum temperature of 256°C.   We then rapidly 

increased the total flow rate to 8,000 sccm, while keeping the feed composition and 

temperature constant. 

The increase in the flow rate decreased the upstream temperature and reactant 

conversion, increasing the downstream concentration. This richer feed composition 

reached the still hot downstream section, causing a temperature increase. Eighty seconds 

after the increase in the feed flow rate, the maximum temperature in the monolith was 

265°C, i.e., exceeding by 9°C the maximum initial steady state temperature. The reactor 

reached a new steady state at t = 4260s. These experiments are, to the best of our 

knowledge, the first experimental report of the wrong-way behavior following an increase 

in the feed flow rate to a heterogeneous catalytic reactor. 
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Fig 3.2 Wrong-way transient temperature rise caused by a sudden decrease of the 
feed temperature by 35°C.  Initial and final steady-state temperature are 
denoted as t=0 and 5280 s., respectively. 

Our experimental observations verified earlier numerical simulation predictions of the 

wrong-way behavior as a result of a flow rate acceleration [48, 49]. The amplitude of the 

transient temperature rise following a decrease in the feed temperature was much larger 

(37°C) than that caused by an increase in the feed flow rate (9°C). The main goal of this 

study was to test the applicability of the Optical Backscatter Reflectometer to measure at a 

high frequency and high spatial resolution temperature within a catalytic monolith reactor, 

avoiding the need to drill any holes in the reactor wall to insert thermocouples. The spatial 
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temperature within a reactor may be rather different from that conjectured based measuring 

the effluent concentration [50]. As illustrated by our results, the OBR is an excellent tool 

for obtaining this information.  

   We hope that our study will motivate other research and industrial groups to conduct 

temperature measurements by an optical fiber in various chemical engineering 

applications. As mentioned in the introductions, these measurements are already used for 

a variety of non-chemical engineering. One potential application of this technology is 

detection of a hot spot location on the external wall of a large diameter commercial reactor, 

such as those used in hydro-desulfurization or hydrocracking, to prevent potential 

weakening of the reactor wall. This application is already employed in pressurized 

fluidized bed combustion (PFBC) reactor in Kitakyushu city, Japan, where the York 

Company installed a special fiber that measures the high surface temperature of the reactor 

[6]. 

3.5 Conclusions 

The experiments illustrate the capability of the Luna Optical Backscatter 

Reflectometer (OBR) to measure the spatial temporal temperature in a catalytic monolith 

reactor with unparalleled combined spatial and temporal resolution. This technology is the 

first to enable temperature measurements that require simultaneous high spatial and 

temporal resolution within a relatively short monolith or packed bed reactor or a heat 

exchanger. The related stimulated Raman scatter (SRS) distributed probe has many 

potential application in the chemical industry monitoring the temperature within and/or the 

surface of large scale equipment. 
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Fig 3.3 Wrong-way transient temperature rise caused by a sudden increase of the 
feed flow-rate from 5,000 to 8,000sccm.  Initial and final steady-state 
temperature are denoted as t=0 and 4260 s., respectively. 

Our experiments demonstrate that a rapid increase of the feed to the catalytic reactor 

may lead to a transient temperature excursion, which exceeds the original steady-state 

temperature. While the amplitude of this wrong-way temperature rise is smaller than that 

caused by a sudden decrease in the feed temperature, it is important to account for this 

counter-intuitive behavior in the design of control procedures of these reactors. 
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Finally, we also noticed that this temperature measurement method may not be 

suitable for the applications in which the flow causes strong vibrations to the fiber so that 

the local strain is time dependent.  
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4 Chapter 4: A study of Intra channel Concentration 

Measurements by the Suction Probe 

 

4.1 Introduction 

In a study of heterogeneous reaction system, spatial temporal experimental 

information is a key to elucidate multi-step surface reactions. Therefore, numerous 

techniques have been developed to measure these data. For instance, a Temporal Analysis 

of Products (TAP) reactor system can provide detailed mechanistic insights to reaction 

progress [51]. However, its drawback is the use of vacuum condition, which prevents its 

applicability to catalysts operating under high pressure conditions.  

The spatially resolved capillary inlet mass spectrometer (Spaci-MS), developed 

by Partridge and coworkers at Oak Ridge National Laboratory (ORNL), enabled 

researchers to conduct in-situ measurements of the surface reaction rate inside a   

monolith reactor under atmospheric pressure [52]. This methodology employs the 

insertion of a fused-silica capillary suction tube axially into a monolith channel to sample 

reactive gases at different locations. The sucked gases composition is determined by a 

mass spectrometer. Using this technique, Partridge’s group founded that after sulfation, 

the ammonia production increased due to a shrinkage of the downstream oxygen storage 

zone (NH3 was consumed in the oxygen storage zone) [53]. These results demonstrated 

the usefulness of the Spaci-MS technique. However, a good experimental technique 

requires minimal disturbance to the system. For the Spaci-MS technique, the suction 

probe may alternate the flow in the measured channel. There is an ongoing debate on the 
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impact of this disturbance on the accuracy of the measurements. Sa et al [54] used 

computational fluid dynamics (CFD) to study the influence of the probe during CO 

oxidation. They assumed that the flow was equally distributed among all the monolith 

channels and concluded that the probe’s influence was negligible. On the other hand, 

Deutschmann’s group [55] argued that the assumption of equal flow distribution in all the 

monolith channels may not be correct. They studied the catalytic partial oxidation of 

methane (CPO) using computational fluid dynamic (CFD) simulation, and demonstrated 

that the probe’s blockage was significant even if the probe occupied only 3.5% channel 

area. They observed that the reaction progress in the channel with a probe was earlier 

than in the channel without a probe.  

Unfortunately, there are some limitations in their work. First, most of the Spaci-

MS setup is in a horizontal configuration, the capillary tip is often located at the base of 

the channel wall due to the gravity. Under this circumstance, the simulations did not 

properly assert the probe’s impact [56]. Second, Deutschmann’s model is applied to high 

space velocity (SV) applications (SV ~ 77000h-1). The smaller the SV value is, the lesser 

is the effect of the probe’s blockage. Thus, the probe’s blockage effect may not be 

significant at a low SV application. Lastly, partial oxidation of methane (CPO) reaction is 

a complex system that is impacted by the exothermicity of the oxidation reaction and 

endothermic of reforming reactions. This system may not be adequate to test the impact 

of the probe due to back diffusion of H2, and strong dependence of surface species’ 

distribution on flow rate and feed temperature [57].   



35 
 

4.2 Motivation 

Since Spaci-MS is an invaluable tool for studying rate of catalytic reactions, our 

motivation is to experimentally investigate the following parameters on the veracity of 

the Spaci-MS’s measurement: probe axial positions inside the monolith channel, the 

blockage and suction effects, and the concentration measurement under various reaction 

kinetics. To accomplish this, we conducted simultaneous measurements of intra-channel 

temperature and concentration profiles during the Pt-catalyzed propylene oxidation by 

two independent techniques: the spatial temperature was measured with a 125 µm outer 

diameter optical fiber by the Optical Domain Reflectometry (c-OFDR) [58], while the 

spatial concentration was measured with the Spaci-MS technique. To validate the 

concentration measurement, we investigated whether a linear relationship existed 

between the limiting reactant conversion and temperature profiles, such as the location of 

the sharpest gradient along the monolith. Any spatial difference in the location of the 

concentration and temperature gradients may indicate a disturbance caused by the 

capillary probe.  

4.3 A schematic of Spaci-MS setup 

The spatially resolved capillary inlet mass spectrometer (Spaci-MS) technique was 

developed at Oak Ridge National Laboratory (ORNL) by Partridge and coworkers [8, 52], 

and Horn et al. at the University of Minnesota [59]. In this section, I described the Spaci-

MS used in our lab. 

Two types of sampling capillary tube (OD = 0.363 mm, ID = 0.150 mm & OD = 

0.170 mm and ID = 110 mm) were purchased from SGE Inc. One end of the capillary tube 
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entered in the downstream of the monolith reactor channel through a septum, while an axial 

position system was used to move the capillary assembly along the reactor axis. Fig 4.1 

shows the axial positioning system used in this study. 

The axial position system consisted of a micro Valco® fitting (Nanovolume ® 

HPLC fitting series) mounted to a Velmex ® linear translation stage (UniSlide A2500).  A 

micro Valco fitting connected the sampling capillary tube with a stainless steel capillary 

tube (O.D = 1/16 inches) from a quadruple mass spectrometer (QMS-Omnistar GSD 

300). The mass spec’s steel capillary tube was kept constantly at 180 ˚C to prevent gas 

condensation. Spatial concentration profile was generated by moving the linear 

translation stage in either forward or reverse direction. The position error associated with 

the spatial concentration profile was about ± 0.5 mm.  

Helium was used as an internal standard, and all sample’s mass intensities were 

normalized against its intensity. Our mass spectrometer system measured data every 0.8 

seconds and the spatial concentration profiles were constructed by scanning the monolith 

channel every 0.5 cm. Since propylene oxidation is a strong exothermic reaction, a steep 

axial temperature gradient may form. Prolonged exposure of the capillary tube to a hot 

surface may promote intra-capillary homogeneous gas phase reactions. Before conducting 

an experiment, a blank test checked that no homogeneous gas phase reactions occurred 

when a binary mixture of various gases (H2/O2, C3H6/O2, CO/O2) was fed to a bare monolith 

at 300 °C.  
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Fig 4.1 Schematic of the axial positioning of the Spaci-MS.  

4.4 Experimental Setup 

A reactant mixture of 0.2 vol. % propylene and 10 vol. % O2 was fed to a 7.5 cm 

long and 2.54 cm diameter cordierite monolith reactor with various channel densities 

(100, 200, 400 and 600 cell per square inches (CPSI) ). These ceramic monoliths (100, 

200 and 600 cpsi) were provided by Corning. They were impregnated with a catalyst via 

incipient wetness impregnation. Detail of catalyst preparation are reported in reference 

[60]. All reactors had a washcoat loading of 2.3 g/in.3 and a Pt loading of 23.8 g/ft3. The 

commercial 400 cpsi monolith reactor was provided by BASF (Iselin, NJ). The amount of 

Pt was 96 g/ft.3 with the same washcoat loading as the others. Table 4.1 reports the 

structural characteristics of these CPSI monolith reactors. 
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The monolith reactor was placed inside a quartz tube (OD ×  ID ×  L = 32 ×28  ×  

431.8 mm) with vestibules at both ends. It was heated by a Lindberg/Blue M split-hinge 

tube furnace (30 cm heated length). A schematic of the experimental system that included 

a reactor and a data acquisition system is shown in Fig 4.2. Temperature profile was 

measured by the 125 µm outer diameter optical fiber, which was always placed inside the 

center channel of the monolith. The use of optical fiber as a temperature sensor has 

several advantages compared to traditional thermocouples, i.e., the measured temperature 

profile does not smear out due to heat conduction along the body of the probe. Its small 

size, fast sampling rate, and distributed temperature measurement capability enabled us to 

study the suction probe under steady state and transient conditions.  

Table 4.1 The structural characteristics of various CPSI monolith reactors 

 

For concentration measurement, we employed two fused silica SGE capillary 

tubes (OD = 363 µm, ID = 150 µm & OD = 170 µm and ID = 110 µm). The sampling gas 

was sucked into the probe in a co-current fashion (i.e., it sucked the flow in the same 

direction as that of the inlet flow), and was fed to a quadruple mass spectrometer (QMS-

Omnistar GSD 300). The steady state profile of the propylene mixture was established 

after two hours. To construct the concentration profile, the capillary probe was initially 
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located at the upstream of the reactor (z = 0 mm) and subsequently shifted toward the 

downstream. At each axial location, the probe recorded the propylene concentration after 

being there for about 10 minutes to ensure the new steady state was full established. The 

spatial concentration was reported by averaging the values over a period of two minutes. 

We defined a dimensionless concentration as the ratio between its concentration at its 

current position to the inlet concentration. The use of dimensionless concentration can 

improve the accuracy of identifying the depletion location of propylene gas. For 

convenience, we used a notation of the channel with the capillary probe (channel probe), 

and in a channel with an optical fiber (channel opt).  

4.5 Experimental Results and Discussions 

4.5.1  The impact of axial probe positions: 
 

We measured the steady state concentration and temperature profiles generated in 

a 100 cpsi monolith by a reaction mixture of 0.2 vol. % C3H6, 10 vol. % O2 and the 

balance Argon at total flow rate of 8000 sccm. The capillary tube and the optical fiber 

occupied about 1.6 % and 0.2% cross sectional area of the channel, respectively. Both 

probes were placed in the same channel to provide simultaneously concentration and 

temperature measurements. While the optical fiber was placed statistically, the capillary 

probe (O.D = 363 µm) was inserted at three axial positions: upstream (position A), 

catalyst middle (position B), and downstream (position C). Each positions corresponded 

to a different degree of probe’s blockage effect. At the upstream position (position A), the 

reduction of channel volume was maximized. As the probe was moved towards the 

downstream, its volumetric flow reduction decreased.  Fig 4.3A shows that the spatial 
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temperature profile remained constant regardless of the position of the probe. Even when 

the flow rate was increased to 11000 sccm, no temperature shift was observed after the 

capillary probe was moved from the entrance to the exit (data not shown). Horn et.al 

questioned about the possibility of heat conduction along the capillary tube, since the 

thermal conductivity of fused silica tube is 1.38 W/(m. K), and is comparable with the 

cordierite thermal conductivity (1.6 W/(m.K)). The constant temperature profiles shown 

in Fig 4.3A implies a negligible invasiveness of the probe to the system. The same 

experiment was repeated in the 600 cpsi channel. Due to the narrow channel size, it was 

not possible to place both the probes into the same channel without influencing the 

temperature reading. Hence, the capillary probe was inserted in the channel adjacent to 

the one that housing the optical fiber. Fig 4.3B showed that the temperature profiles in 

the channel opt was not influenced by the position of the capillary tube in channel probe. 

The implication was that the probe sampling positions had minimal influence over other 

neighborhood channels. This trend was in agreement with previous simulation results 

reported by Deutschmann[55], and Jacinto [54]: the probe’s position has a negligible 

impact on the flow to channels without a probe. This was due to the distribution to 

several empty channels of the volume blocked by the probe. The extra flux to other 

channels was only a fraction of the deflected flux in the channel probe and did not cause a 

significant shift in flow profile at these other channels.  

4.5.2 The suction effects of the capillary tube 
 

The amount of the flow sucked by the capillary is only a small fraction of the inlet 

flow and is usually ignored. However, it is important to estimate its magnitude for any   

experimental condition. 
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Fig 4.2 a) A sketch of the experimental system. b) Concentration profile is 
measured by the Spaci-MS. The temperature profile is measured in the 
adjacent channel to the channel opt. 
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Fig 4.3 Spatial temperature and concentration profiles during the propylene 
reaction (A) in a 100 cpsi monolith reactor,  (B) In a  600 cpsi monolith. 

One of the indirect measurement methods is to connect a manometer to a Spaci-

MS tube [61]. The estimation of suction flow by the Hagen Poiseuille’s equation may 

lead to an overestimate due to the gas’ compressibility. Connecting the capillary probe to 

the Spaci-MS tube causes a large pressure drop: as the inlet is exposed to the atmospheric 

pressure (≈ 105 Pa) while the outlet is under high vacuum (≈ 4.10-6 Pa). At very low 

pressure, the mean free path of gas molecule is comparable to the tube diameter and the 
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interaction of individual gas molecules with the tube wall becomes significant. Depend 

on the roughness of the tube, the gas molecules may drift at various velocities near the 

wall. The flow in the capillary tube significantly deviates from the prediction of the 

classical Navier-Stokes equations (NSE) due to the violation of no slip boundary 

condition. Several investigators attempted to solve this complex problem by accounting 

for the wall effect using the Maxwell slip velocities. However, these approaches were 

often complicated.  

Recently, a new approach has been proposed by Dongari et.al [62]. He argued that 

under isothermal condition, the fluid velocity at the wall is caused by the pressure 

gradient in the axial direction and proposed a new boundary condition, namely, 
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where U is the velocity of fluid at the capillary tube’s wall (m/s), ri is the inner radius of 

the capillary tube (m). µ (Pa.s) and ρ (kg/s) are the fluid viscosity and density, 

respectively.  

Solving the Navier-Stoke equation with new boundary condition yields the 

estimated mass suction rate  
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where Ms is a mass suction flow rate (kg/s), Lcapillary is the length of the capillary tube 

(m), µ is a viscosity of the carrier fluid (Pa.s), and Rideal is a mass ideal gas constant 

(J/(kg.K)). Pin and Pout are inlet and outlet pressures of the capillary tube respectively 

(Pa). The values of corresponding parameters are: 
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Lcapillary = 1.524 m,           µ = 51009.2 −×  (Pa. s),        Rideal    = 208 (J/ (kg. K)) 

Pin = 51001.1 × (Pa),         Pout = 6100.4 −× (Pa),           Tcapillary = 453.15 K. 

For small pressure drop, Pin ≈ Pout, Eq. (4.2) becomes the Hagen Poiseuille’s 

equation for incompressible Newtonian fluid. For a large pressure drop (Pin >> Pout, P out 

≈ 0), the first term (convective term) in Eq. (4.2) is dominated and the suction mass is 

reduced to half of that calculated by the Hagen Poiseuille’s equation. Eq. (4.2)  implies 

that increasing the capillary tube diameter increases the suction rate, while increasing the 

total flow rate decreases the suction effect. This trend is in agreement which 

Deutschman’s observation that the suction rate is smaller for higher space velocity (SV) 

[55].  

We utilized Eq. (4.2) to estimate the suction flow rate in our experiments. Table 

4.2 shows that the suction flow rate is of the same order of magnitude as the flow 

deflected by the capillary tube.  

  Table 4.2 The total flow rate is fixed at 8000 sccm. The volumetric flow rate per 
channel in the case of no probe presence (Qref), and with the probe 
presence (deflected flow, Qd, and suction flow, Qs) are tabulated. 
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number of channels, S is a channel size that is open to the flow. 

4.5.3 Experimental result and discussion of suction impact 

To investigate the effect of the probe size, we measured concentration profiles of 

a gas mixture (0.2 vol.% C3H6, 10 vol.% O2) at a feed temperature of 180˚C and total 

flow rate of 8000 sccm in  the 400 cpsi monolith reactor with two probes (O.D = 170 µm 

& I.D = 110 µm, and O.D = 363 µm & I.D = 150 µm). Fig 4.4A showed that there was 

no significant difference between concentration profiles measured by the two probes. 

This result is counter-intuitive because the bigger probe should restrict more flow into the 

channel probe, thus causing an earlier reaction progression. A possible explanation is that it 

was due to the suction effect. Eq.(4.2), predicts that using the bigger diameter capillary 

probe will increase the suction rate by about 3.5 times (because Ms ~ 4
ir ). For the low SV 

application, the bigger probe will increase both the blockage and suction effects. The 

suction effect may compensate for the blockage effect and prevent the profile shift in the 

axial direction. The experiments show that although the bigger probe can block more 

flow to the channel, the large suction can mitigate this blockage effect.  

In general, a higher flow rate increases the impact of the blockage, but decreases 

that of the suction. To verify this trend, we kept the experiment conditions similar to the 

previous one (0.2 vol. % C3H6, 10 vol. % O2 and Tfeed =180˚ C) but used a higher flow 

rate (FT = 11000 sccm). Fig 4.4B shows that the concentration measured by the bigger 

probe (O.D = 363 µm) was shifted by 1 cm upstream of the smaller probe (O.D = 170 

µm). Because the bigger probe blocked more flow to its channel, the corresponding 
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decrease in the residence shifted the propylene concentration profile upstream of the 

smaller probe. This behavior is occurred due to the stronger impact of the blockage than 

that of the suction. Thus, for high space velocities, the blockage effect of the probe 

dominates the suction effect.  

For the 400 cpsi monolith, the biggest capillary probe (363 µm) occupied about 

6 % of the cross section of the channel (see Table 4.2), the radial concentration gradient 

may not change significantly after introducing the capillary probe. However, for the case 

of 600 cpsi monolith reactor, for which the capillary probe occupied about 10% of the 

channel cross section, the concentration gradient may change upon introducing the 

capillary probe. We conducted the propylene oxidation experiment on the 600 cpsi (0.2 

vol. % propylene, 10 vol. % O2, Tf = 240˚C, FT = 8,000 sccm). Although the blockage 

and suction effects for the 600 cpsi were similar to that of the 400 cpsi, Fig 4.5 shows an 

counterintuitive trend: the concentration measured by the smaller probe was upstream of 

that of the bigger probe.  

We conjecture that this was due to the smaller capillary probe measured the 

concentration closer to the surface than the bigger one. The concentration gradient next to 

the surface caused this counter intuitive behavior. 

4.5.4 Bulk and surface concentration measurements 
 

The capillary probe measured the average concentration of the fluid phase near its 

tip. For some operations, gas composition at the vicinity of the catalyst surface may be 

rather different from that at the bulk phase. This resulted in inaccurate concentration 

measurement. We conducted a set of propylene oxidation experiment in the 100, 200, 400 



47 
 

and 600 cpsi monolith reactors, when the reaction nearly reached completion at the 

downstream of the monolith. 

 

Fig 4.4 Propylene concentration profiles were measured by two probes of 
different sizes (0.2 vol. % propylene, 10 vol. % O2, Tf = 180˚C, 400 
cpsi). Flow rate of 8,000 sccm at (A) and 11,000 sccm at (B). 
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A comparison of concentration measurement located at the monolith-end and the 

effluent (position 3 mm away from the outlet) provided insight about the difference 

between the surface concentration and the average bulk concentration in the monolith.  

Fig 4.6A shows a drastic discrepancy between the outlet and the effluent 

conversions: 93 % (outlet conversion) vs. 54 % (effluent conversion). The large 

conversion gap is attributed to the mass transport resistance in the 100 cpsi monolith. To 

check this hypothesis, we fed the same flow rate of the same propylene mixture to the 

200 cpsi monolith reactor, after decreasing the feed temperature to 131˚C. Fig 4.6B 

shows that the conversion gap decreased: i.e., the outlet conversion was about 95%, 

whilst the effluent conversion yielded 80.3%. We further repeated similar experiments 

 

Fig 4.5  Propylene concentration profiles as measured by two probes with 
different sizes. The feed contained 0.2 vol. % propylene, 10 vol. % O2,  
Tf = 240˚C, FT = 8,000 sccm. 
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with the 400 and 600 cpsi monolith reactors. In these monolith systems, no conversion 

differences existed between the outlet and the effluent (results not shown).  

These experiments revealed a general trend: the higher the cpsi was, the smaller 

the differences between the average bulk and the intra-channel concentrations. For the 

same washcoat loading, higher cpsi monolith reactor corresponded to a thinner washcoat 

layer or lower internal mass transfer resistances. In addition, a greater cell density reactor 

resulted in a shorter hydraulic diameter, a higher specific surface area of the substrate 

channels, and a higher mass transfer coefficient. In certain operating conditions, these 

resulted in a smaller difference between the average bulk and the surface concentrations 

for the 400 and 600 cpsi. While the invasiveness of the capillary probe for smaller cpsi 

reactor (e.g. 100 and 200 cpsi) decreased, the uncertainty of measuring the difference 

between the average fluid and the surface concentrations increased.  

4.5.5 The Influence of reaction kinetics 
 

4.5.5.1 Radial concentration gradients 

In the kinetic control regime, the position of the probe tip on the catalyst surface 

is important. At the channel’s corner, the washcoat layer is often thicker than that at the 

middle of channel, and the probe may sense intensive concentration due to more flux to 

the corner area. On the other hand, in the mass transfer control regime, propylene 

molecules may be consumed immediately at the catalyst surface (fast reaction). In this 

situation, the position of the probe tip on the catalyst surface may be insensitive to the 

flow disturbance. However, the boundary layer forms near the surface is thin, resulting in 

a steep concentration gradient between the bulk and the surface. Thin boundary layer 

effect has been known to cause artifact results for Spaci-MS measurements. For example, 
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while studying the partial oxidation of methane, Nogare observed that there was a 

minimum in the H2 selectivity near the entrance. This behavior apparently implied the 

presence of H2 combustion reaction near the entrance. In theory, for the first few 

millimeter near the reactor entrance, methane partial oxidation produced syngas (H2, CO, 

H2O and CO2) continuously. The selectivity to H2 should be increased in the axial 

direction for the oxidation zone. To investigate the impact of the capillary probe at 

various reaction kinetics, we conducted the propylene oxidation reaction on different 

monolith reactors (100, 200, 400 and 600 cpsi) under various conditions. A more careful 

analysis showed that it was an artifact of the technique due to the steep gradient between 

the bulk and the solid surface in combination with the fast H2 diffusion [57].  

We defined ∆z as the difference between the location of maximum temperature 

profile ( maxTz ) measured by the optical fiber and the position of propylene depletion 

measured by the Spaci-MS probe ( 0=cz ). For an adiabatic reactor, any spatial shift in the 

location of the concentration and temperature gradients ( )0 0max ≠−=∆ =cT zzz  indicate a 

disturbance caused by the capillary. In our experiment, the spatial error associated with 

the capillary probe and the optical fiber were ± 0.5 mm and ± 2 mm respectively. Thus, 

the experimental error for ∆z was about ± 2.5 mm. 

In addition, to categorize the reaction speed for different experiments, we defined 

a parameter φ as the ratio between the radial diffusive time and the reaction time at the 

catalyst surface, 

 

reaction

diffusive

τ
τ

ϕ = . (4.3) 
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Fig 4.6  Propylene concentration profile measured by a 170 µm capillary probe 
for a reaction mixture of 0.3 vol. % C3H6, 10 vol. % O2, FT =12,000 
sccm: (A) Tf = 150˚ C in a 100 cpsi, and (B) Tf  = 131˚C in a 200 cpsi.  

 A smaller φ indicates that the system was dominated by the diffusive flux to the 

surface. In this case, the concentration from the fluid to the washcoat surface was not 

steep. On the other hand, a large φ implies either a long hydraulic length for external 

diffusion, or fast reaction kinetics. Either case resulted in a steep radial concentration. 
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 The diffusive time (τdiffusive) is computed as  
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channel size, do is the outer diameter of the capillary probe. Df,C3H6 is the mean diffusivity 

of propylene. 

In the case of excess oxygen feed, the rate of C3H6 oxidation is described by a 

Langmuir-Hinshelwood type mechanism: 
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here Ys is a circumferentially averaged mole fraction at the fluid-washcoat interface. The 

rate and the absorption equilibrium constants are defined as 
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For low solid temperature, the term k1Ys ≈ 0 and the rate is of negative order with 

respect to propylene. The approximate new reaction rate captured the experimental 

observation of inhibition of  propylene at low feed temperature [63]. At high temperature, 
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the poisoning effect is alleviated due to the incremental desorption rate. Thus, the term 

k2Ys ≈ 0, and the reaction is first order. The reaction time at the depletion position for a 

given experiment can be evaluated as 
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The total concentration (CTotal) is computed at the channel inlet using the ideal gas law 
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Substitute Eq.(4.4)-(4.9) to Eq.(4.3) we obtain  
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To evaluate k1, one needs to compute the rate and the absorption constants (b1 and 

b2) for a given reactor. In the next section, we introduce a 1D model that enables us to 

determine the reaction kinetic constants (b1 and b2).   

4.5.5.2 Method to compute reaction rate constants 

We used a 1-D global kinetic model, developed by Joshi et al [64], to compute the 

reaction rate constants. This model has been shown to be successful predict the NOx 

behaviors in the LNT and SCR catalysts [65], the dynamic hysteresis of co-oxidation of 

CO and C3H6 [66], among other uses [67]. The following assumptions are made: (i) the 

cross section of the channel and the washcoat thickness remain constant, (ii) ignores axial 

diffusion and conduction in the fluid phase, (iii)  laminar flow in channel , (iv) constant 

physical properties for the gas and solid phases, (v) for estimating kinetic constant 
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purpose, the reactions were conducted at low feed temperatures to reduce the influence of 

mass transfer, and with the propylene conversion less than 10% of the inlet mole fraction 

(YC3H6, inlet = 0.2 -0.3 vol. %). Because heat conduction in solid phase is smaller than the 

convective contribution of the flow for these conditions, we ignored the solid heat 

conductivity to reduce the computation efforts. In principle, the steady state multiplicity 

occurs in a monolith reactor due to the interaction between the thermal effects and 

chemical kinetics. Modelling the system with and without solid heat conduction may be 

different. The former model may predict multiple steady states due to backward heat 

conduction, while the latter one prevents multiple steady state solutions [68]. We used the 

multiplicity map that developed by Tian Gu [69] and showed that no multiple steady state 

were predicted for our operating conditions due to the small inlet mole fraction (see Fig. 

Fig 4.7). Thus, neglecting of the wall conduction does not result in any loss of 

information.    

At the steady state, the gas phase material balance is  

  ( ) ( ) ( )( )zYzYk
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zdY
u wcfmmo

fm −−=
Ω1

1 . (4.11) 

And the species balance at the surface and inside the washcoat are  

 ( ) ( )( ) ( ) ( )( )     zYzYkzYzYk wcsmisfmme −=− and (4.12) 
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where Yfm (z), Ys (z), and Ywc (z) are the cup mixing mole fractions of propylene in the 

fluid phase, the circumferentially averaged concentration at the fluid-washcoat interface, 

and the volume averaged mole fractions in the washcoat respectively. R2 is a washcoat 

thickness. u represents the average feed gas velocity per channel, and is defined 

The temperature dependent factor (Tf (z)/273.15) accounts for gas expansion at various 

fluid temperatures. The overall mass transfer coefficient is given by  
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where kme, kmi, and kmo are the external, internal and overall mass transfer coefficients. 

The external and internal mass transfer coefficients are defined by 
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where Df,e and Df,i are the fluid phase diffusivity and the effective washcoat diffusivity of 

propylene, respectively.  
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Fig 4.7 Hysteresis loci of adiabatic reactors with Langmuir-Hinshelwood kinetics 
and different adsorption equilibrium constants (κ).  

To compute the diffusivity of propylene in the fluid phase (Argon as a carrier 

gas), we used the Chapman-Enskog’s formula [70] over the temperature range of 300 - 

900 K, 
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In Eq (4.18), Df, Tf, M, σAB and ΩAB are the bulk diffusion coefficient, the fluid 

temperature, molecular weight, collision integral, and Lennard-Jones potential 

parameters, respectively. The order of temperature dependence in bulk diffusion is 1.5. 
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However, its value is slightly higher than 1.5 due to the linear dependence of ΩAB on 

temperature. For the sake of simplicity, Eq (4.18) is reduced to a more convenient form 

as shown by Richa [66]   

 sTD fef /cm 10237.4 27844.16
, ××= − . (4.19) 

She is the external Sherwood number, which is discussed in the work of Gupta et.al [71]. 

For fully developed flow in rounded square channel and small value of the transverse 

mass Peclet number ( 23
2

10101 −−Ω
−≈=

fLD
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P ), the constant value of 
11
48

=eSh is used.  

There are two types of diffusion contributing to mass transport in the monolith 

washcoat: volume (molecular) diffusion, Eq (4.20) and Knudsen diffusion, Eq (4.21).  
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Knu
iD is the Kudsen diffusion coefficient, r is pore radius, and Rg is the gas constant. In 

porous catalytic washcoat, there is a bimodal pore size distribution, composed of 

macropores (r ≈ 100-500 nm) between support material particles (i.e, γ-Al2O3, zeolites, 

ceria…), and small meso or micropores (r ≈ 3-6 nm) among the catalytic particles. There 

are several theoretical models for calculating the effective diffusivity value in the 

washcoat. The two most popular models are the random-pore model [72], and the mean 

transport-pore model by Forment and Bischoff [73]. The latter used one characteristic 
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pore size and correction factors such as tortuosity (τ) and porosity (ε). Tortuosity is a 

parameter that accounts for the geometrical deviation between ideal cylinder pores and 

the actual pore length, while the porosity indicates a fraction of the void volume over the 

total washcoat volume. We employed the mean transport pore approach in this model. 

Using the resistance-in series model (Bosanquet’s equation), the effective diffusion 

coefficient in the washcoat is 
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The internal Sherwood number is evaluated as a function of the Thiele modulus: 
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here ∞iSh is the asymptotic internal Sherwood number, obtained in the limit of slow 

reaction. The constant Λ depends on washcoat geometry. For the case of a square channel 

with a rounded  square flow area, ∞iSh  and Λ are 2.65 and 0.58 respectively [74]. The 

Thiele modulus is defined as 
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where R2 is the  washcoat thickness, Df,i is the  internal waschoat diffusivity computed by  

Eq (4.19).   

The energy balance in the fluid phase is 
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Here, Tf and Ts are the fluid and solid temperatures, respectively. fρ and Cpf are the density 

and specific heat capacity of the fluid phase. The local heat transfer coefficient, hf, is 

calculated using the Nusselt number (Nu) correlation 
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The position dependent Nusselt number (Nu) is calculated by [75] 
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where Lzz /* = is the dimensionless length. For a rounded square channel, 2.3=∞Nu . 

Lef and p are the Lewis fluid and transverse mass Peclet numbers. These quantities are 

calculated as 
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The energy balance for the solid phase is 

 ( ) ( ) 062 3
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The solid and fluid temperatures were measured close at the centerline channel. 

Thus, the assumption of adiabatic is reasonable. In addition, as shown in section 4.5.1, 

heat conduction along the capillary tube is negligible for the steady state profile. 

The initial conditions are  

 ( ) ( ) ( ) 00f0, 0,0T ,0 ssffmfm TzTTzYzY ======  and (4.31) 
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4.5.5.3 Numerical solution: 

The system of equations is classified as DAE (Differential Algebraic Equation). 

The numerical solution scheme is the BDF method (Backward differentiation formulae), 

which is implemented in ode15i subroutine (part of the Matlab© ODE suite [76]). The 

ode15i solver can simultaneously adjust both the order of the BDF, the step-size, and 

maintain the local error under control. The solving time is of the order of second on an i5-

4300U processor computer. This is very effective for finding the reaction kinetic 

parameters where several iterations of solving the model are needed for parameter fitting. 

On the other hand, including the heat conduction term in the enthalpy equation for 

solid phase (Eq. (4.30)) results in a second order differential equation, requiring solution 

of BVP (boundary value problem). In that scenario, the preferred method is to solve the 

transient model of the model, which is described by an ordinary differential equation 

system in time, from a known start-up of the reactor until converging to a steady state.  

The solving methodology is the method of line, which requires more time to 

achieve solution. In addition, the drawback of this transient approach is that computing 
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the Thiele modulus (Eq. (4.24)) required the knowledge of surface concentration. Most of 

the published  papers used an approximation that fluid concentration was closed to the 

surface concentration, and compute the Thiele modulus at the fluid concentration [77]. 

This assumption may be good for high density monolith reactors (400 and 600 cpsi), but 

may not be good for the case of 100 and 200 cpsi monolith reactor. Due to the larger 

hydraulic diameter, the fluid (bulk) concentration can differ from the surface 

concentration, as shown experimentally in the section 4.5.4.    

Table 4.3  reports the numerical constants and parameters used in the simulation. 

4.5.5.4 Model Predictions 

The 1D model accounted for the reduction of channel hydraulic diameter by the 

presence of the capillary tube, and the transport of material and energy at each axial 

positions. Notice that the spatial temperature measurement in the channel opt is influence 

by the surrounding channel. Since our objective was to evaluate the radial concentration 

gradient in the channel probe as accurate as possible, we used the Spaci-MS concentration 

measurement rather than the temperature measurements for the parameter fitting. 

The experiments were conducted at high propylene inlet concentration (YC3H6 = 

0.3 vol. %) and low conversions state value (Tadiabatic < 30 ˚C), the difference between the 

fluid and surface concentrations was small. The kinetic parameters in Eq. (4.6) and Eq. 

(4.7) were estimated by fitting the fluid concentration of the model with the spatial 

concentration data obtained from the Spaci-MS measurements. The fminsearchbnd 

subroutine in Matlab was used for these calibration purposes. 
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Fig 4.8 showed the fitted result for the 200 cpsi monolith reactor (C3H6 = 0.3 vol. %, O2 = 

10 vol. %, Tf = 152 ˚C, FT = 11,600 sccm), where the intra channel concentration was 

measured with capillary probe (O.D = 170 µm). The experimental conversion was 13 %, 

while the temperature rise was 30 ˚C. Fig 4.8A shows that the experimental concentration 

was bounded between the average bulk and surface concentrations. Table 4.4 lists the 

nomenclature used in the global model. From the calibration process, the kinetic 

parameters for 200 cpsi were obtained and used to predict the fluid and surface 

temperatures. Fig 4.8B shows that the experimental temperature was within 6˚ C of the 

predicted fluid and surface temperatures, indicating that the model described reasonably 

well the experimental trend. 

Table 4.3 Numerical constants and parameters used in the simulations. 
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Table 4.4 Nomenclature used in the global model 

 
Utilizing this parameter estimation procedure, we predicted the kinetic parameter 

constants for the 100, 400 and 600 cpsi monolith reactors at low conversion (conversion 

< 13%), and low adiabatic temperature rise (∆Tadiabatic < 40˚C). Table 4.5 reports these 

kinetic parameters. The estimated value of the pre-exponential constant b1 for the 400 

cpsi monolith was in the order of 1017 (mol/m3/s), which was 100 time faster than the 

others cpsi (on the order of 1015 mol/m3/s). This difference was due to the three fold 

higher loading of Pt in the commercial 400 cpsi compared to other cpsi monolith reactors. 
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The average estimated value for the parameters b2 and b4 for C3H6 oxidation were about ~ 

12000 K and -100 K respectively. For comparison, Voltz et al. reported these values as 

11427K and 361 K based on experiments in a fixed bed integral reactor [63].  

4.5.5.5 ∆z map 

We conducted 37 experiments in which we simultaneously measured the spatial 

concentration and temperature during propylene oxidation in the 100, 200, 400 and 600 

cpsi monolith reactors. Table 4.6 summarized these results. We attempted to plot ∆z as a 

function of one parameter (φ), which was computed using Eq. (4.10). However, there 

were no correlation between these data, indicating that φ was not sufficient to 

characterize the behavior of the system. 

We defined another parameter z’ as 

 

L
z

z c 0' == . (4.33) 

Here, 
0=c

z was the location at which the propylene concentration was depleted (cm). Fig 

4.10 shows the 3-D delta-z map as a function of φ and z’. The map was constructed in 

Origin 9.0® software, using Color Fill Contour Plot feature.  

In the z’ direction, we divided the map into 3 regions: downstream region (z’ = 

0.6, 1), mid-stream region (z’= 0.2, 0.6), and front region (z’= 0, 0.2). The map reveals 

that when the limiting reactant concentration was depleted at the downstream, the fluid 

and solid temperatures tended to reach the equilibrium state, and delta z was small (in the 

order of 4 mm or less). In this case, the measured concentration and temperature profiles 

were mirror image of each other, and the capillary probe had negligible impact on the 

concentration measurement. 
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Table 4.5 Fitted kinetic parameters in the Langmuir Hinshelwood reaction 
rate of propylene oxidation reaction for various monolith reactors 
(100, 200, 400, and 600 cpsi). 

 

For example, Fig 4.9A shows the spatial temperature and concentration profiles 

for experiment 7 (FT = 11,000 sccm, C3H6 = 0.2 vol. %, Tf = 150˚ C in a 100 cpsi with a 

capillary tube, O.D =363 µm). The linear relationship between the temperature rise and 

the concentration profile of a limiting reactant provided a proof of the non-invasive 

Spaci-MS measurement. 

Peculiar trends were observed in the mid region. For all log (φ) values below 2.0, 

the concentration gradient between the fluid and the surface was small, and delta z was 

negligible (∆z < 4mm). A careful inspection of experiment 36 in this region shows that 

inserting the probe caused a small upstream shift in the concentration profile (see Fig 

4.9B). This upstream shift may not be due to flow blockage by the capillary probe (see 

Table 4.2), but rather due to the improvement of external mass transfer caused by the 

shorter hydraulic channel length under the probe’s presence. For log φ values between 

2.2 and 3.8, delta z map did not show clear trends. In this region, steep radial 

concentration gradient may have led to a large discrepancy between the solid and fluid 

temperatures, causing an uncertainty in temperature measurement. 
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Fig 4.8 Fitted spatial concentration and temperature profiles during propylene 
oxidation. (x) is the experimental data, cf, cs, Ts, Tf are computed by the 
1D model.  
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Fig 4.9  Propylene concentration and temperature profiles: (A) FT = 11,000 sccm, 
C3H6 = 0.2 vol. %, Tf = 150˚ C in a 100 cpsi, and (B) FT = 8,000 sccm, 
C3H6 = 0.2 vol. %, Tf = 205˚ C in a 600 cpsi. 
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Although the optical fiber rested on the solid surface, most of its body was 

exposed to the fluid, and sensed a temperature bounded between the fluid and the solid. 

For some cases when the fluid temperature was smaller than the solid temperature, there 

was a possibility that the optical probe may sense a temperature close to that of the fluid 

temperature. On the other hand, the Spaci-MS measured propylene concentration close to 

that of the surface. Therefore, the depletion location of the propylene should be close to 

the location of the maximum solid temperature. Delta z observed in the map, perhaps, 

was a repercussion of the location mismatch between the maximum solid temperature and 

fluid temperature.  

If the hypothesis was correct, for the same value of z’, the larger value of φ 

should correspond to a larger value of delta z. A comparison between experiment 20, 21, 

and 4 reveal a conundrum:  for the same depletion location, delta z was more pronounced 

in experiment 4 (lower radial concentration gradient) than in experiments 20 and 21 

(higher concentration gradient). This peculiar trend shows that the two parameters (φ and 

z’) system are not sufficient to describe delta z. This is because experiment 20 and 21 

were conducted in the commercial catalyst (400 cpsi) with the amount of Pt loading about 

three fold as that of experiment 4 (conducted in the100 cpsi monolith). For the same 

depletion location, the feed temperature in experiment 4 was higher (T4, inlet = 224 ˚C vs. 

T20, 21 inlet ≈ ˚181 C) in order to have the same reactivity as that in experiments 20 and 21. 

Since higher operating temperature may lead to a complex heat transfer process: i.e., heat 

loss to the environment, and thermal gradient among monolith channels. These thermal 

effects may attribute to a large delta z. In the upstream regions, the average delta z value 

was high (∆z ≈ 12 mm).  
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Table 4.6 37 experiments of propylene oxidation were conducted in 100, 200, 
400 and 600 CPSI monolith reactors.  
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Fig 4.10 3D map of delta z vs. log(φ) and z’ for 37 experiments. Numbers on 
points in the map correspond to the order of experiments in Table 4.6. 

For log(φ) between 1.8-2.4, the maxima of delta z occurred with the hot spot of 

magnitude in the 12-16 mm range even though the radial concentration was not steep. We 

compared experiment 29 to experiment 12 to further investigate this phenomenon. 

Experiment 29 was conducted in the 600 cpsi monolith reactor under the presence of the 
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363 µm probe at the flow rate of 8000 sccm, and the feed temperature of 239˚ C. 

Likewise, experiment 12 were conducted in the 200 cpsi monolith reactor with the same 

operating conditions and measured by the same probe size as experiment 29. Based on 

delta z, it is showed that the impact of probe was more severe in the 600 cpsi monolith 

reactor. This occurred because the concentration was measured in the smallest channel 

with the largest probe. In addition, near the monolith entrance, the heat and mass 

boundary layer started to form. The physical presence of the probe (occupied 10% 

channel in the 600 cpsi monolith reactor) may influence the formation of these boundary 

layers.  

The second maxima of delta z that occurred at the entrance for the log(φ) values 

from 2.6 to 3.6 may be attributed to limitations of our technique. When the limiting 

reagent vanished at the entrance region, the solid temperature may be hotter than the fluid 

temperature by several degrees. For example, in the case of partial oxidation of methane 

[78], Dario used a thermocouple to measure the gas temperature and a pyrometer to 

measure the solid temperature. They observed that when the hot spot occurred at the 

entrance, the maximum temperature measured by the pyrometer was higher and located a 

few millimeters upstream of the maximum temperature measured by the sliding 

thermocouple. The hot spot with the maximum temperature of ~ 920 ˚C was measured by 

the pyrometer and ~ 800 ˚C was measured by the thermocouple. The large delta z in our 

map was attributed to the heterogeneous effect: while the optical fiber sensed the fluid 

temperature as oppose to the capillary probe that measured the surface concentration. To 

prove this hypothesis, we inspected experiment 2. Fig 4.11 shows that a large ∆z value 

for experiment 2 (FT = 8,000 sccm, C3H6 = 0.2 vol. %, Tf = 232˚ C in a 100 cpsi reactor 
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with a capillary tube, O.D =170 µm). Since both capillary probe and optical fiber were 

inserted to the same channel and only occupied a fraction area of the channel (< 2%), the 

large delta z should not be due to flow blockage effect by the probe, or the non-uniform 

activity between different monolith channels, nor the reduction in hydraulic diameter. 

Large delta z was due to the aforementioned heterogeneous effect: the optical fiber 

sensed the fluid temperature as oppose to the capillary probe that measured the surface 

concentrations. 

The limitations of our delta z map is that it only works for cases of fully 

conversion of the limiting reactant, and with the co-current Spaci-MS configuration. In 

addition, our temperature measurement technique may not be accurate for reactions in 

which the limiting reactant is consumed at the entrance or mid-stream of reactor at large 

value φ. Under these cases, a complex heat transfer process between the solid matrix and 

the environment, coupled with the difference in magnitude between the solid and fluid 

temperature, needs to be asserted. Further experiments and simulations are currently 

conducted to evaluate the veracity of the probe in these cases. 

4.6 Conclusions 

The objective of this work is to systematically study the impact of the capillary 

probe on the concentration measurements. To this end, we carried out propylene 

oxidation on Pt/Al2O3 washcoated monoliths with a range of channel densities (100, 200, 

400, and 600 cpsi), and with concentration sampling by probes of two different sizes (OD 

= 170 & 363 µm). The experiment showed that the axial position of the probe did not 

influence the flow profile in the 100 cpsi monolith channel, nor alternated the amount of 

flow shifted to surrounding channels for the 600 cpsi reactor.  
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We investigated the effect of the probe size on the spatial concentration 

measurement. Concentration measurement in the 400 cpsi monolith reactor at the total 

flow rate of 8000 sccm with two capillary probe sizes showed similar profiles. Using the 

Dongari’s formula to estimate the amount of suction flow by the probes, we found that it 

had the same magnitudes as the flow being deflected by these capillaries. These 

experiments implied that for certain operating condition, the bigger capillary probe’s 

measurement may still be accurate, due to the suction flow that compensated for the 

blockage effected.  

 

Fig 4.11 propylene concentration and temperature profiles: FT = 8,000 sccm, 
C3H6 = 0.2 vol. %, Tf = 232˚ C in a 100 cpsi reactor with a capillary tube 
(O.D =170 µm).  
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In the final part, we conducted 37 experiments on measuring the steady state 

spatial profiles of propylene oxidation in the 100, 200, 400, and 600 cpsi monolith reactor 

at various conditions. When the depletion location of the limiting reactant occurred at 

downstream region of the reactor (> 60% reactor length), the Spaci-MS produced a good 

measurements. Due to the limitation of our temperature measurement technique and the 

complex interplay nature of heat and mass transfer occurring at the upstream of the 

reactor, the impact of the probe cannot be asserted when the depletion location occurred 

at these regions. Further experimental and simulation works are conducted and will be 

reported in the future work.  
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5 Chapter 5: Spatiotemporal Behavior of Pt/Rh/CeO2/BaO 

Catalyst under Lean-Rich Cycling  

 

5.1 Introduction 

 Cerium oxide (ceria) has been successfully used in emission-reducing catalytic 

converters by the automotive industry. Ceria is a key storage component in the Three Way 

Catalyst (TWC) used in gasoline-powered cars. Ceria stores oxygen as Ce (IV) (CeO2) 

under lean conditions and releases it while forming several CeO2-x stoichiometries in a 

deficient oxygen environment. Ceria enhances the conversion of CO, non-methane 

hydrocarbons (NMHC), and NOx (NO + NO2) as the exhaust fluctuates between lean and 

rich conditions. In diesel-powered cars, ceria can be used either as a primary additive or as 

the support of a lean NOx trap (LNT) catalyst [79]. This adsorptive catalytic monolith 

reactor operates in a periodic mode [80]. During the lean feed, the precious metals catalyze 

the oxidation of NO to NO2, which is then stored as a nitrite or nitrate on the alkaline earth 

metal oxide. During the subsequent rich feed, the stored NOx is reduced to N2 and other 

byproducts such as NH3 and N2O. Incorporating ceria into an LNT catalyst improves its 

performance by increasing the catalyst’s sulfur tolerance [81], promoting the water gas 

shift reaction (WGS) at low temperatures [82], and mitigating the sintering of precious 

metal crystallites at high temperatures [83]. Other advantages of ceria in a LNT catalyst 

can be found in reference [84]. 
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Extensive studies elucidated ceria’s multiple roles, especially as an oxygen storage 

material [85]. Yet, several challenges and questions remain unanswered. For instance, 

knowledge of the labile oxygen storage during the fast transition between reducing and 

oxidizing environments is essential for understanding the catalyst performance and 

dynamic activity. A traditional measurement of the labile oxygen storage is by titration 

[86]; i.e., using pulses of probe molecules (H2 and/or CO) to scavenge oxygen from the 

catalyst surface. The amounts of consumed H2 and/or CO are used to estimate the amount 

of reactive oxygen species in the catalyst. A complicating drawback of this method is that 

ceria can chemisorb large amounts of hydrogen and carbon monoxide.  Gorte [87] pointed 

out that this method cannot explain the ability of ceria to release more oxygen during 

alternating CO-O2 pulses after being exposed to SO2.  Another issue is that reduced ceria 

(Ce2O3) can be oxidized by H2O and CO2 [88, 89]. In fact, most existing kinetic models of 

the dynamic oxygen storage capacity (OSC) ignore the oxidation of Ce2O3 by H2O or CO2 

and rather treat these as an irreversible process [90, 91]. As a result, these models may not 

adequately account for several important phenomena. Moller et al. [92] formulated an 

equilibrium oxygen storage model based on transient step experiments that explained the 

behavior of the H2/H2O system, but not of the CO/CO2 system. They attributed the 

discrepancy for the latter to the strong adsorption of CO on the Pt surface. Moreover, ceria 

affects the thermal properties of the support. Epling et al. observed an unusual increase in 

the LNT NOx storage capacity at 371 and 465 °C [93] and questioned by how much did the 

exothermic ceria reactions contribute to the overall heat release by the catalyst. This 

question is important because the solid temperature influences the amount of stored 

material and its rate of trapping and release [94]. This complex ceria reaction network and 
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its coupling with the mass and heat transport processes underscore the need to conduct 

detailed spatiotemporal concentration and temperature measurements.  

5.2 Motivations 

The first objective of this study is to investigate the effects of key operating 

variables (ceria loading, flow rate, cycle time, and the rich duration) on the storage and 

reduction of a model LNT catalyst and on the overall reaction conversion and selectivity. 

Numerous studies of the OSC of ceria used H2 and/or CO to emulate real exhaust gas. 

However, it is important to determine the OSC of ceria in the presence of typical 

hydrocarbon reducing species such as aromatics, paraffins, and olefins. Thus, we studied 

the transient behavior of a commercial ceria based LNT catalyst under a periodic feed of 

propylene (rich phase) and O2 (lean phase). Propylene is chosen as a reductant because it 

is a common olefin present in diesel engine exhaust and, similar to CO, strongly absorbs 

on the Pt surface. A rich feed containing only propylene enables the isolation of its pertinent 

effects. The experiments are conducted under anaerobic regeneration conditions, which 

may be encountered when a diesel oxidation catalyst (DOC) is positioned upstream of the 

LNT. In that case, the oxygen concentration feed to the LNT is low. The second objective 

is to gain an understanding of the impact of the exothermic ceria reactions on the storage 

and release of oxygen in the LNT catalyst. Finally, we develop and demonstrate a method 

of measuring and analyzing the spatio-temporal concentration and temperature within a 

monolith reactor under periodic process.  
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5.3 Experimental System  

A schematic of the experimental system that includes a flow reactor and a data 

acquisition system is shown in Fig 5.1. The reactor contained a cordierite catalytic monolith 

(cell density of 400 channels / in2) which had a 2.54 cm diameter and 7.5 cm length, 

provided by BASF Catalysts LLC (Iselin, New Jersey). Two catalysts were employed in 

this study, a ceria-containing sample and a ceria-free sample. These are denoted by PRBC 

(Pt/Rh/BaO/CeO2) and PR (Pt/Rh), respectively. According to the quantitative analysis 

with inductively coupled plasma mass spectroscopy (ICP-MS) by Minako Righter at Earth 

and Atmospheric Sciences Department at University of Houston, the catalyst contained 96 

g/ft3 Pt, 6.8 g/ft3 Rh, 0.3g/in3 BaO, and 0.3 g/in3 CeO2 on the γ-alumina (loading of 2.3 

g/in.3 monolith).  The compositions of the two catalysts are reported in Table 5.1.  

The monolith was placed inside a quartz tube (OD ×  ID ×  L = 32 ×28  ×  431.8 

mm), heated by a Lindberg/Blue M split-hinge tube furnace (30 cm heated length) with 

vestibules at both ends. A second ceramic heater (15 cm long) inside the Lindberg furnace 

near the gas inlet ensured temperature uniformity. The spatiotemporal temperature was 

measured by the c-OFDR technique while the spatiotemporal concentration was measured 

by the spatially-resolved mass spectrometer technique. High purity reactants C3H6, O2, and 

Argon gases were fed by calibrated mass flow controllers (MKS model 1179A). A rapid 

switching between the lean and rich gas mixtures was conducted by a four-way valve 

system (Valco Instruments Co. Inc). 

The valve switching and flow controller settings were computer controlled by a 

LabviewTM program developed in-house. The time taken to switch 90% between two feeds 

was on the order of ~200 ms. During the periodic operation, the lean mixture consisted of 
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10% vol. O2 in Argon, whereas the rich mixture contained 1.2% vol. C3H6 in Argon. These 

mixtures passed through a preheating section, which raised their temperature to >100°C.  
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Fig 5.1 Schematic of the experimental reactor system. 

 

Table 5.1 Five experiments carried out with corresponding catalyst and operating 
conditions. The lean gas feed mixture was kept constant at 10% O2, and 
at the initial solid temperature of 300˚C 



81 
 

The complete gas mixture passed through a second pre-heater to attain the targeted feed 

temperature.  

The catalyst oxidation reactivity strongly depended on the initial reaction condition. 

To ensure experimental repeatability, all the catalysts were pretreated before the start of 

each experiment. The pretreatment process consisted of heating the catalyst to 500°C under 

4% O2 flow for 1 hour to remove residual carbonaceous material. A cycling experiment 

was started after the spatial temperature inside the monolith was stable and uniform (<10°C 

temperature variation) for at least 20 minutes. The reactor typically reached a stable 

periodic state after 30 cycles. 

The independent experimental variables included the ceria loading, total cycle time, 

reductant duty cycle (percentage of total cycle with reductant feed), and the space velocity 

(GHSV, h-1, calculated at 25°C and 1 atm). The impact of each variable on the performance 

of the catalyst was studied in five experiments. These are denoted by Cases A – E and 

summarized in Table 5.1. In the first experiment (Case A), we measured the intra-channel 

spatiotemporal temperature and concentrations in the ceria containing catalyst; the lean gas 

feed mixture was kept constant at 10% O2, with the balance Ar. The propylene inlet 

concentration during the rich phase was 1.2%, and the gas space velocity and the inert feed 

temperature were 12,630 h-1 and 300°C, respectively.  The total cycle time was 35 seconds 

(30 second lean and 5 second rich). To observe the impact of ceria, we carried out an 

experiment using a non-Ceria catalyst (Case B) for the same feed temperature, feed 

composition, and gas space velocity as those in Case A. In Case C, we investigated the 

impact of the space velocity by increasing the space velocity to 17400 hr-1 while using a 

ceria catalyst and the same operating parameters as in Case A. 
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For the periodic operation, three important parameters are the total cycle time, rich 

pulse duration (or cycle duty), and the rich pulse intensity. The pulse intensity is a measure 

of the hydrocarbon concentration in the pulse at fixed total cycle time and the total amount 

of hydrocarbon. In the fourth experiment (Case D), the total cycle time was varied while 

the lean and rich feed composition, feed temperature, and rich duty cycle (14 %) were 

fixed. Finally, in order to determine the pulse intensity impact, the duty cycle was varied 

at constant total propylene (moles injected) and cycle time (Case E). The lean feed 

composition and inert feed temperature were fixed at 10% vol. O2 and 300°C, respectively. 

The short, rich pulses and long, more dilute pulses were (τL = 5 s, CC3H6 = 1.2 %) and (τR 

= 10 s, CC3H6 = 0.6 %).  

5.4 Experimental Results and Discussion: 

The main reactions and their heat of reactions are reported in Table 5.2, which is 

adopted from the TWC model proposed by Ramanathan et al [91]. Pt-catalyzed propylene 

oxidation is a self-inhibited catalytic reaction. Propylene adsorbs competitively with 

oxygen and the oxidation on the Pt sites occurs mainly during the rich feed. Cant and Hall 

[95] reported that propylene oxidation over silica-supported platinum exhibited a negative 

order dependence on propylene partial pressure and a nearly first-order dependence on the 

oxygen pressure. They concluded that platinum adsorbed propylene stronger than oxygen. 

Morooka and Ozaki [96] studied the reaction rate and order of propylene oxidation over 17 

different metal oxide catalysts at 300°C. They found that the reaction order in propylene 

and oxygen was -0.74 and 1.45 on the Pt catalyst and 0.87 and 0 on the CeO2 catalyst, 

respectively.  
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Table 5.2 Possible reactions during the periodic operation of propylene oxidation 
over the Ceria based catalyst. 

 

Because of the negative order dependence on propylene, they concluded that the Pt 

surface was largely covered by the propylene and the slow step in the oxidation was the 

chemisorption of oxygen on the propylene-covered surface. This mechanism is similar to 

the model that during Pt catalyzed CO oxidation the O2 adsorption on CO blocked sites is 

the rate limiting step [97, 98].  The self-inhibiting effect of propylene decreased when Ce 

was added to the Pt/Al2O3 catalyst [85]. The authors attributed this to the presence of 

surface and bulk oxygen vacancies in CeO2.   

Although CO2 and H2O are the main products of propylene oxidation, CO and H2 

may form by partial oxidation of propylene, or propylene reduction over Ceria (Reaction 

8), or by water gas shift and steam reforming reactions (Reaction 4 & 5). Partial oxidation 

of propylene may generate a variety of oxygenated hydrocarbons (acrolein, acetone, acetic 

acid, acetaldehyde, and small quantities of acrylic and/or propionic, etc), depending on the 
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catalyst [95]. On Pt catalyst, oxygenates form in a trace amount compared to CO/H2, which 

we confirmed with a mass spectrometer. Therefore, we track CO and H2 as the main partial 

oxidation products. At low temperature, the formed CO is a strongly adsorbed specie 

inhibiting both its own and  propylene oxidation [63]. This self-inhibition by CO 

significantly decreases as the temperature is increased.   

Ceria-supported precious metal catalysts activate the water gas shift (WGS) and 

hydrocarbon-steam reforming reactions (Reactions 4 & 5). The WGS reaction occurs at 

low temperatures (as low as 200°C), while steam reforming typically does not occur until 

the temperature exceeds 350 to 400°C. The WGS reaction is catalyzed by precious metals, 

with Rh being the most active [99-103]. At sufficiently high temperatures, the reverse WGS 

reaction occurs. Ren and Harold [104] examined the reverse WGS reaction by flowing 5% 

CO2 and 5,000 ppm H2 over four different catalysts: Pt/Rh/BaO/CeO2, Pt/Rh/BaO, Pt/BaO, 

and Pt/BaO/CeO2. They observed that below 200°C, CO2 conversion was negligible, but 

above 300°C, it exceeded 10%. A 50% conversion was achieved on the Pt/Rh/BaO/CeO2 

catalyst at 400°C. Harbi et al. [105] studied hydrogen production on a Pt based diesel 

oxidation catalyst via propylene steam reforming and WGS reactions. They found that 

steam reforming started at 375°C, and less hydrogen was formed than by the WGS. Under 

periodic feed switching between rich and inert feeds, more hydrogen and less coke 

deposition was formed than under stationary operation.  

 A schematic of the envisioned cyclic oxidation of propylene on the Pt/CeO2/Al2O3 

is shown in Fig 5.2. We will refer to this schematic throughout the presentation of results 

and discussion. 
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5.4.1 Impact of Ceria   
 

 To understand the impact of ceria, periodic feed experiments were conducted on 

catalysts PRBC (ceria containing catalyst) and PR (non-ceria containing catalyst). The 

experiments were conducted at an initial catalyst temperature of 300°C. Both catalysts 

were fed periodically for a short time (5 seconds) with a rich feed containing 1.2 vol.% 

propylene followed by a lean feed containing 10 vol.% O2 for a longer time (30 seconds).  

Fig 5.3 and  Fig 5.4 show the cyclic temperature and concentration evolutions of the PRBC 

and PR catalysts, respectively. The left-hand column of each figure shows the spatially-

resolved data during the rich to lean (R/L) transition, while the right-hand column shows 

the data during the lean to rich (L/R) transition. The initial temperature and concentration 

profiles corresponding to the R/L transition are labeled by “0 s”. At that point, the O2 flow 

entered the reactor while the propyelene flow was switched to the bypass tube. 

The propylene profiles obtained for the PRBC catalyst ( Fig 5.3D) and PR catalyst 

( Fig 5.4D) exhibited similar monotonically-decreasing spatial dependencies. Such a 

profile clearly showed the accumulation of propylene that had occurred in the channel 

upstream by the end of the rich feed (see Fig 5.3H and Fig 5.4H). 

On the other hand, the H2 profiles in Fig 5.3B and Fig 5.4B are qualitatively different. For 

the Catalyst PRBC, the H2 profile exhibits a local maximum concentration (Fig 5.3B), 

while the H2 concentration for the PR catalyst increases along the length (Fig 5.4B). 

Immediately after the R/L switch, O2 entered the reactor and led to the rapid oxidation of 

C3H6 as evidenced by the significant generation of CO2 by both catalysts (Fig 5.3C and Fig 

5.4C). In spite of the somewhat higher initial propylene concentration in the PR catalyst 
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(at t = 0 s), the production of CO2 by Catalyst PRBC was more pronounced than by PR (up 

to 6.5 vol. % vs. 3.5 vol. %), as Fig 5.3C and Fig 5.4C showed. 

 

Fig 5.2 Schematic representation of the cyclic mechanism for the propylene 
oxidation reaction. 

This indicated a more efficient oxidation by the ceria-containing catalyst. In 

addition, the hot zone coincided with an increase in the CO2 concentration (Fig 5.3C). 

During the R/L switch, the fed O2 reacted with accumulated propylene which had an initial 

declining spatial profile (Fig 5.3H). The resulting CO2 spatial profile at t = 0 exhibited a 

maximum indicating that the oxidation was not instantaneous compared to the convection.  

In contrast, during the L/R switch the fed propylene encountered a spatially uniform and 

much higher O2 concentration (not shown) which resulted in a more uniform CO2 profile 

at t = 0 (compare Fig 5.3G and Fig 5.3C). 
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Fig 5.3 Experiment A- Spatial temporal profiles for ceria-containing catalyst 
(PRBC) in a periodic lean rich steady state. We did not report CO2 profile 
at t = 33.7 s because the measurement was unreliable. 
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Fig 5.4 Experiment B- Spatial temporal profiles for non-ceria containing catalyst 
(PR) in a periodic lean rich steady state. 
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A hot spot is a small region in the monolith where the temperature is appreciably 

higher than in adjacent regions. A hot spot formed near the inlet of the PRBC catalyst one 

second after the R/L switch due to the upstream oxidation of the absorbed propylene and 

hydrogen (Fig 5.3A). A comparison of the temperature profiles of the two catalysts (Fig 

5.3A and Fig 5.4A) indicated that ceria promoted the hydrocarbon oxidation. The hot zone, 

with a maximum temperature rise of ~7°C, formed in Catalyst PRBC 1.8 cm from the 

reactor inlet (Fig 5.3A), whereas in Catalyst PR the hot zone expanded 2.7 cm from the 

reactor inlet with a maximum temperature rise of ~4°C (Fig 5.4A). The higher temperature 

rise obtained with Catalyst PRBC is likely due to the oxidation of reduced ceria (Reaction 

6 in Table 5.2). The ignition in the ceria-containing catalyst was closer to the reactor 

upstream. This may be due to the spillover of oxygen from the Ceria to the Pt or to direct 

reaction of CeO2 with propylene and its partial oxidation products CO and H2 (Reactions 

7 through 9 in Table 5.2). This effect was further evident during the measurement of the 

propylene concentration profile two seconds after the switch. For Catalyst PRBC, the 

propylene concentration dropped from 0.12 vol. % to 0 vol. % in the 4 cm upstream section 

(Fig 5.3D), whereas for Catalyst PR the propylene concentration decreased from 0.4 vol. % 

to 0.1 vol. % in the upstream 7 cm section (Fig 5.4D). The width of the hot zones show 

similar trends: for Catalyst PRBC the hot spot spanned 4 cm of the reactor (Fig 5.3A) 

whereas for Catalyst PR the hot spot span was 1 cm longer (Fig 5.4A). One might think 

that the hot zone should be wider for the ceria-containing catalyst. The main difference 

appears to be due to differences in the initial propylene profiles in the two catalysts. For 

Catalyst PRBC, the propylene and hydrogen were primarily concentrated in the upstream 

section. When O2 was admitted, the oxidation reactions occurred in this upstream section 
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(z = 0 - 4 cm). In contrast, in Catalyst PR the hydrogen was distributed mostly in the 

downstream, and the propylene spanned the front 7 cm. As a result, the oxidation process 

occurred over a much longer section (z = 0 - 5 cm) albeit with a lower temperature rise.     

After three seconds, C3H6 were completely consumed in both catalysts. The hot 

zone conquered the entire reactor length through both convection and conductive processes 

(compare Fig 5.3A and Fig 5.4A). The temperatures reached their peak (Tmax ~373 °C and 

~360°C for Catalyst PRBC and PR, respectively) in the downstream part of the monolith. 

The temperature remained nearly constant for a short period (~7 second) while the heat 

generated by oxygen storage reactions of ceria was counter-balanced by the monolith 

conduction and the cooling effect of the flow. Then it slowly cooled down until the end of 

the lean cycle (t = 29 second). 

 When the feed was switched to a rich mixture containing 1.2 vol. % propylene 

(L/R) switch, both catalysts immediately produced CO2, (Fig 5.3G and Fig 5.4G).  One 

second after the L/R switch, a hot spot formed at the catalyst entrance. For catalyst PRBC, 

no propylene was detected in the upstream (Fig 5.3H). The delay in its appearance was 

likely due to its reaction with oxygen absorbed on the Pt and/or stored oxygen that spilled 

over from the ceria. When complete oxidation occurs, no H2 is observed due to the 

abundance of oxygen (Fig 5.3F). For Catalyst PR, propylene was not detected in the 

upstream section. Fig 5.3G and Fig 5.4G show that CO2 produced in Catalyst PRBC 

exceeded that produced in Catalyst PR (1.0 vol.% vs. 0.7 vol.% ).  This suggests that the 

propylene oxidation rate by Catalyst PR is lower due to less stored O2 that spills over to 

the Pt. This point is underscored by the more rapid penetration of propylene into Catalyst 

PR that was observed compared to Catalyst PRBC (compare Fig 5.3H and Fig 5.4H).  
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Two seconds after the L/R switch (t = 31 s), propylene penetrated deeper into the 

catalysts. This was accompanied by a decrease in the CO2 concentration at the exit for PR 

catalyst and at a shorter length for the PRBC catalyst. This signaled a transition from an 

oxidizing to reducing environment. Accompanying the CO2 decrease was a small 

increment in the H2 production. For catalyst PRBC, this occurred in the upstream section 

whereas for catalyst PR this occurred further downstream. For both catalysts, the H2 

production zone overlapped that of the propylene consumption zone. The deeper the 

propylene penetration zone was, the wider was the H2 formation region. For example, in 

the PR catalyst propylene spanned the entire length of the catalyst by the 32 s point (Fig 

5.4H) and a significant amount of hydrogen was detected by this time (Fig 5.4F). The data 

for both catalysts suggest that after the first two seconds into the L-R switching, propylene 

oxidation transitioned from complete to partial oxidation because of insufficient oxygen 

storage in the catalyst. Fig 5.3H and Fig 5.4H (at t = 31 s) show that a detectable amount 

of C3H6 accumulated in the upstream section of the reactor. Furthermore, Fig 5.3G and Fig 

5.4G (t = 31 s) indicate that CO2 production in the upstream section decreased. The region 

of decreasing CO2 concentration coincided with the penetration region of propylene. H2 

progressively formed in the upstream region in both cases (Fig 5.3F and Fig 5.4F). The H2 

formation was likely a combination of the partial oxidation (combination of Reactions 2, 

4, and 5), water gas shift (Reaction 4), and steam reforming (Reaction 5).   

A notable difference in the H2 profiles of Catalysts PRBC and PR was the existence 

of a H2 maximum for the former. Apparently on the ceria-containing catalyst, H2 formed 

upstream was consumed in the downstream section where it reacted with stored oxygen. 

Oxygen spilled over from the ceria to the Pt and catalyzed the H2 oxidation which had low 
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overall activation energy (20-40 kJ/mol) [106]. It was also possible that hydrogen adatoms 

migrate to the support, forming HCe4O8 and related species, a so-called H2 spillover effect 

[107-109]. A third possibility is the reverse WGS reaction (reverse of Reaction 4 in Table 

5.2). Because of the strong coupling between the catalytic reactions and the heat transport, 

the downstream reactor temperature was high (T ~ 360°C), which favored the reverse WGS 

reaction [45]. It was not possible to check this assertion because we were unable to measure 

the CO concentration. The fact that H2 increased monotonically along the reactor length in 

the Ceria-free catalyst strongly suggests that there was insufficient oxygen for the various 

H2 consuming reactions to occur.  

 The rather high propylene concentration in the rich feed (1.2 vol. %) undoubtedly 

increased the concentration of surface carbonaceous species that form during propylene 

adsorption and reaction. This coke-like species likely further inhibited the propylene 

adsorption and activation by blocking active sites. In time, propylene penetrated deeper 

into the reactor, which resulted in a decrease in the CO2 production for both catalysts. 

However, the Ceria in Catalyst PRBC provided adsorbed/lattice oxygen through spillover 

to the Pt crystallites, which accelerated the oxidation of the accumulated carbonaceous 

species [110], and facilitated propylene oxidation on Pt active sites (reaction 8). Thus, ceria 

likely increased the adsorption capacity of C3H6 and delayed the propylene breakthrough 

during the rich period. Fig 5.3H and Fig 5.4H show that during the first five seconds of the 

rich pulse, propylene penetrated only 5 cm into the ceria-containing catalyst. In contrast, 

without ceria, propylene broke through the catalyst in less than 3 seconds, indicating that 

all the accessible oxygen on the catalyst has been reacted.  The corresponding temperature 

profiles underscore these trends. Fig 5.3E and Fig 5.4E show that during the last four 
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seconds of the rich period, the temperatures profiles in Catalyst PR did not change, whereas 

in Catalyst PRBC a small increase was evident in the downstream section. The oxygen 

stored in Catalyst PR corresponds to roughly one oxygen atom per exposed Pt atom, while 

no additional storage exists on the alumina support [111]. Because most of the absorbed 

oxygen on the Pt surface was consumed in one second, no other reactions can generate 

heat. In contrast, for Catalyst PRBC the temperature increases by about ~ 4°C, suggesting 

additional reactions following the oxygen release by CeO2 (reverse of reaction 6) and CeO2 

reduction by CO, C3H6, and H2 (Reactions 7, 8, and 9). 

 Finally, after the 5-second rich feed, significant propylene accumulated in the 

upstream of both catalysts. A subsequent shift from rich to lean leads to extensive 

oxidation, and the temperature rise following the rich/lean transition was much higher than 

that during the rich feed. A similar behavior was reported during lean/rich cycling in a lean 

NOx trap catalyst [112, 113].  

5.4.2 Impact of space velocity 
 

In order to determine the GHSV impact, experiments were conducted at a flow rate 

of 11,000 sccm (Case C), corresponding to a space velocity (GHSV) of 17,367 hr-1 which 

is about 1.3 times faster than that in Case A. A higher space velocity increases the amount 

of propylene fed to the reactor and its penetration depth, while reducing the residence time. 

Because propylene self-inhibits its own oxidation, a larger amount of propylene fed is 

expected to increase the extent of surface poisoning, oligomerization, and coking. A direct 

consequence may be a decreased oxygen uptake during the subsequent lean feed, and a 

corresponding decrease in the hydrocarbon consumption during the rich phase. The 

increased propylene accumulation by the end of the rich phase enhances the partial 
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oxidation during the initial part of the lean phase. Furthermore, a higher space velocity 

removes more quickly the oxygen that is loosely bound or held in the pores. Experiments 

have shown that physically absorbed oxygen lead to a high transient temperature rise 

during combustion [50].   

Fig 5.5 provides evidence for these effects. The inhibition due to increased 

propylene fed at the higher space velocity increased the propylene upstream concentration 

to ~0.4% (Fig 5.5D) compared to ~0.12% at the lower space velocity (Fig 5.3D). Moreover, 

propylene penetrated slightly deeper (4.5 cm in Fig 5.5D) compared to the base case (4 cm 

in Fig 5.3D).  Fig 5.5B shows that a higher H2 concentration was obtained (0.22% at 5.5 

cm, 0.20% at outlet) at the higher flow rate compared to a 0.15% at the 4 cm mark obtained 

for the lower flow rate, proving an enhanced partial oxidation. Since propylene oxidation 

is of negative order with respect to propylene, the oxygen uptake was smaller at the higher 

feed flow rate due to the higher C3H6 concentration. The increased space velocity and lower 

temperature decreased the H2 conversion below that obtained at a lower space velocity. 

Moreover, the H2 formed upstream was sustained over a longer section of the reactor since 

less oxygen was available to react with it in the downstream section. The maximum CO2 

concentration at the high space velocity was ~5.7 vol. %, compared to ~6% for the low 

space velocity. This is an additional evidence for a somewhat increased partial oxidation 

of propylene at higher space velocity.  

One second after the R/L switching, a hot spot formed at z = 3 cm with a 

temperature of ~320°C, i.e., ~20°C higher than the temperature of 300 °C at z = 3cm (t = 

29 seconds), due to the heat generated by the propylene oxidation (see Fig 5.5A). Two 

seconds later the hot zone spanned the entire reactor (z = 1-7.5 cm) with a peak temperature 
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of 378 °C. At this instant, most of the propylene was completely reacted, and no further 

oxidation occurred. Increasing the flow rate moved the hot zone faster in the downstream 

direction due to the higher rate of convection. At the higher flow rate, the temperature 

profile monotonically increased along the monolith (Fig 5.5A) as opposed to forming a 

peak in the base case (Fig 5.3A). A possible explanation is that increasing the flow rate 

promoted H2 formation in the upstream section. The combination of high H2 concentration 

and hot downstream temperature led to a higher transient temperature downstream. Thus, 

for the high flow rate the maximum exit temperature (Tmax = 376 °C) was marginally higher 

by 3°C from that at the lower feed rate. 

After the L/R switch, the species concentration profiles were similar in both cases.  

An increase of the space velocity enabled the catalyst to store more propylene, which 

decreased the oxygen uptake rate, thereby reducing the extent of complete oxidation. For 

the higher feed rate case, more hydrogen was formed in the upstream and a smaller fraction 

was oxidized at the downstream. The oxidation rate in the downstream section was 

vigorous, and the heat generated by the upstream reaction was rapidly convected 

downstream. Thus, the highest temperature was at the end of the catalyst.  

5.4.3 Impact of cycle duration 
 

We conducted experiments in which the ratio of the lean to rich feed duration was 

kept fixed, (τL / τR =6), while their durations were varied to elucidate the effect of oxygen 

storage and release from ceria. In Case D, extending the cycle time while maintaining the 

same feed concentrations increases the amounts of O2 and C3H6 that are stored 

(accumulated) during the lean and rich phases. Fig 5.6 and Fig 5.3, respectively, show the 

measured transient temperature and species concentration profiles for the 60 s lean/10 s 
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rich feed and the 30s lean/ 5s rich. The shorter cycle time led to a more spatially non-

isothermal but more temporally isothermal behavior. 

 

 

 

Fig 5.5 Experiment C- Spatial temporal profiles for ceria containing catalyst 
(PRBC) in a periodic lean rich steady state when changes the total flow 
rate to 11000 sccm.  
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For example, at t = 0 s the maximum temperature in Case D was 327 °C (Fig 5.6A), 

which was lower by 34°C from the 361 °C obtained in Case A (Fig 5.3A). The CO2 profiles 

in both experiments had similar features (Fig 5.6C and Fig 5.3C), which showed quite 

similar mixing and extent of oxidation during the R/L transition. Since a longer rich pulse 

feeds more propylene without interruption to the catalyst, the residual propylene just before 

the R/L switch covered a larger zone (z = 0- 6.0 cm, Fig 5.6D) compared to the shorter rich 

pulse (z = 0 - 4 cm, Fig 5.3D). Although there was only a subtle change in the propylene 

penetration depth (at t = 0 s) in Cases C (Fig 5.5D) and D (Fig 5.6D) when compared to 

the base Case A (Fig 5.3D), C3H6 inhibition is still important. In fact, the amount of 

propylene accumulated inside the reactor in Cases C and D was much larger than that of 

case A. In the base case (A), the inlet propylene concentration was 0.12 vol.% and covered 

4 cm upstream zone section of the reactor. This compared to Cases C and D, in which the 

inlet propylene concentration was about four times that of the base case (c ~0.4 vol.% Fig 

5.5D and Fig 5.6 D), and covered a large zone (z = 0-6 cm) inside the reactor. The larger 

propylene penetration zone impeded the oxygen trapping in a larger section of the reactor 

because of the propylene inhibition. Hence partial oxidation, as evidenced by the H2 

concentration, occurred over a larger fraction of the reactor length. For the longer cycle 

(Fig 5.6B), the H2 achieved a peak of ~0.11% at 7.0 cm near the exit while in Case A it 

was ~0.15% at 4 cm, and the concentration decreased sharply to zero by the exit (Fig 5.3B). 

The longer partial oxidation zone in Case D implies a shorter downstream zone for H2 

oxidation by stored oxygen. The longer cycle time in Case D resulted in partial oxidation 

over a somewhat larger fraction of the length as evidence by the expanded H2 generation 

zone (Fig 5.6D). On the other hand, the spatial temperature profile in the longer cycle time 
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operation (t = 0, Fig 5.6A) was always lower than that in a shorter cycle time operation (t 

= 0, Fig 5.3A). This likely impacted the magnitude of the H2 generation and may explain 

why the H2 concentration was higher for the shorter cycle time than that of the longer cycle 

time. Furthermore, as shown later in the text, we speculated that the effective oxygen 

utilization may be higher for the short cycle time compared to that at longer cycle time. 

Higher oxygen mobility can account for more H2 formation in the shorter cycle time 

operation. 

Oxygen uptake by ceria requires vacancies created during the previous 

regeneration, following Reaction 6 in Table 5.2.  Since the storage and release processes 

are activated, higher temperature results in more vacancies that are created by the reducing 

agents. For these reasons, the total cycle time affects the dynamic features. Comparing Fig 

5.6A and Fig 5.3A reveals that the longer cycle in Case D decreased the catalyst 

temperature. It is noticed that we did not detect any significant temperature change for the 

first couple of seconds during the R/L transition in the longer cycle time (Case D, Fig 

5.6A). Since the c-OFDR technique can detect an exotherm as small as ∆T = 0.5° C, we 

believed that this time delay was of significance. We speculated that gaseous oxygen 

requires time to diffuse into washcoat and the deposited coke, before absorbing on the 

catalyst surface to oxidize the adsorbed hydrocarbon species. 

Longer lag time in Case D was attributed to the lower temperature which resulted 

in reduced surface rates. For both cases, the hot zone conquered the entire monolith 

eventually, although this was slower for Case D (6 seconds) than for Case A (3 seconds). 
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Fig 5.6 Experiment D- Spatial temporal profiles for ceria containing catalyst 
(PRBC) in a periodic lean rich steady state when changes the cycle time 
to τL = 60 s and τR = 10 s. 
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For either case (A, D), most of the propylene was completely consumed once the 

hot spot spanned the entire length; hence the blockage was mitigated shortly after the start 

of the lean phase. The reactor remained hot for some period and then slowly cooled down. 

The longer lean feed time for Case D (60 seconds) increased the oxygen exposure time of 

the catalyst, which allowed more oxygen to be stored and more cooling to occur. In fact, 

by the end of the lean phase, the maximum temperature in the monolith of  327 °C was 

lower by 35°C from that in case A ( 362°C). 

The difference in O2 uptake for the two cycle times affects the regeneration 

dynamics. One second after the L/R switch, a hot spot formed at the catalyst entrance for 

the longer cycle Case D. Due to a potentially larger uptake of oxygen, the temperature rise 

was higher (∆T = 14°C; Fig 5.6E) than that in Case A (∆T = 9°C; Fig 5.3E). In spite of the 

amplitude differences, the hot zone spanned the same distance in both cases (∆z ~3 cm). 

The temperature rise likely results from the exothermic oxidation of propylene, which we 

expect to be larger in Case D than in Case A. Inspection of the CO2 concentration profiles 

reveals a counter-intuitive behavior. After one second, the maximum CO2 concentration in 

Case A of ~1.0 % (Fig 5.3G) was approximately twice that in Case D (~0.5%; Fig 5.6G). 

After two seconds, the CO2 concentration in Case D reached ~ 1%. The faster and higher 

CO2 evolution during regeneration for the shorter cycle time potentially suggests 

differences in the surface mobility of the stored oxygen in the vicinity of the Pt/CeO2 

interface. The shorter cycle time may have been caused by higher stored oxygen mobility 

due to the continuous regeneration of surface oxygen vacancies, higher reductants gradient 

at the Pt/CeO2 interface, and/or effectively using oxygen stored sites closed to Pt active 

sites. Moreover, if these processes are activated, the slightly higher temperature in case A 
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may be more conducive to the regeneration process (effectively cleaning the Pt and creating 

oxygen vacancies on the ceria surface).   

In the longer cycle time case D, CO2 continued to be generated during the rich 

phase. After three seconds, the CO2 concentration began to drop due to a reduced supply 

of stored oxygen. The longer propylene feed in case D essentially poisoned the entire 

catalyst after 5 seconds (see Fig 5.6H). The longer exposure time to the rich feed and much 

cooler spatial temperature in Case D compared to that of Case A prolonged the period of 

the depleting oxygen. This favored partial oxidation reaction, as evidence by substantial 

generation of H2. Continued reaction was also evident by the temperature during the rich 

phase being slightly higher than at the end of the lean phase (see Fig 5.6E, profiles between 

t = 59 and 68 s).   

The main effect of a longer cycle time was the increase of oxygen uptake rate during 

the lean phase and propylene accumulation during the rich phase. During the rich phase, 

propylene covered an expanded section of the reactor, which inhibited the oxygen uptake 

during the subsequent lean phase. This expanded the partial oxidation zone. The more 

protracted lean phase caused more cooling which decreased the efficiency of the interfacial 

processes associated with propylene oxidation.    

5.4.4 Impact of rich pulse intensity 
 

To elucidate the effect of storage and release of oxygen in the ceria, we conducted 

experiments at fixed total cycle time (τL+τR =35), while varying the rich feed duration but 

maintaining a fixed total propylene feed rate (τR × CC3H6 = constant). We define a more 

intense pulse as one in which τR is shorter but with a higher propylene concentration. The 

variation of the reductant concentration in the rich pulse while fixing its total amount fed 
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affects the instantaneous fuel/air ratio, which is expected to impact the conversion and 

product distribution. 

Fig 5.7 describes the spatiotemporal temperature and concentration profiles for 

Case E for which τL = 25 s, τR =10 s, with C3H6 feed concentration of 0.6 vol. %. We 

compare this periodic state with Case A in Fig 5.3 (τL = 30 s, τR =5 s with 1.2 vol. % C3H6 

feed).  The spatiotemporal features following the R/L switch were qualitatively similar in 

both cases. Fig 5.7A shows that a hot spot developed in the upstream section in Case E, 

one second after the R/L switch. It penetrated deeper (4.2 cm) into the monolith with a 

higher temperature rise (∆T = 15°C) at the 2 cm mark compared to Case A for which the 

hot spot expanded from z = 0 → 2 cm with a temperature rise of 6ºC at the 1 cm mark (Fig 

5.3A). The temperature rise is the measure of extent of reaction and therefore can be used 

as an indicator of accumulated hydrocarbon.  The transient temperature rise was somewhat 

higher in Case E than Case A, which suggested that a more prolonged rich phase resulted 

in more accumulated hydrocarbon by the start of the lean phase.  

One second after the L/R switch, a hot spot zone developed at the reactor entrance 

in both cases. However, the hot spot was more prominent in Case A (∆Tmax = ~ 10 °C) than 

in Case E (∆Tmax = ~ 7 °C). This difference may be related to the mixing that occurred 

during the L/R switch, as evidenced by the transient profile of CO2. The CO2 profile in 

Case E (Fig 5.7G) moved as a sharp front downstream with the maximum concentration of 

0.3% at the switch. This concentration is three times smaller than the maximum CO2 

concentration that was obtained in Case A (0.9 %; Fig 5.3G). Thus, an increased amount 

of reductant was consumed during the L/R switch using the shorter, more concentrated rich 

pulse (Case A). 
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Fig 5.7 Experiment E- Spatial temporal profiles for ceria containing catalyst (PRBC) in a 
periodic lean rich steady state when changes the cycle time to τL = 25 s and τR = 10 s.   
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A comparison of Fig 5.7F and Fig 5.3F revealed a higher production of H2 in Case 

E than in Case A. At the end of the regeneration, significantly more H2 was formed at the 

center of the catalyst in Case E (0.19 vol. % at z = 4 cm), almost twice that in case A (0.1 

vol. % at z = 2.5 cm) (Fig 5.3F). These data suggested that propylene partial oxidation was 

more vigorous in case E compared to that of Case A. Apparently, the more protracted 

regeneration of Case E may have allowed more time for the propylene to reduce the slow 

oxygen storage sites under conditions that are more favorable for partial oxidation (we refer 

“slow” sites as those that are far removed from the Pt/Ce interface, or those from the bulk 

of the Ceria lattice structure). The spatially-resolved temperature and concentration 

measurements enabled identification of a larger amount of oxygen release from Ceria 

during the rich phase for the less intensive pulse operation. The formed hydrogen in Case 

E was rapidly consumed downstream and vanished at the outlet, indicating that the amount 

of oxygen needed for the hydrogen oxidation in Case E was double that in Case A. Fig 

5.7E supports this conclusion because the temperature remained constant during the rich 

phase for Case E, rather than the observed slight increase in Case A. This is due to 

compensation between the endothermic oxygen release from the Ceria and the exothermic 

H2 oxidation. The experiments revealed that for a fixed reductant feed, the duration of the 

rich pulse slightly affected the break-through of propylene or the effluent product 

distribution.  However, for longer rich pulse duration more H2 was formed and less 

reductant (C3H6) was lost at the L/R transition.  

The spatially-resolved mass spectrometry may not be able to resolve or identify 

which reactions are dominant when multiple reactions involving several reacting species 

and products occur in a flow reactor. In such cases, spatiotemporal temperature 
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measurements can help (i) to rule out certain reactions (based on intermediate species 

stability), or (ii) to decide which reactions are more dominant (based on the reaction 

exothermicity). The usefulness of such temperature measurements was illustrated in our 

study of cycle duration. The impact of three different total cycle times (14, 35 and 70 

seconds) with the constant rich to lean ratio (τL/τR = 6) on the spatial temperature profile 

is shown in Fig 5.8. The shorter cycle generated a more intense hot spot and shifted the 

location of the peak temperature upstream. This occurred because the transient 

temperature during periodic operation is affected by three factors: the heat generation 

during the rich feed, the L/R and R/L transition durations, and the cooling by the lean 

gas. Faster switching with the same thermal mass and duty cycle increased the intensity 

of the exothermicity due to the increased amount of reductant fed to the reactor (i.e. 

increased the heat generation), and reduced the heat removal rate (due to shorter lean 

cycle). In this scenario, heat is more prone to accumulate, resulting in a hot zone with a 

higher and wider peak. 

This temperature trend in Fig 5.8 has several implications. Kabin et al. [114] 

studied the effects of total cycle time duration on cycle-average NOx conversion over a 

Pt/BaO/Al2O3 catalyst. They found that the NOx conversion was maximized at an 

intermediate total cycle time. They observed that with short cycles (τL+R~10s), the 

catalyst did not respond sufficiently fast to the variation of the period frequency and the 

resulting conversion was that of a mixed feed. 

The overall conversion for long cycles (τL+R~200s) approached the weighted 

average of the rich and lean steady state conversion. Our intra-channel temperature 

measurements suggested another possible explanation, i.e., a shorter cycle time led to a 
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higher solid temperature. Recently, Perng et al. [115] reported that fast cycling during NOx 

storage and reduction with propylene generated  a higher catalyst temperature with less 

pronounced transient swings. Nitrate species were unstable [116] at high temperature (> 

450 °C) and limited the ability to trap NOx, thereby lowering the overall conversion. At a 

long cycle time, the solid temperature was low due to the longer cooling period during the 

lean phase. This reduced the reaction rate. Thus, the NOx conversion may be maximized at 

some intermediate cycle time. This observed temperature impact may be utilized in low 

temperature applications. For example, 70-80% of the tailpipe hydrocarbon (HC) 

emissions occurred during the initial 1-2 min cold start-up of the catalyst. The HC 

conversion may be increased by using short cycles during the cold start-up to heat the 

reactor faster and to mitigate the poisoning effects by C3H6, CO, etc. This concept may 

also be applied to an aged catalyst in which the dispersion of the precious metal has been 

reduced after aging [65]. The time-averaged effluent yield of H2 or CO2 is the ratio between 

the effluent H2 and CO2 to the total amount of propylene reacted.  

The CO2 yield is defined as: 
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Most time-averaged data were obtained over at least five cycles, and the exposure time is 

the sum of the rich and lean durations. The exposure time of a steady state experiment is 

100 seconds after reaching steady state for two hours. 



107 
 

 

Fig 5.8 Spatiotemporal temperature profiles at the beginning of the R/L transition 
for thre different cycle durations (τL+R = 70 s), (τL+R = 35 s), &  
(τL+R = 14 s) for the PRBC catalyst.   

The time-averaged propylene conversion is defined as 
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Table 5.3 reports the propylene conversion and selectivity of CO2 and H2 for the 

five periodic experiments (Cases A through E). As expected, the ceria-containing catalyst 

(PRBC) promoted the complete oxidation of the hydrocarbon. The cyclic propylene 

conversion was 100%, and the product yield of CO2 was much higher than that of H2 (Case 

A); i.e. YCO2 = 43% and YH2 = 6.2%. In contrast, for the ceria-free catalyst (PR) in Case B, 

the overall propylene conversion was lower by 4% from that of Case A. Furthermore, the 

CO2 yield dropped 11.7%, while the H2 yield increased by 8.4%.  
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These trends indicate a less efficient oxidation on the ceria-free catalyst. Increasing 

the space velocity (Case C) favored partial hydrocarbon oxidation. The CO2 yield 

decreased compared to that in Case A. For Case D, the longer rich pulse caused an 

accumulation of carbonaceous residual on the catalysts. This reduced the extent of 

hydrocarbon oxidation evident from the lower propylene conversion (88.6%). Thus, the 

CO2 yield was reduced by 8.3% compared to the base case (Case A). With the long and 

less intensive pulse, the CO2 yield is smaller than that with the shorter and more intense 

pulse because of more significant non-isothermal operation and less propylene inhibition 

in the shorter cycle time. Finally, protracted regeneration time (Case E) allowed more O2 

in the ceria lattice to be reduced by propylene. Thus, the effluent product yield toward CO2 

in Case E was expectedly higher than that in Case A. However, the data in Table 5.3 

showed that the exit yield toward CO2 and H2 were similar in both cases. The explanation 

was that the excess CO2 and H2 formed at the upstream in case E reacted in the hot zone at 

the downstream of the reactor (possibly by the reverse WGS reaction). This conclusion 

was supported by data in Fig 5.3F and Fig 5.7F. A comparison of both figures revealed at 

the end of the regeneration (t = 33 seconds), significantly more H2 was formed at the center 

of the catalyst in Case E (0.19 vol. % at z = 4 cm), almost twice that in case A (0.1 vol. % 

at z = 2.5 cm) (Fig 5.3F). However, the H2 in both cases were rapidly consumed 

downstream and vanished at the outlet.   

The effect of propylene poisoning can be suppressed by employing a transient 

control strategy, such as cycling between net oxidizing and net-reducing reaction 

conditions. Therefore, it is instructive to compare the propylene oxidation under the 

periodic and the steady state operation. We conducted a set of steady state experiments in 
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which we kept the same amount of propylene and oxygen as that of Case A 

( %171.0
7
1%2.1

63
=×=HCc  %57.8

7
6%10

2
=×=Oc ) with an initial solid temperature of 

300°C. For both operations, all the propylene fed was converted. However, the steady state 

CO2 yield (~ 97.5%) was higher than that obtained under the periodic process by about 

54% (CO2 yield in a periodic state was ~43.2% in Case A). Since the propylene ignition 

temperature is about 200°C, the steady state propylene oxidation at 300°C with excess O2 

yields CO2 as the main product. The adiabatic temperature rise for the steady state is modest 

(Tmax ~ 323°C). On the other hand, under periodic operation total oxidation is promoted 

during the lean phases, and partial oxidation is facilitated during the rich phase. Upon the 

introduction of oxygen, the pronounced overshoot of CO2 formation following the rich to 

lean transition (see Fig 5.3) was observed. 

Table 5.3 Five experiments carried out with corresponding propylene conversion, 
CO2 and H2 selectivity. 
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Recent experiments carried out by Sheedeh et.al also observed the similar CO2 

overshoot trend with the in situ diffuse reflectance Fourier transformed infrared 

spectroscopy technique, while monitoring the evolution of surface species during the 

oxygen pulsing operation [117]. At the lean/rich interface, the propylene adsorbed on the 

platinum is abruptly consumed by the fast propylene oxidation, and carbonates on the ceria 

may be destabilized resulting in desorption of CO2 [118]. Both effects mitigate the 

propylene poisoning and may explain the observed overshoot CO2 profile. Furthermore, 

the temperature rises quickly to 370°C during the rich/lean transition (see Fig 5.3), which 

influences both the kinetics and equilibrium of other reactions such as reverse WGS and 

steam reforming reactions. Thus, the average CO2 yield under the periodic operation is 

smaller than that under the steady state operation. 

5.5 Conclusions 

We have conducted a detailed study of the spatiotemporal features of periodic 

propylene oxidation on Pt catalysts with and without an oxygen storage component.  The 

non-iosthermal data reveal rather complex coupling between the species accumulation, 

reaction and transport processes. We attempted to explain the trends based on the overall 

chemical reactions during both lean and rich conditions.  

Under periodic operation, the reactor remains in a rich condition for some time after 

a shift to a lean feed. The spatio-temporal temperature profiles in all these cases are 

complex; a hot spot forms immediately upon the feed switch. The maximum temperature 

rise after a rich-to-lean switch is much higher than that following the lean-to-rich switch 

due to the exothermic reaction between the excess O2 in the lean feed with the absorbed 

propylene and the reduced Ceria.  
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Incorporating Ceria into an LNT catalyst changes the selectivity of the final 

products. Ceria promotes the hydrocarbon oxidation through the oxygen spillover process. 

As the propylene breakthrough time is increased, CO2 is the main product of the oxidation 

process. H2 is formed in the upstream section of the reactor but reacts with oxygen stored 

on CeO2 in the downstream section. With Ceria, ignition happens immediately at the 

entrance of the catalyst, and the heat generated is slightly higher than that in a non-Ceria 

catalyst (~ 10°C), especially in the downstream section.  

 Increasing the space velocity enables the trapping of more propylene, which 

inhibits the uptake of oxygen, thus favoring the partial oxidation of propylene. The 

hydrogen is formed primarily in the upstream section, and less is oxidized in the 

downstream section of the catalyst. The combustion process is vigorous at the downstream 

section. 

 Increasing the lean and rich durations enhances oxygen trapping but results in the 

breakthrough of more propylene. Under this operation, the catalyst is poisoned by CO and 

C3H6 derived adspecies. As a result, partial oxidation is favored, and hydrogen is 

continuously formed along the entire reactor length. During the rich period, vigorous 

combustion occurs in the upstream, but product CO2 desorption is slower due to lower 

catalyst temperature and surface mobility. Increasing the rich duration time with a lower 

reductant concentration does not affect the break-through time of the propylene or the 

selectivity of the final products. More H2 is formed inside the channel, and less reductant 

is lost at the L/R interface. 

The present study demonstrates that the simultaneous use of spatially-resolved 

temperature and concentration measurements (c-OFDR and SpaciMS techniques) is a 
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powerful way of elucidating the complex transient features of a periodically-operated 

catalytic reactor. The spatiotemporal temperature profiles are in good agreement with the 

trends observed in the species profiles during lean-rich switching of propylene oxidation 

on Pt-containing monolith catalysts. The data provide insight about the more general 

dynamical features as well as the role of the ceria promoter that could otherwise not be 

obtained by measuring only the effluent composition.  
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6 Chapter 6: Conclusions and Recommendations  

6.1 Summary and Conclusion 

First, I introduced a working principle of the Optical Backscatter Reflectometer 

(OBR 4600) that enabled measurement of the spatial temporal temperature inside 

catalytic reactors with unparalleled combined spatial and temporal resolution. The 

instrument was used to measure the transient temperature inside a single channel of a 

washcoated monolith reactor in which the Pt-catalyzed oxidation of ammonia was carried 

out. Measurements of the monolith temperature response to either a rapid step decrease in 

the feed temperature or increase of the flow rate were used to test the capability of the c-

OFDR technique and to determine their impact on the transient temperature rise of the 

monolithic catalyst. The rapid step increase in the flow rate can generate a transient peak 

temperature of the solid phase higher than that at the steady state. This transient 

temperature rise was smaller than that caused by a sudden decrease of the feed 

temperature.  

Second, I conducted experiments involved propylene combustion over 100, 200, 

400, and 600 CPSI monolith reactors, and investigated the accuracy of concentration 

profile measured by the Spaci-MS technique with two capillary tubes (outer diameters of 

170 µm and 363 µm, respectively). Since there exists a linear relationship between the 

limiting reactant conversion and the temperature rise under adiabatic conditions, a spatial 

shift between the location of maximum temperature and reactant complete conversion 

indicates that the probe may affect the concentration in the monolith channel. Thus, I 
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compared the concentration profile measured by the Spaci-MS with the continuous 

temperature profile measured by the c-OFDR technique. The results were used to 

construct a 3-D map to describe the dependence of impact of the Spaci-MS on the 

concentration measurements for several operating conditions. I found that the 

concentration measurement were accurate when the conversion was complete at a 

downstream location at least 60% of the channel length. The axial position of the probe 

did not influence the flow profile in the 100 cpsi monolith channel, nor alternated the 

amount of flow shifted to surrounding channels for the 600 cpsi reactor. For certain 

operating conditions, the concentration measurement of the larger probe diameter (363 

µm) may still be reasonable due to the suction flow that compensated for the blockage 

effect. Due to a complex interplay of heat and mass transfers, I was not able to predict the 

measurement accuracy in other conditions.  

Third, I conducted several experiments to determine the impact of key operating 

variables (ceria loading, space velocity, cycle time, and rich pulse intensity) on the 

oxygen storage and release process of a Pt/Rh/CeO2/BaO monolithic catalyst during 

periodic lean (oxygen)–rich (propylene) operation. The concentrations were measured by 

the Spaci-MS, and the temperature profile was measured by the c-OFDR technique, 

providing detailed insight into the spatial temporal features of the reaction system. The 

experiments revealed that the addition of ceria increased the breakthrough time of the 

propylene during a lean-to-rich transition due to an increased oxidation rate. Hydrogen 

was formed in the upstream and was consumed in the downstream section of the catalyst 

by reaction with ceria. Increasing the space velocity increased the upstream hydrogen 

formation rate and decreased its downstream oxidation rate. Increasing the lean and rich 
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durations (while keeping their duration ratio constant) increased the oxygen uptake but 

resulted in propylene breakthrough and decreased the solid temperature. Increasing the 

rich period (at a fixed rich feed and total cycle time) allowed the catalyst to release more 

oxygen. A comparison of the ceria-containing catalyst to one without ceria revealed a 

more efficient complete oxidation for the former, while a comparison of the periodic to 

stationary operation revealed that less than half the propylene was converted to CO2 by 

the former. 

6.2 Recommendation for future works 

In this dissertation, I illustrated the usefulness of c-OFDR technique to study 

transient temperature profile of the monolith reactor. However, this technique cannot 

distinguish the Rayleigh profile shift due to strain and temperature, and is not suitable for 

the applications in which the local strain is time dependent. Recently, Luna Technology 

has improved the c-OFDR technique such that it can discriminate between the strain and 

temperature measurements by using a single polarization maintain fiber [119]. In future, 

the implementation of new technique will enable the transient temperature measurement 

more accurate under strong fiber perturbation caused by high flow rate.   

In chapter 4, I measured simultaneously the spatial temperature and concentration 

profiles in the monolith reactor, and compared these profiles to predict the accuracy of 

concentration measured by the Spaci-MS probe. When the depletion of the limiting reactant 

occurred at the upstream of the reactor, the fluid and solid temperatures may be different. 

In that scenario, the temperature measured by the optical fiber was a weighted average 

temperature between the fluid and the solid temperatures, thus complicated the analysis. 

To overcome the problem, the use of optical pyrometer is recommended, since the 
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measurement is strictly solid temperature. The comparison between the solid temperature 

and concentration measured by the pyrometer and the Spaci-MS is more suitable for 

determining the impact of the capillary probe in fast reaction regime. 

In chapter 5, I described the experimental setup that enabled simultaneously 

measure both temperature and concentration profiles of the Ceria catalyst under periodic 

redox. Redox active ceria compounds are used in the development of Three Way Catalysts 

(TWC) in an engine [120]. However, the SOx molecules containing in lubricant and fuel 

may adsorb on the oxygen adsorption sites to form very stable sulfate species that hinders 

oxygen absorption and causes the loss of oxygen storage capacity (OSC). Several works 

have been conducted to study the interaction between sulfur and ceria catalyst. Gorte [87] 

reported a surprising result: the amount of CO2 formed by pulsing CO over the sulfated 

poisoned catalyst was greater than that formed on the unpoisoned catalyst. This counter-

intuitive result implied that OSC in sulfated ceria was larger than the unsulfated one under 

periodic redox process. However, up until now no intra-monolith temperature and 

concentration measurements exist that confirmed this propose. I hope that the use of my 

experimental system shall be able to gain an understanding of the distribution of oxygen 

on the sulfated ceria based catalyst.  
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