
Figure 3.6: COMSOL-modeled temperature distribution across the photocatalytic
plate reactor. Due to the ease of model import between CAD programs
and COMSOL, it is possible to model the temperature distribution within
the stainless steel base and top plate, as well as within the quartz photo-
catalyst cover, which is sandwiched between the top and bottom reactor
plates.

holes for the placement of temperature control thermocouples, and four uniformly dis-

tributed blind holes parallel to the photocatalyst depression. These four blind holes

were intended to be the location of standard cartridge heaters which would provide

approximately 125W of thermal energy to the photocatalytic reactor base. Therefore

an accurate temperature distribution model had two primary boundary conditions:

heat flux input along the surface of these four holes and constant temperature on the

external edges of the photocatalytic reactor.

The results of the temperature distribution studies showed that the entire catalyst

bed depression should experience very uniform temperature distribution, with a vari-

ation perpendicular to the heater locations of approximately 10◦C at full power. A

false-color thermal image of the photocatalytic reactor operating at full heater power

is shown in Figure 3.6. Note that this model was conducted with a uniform exte-
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rior temperature of 300K, and the maximum catalyst temperature would be 750K.

However, in actual operation, the photocatalytic reactor would be insulated with a

fiberglass insulation to extend the maximum photocatalyst bed temperature to over

825K.

Gas flow distribution modeling within the photocatalyst bed was also investigated

using COMSOL. The bed profile was arranged such that influent gas expanded, passed

through the catalyst, then constricted as it left the modeled space. Within the sim-

ulations, the catalyst bed was modeled as a porous layer with a porosity of 0.4. This

approximation allows COMSOL to treat the catalyst bed as a partially filled space,

rather than a solid material, or space occupied by a fluid. Two flow cases were in-

vestigated using COMSOL. The first case was conducted with the expanding and

constricting gas flow paths set to have a porosity of 1.0 (completely filled with fluid,

Figure 3.7A). A line segment was chosen perpendicular to the direction of gas flow

near the front and rear of the catalyst bed; the gas velocity profile was interrogated

along this line for five different influent gas velocities. A second case was also in-

vestigated, wherein the expanding and constricting regions were modeled to contain

porosity equal to the catalyst bed (Figure 3.7B). This case physically represents the

situation where the catalyst is held in place with a packing material, either glass wool,

or potentially, inert particles with the same dimensions as the photocatalyst.

3.5 Constructed Photocatalytic Reactor and Reactor Con-

trol System

Based on the SolidWorks model, a reactor was machined out of stainless steel. The

reactor was heated by 4 1/4 cartridge heaters, which were controlled by LabView

software. The illuminated side of the catalyst bed was sealed from the laboratory

environment by a 1.0cm-thick section of GE 124 quartz (Technical Glass Products,
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Figure 3.7: COMSOL-modeled gas flow distribution (velocity) perpendicular to the
direction of flow at the inlet (top) and exit (bottom) of the catalyst bed
when the model does not include (A) and includes (B) a porous gas dis-
tribution zone before and after the catalyst bed.
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Figure 3.8: Photograph of the constructed and assembled photocatalytic reactor,
filled with TiO2 photocatalyst (center) and quartz wool packing mate-
rial on either side of the photocatalyst to help retain the photocatalyst
particles and to distribute gas throughout the photocatalyst bed.

90% transmission at 365nm). Quartz wool packing on the influent and effluent ends

of the catalyst bed prevented channeling of the gas stream and immobilized the

catalyst throughout the duration of the experiment. Figure 3.8 shows the flow reactor

loaded with photocatalyst. UV illumination was achieved via a UV spot lamp (Blak-

Ray B 100AP) located 10cm from the catalyst bed. Intensity measurements taken

under the quartz window showed that the catalyst bed received 25mW/cm2 of 365nm

illumination.

The photocatalytic reactor was controlled through LabView. Code was developed

to record the photocatalytic reactor temperature and supply power to the 4 parallel

cartridge heaters using a custom-built PID algorithm. In addition, the LabView code

was set up to allow the input of an experimental control chart, which allows the user

to input any required temperature steps, ramp rates, and UV lamp on/off status as

a function of time. The code was also used to control a Hiden Analytical Ultra-Low

Profile Mass Spectrometer. Signals recorded by LabView included: catalyst temper-

ature, reactor edge temperature, gas flow rates from the gas mass flow controllers,

lamp status (on/off), and mass spectrometer signals for masses 1 through 60.
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Once the photocatalytic reactor was constructed, a temperature measurement and

calibration of the reactor was required. A thermocouple was placed in the center of

the photocatalyst bed, and the reactor was taken through a series of temperature

steps that spanned the temperature range of interest. The results are presented in

Figure 3.9.

The photocatalytic reactor temperature control program controlled the temper-

ature of the photocatalyst bed with a linear offset relation between the set point

temperature and the actual catalyst bed temperature over the temperature range of

interest. In addition, it was determined that the illumination of the photocatalyst

bed did not result in large temperature variations when the light was on or off. At

most, the illumination caused a temperature rise of 6 ◦C.

3.6 Conclusions

The design, construction, and calibration of the photocatalytic reactor were done

in a very methodical, informed manner. First, fluid dynamics simulations and thermal

modeling were used to ensure that the proposed reactor concept would perform within

expectation (uniform temperature and gas flow distribution). Once constructed, the

photocatalyst temperature was measured as a function of the photocatalytic reactor

set point temperature. The linear correlation between bed temperature and set point

temperature allows the user to accurately control the photocatalytic reaction temper-

atures. With this knowledge, it is now possible to begin to measure photocatalytic

rates of chemical processes.
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Figure 3.9: Set point temperature and photocatalyst bed temperature as a function of
experiment time (Top graph), and the measured difference in temperature
between set point and recorded catalyst temperature, as well as the effect
of UV illumination on the photocatalyst bed temperature as a function
of set point temperature (Bottom graph). All measurements were taken
with the reactor externally insulated in quartz wool insulation, as it would
be operated during photocatalytic rate measurement experiments.
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CHAPTER IV

Photocatalytic Oxidation of Carbonaceous

Deposits over TiO2

4.1 Abstract

This work is the progression of the coal gasification work conducted during the

preliminary investigation of this thesis. As the major impediment toward the ob-

servation of high temperature photocatalytic gasification reaction rate measurements

was the ability to introduce ultra-violet photons into the catalyst bed, this work was

re-addressed upon the completion of the photocatalytic reactor.

The rates of photocatalytic removal of carbonaceous species deposited on TiO2

were measured at photocatalyst temperatures of 40 ◦C and 200 ◦C, respectively. Ra-

man data revealed that the ratio of carbonaceous species to TiO2 decreased with

increasing time on stream, and the rate of photocatalytic oxidation increased with

catalyst temperature. Infrared spectroscopy revealed that photocatalytic oxidation

occurs via a loss of terminal Ti-OH hydroxyl species. At elevated temperatures, the

photocatalyst surface became partially deactivated by the accumulation of reaction

intermediates, such as carboxyl groups with increasing time on stream; while the

concentration of surface hydroxyl species remained constant. However, Raman data

suggested that the graphitic carbon crystallite size continued to decrease after the
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catalyst was partially deactivated. This indicates that carbon oxidation continued

even after loss of photocatalytic activity, presumably via an O2-superanion. Addi-

tional experiments explored the role of water on photocatalytic oxidation reactions

and results are briefly discussed.

4.2 Introduction

In general, catalyst deactivation and poisoning (e.g. carbon deposition and sulfur

poisoning) are two primary limitations to catalyst lifetime and efficiency [37, 85, 86].

Currently, catalyst regeneration or replacement is required to improve the perfor-

mance of deactivated catalysts. However, in many cases, catalyst regeneration only

partially restores the diminished activity of the catalyst. For example, regeneration of

carbon-deactivated catalysts typically involves an oxidative regeneration procedure,

which can produce very high catalyst temperatures during the exothermic oxidation

of deposited carbon. Such high temperatures during regeneration promote catalyst

sintering, which can permanently reduce active catalyst surface area and leads to

diminished activity [85, 86]. Typically, a substantial amount of thermal energy is

required to raise the catalyst temperature to initiate regeneration. In some cases, the

deactivated catalyst bed must reach temperatures in excess of 500 ◦C before carbon

deposits can be removed [37]. Therefore, novel photocatalytic oxidative regeneration

procedures would be highly desirable and could potentially operate at lower tem-

peratures, thereby avoiding process downtime and operational inefficiencies if such

regeneration processes could be effectively conducted between 100 ◦C < T < 400

◦C. Specifically, such procedures should leverage photo-generated electronic energy

(via incident solar energy) against the Arrhenius effects of increasing temperature

on reaction rate (such as carbon oxidation rate, in the present example). Indeed,

increased catalytic rates of reaction have been recently observed using a combined

photo-thermal approach (on the order of 3-8 times) for semiconductor oxidation pho-
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tocatalysis and metal nanoparticle-based plasmon epoxidation catalysis [2, 87].

Photocatalytic oxidation over bare semiconductors has been shown to effectively

oxidize organic compounds, such as aromatics, alkanes, alkenes, alcohols, and even

soot [9, 88–91]. Semiconductor-based oxidation mechanisms typically proceed in this

order: 1) Photo-generated holes oxidize surface-terminal hydroxyl groups to form

radicals, 2) Hydroxyl radicals react with adsorbed carbon chains, which then form re-

active carbonyl and formate groups, or mineral acids, and 3) Adsorbed mineral acids

further decompose into CO2 and H2O. Some research has shown that carbonaceous

material deposited on TiO2 can be photocatalytically oxidized through the aforemen-

tioned mechanism [9, 91]. Although the observed rate of carbon oxidation is very

low, it might be possible to utilize a photo-thermal oxidation route to accelerate the

observed oxidation rate of carbonaceous species by introducing additional thermal

energy to overcome kinetic reaction barriers.

Here, we describes a photo-thermal oxidation of carbonaceous species deposited

on bare TiO2. The aim of this work is to explore the feasibility of using elevated

temperature photocatalysis to enhance the observed reaction rates of processes that

are currently driven photocatalytically. In addition, this paper shows that, through

a photo-thermal process driven at moderate temperatures (i.e., temperatures below

those required to thermally oxidize species), it is possible to increase the rate of

oxidation of relatively stable compounds (such as graphitic carbon). The use of a

novel photocatalytic reaction vessel provides a large exposed gross catalyst bed area

for both ultra-violet illumination and Raman spectroscopic surface characterization of

carbonaceous species. Evidence of reaction intermediates was observed using diffuse

reflectance infrared spectroscopy.
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4.3 Experimental

Titania used in this study was synthesized via a sol-gel process using titanium

butoxide (TBO, Sigma-Aldrich #244112). A 1:1 mixture of DI water and ethanol

was first stirred for 30 minutes at room temperature; the pH of the solution was

adjusted to 1.0 with hydrochloric acid and allowed to stir for an additional 30 min-

utes. TBO was mixed with an equal volume of ethanol and added drop-wise into

the ethanol/water mixture. After each addition, the solution became momentarily

turbid before becoming clear again. After TBO addition, the mixture was allowed to

stir for 3 hours at room temperature. The solution was then refluxed at 80 ◦C for 18

hours to condense TiO2. The resulting gel was centrifuged to remove excess water

and ethanol, then dried at 120 ◦C overnight. The dried TiO2 was calcined at 500 ◦C

in air for 5 hours to remove any remaining butanol precursors and then ground to

80-120 mesh.

The recovered TiO2 particles were physically mixed with hydroxyethyl cellulose

(Sigma-Aldrich #09368) to a 20wt% ratio of cellulose. DI water was added to wet

all of the catalyst mixture, which was then placed in an ultrasonic bath for 1 hour.

The slurry was then allowed to dry at 120 ◦C overnight. The cellulose-coated TiO2

was then pyrolyzed in a furnace in nitrogen at 300 ◦C for 1 hour. Thermogravimetric

analysis on cellulose-coated TiO2 revealed that the cellulose completely decomposed

to stable carbon species at 250 ◦C in nitrogen. The resulting carbon-modified TiO2

was then ready for photocatalytic oxidation experiments.

The photocatalytic oxidation experiments were conducted in a specially designed

reactor with a flat catalyst bed (described elsewhere [2]). Approximately 200mg of

carbon-modified TiO2 was placed in the reactor, which was then heated to reaction

temperature. A water aerator was used at 20 ◦C to humidify dry air; this wet air

stream was introduced to the reactor. A Black-Ray UV lamp delivered 25mW cm−2

of 365nm light to the catalyst bed, which was approximately 5cm x 5cm on edge. The
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photocatalytic oxidation experiment was conducted for 12 or 48 hours at 40 ◦C or 200

◦C, respectively. A set of control experiments without UV irradiation was conducted

at 200 ◦C. This temperature is lower than the thermal oxidation temperature of the

carbon modified TiO2 (approximately 375 ◦C in air atmosphere).

Post-reaction sample characterization was conducted using Raman spectroscopy.

Given the nature of the photocatalytic reaction vessel, in situ spectroscopic exper-

iments allowed precise investigation of surface species in the carbon-modified bed.

Nine spatially distributed Raman measurements were taken over the surface of the

catalyst bed. Post-processing of the spectra was conducted in Matlab; removal of

background fluorescence was required for all samples, however, samples exposed to

extended time periods of UV irradiation appeared to have more fluorescence than

other samples, making post-processing difficult. Gaussian fitting of the Eg peak of

TiO2 (143 cm−1) and the G and VR carbon peaks [90] was also conducted in Matlab.

Diffuse Reflectance Infrared Spectroscopy (DRIFTS) was used to characterize ox-

idation intermediate species produced during the initial 1 hour of reaction on fresh

carbon-modified TiO2. Carbon-modified TiO2 was mixed with KBr to 6wt%, ground,

then introduced to the DRIFTS sample chamber. Dry air was passed through the

sample chamber, while the sample was heated to 120 ◦C for 30 minutes to remove

physisorbed water. The sample was then cooled to 40 ◦C before IR spectra were

recorded. The first spectrum was recorded in the absence of UV light; this spectrum

was used as a background for comparison with spectra taken during UV illumination.

Spectra were recorded using 512 scans with 4cm−1 resolution. Spectra were recorded

at 15-minute intervals beginning immediately after onset of UV illumination.

4.4 Results and Discussion

Figure 4.1 shows photographs of the carbon-modified TiO2 in situ after photocat-

alytic oxidation. The surface of the catalyst was markedly lighter after photocatalytic
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Figure 4.1: Images of carbon-modified TiO2 beds in situ after photocatalytic reaction
at 40 or 200 ◦C and 0, 12, or 48 hours. One grayscale color indicator was
used in all photographs to aid in visual comparison between different
samples.
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oxidation, supporting results presented previously [9, 91]. Manual catalyst bed pro-

filing reveals that the effects of photocatalytic oxidation were limited to a depth of

approximately 50µ; it is believed that, due to the small catalyst particles, packing

fraction and absorption properties of the catalyst bed, transmission of UV photons

further into the catalyst bed is limiting. Therefore, oxidized carbon was mainly lo-

calized to regions close to the catalyst surface that was irradiated with UV light.

Removal of the catalyst bed for characterization (e.g. thermogravimetric analysis)

averages the effects of reaction over the entire catalyst bed, thereby limiting the in-

herent ability to observe changes in carbon content due to photocatalytic oxidation.

This prompted us to conduct in-situ surface characterization of the carbon-modified

TiO2 using Raman spectroscopy, as this allows for the characterization of carbon

and TiO2 species exposed to oxidation. Figure 4.2 illustrates representative Raman

spectra for the give experimental conditions; these spectra have been corrected for

background fluorescence. The sinusoidal noise observed in oxidation samples from 48

hours of illumination at 40 ◦C and 12 and 48 hours of illumination at 200 ◦C results

from the Raman spectrometer used. At low signal intensities (i.e. long oxidation

times or high oxidation temperatures), this noise becomes large in relation to the

observed TiO2 or carbon signals. Raman results presented in Figure 4.2 illustrate

two interesting results: the decrease in peak intensities for carbonaceous species with

respect to the TiO2 peak at 143cm−1, and the decrease of the carbon G band with re-

spect to the carbon VR band only at elevated photocatalyst temperatures. These two

effects were quantified using Gaussian fitting of known carbonaceous Raman features.

Gaussian fitting of several Raman-active carbon modes (listed in reference [90])

resulted in the precise fitting of the carbonaceous peaks observed between 1400 and

1700cm−1. The VR and G carbon features are of specific interest in this study,

as they are due to amorphous and graphitic carbon structures, respectively. The
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Figure 4.2: Raman spectra of carbon-modified TiO2 for each reaction condition. (flu-
orescence corrected) Although nine spectra were recorded for each sample,
only one is shown here. Dotted lines are used to show the Eg vibration of
TiO2 and the VR and G vibrations of carbon. Spectra from 40 ◦C/48hrs,
and 200 ◦C/12 and 48hrs show significant sinusoidal noise which resulted
from original Raman data collection.
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Eg TiO2 feature at 143cm−1 was also fit using a Gaussian function. The resulting

TiO2 peak area was compared to the sum peak area of carbonaceous features; this

ratio was used as a qualitative measure of surface carbon coverage (Figure 4.3A)

and supports the visual observations of relative carbon coverage in Figure 4.1. The

FWHM of VR and G carbon peaks are shown in Figure 4.3B and Figure 4.3C. Raman

peak widths have previously been correlated to crystallite size and graphitic order in

carbon-containing samples [92, 93]. The effect of increased photocatalyst temperature

appears to accelerate the photocatalytic oxidation process, as observed by the slope

of the carbon-titania ratio as a function of illumination time (Figure 4.3A).

As measured by Raman spectroscopy, the Raman band-width of the amorphous

carbon structures present on the post-reaction samples (Figure 4.3B) do not vary

significantly over the course of a 48-hour experiment for either reaction temperature

studied. However, when compared against the 200 ◦C thermal oxidation control exper-

iment, the presence of UV-illumination appears to remove some amorphous species.

Raman band-width results from the graphitic carbon structures are more conclusive

(Figure 4.3C). At low reaction temperatures (40 ◦C), the graphitic crystallite size

remains relatively constant over a 48-hour reaction period, while at high reaction

temperatures (200 ◦C), this decreases dramatically over the course of the 48-hour ex-

periment. This result suggests that increased reaction temperatures are necessary to

overcome the kinetic barrier for the removal of graphitic carbon structures through

a photocatalyzed oxidation mechanism. Detailed mechanistic and chemical inter-

mediate information can be gained from DRIFTS observation of the photocatalytic

oxidation reaction at both reaction temperatures.

DRIFTS results from the photocatalytic oxidation of carbon-modified TiO2 at

40 ◦C (Figure 4.4) reveal interesting transient information on the state of the cata-

lyst. The largest observed changes in absorbance relate to the decreased presence of

hydroxyl compounds, as evidenced by the features at 3493 and 1635 cm−1. This ob-
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Figure 4.3: Results from Gaussian fitting of Raman spectra for the ratio of TiO2 to
carbon-species (A), the FWHM of the VR carbon peak at 1390cm−1,
which is associated with amorphous carbon structures (B), and the
FWHM of the G carbon peak at 1590cm−1, which is associated with
graphitic carbon structures (C). Error bars denote the 90% confidence
interval, as calculated from the 9 Raman spectra taken per sample.
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Figure 4.4: DRIFTS difference spectra (Kubelka-Monk units) of UV-illuminated
carbon-modified TiO2 at 15-minute intervals during the first 1 hour of
photocatalytic oxidation at 40 ◦C. The background used to acquire these
samples was the dry carbon-modified TiO2 sample immediately prior to
UV illumination.

servation is consistent with previously published results in which decreased hydroxyl

concentrations are observed during the photocatalytic oxidation of hydrocarbons such

as propane and acetone [94–96]. In addition, several features between 1570 and 1529

cm−1 and features at 2930cm−1 and 2885cm−1 are observed to immediately decrease

upon UV irradiation. These stretching frequencies correspond to the asymmetric and

symmetric stretching frequencies of formate species [88]. These features are observed

prior to UV-illumination and are hypothesized to be a result of incomplete pyrolyza-

tion of the carbon precursor. In addition, the feature at 3747cm−1 is observed to

decrease upon illumination with UV light; this feature can be attributed to terminal

hydroxyl groups on Ti(IV)-OH [89, 94, 96, 97].

In contrast, features at 3242 and 1732 cm−1 were observed to increase over the

course of the 60-minute DRIFTS experiment. These features have been associated

with formic acid that is hydrogen-bonded to the TiO2 surface [94]. Meulen, et al.

observed the production of formic acid and a decrease in hydroxyl groups during

the photocatalytic oxidation of propane over anatase and rutile TiO2 in a DRIFTS
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Figure 4.5: DRIFTS difference spectra of UV-illuminated carbon-modified TiO2 at
15-minute intervals during the first 1 hour of photocatalytic oxidation
at 200 ◦C. The background used to acquire these samples was the dry
carbon-modified TiO2 sample immediately prior to UV illumination.

environment. Therefore, it can be interpreted from this data that the irradiation of

carbon-coated TiO2 at lower temperatures results in the production of CO2 (with a

formic acid byproduct or intermediate) due to oxidation of amorphous carbonaceous

species with photo-generated reactive hydroxyl groups.

At 200 ◦C, the DRIFTS results indicate a distinctly different mechanism. Rather

than observing the consumption of formate and water species with increasing reaction

time, adsorbed water (3259cm−1 feature) and carboxylate species (1734cm−1 feature,

corresponding to the C=O vibration) are observed. Additional potential carboxylate

features are observed at 1610cm−1 and 1437cm−1, corresponding to the asymmet-

ric and symmetric OCO vibrations [94, 97–99]. The only spectroscopic evidence of

photocatalytic hydrocarbon or carbon oxidation is the removal of CH stretching fre-

quencies at 2962, 2928, 2862cm−1 and the increased adsorbed water peaks. In contrast

to DRIFTS experiments conducted at 40 ◦C, the loss of terminal hydroxyl groups and

the production of gas-phase CO2 was not observed during experiments conducted at

200 ◦C.

The absence of hydroxyl and formate consumption during 200 ◦C DRIFTS experi-
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ments suggest that photo-generated hydroxyl species are not mechanistically involved

during the photocatalytic oxidation of carbonaceous species under these conditions.

In fact, Hägglund, et al. described a mechanism in which, during elevated tempera-

ture photocatalytic oxidation of propane in dry air, the TiO2 surface is dehydroxy-

lated upon UV illumination. Therefore, propane decomposition intermediates, such

as carboxylates, adsorb strongly on the dehydroxylated surface, which leads to photo-

catalyst discoloration [89]. In addition to DRIFTS evidence of a similar deactivation

mechanism, the carbon-modified TiO2 sample shows some signs of dehydroxylation

after 48 hours of photocatalytic oxidation at 200 ◦C, mainly due to the slight discol-

oration observed in Figure 4.1.

Although the hydroxyl intermediate is not participating in the photocatalytic oxi-

dation reaction at 200 ◦C, it is possible that photocatalytic oxidation might be occur-

ring via two alternate reaction intermediates: O2-superanions generated on exposed

Ti(III) centers, or through the generation of O2-superanion species on graphitic car-

bon [100]. Due to Raman spectroscopic evidence of a loss of graphitic carbon during

photocatalytic oxidation at elevated temperatures and from the high surface coverage

of carbonaceous species, it is proposed that the generation of O2-superanion species

over graphitic carbon is primarily responsible for photocatalytic oxidation.

The importance of water vapor during the photocatalytic oxidation of carbon and

hydrocarbons cannot be understated. In the absence of water vapor, photocatalytic

reaction rates are very low, primarily due to polar/non-polar adsorbate interactions

of water and hydrocarbons. At elevated temperatures, the relative surface coverage of

polar and non-polar compounds are more favorable to photocatalytic oxidation, how-

ever, in the absence of water vapor, dehydroxylation of the TiO2 surface may result in

the accumulation of carboxylate species, and subsequent photocatalyst deactivation.

In contrast, high water vapor concentrations will limit adsorption of hydrocarbons and

therefore limit photocatalytic oxidation rates. The determination of a ’maximum’ wa-
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ter concentration during photocatalytic oxidation reactions is difficult. As mentioned,

the polarity of reactants and the photocatalyst surface dramatically affect adsorption

energies, thereby influencing photocatalytic rates. In order to establish maximum

oxidation rates, a balance between temperature, light intensity, water vapor and hy-

drocarbon partial pressures must be established, such that the photocatalyst surface

is not deficient in hydroxyl groups and that it has sufficient coverage of hydrocarbons.

4.5 Conclusions

The photocatalytic oxidation of carbonaceous deposits was investigated at two

temperatures (40 and 200 ◦C) in a novel photocatalytic reactor. Carbonaceous ma-

terials were deposited on sol-gel derived TiO2 by the pyrolysis of hydroxyethylcellu-

lose; Raman spectroscopy confirmed the presence of amorphous and graphitic car-

bon species, while DRIFTS confirmed the presence of general carboxylate species, in

addition to some formate species, evidenced by additional CH stretching. Low tem-

perature photocatalytic oxidation experiments result in a depletion of surface-bound

carbon species, as witnessed by the change in Raman-visible carbon VR and G vi-

brations and TiO2 Eg vibrations. Similarly, elevated temperature photocatalytic oxi-

dation results in decreased carbon-titania ratio as the reaction progresses. The slope

of the Raman-characterized carbon-titania ratio roughly expresses the observed rate

of oxidation, which indicates faster oxidation rates at elevated temperatures. Mech-

anistically, partial deactivation of the photocatalyst occurs at elevated temperatures

resulting from the dehydroxylation of the TiO2 surface and subsequent accumula-

tion of carboxylate species. This accumulation prevents photo-generated hydroxyl

radical formation and carbon oxidation by hydroxyl radicals. However, oxidation is

suspected to continue over partially deactivated photocatalysts via an O2-superanion

intermediate. Although carbon photocatalytic oxidation rates are low over TiO2, en-

hancements may be found by increasing catalyst temperatures to thermally overcome
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kinetic activation barriers. However, reactant humidity and surface hydroxyl concen-

tration play a crucial role in overall photocatalyst activity, behavior, and potential

for widespread application.
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CHAPTER V

High-Temperature Photocatalytic Oxidation of

Ethylene over TiO2 [2]

5.1 Abstract

Photocatalytic oxidation of ethylene was conducted in a novel two-dimensional

packed bed reactor at higher temperatures (60 ◦C < T < 520 ◦C) than previously

reported. Degussa P25 TiO2 was used as a photocatalyst; samples of this TiO2 were

heat treated to different temperatures to obtain different phase compositions, sur-

face areas, and surface hydroxyl concentrations. Maximum photocatalytic ethylene

oxidation rates were observed between 100 ◦C to 200 ◦C. Further, oxidation rates

greater than 75% of the maximum oxidation rate were observed over a large temper-

ature range: 60 ◦C < T < 300 ◦C. At higher temperatures (T > 300 ◦C), decreasing

oxidation rates were attributed to the non-radiative, multi-phonon recombination of

photo-generated charge carriers. Regression analysis of a nonlinear, multi-phonon

recombination model and a simplified chemical rate law were used to determine ap-

parent reaction rate law parameters for the photocatalytic oxidation of ethylene and

recombination parameters for the TiO2 photocatalyst. Insights for the development

and operation of novel high-temperature photocatalysts are also discussed.
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5.2 Introduction

The necessity to find a more efficient TiO2 photocatalyst has driven the investiga-

tion of the photocatalytic behavior of mixed-phase TiO2 photocatalyst, Degussa P25.

This commercially available TiO2 exhibits excellent photocatalytic activity compared

to other TiO2 photocatalysts. Possible reasons for enhanced photocatalytic activity

include: surface area, crystalline phase composition, surface hydroxyl concentration,

and interfacial charge transfer dynamics [101? –106]. Many of these characteristics

are confounded with each other and the photocatalysts heat treatment temperature.

Prevailing hypotheses for enhanced photocatalytic activity of P25 surround the elec-

tronic states (location of the conduction and valence bands) of anatase and rutile

TiO2 phases in contact with each other in the photocatalyst, and charge transfer

mechanisms that effectively separate charge carriers [107–110].

Charge carriers are produced when a photocatalyst absorbs a photon with suffi-

cient energy: a valence electron is promoted to the conduction band, leaving a hole

in the valence band. Recombination of these charge carriers is a major contribu-

tor to the inefficiency of photocatalysts [5, 7, 111–114]. Finding a way to increase

the charge carrier lifetimes would be important, as it would lead to the increased

availability of reactive electrons and holes on the surface of the catalyst, which in

turn would increase photocatalytic efficiencies. Increasing the carrier lifetime can be

achieved very simply with the addition of metals, usually through photo-reduction

of metal salts over the photocatalyst, or via simple metal impregnation methods

[5, 112, 114, 115]. Other methods for increasing photocatalyst efficiencies rely on

the optimization of electron and hole mobility, which increases the time the charge

carrier spends on the photocatalyst surface, rather than in the bulk photocatalyst

[5, 107, 111, 112, 116, 117].

In TiO2 - based photocatalytic oxidation mechanisms, such as photocatalytic re-

mediation of volatile organic compounds (VOCs), the species primarily responsible
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for oxidation chemistry is the photo-generated hole [3, 84, 111, 115, 118]. Photo-

generated electrons migrate to regions in the catalyst with Fermi energy lower than

that of the semiconductor, such as a metal (Au or Pt), while the holes migrate to

photocatalyst defects and surface vacancies [117]. At the surface of the photocata-

lyst, the photo-generated hole is free to oxidize an adsorbed species, such as molecular

oxygen, a surface hydroxyl, or adsorbed water molecule to produce O2-superanion,

or hydroxyl radical; both species are responsible for the decomposition of adsorbed

hydrocarbons into mineral acids and CO2 [3, 84, 105, 111–113, 118].

As photocatalytic oxidation reactions are generally thought to be non-activated

processes [111, 119, 120], they should be temperature independent. However, oxi-

dation temperature influences photocatalytic oxidation rates for several VOCs due

to changes in adsorption energy of polar and non-polar reactants (e.g. water and

ethylene) [111, 113, 119, 121, 122]. Analysis of experimental ethylene photocatalytic

oxidation rates, for example, reveals an apparent activation energy of approximately

12.13 kJ/mol [119, 123, 124]. Multiple studies have observed maximum rates of

photocatalytic ethylene oxidation between 50-110 ◦C [119, 123–126]. However, these

investigations do not comment on the effects of further increasing the oxidation tem-

perature beyond 110 ◦C. In the limit of high temperature, charge carrier recombina-

tion dynamics should dramatically limit the number of charge carriers present on the

photocatalyst surface. Knowledge from the solid-state physics literature can be used

in the analysis of such high-temperature recombination processes. Non-radiative,

multi-phonon recombination of photo-generated charge carriers become significant at

photocatalyst temperatures equivalent to and larger than the Debye temperature of

the photocatalyst (θD = 327 ◦C and 247 ◦C, for rutile and anatase TiO2, respectively

[127]), [128, 129]. Up to now, the published research was limited to photocatalyst

testing at temperatures too low to fully observe the effects of such recombination

dynamics (e.g., T < 110 ◦C).
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The purpose of this study is to investigate the high-temperature photocatalytic

oxidation rates of ethylene over TiO2 photocatalysts. Insights on the non-radiative,

multi-phonon recombination rates of charge carriers in TiO2 photocatalysts can also

be inferred from the analysis of high-temperature ethylene oxidation rate data. Ethy-

lene was chosen as a probe VOC, because it is a parent molecule of other, more

hazardous compounds, such as trichloroethylene. A unique photocatalytic reactor

was constructed for this purpose, consisting of a very thin, flat catalyst bed (bed di-

mensions: 0.5mm x 30mm x 30mm). The large area of the catalyst bed is illuminated

on one side and heated from the opposing side. This configuration allows independent

control of catalyst bed temperature and illumination of the catalyst bed according to

the experimental conditions. Additional reactor details, such as CAD drawings and

flow modeling results can be found in the supplementary information.

5.3 Experimental

The TiO2 photocatalyst (Degussa P25) was calcined at either 200 ◦C, 400 ◦C,

600 ◦C, 700 ◦C or 800 ◦C for 4 hours in air to produce catalysts with a varied

phase composition. These catalysts were then deposited on Davasil Silica Gel (35-

60 mesh, Sigma-Aldrich #236802) that had been calcined at 800 ◦C in air for 4

hours. The deposition procedure involved physical mixing of the calcined TiO2 and

SiO2 (to achieve a 5wt%TiO2/SiO2 loaded catalyst), followed by the submersion of

the catalyst in deionized water and 20 min of ultrasonication. The mixed catalysts

were then dried overnight in an oven at 120 ◦C. Characterization was conducted

on the calcined, unsupported TiO2 catalysts. Single-point BET surface areas were

measured in a Quantachrome ChemBET-3000. Phase analysis of the anatase and

rutile structures was calculated from XRD data, according to [104]. Differential

Scanning Calorimetry (DSC) was conducted on a TA Q600 TGA/DSC to determine

amorphous phase content [130–132]. These experiments were conducted in an air
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environment at a heating rate of 40 ◦C/min. Diffuse Reflectance UV/Vis (DRUV/Vis)

Spectroscopy of each TiO2 sample was acquired on a ThermoScientific Evolution 300

UV-Visible Spectrophotometer. The determination of surface hydroxyl concentration

was conducted in a thermogravimetric analysis instrument (TA Q500) using ammonia

desorption. A 1%NH3 in N2 gas stream was introduced to the dried catalyst for 60

minutes, followed by a 60 minute purge with UHP N2, followed by a temperature

programmed desorption ramp from 100 ◦C to 800 ◦C. The mass of desorbed ammonia

was used as a measure of the surface hydroxyl concentration, using a 1:1 ratio of

hydroxyl groups to adsorbed ammonia.

A model of the photocatalytic reactor used for oxidation experiments was designed

in SolidWorks and tested for uniform temperature distributions and gas flow distribu-

tions across the catalyst bed using COMSOL Multiphysics simulations (Figures 3.6

& 3.7). The simulation demonstrated sufficient uniformity in both temperature and

gas velocity profiles across the catalyst bed. The reactor was machined out of stain-

less steel and heated by 4 1/4 cartridge heaters, which were controlled by LabVIEW

software. The illuminated side of the catalyst bed was sealed from the laboratory

environment by a 1.0cm-thick section of GE 124 quartz (Technical Glass Products,

90% transmission at 365nm). Quartz wool packing on the influent and effluent ends

of the catalyst bed prevented channeling of the gas stream and immobilized the cat-

alyst throughout the duration of the experiment. Figure 3.8 shows the flow reactor

loaded with photocatalyst. UV illumination was achieved via a UV spot lamp (Blak-

Ray B 100AP) located 10cm from the catalyst bed. Intensity measurements taken

under the quartz window showed that the catalyst bed received 25mW/cm2 of 365nm

illumination.

In a typical experiment, 125mg of catalyst was loaded into the photocatalytic

reactor, which was then sealed by the compression of a graphite gasket between the

reactor body and the quartz window; a leak test was conducted to ensure a complete
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seal. The photocatalytic reactor was then wrapped in insulating glass wool, and the

UV lamp positioned above the catalyst bed. Inlet gas consisted of 50sccm dry air,

3sccm ethylene (99.9%), and 50sccm argon diluent. Gas flow rates and diluent con-

centrations were set to achieve minimal thermal ethylene conversion (XEthylene<5%)

at the highest temperatures studied. The reactant stream was then passed through

a DI water saturator at room temperature before entering the photocatalytic reac-

tor. External mass transfer effects were negligible, as observed by independent rate

measurements with respect to the square root of total flow rate over a range of space

velocities a factor of 2 about the experimental flow rate.

A temperature program was built into the LabVIEW control software to ensure

repeatability of experiments. The catalyst was first heated to 200 ◦C for 2 hours to

establish an acceptable equilibrium of gas-phase components over the catalyst bed.

The catalyst was then allowed to cool to 60 ◦C before starting the experiment. At each

temperature step, oxidation rate data were acquired for 45 min with the UV lamp off,

followed by 45 min with the UV lamp on. These rate data represent oxidation rates

of the thermal process and the thermal plus photocatalytic process, respectively. The

temperature steps during photocatalytic oxidation experiments were: 60 ◦C, 100 ◦C,

170 ◦C, 250 ◦C, 325 ◦C, 360 ◦C, 400 ◦C, 440 ◦C, 480 ◦C, and 520 ◦C, as measured in the

center of the catalyst bed. Experiments with smaller temperature increments were

introduced at higher temperatures to better discriminate photocatalytic oxidation

rates from thermal oxidation rates, as the thermal oxidation rates become equivalent

to or greater than the measured photocatalytic rates.

Oxidation rates were measured by quantifying effluent CO2 concentrations via a

Bruker Optics FTIR equipped with a gas flow cell. Carbon dioxide concentrations

were measured by the integration of the experimental CO2 peak area (2400cm−1

2300cm−1) and calibrated to the CO2 peak area of a 500ppm CO2 standard. The CO2

peak area calibration curve was found to be linear with respect to CO2 concentration
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across the experimentally observed range of CO2 concentrations.

A diffuse reflectance infrared spectrometer (DRIFTS) accessory was used in the

Bruker Optics FTIR to assess the presence of surface hydroxyl species before and

after high temperature photocatalytic oxidation reactions. In this experiment, a

1wt% TiO2/KBr sample (600 ◦C TiO2 calcination temperature) was loaded into the

DRIFTS cell, and heated to 200 ◦C for 30 minutes in dry nitrogen to remove physically

adsorbed water. The sample was then cooled to 20 ◦C in dry nitrogen and a DRIFTS

spectrum of the dry TiO2 catalyst was recorded at 2cm−1 resolution with 512 scans.

The DRIFTS-mounted sample was then exposed to the reactant gas stream (C2H4,

O2, H2O, and Ar), UV illumination, and 600 ◦C catalyst bed temperature for 1 hour.

After 1 hour duration, the reactant gas was replaced by dry nitrogen, and the bed

temperature was lowered to 200 ◦C for 30 minutes to remove water from the catalyst

bed. A final spectrum was taken once the sample had cooled to 20 ◦C under dry

nitrogen.

5.4 Results

Single-point BET surface area measurements of each calcined TiO2 photocatalyst

(Table 5.1) gave values similar to those reported in literature. Surface hydroxyl

concentrations and XRD phase analysis results are also presented in Table 5.1, while

the Raman and XRD spectra are shown in Figure 5.1.

Amorphous, anatase, and rutile phase compositions were calculated from XRD

and DSC data. Amorphous to anatase phase transitions were observed between 388-

400 ◦C for samples calcined to 200 and 400 ◦C, while no transition was observed for

samples calcined at higher temperatures; these results are consistent with previously

reported phase transition behavior [130–132]. The rutile and amorphous TiO2 phase

compositions were strongly dependent on calcination temperature. DRUV/Vis spec-

troscopy confirmed that the band gap energies for each sample followed the expected
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Table 5.1: Photocatalyst characterization results
Calcination
Temperature

Surface Area
(m2 g−1)

[OH]
(µmol g−1)

Phase Content
(wt% amorphous /
anatase / rutile)

Band Gap
Energy (eV)

200◦C 52.2 9.0 10.6/65.4/24.0 2.96
(±0.6) (±2.8) (±6.2/4.5/1.7)

400◦C 52.2 6.6 2.5/70.2/27.4 2.96
(±0.5) (±3.0) (±2.5/1.4/0.6)

600◦C 45.4 5.3 0/60.6/39.4 2.94
(±0.6) (±1.9) (±0.5/0.6/0.7)

700◦C 27.2 5.0 0/22.3/77.7 2.91
(±0.5) (±2.2) (±NA/0.6/0.7)

800◦C 11.2 4.0 0/1.1/98.9 2.88
(±0.2) (±2.9) (±NA/0.6/0.7)

Figure 5.1: Raman (A) and XRD (B) spectra of photocatalysts calcined at 200 ◦C
(a), 400 ◦C (b), 600 ◦C (c), 700 ◦C (d), 800 ◦C (e). Peak positions
of anatase and rutile are marked with An, and Ru, respectively. Post-
reaction diffraction data is presented as dotted lines in the XRD data.
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Figure 5.2: Determination of the indirect band transitions of calcined photocatalysts
using UV/Vis Reflectance Spectroscopy results.

trends: DRUV/Vis results are shown in Figure 5.2, while band gap energies are

shown in Table ??. Experimental data for the photocatalytic oxidation of ethylene

are presented in Figure 5.3.

The inset of Figure 5.3 illustrates the calculation of the photocatalytic oxidation

rate; the oxidation rate in the absence of UV illumination was subtracted from the

oxidation rate during UV illumination at each experimental oxidation temperature.

It should be noted that two of the five catalysts, namely the 200 ◦C and 400 ◦C

calcined catalysts, were tested for photocatalytic oxidation at temperatures which

exceeding their respective calcination temperatures. In an effort to extract useful

information from oxidation results of these catalysts, phase analysis was conducted

on the post-reaction XRD patterns for every catalyst. The pre- and post-reaction

phase composition results are used as the bounds for error bars on the averaged

phase composition for all data discussed in the following sections.

All catalysts exhibited an exponential increase in thermally oxidized ethylene with

increased reaction temperature. The addition of UV photons contributed to ethylene
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Photocatalytic + Thermal Oxidation Rate
Thermal Oxidation Rate

Photocatalytic Oxidation Rate

Figure 5.3: Experimental photocatalytic oxidation data for all five TiO2 catalysts.
Inset shows the calculation of photocatalytic oxidation rates from raw
experimental data.

conversion at low and moderate temperatures (T<325 ◦C), however, as the temper-

ature increased, the presence of UV photons had a diminished effect. As shown in

Figure 5.3, the photocatalytic oxidation rates reached a maximum between 100-200

◦C and decreased to near-zero values at 500 ◦C.

The presence of surface hydroxyl groups after reaction was confirmed by the in-

dependent DRIFTS experiment. Figure 5.4 shows the OH-stretching region of the

acquired spectra; the native TiO2 hydroxyl groups remained after 1 hour of photo-

catalytic oxidation at 600 ◦C.

5.5 Discussion

Maximum photocatalytic ethylene oxidation rates were observed between 100 ◦C

and 200 ◦C for all catalysts tested. To exactly pinpoint the temperature for maxi-

mum oxidation rates would require additional experiments with smaller temperature
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Figure 5.4: DRIFTS results before and after 1 hour photocatalytic ethylene oxidation
over 400 ◦C calcined TiO2.

increments: however, the observations made with the current set of temperatures are

sufficient to confirm that the maximum oxidation rate occurs above the previously

reported temperature range of 60-110 ◦C.The observed trend of increased oxidation

rates at temperatures less than 200◦C were due to differences in ethylene and water

adsorption energies on the polar Ti-OH surface [124]; increased oxidation temperature

shifts the adsorbate concentrations closer to stoichiometric ratios, thereby increasing

ethylene oxidation rates.

The loss of photocatalytic activity at high temperatures can be attributed to the

loss of either of two photocatalytic intermediate species: surface hydroxyl groups or

photo-generated charge carriers. Photo-generated charge carriers and surface-bound

hydroxyl groups are directly involved in the oxidation mechanism [3, 111, 123]. The

results of the DRIFTS experiment show that surface hydroxyl groups persist on the

TiO2 catalyst after 60 minutes of photocatalytic oxidation at high temperature and

ethylene conversion (Figure ??). Therefore, the decreasing photocatalytic activity

above 200 ◦C must be due to the loss of photo-generated charge carriers.

The loss of photo-generated charge carriers can take place through multiple routes;

the most relevant recombination pathways include radiative and non-radiative recom-
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bination. Photoluminescence emission spectroscopy, for example, measures the en-

ergy of emitted photons from the radiative recombination of photo-generated charge

carriers. In non-radiative recombination, inelastic collisions between charge carriers

and phonons result in lost charge carrier energy. Non-radiative interactions typically

involve multiple phonon participation in large band gap materials and occur with

increasing probability as temperatures increase, due to the increase in the popula-

tion of high-energy phonons and in the interphonon interaction rates (most notably

the three-phonon interactions). Non-radiative, multi-phonon recombination path-

ways have been well-characterized for lasing materials, such as doped Ti3+:Al2O3,

and Yb3+:Y2O3 [128] as well as in other luminescence-based chemistries [133].

The temperature dependence of both recombination pathways are of particular

interest to the current investigation: the rate of radiative recombination (γRad) is

independent of temperature, while the rate of non-radiative recombination (γNon−Rad)

is dependent on temperature [134] and is shown in Eq. (5.1) [129].

γNon−Rad = γRad(T=0K)

(
1− e

−~ωp
kBT

)−Np

(5.1)

Here, the average phonon energy is represented by ~ωp, while Np represents the

number of phonons participating in recombination. The prefactor, γRad(T=0K), is the

radiative recombination rate at zero Kelvin, due to the lack of phonons and non-

radiative recombination at zero Kelvin. Equation (5.1) assumes the non-radiative

recombination is controlled by the equilibrium occupancy of a phonon with this en-

ergy, and not by its rate of conversion (up or down) toward equilibrium [135].

Equation (5.1) can be used to derive a modified oxidation rate equation, based

on fundamental knowledge of photocatalytic rate equations. For instance, a hallmark

feature of a photocatalytic rate law is the dependence of rate on the illumination

intensity (I) and the quantum efficiency (φ). Quantum efficiency is the ratio of

85



radiative decay rate to the sum of radiative and non-radiative decay rates, and is

usually calculated as ratio of the rate of moles of product formed (γProducts) to the

rate of moles of sufficiently energetic incident photons, which is proportional to the

rate of charge carrier generation (γe−/h+ Formation), as in Eq. (5.2).

φ ∝ γProducts

γe−/h+Formation

(5.2)

Under steady state illumination, the accumulation of charge carriers should be neg-

ligible (Eq. (5.3)). Therefore, the rate of recombination of charge carriers (γRecomb)

should equal the rate of generation of charge carriers, i.e.,

d(e−/h+)

dt
= 0 = γe−/h+Formation − γRecomb (5.3)

Three charge carrier recombination pathways are relevant at the temperatures investi-

gated here: radiative recombination (γRad), non-radiative recombination (γNon−Rad),

and charge transfer to intermediate species with the final result of product formation

(Eq. (5.4)), i.e.,

γRcomb = γRad + γNon−Rad + γProducts (5.4)

Given Eqs. (5.2)-(5.4), the quantum efficiency can be rewritten as in Eq. (5.5).

φ ∝ γProducts

γe−/h+Formation

=
γProducts

γRad + γNon−Rad + γProducts

(5.5)

Due to the high occupancy of the high energy phonons emitted in the multi-phonon

emission at elevated temperatures (γNon−Rad >> γRad + γChem) [104], the quantum

efficiency can be simplified and combined with Eq. (5.1) to reflect temperature effects

on quantum efficiency (Eqs. (5.6) & (5.7)) and we have

φ ∝ γProducts

γNon−Rad

=
γProducts

γRad(T=0K)

(
1− e

−~ωp
kBT

)Np

(5.6)
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φ = kφ

(
1− e

−~ωp
kBT

)Np

(5.7)

where kφ is the temperature-independent quantum efficiency term. Therefore, intro-

duction of the temperature-dependent quantum efficiency term (Eq. (5.7)) into a

generic photocatalytic ethylene oxidation rate equation produces Eq. (5.8),

rCO2 = 2kAppP
α
C2H4

P β
O2

P δ
H2OI

(
kφ

(
1− e

−~ωp
kBT

)Np
)

(5.8)

In Eq. (5.8), kApp is the apparent rate constant and the partial pressures of reactants

and products are represented. This rate equation simplifies to a four-term model if

the partial pressures of reactants and products are held constant for each experiment

at different temperatures. The total ethylene conversion was limited below 5% at 520

◦C oxidation temperature, therefore, the simplified photocatalytic oxidation model

is shown in Eq. (5.9) using an apparent activation energy EApp and a combined

pre-exponential term, i.e.,

−rCO2 = kApp,φe
−EApp

RT

(
1− e

−~ωp
kBT

)Np

(5.9)

We note that the phonon participation is only represented through the occupancy of

energy p and the kinetics of interphonon interactions that include the density of states

(or the Debye temperature under assumption of no dispersion) are not considered. A

complete treatment should apply the Fermi golden rule as for example in [135]. We

also note that instead of the bulk phonons on the TiO2 substrate, we should consider

surface phonons that couple with the frustrated motion of the adsorbates. So, we

expect Eq. (5.9) to be a rough first approximation of the process.

Nonlinear regression was performed in MATLAB using the nlinfit tool. A poor fit

was obtained for the regression of the 4-parameter model to the experimental data.

Therefore, it was necessary to reduce the number of model parameters. The appar-
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Figure 5.5: Results from nonlinear regression of Eq. (5.9) on experimental photocat-
alytic oxidation data over TiO2 calcined to 400 ◦C. Solid lines represent
the regressed model, while dotted lines represent the regressed model with
standard error estimates of the fitted parameters.

ent activation energy for ethylene photocatalytic oxidation is generally agreed to be

approximately 3.0 kcal/mol (12.13 kJ/mol) [118, 119, 121]. Therefore, this parame-

ter was fixed. The 3-parameter nonlinear regression produced acceptable results; the

regressed parameters and their standard error estimates are shown in Table 5.2 along

with the r-squared values for each fit. Results from the regression are plotted with

experimental data in Figure 5.5.

Arrhenius interpretation of the photo-thermal and thermal ethylene oxidation

data taken from the TiO2 photocatalyst calcined to 400 ◦C (Figure 5.6) reveals that

the photo-thermal oxidation of ethylene can follow two distinct reaction mechanisms,

depending on photocatalyst temperature. At low temperatures, the oxidation is a

photo-active process with a small activation energy (approximately 13 kJ mol−1),

while at higher temperatures, the photo-thermal oxidation of ethylene appears to

appears to have a similar mechanism as thermal oxidation and has a much higher

activation energy (approximately 100 kJ mol−1).
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Figure 5.6: Arrhenius plot of photocatalytic ethylene oxidation over TiO2 calcined to
400 ◦C.
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Table 5.2: Nonlinear regression results
Calcination
Temperature

kApp,φ (µmol g−1 s−1) EApp (kJ
mol−1)

~ωp (meV) Np r2

200◦C 273.6 (260.2,286.9) 12.13 94.9 (93.8, 96.0) 17 0.94
400◦C 563.8 (534.6, 593.2) 12.13 100.2 (99.0, 101.5) 18 0.93
600◦C 207.9 (198.1, 217.8) 12.13 98.9 (97.9, 100.0) 18 0.94
700◦C 82.3 (75.3, 89.3) 12.13 96.3 (94.3, 98.3) 18 0.88
800◦C 35.1 (33.1, 37.2) 12.13 98.0 (96.6, 99.3) 17 0.91

The modeled rate equation (Eq. (5.9)) effectively separates rate effects due

to chemical kinetic limitations and charge carrier limitations. Analysis of the re-

gressed model parameters reveal information about the temperature-dependent and

-independent terms for a range of TiO2 phase compositions. For instance, the pre-

exponential factor, kApp, φ, represents the lumped temperature-independent terms of

the kinetic apparent pre-exponential factor, reactant and product partial pressures,

temperature-independent quantum efficiency, and illumination intensity. Pressure

terms and illumination intensity terms were assumed to be independent of cata-

lyst phase. Therefore, the regressed pre-exponential factor for each catalyst reflects

changes in the kinetic apparent pre-exponential factor and/or the temperature inde-

pendent quantum efficiency term. Figure 5.7A shows the regressed pre-exponential

factor as a function of the measured catalyst rutile phase.

The product of the kinetic apparent pre-exponential term with the temperature-

independent quantum efficiency term results in an observed linear trend with respect

to catalyst phase. In addition, the use of the measured surface hydroxyl species

concentration as a normalization parameter produced regressed parameters which

were also phase dependent (Figure 5.7B). These observations agree with previous

observations of phase-dependent photocatalytic activity of TiO2 [107–110].

Information regarding charge carrier recombination dynamics can also be gleaned

from analysis of the regressed phonon energy (~ωP ) and phonon number (Np) param-

eters. The density of phonon density of states for both anatase and rutile TiO2 were
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Figure 5.7: Fitted pre-exponential factors (A) for each catalyst, plotted as a function
of the rutile phase content in each catalyst. The pre-exponential factors
have been reported as a function of the catalyst mass. Turn over frequency
(B), calculated from the normalization of the regressed pre-exponential
factor (A) with the measured surface hydroxyl concentration (mol g−1)
determined from NH3-desorption experiments.

calculated and reported in [136]; depending on the calculation method used, the max-

imum phonon energies are 810-875 cm−1 (100-109 meV) and 780-825 cm−1 (97-102

meV), respectively [136]. The regressed phonon energy values, shown in Table 5.2, are

approximately 10-20 meV below the predicted maximum phonon energies for TiO2.

The standard error on the regression parameters reveals insignificant correlation of

phonon energy to phase composition, which was expected, given the close relation of

phonon density of states between rutile and anatase phases of TiO2. Additionally, the

regressed parameter for the number of phonons participating in charge carrier decay,

Np, range between 17 and 18, at or below i.e., the accepted maximum of 18 phonons

[137].

A common correlation between the phonon energy and number of participating

phonons in non-radiative, multi-phonon recombination processes is the Energy Gap

Law (EGL). The EGL states that the product of the phonon energy with the number

of phonons is equal to the dissipated charge carrier energy [138]. The total energy dis-

sipated due to non-radiative decay will be referred to as the EGL dissipation energy;

the EGL dissipation energy for each of the photocatalysts tested varies between 1.60
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Figure 5.8: Diagram of photon absorption and charge formation and the charge car-
rier relaxation (recombination) processes, showing the traditional band
gap energy, trap and defect energy levels, and the multi-phonon relax-
ation process which takes place with increased probability at higher tem-
peratures.

eV and 1.80 eV. The difference in energy between the TiO2 band gap, measured by

DRUV/Vis, and the EGL dissipation energy can be attributed to energy loss of the

charge carrier due to defects and trap states present in the photocatalyst. Electronic

trap states are common, especially in mixed-phase solids, such as P25 [102]. While

many of these trap states occupy energy levels hundreds of meV below the conduction

band, some have been reported as low as 1.5 eV below the conduction band of anatase

TiO2 [139]. A schematic of the combined decay processes is presented in Figure 5.8.

This schematic illustrates photo-generated electron transfer from the conduction
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Figure 5.9: The energy lost to trap states, calculated from the subtraction of the
energy lost via multi-phonon recombination (via the Energy Gap Law)
from the measured band gap energy and the measured amorphous TiO2

phase content, measured via DSC. Each promoted electron contains an
energy equivalent to the band gap energy, however the Energy Gap Law
can only account for a fraction of the non-radiative recombination energy.
The difference in recombination energy can be attributed to the energy
of recombination lost to charge carrier decay to trap and impurity states.

band to lower energy trap states. At elevated temperatures, the electron can undergo

non-radiative, multi-phonon decay into hole trap states, which lie slightly above the

valence band. Although the non-radiative decay occurs instantaneously and emits Np

phonons, the process is shown piecewise in Figure 5.8 for simplicity. The trap energy

(ETrap = Ebandgap EEGLDissipation) for the five catalyst calcination temperatures is

shown in Figure 5.9.

The catalyst calcined at 200 ◦C exhibits the largest band gap energy and the lowest

EGL dissipation energy, and therefore the largest trap energy. The 200 ◦C calcination

sample also exhibited the maximum content of amorphous TiO2, as determined by

DSC measurements. This suggested that the 200 ◦C calcined catalyst contained
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significantly deeper-lying trap states than the other catalysts. Further, calcination

to 400 ◦C removes these trap sites or impurities without dramatically changing the

observed band gap energy (Table 5.1). Therefore, the presence of heavy trap states

in the 200 ◦C calcined sample is most likely due to the presence of amorphous TiO2,

which may be removed by heat treatment above the amorphous-to-anatase phase

transition, at approximately 400 ◦C.

Extension of this analysis can be used to guide the development of photocatalysts

designed to operate more efficiently at elevated temperatures. For example, current

VOC oxidation photocatalysts have been shown to operate with a maximum pho-

tocatalytic rate between 60-200 ◦C [2, 119, 123–126]. Equation (5.9) predicts that

Degussa P25 operating between 60-200 ◦C has an effective quantum efficiency ap-

proximately 25-60% of its maximum quantum efficiency, due to non-radiative, multi-

phonon recombination dynamics. Given a wide range of tunable variables, such as

band gap energies, trap, vacancy or impurity states, and phonon dispersion charac-

teristics, high-temperature photocatalysts could be designed to be less affected by

non-radiative recombination limitations, thus improving elevated temperature photo-

catalytic operating efficiencies.

5.6 Conclusions

The aim of this work was to understand fundamental limitations of high-temperature

photocatalytic reactions using the photocatalytic oxidation of ethylene as a probe

reaction. A novel high-temperature photocatalytic reactor was designed and con-

structed in order to achieve high catalyst bed temperatures while maximizing the

illuminated photocatalyst bed area. The photocatalyst tested was a heat-treated De-

gussa P25 TiO2, which contained different anatase and rutile phase compositions than

the commercially available powder. Photocatalytic oxidation experiments showed

that the photocatalyst achieved significant oxidation rates at catalyst bed tempera-
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tures of up to 350◦C. The maximum photocatalytic oxidation rate was observed be-

tween 100-200◦C; higher photocatalyst temperatures resulted in a decreased oxidation

rate. The decline in photocatalytic activity can be attributed to the non-radiative,

multi-phonon recombination of charge carriers which was modeled by an exponential

function of temperature and two bulk TiO2 properties: phonon energy and phonon

participation number. Further, the fitted model parameters from the non-linear re-

gression analysis are physically reasonable and can be used to simultaneously extract

information regarding temperature independent photocatalytic activity and electronic

trap states of the photocatalyst. Using this information, photocatalysts designed with

specific phonon energy, phonon number, band gap energy, and trap states could be

engineered with decreased high-temperature charge-carrier recombination rates. This

could lead to catalysts with increased photocatalytic VOC oxidation efficiencies at

elevated temperatures.
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CHAPTER VI

Extension of High Temperature Photo-activity

Model to Alternate Photochemical Systems

6.1 Introduction

In the previous chapter, a succinct correlation of photocatalytic activity with

photocatalyst temperature was developed. This relation used specific semiconduc-

tor crystal information to predict the activity of TiO2 for photocatalytic oxidation

of ethylene as a function of temperature. However, a more general model should

be capable of accurately predicting activity trends across multiple chemistries and

multiple photocatalysts. In an effort to explore the accuracy of the generalization of

this model, it was applied to three alternate photocatalytic oxidation systems. As

a first system, photocatalytic oxidation of ethylene in dry air was investigated, and

the effects of varying water vapor concentrations were explored as a first test of the

applicability of this model for other chemistries. The presence of water vapor in the

reactant stream is expected to have significant effects on photocatalytic oxidation ac-

tivity over TiO2, as seen already during the oxidation of carbonaceous deposits over

TiO2, described earlier in this thesis.

As a second system, the effects of an alternate photocatalyst (ZnO, band gap =

3.3eV) on the photocatalytic oxidation of ethylene were explored. And finally as a
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third system, the effects of an alternate hydrocarbon (propylene) on its photocatalytic

oxidation over TiO2 were explored.

In each experiment, 125mg of catalyst was loaded into the photocatalytic reactor,

which was then sealed by the compression of a graphite gasket between the reac-

tor body and the quartz window; a leak test was conducted to ensure a complete

seal. The photocatalytic reactor was then wrapped in insulating glass wool, and the

UV lamp positioned above the catalyst bed. Inlet gas consisted of 50sccm dry air,

3sccm of either ethylene or propylene (99.9%), and 50sccm argon diluent. During the

photocatalytic oxidation of ethylene over ZnO or in the case of propylene oxidation

over TiO2, a room temperature water saturator humidified the reactant gas stream.

Gas flow rates and diluent concentrations were set to achieve minimal thermal ethy-

lene conversion (XEthylene<5%) at the highest temperatures studied. External mass

transfer effects were negligible, as observed by independent rate measurements with

respect to the square root of total flow rate over a range of space velocities a factor

of 2 about the experimental flow rate. Error bars shown in each figure are the re-

sult of three independent measurements of oxidation rate over different catalyst beds

and represent the standard error associated with every section of the experimental

protocol, save for the synthesis of the photocatalyst.

A temperature program was built into the LabVIEW control software to ensure

repeatability of experiments. The catalyst was first heated to 200◦C for 2 hours to es-

tablish an acceptable equilibrium of gas-phase components over the catalyst bed. The

catalyst was then allowed to cool to 60◦C before starting the experiment, and then

the photocatalytic activity was measured at a range of temperatures; the tempera-

ture steps during photocatalytic oxidation experiments were: 60◦C, 100◦C, 170◦C,

250◦C, 325◦C, 360◦C, 400◦C, 440◦C, 480◦C, and 520◦C, as measured in the center of

the catalyst bed. At each temperature step, oxidation rate data were acquired for 45

min with the UV lamp off, followed by 45 min with the UV lamp on. These rate data
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represent oxidation rates of the thermal process and the thermal plus photocatalytic

process, respectively. Experiments with smaller temperature increments were intro-

duced at higher temperatures to better discriminate photocatalytic oxidation rates

from thermal oxidation rates, as the thermal oxidation rates become equivalent to or

greater than the measured photocatalytic rates.

Oxidation rates were measured by quantifying effluent CO2 concentrations via a

Bruker Optics FTIR equipped with a gas flow cell. CO2 concentrations were measured

by the integration of the experimental CO2 peak area (2400cm−1 2300cm−1) and

calibrated to the CO2 peak area of a 500ppm CO2 standard. The CO2 peak area

calibration curve was found to be linear with respect to CO2 concentration across the

experimentally observed range of CO2 concentrations.

6.2 Photocatalytic Ethylene Oxidation over TiO2: Effects of

Humidity

Photocatalytic oxidation of hydrocarbons is typically very dependent on humidity

[105, 119, 124]. This effect manifests itself due to the non-polar and polar nature of

hydrocarbons and water, respectively and their respective bonding with the polar

TiO2 surface. The relatively stronger hydrogen bonding of water and TiO2 results in

a photocatalyst surface that is predominantly covered by water or hydroxyl groups

and thus limited in its ability to react with hydrocarbons, due to their low surface

coverage. On the other hand, surfaces that have low surface coverage by water can be-

come poisoned by incomplete oxidation byproducts, such as carboxylate and formate

structures. Therefore, many researchers in the photocatalytic oxidation community

have explored this effect of water surface coverage with the aim of finding a maximum

rate of photocatalytic oxidation [105, 119, 123–125, 140].
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Figure 6.1: Effect of water addition on the photocatalytic oxidation rate of ethylene
over TiO2 calcined to 400◦C.

6.2.1 Results

The experimental data are shown in Figure 6.1 (TiO2 calcined to 400 ◦C, for the

cases of no water addition and 2.3vol% water addition, for comparison with data from

Chapter 5) and Figure 6.2 (TiO2 calcined at 200, 400, 600, and 800 ◦C, or 24, 27, 39

and 99wt% rutile, respectively).

6.2.2 Discussion & Conclusions

Nonlinear regression fitting of the temperature-dependent photocatalytic ethylene

oxidation rate equation (Equation 6.1) resulted in good agreement between model

and experimental data (shown in Figure 6.3, r2 = 0.95). In light of the findings

of Chapter 5, notably, that the photocatalytic activity as a function of temperature

can be accurately approximated using known phonon dispersion parameters, ~ωp, and

Np., these values were fixed in this regression. Therefore, 2 parameters were regressed

in the present situation, kApp,φ and Ea,apparent. The regressed parameters are shown in

Table 6.1, which also shows regression results from a similar experiment with water
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Figure 6.2: Photocatalytic oxidation rate of ethylene over TiO2 catalysts calcined to
200, 400, 600, and 800◦C in a dry air stream.

addition by a room temperature water saturator.

−rCO2 = kApp,φe
−EApp

RT

(
1− e

−~ωp
kBT

)Np

(6.1)

The experimental and modeling results for all four calcined photocatalysts are

shown in Figure 6.5, below; all r2 values were above 0.88.

The nonlinear regression exercises reveal that the key parameter to the modeling

of alternate reaction schemes (in this example, alternate water concentrations during

the photocatalytic oxidation of ethylene) is the apparent activation energy, Ea,apparent.

In fact, algebraic manipulation of the photocatalytic ethylene oxidation rate equa-

tion proposed by Yamazaki, et al [123], reveals that the apparent activation energy

is actually a summation of the apparent activation energy, as well as enthalpies of

adsorption for ethylene, water, and oxygen. Therefore, it is expected that the appar-

ent activation energy would appear to change when the concentration of water and

hydrocarbons is altered. T. Obee, et al, stated very clearly in a report published in

1997 that the photocatalytic oxidation of ethylene should be a non-activated process,
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Table 6.1: High temperature photocatalytic recombination model parameters for
ethylene oxidation over TiO2 with and without water addition to the re-
actant stream. Parameters from the oxidation of ethylene in 2.3vol% H2O
over TiO2 calcined to 400◦C (27% Rutile) is shown for comparison.

Water Content kApp,φ (µmol
g−1 s−1)

EApp (kJ
mol−1)

~ωp (meV,
Constant)

Np (Con-
stant)

0.0% H2O (24%
Rutile)

2462 23.0 95.0 18

0.0% H2O (27%
Rutile)

2538 23.0 95.0 18

0.0% H2O (39%
Rutile)

1872 23.0 95.0 18

0.0% H2O (99%
Rutile)

316.8 23.0 95.0 18

2.3% H2O (27%
Rutile)

563.9 12.13 95.0 18

Figure 6.3: Results of nonlinear regression model fitting on data observed in Figure
6.1.
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Figure 6.4: Results of nonlinear regression model fitting on data observed in Figure
6.2.

and the observed differences in activation energies are due to adsorption enthalpy

effects [119] − a finding which supports the conclusions of this work.

6.3 Photocatalytic Ethylene Oxidation over ZnO

Another test of the temperature-dependent photocatalytic ethylene oxidation rate

equation and its ability to explain experimental results in light of the effects of multi-

phonon recombination is the photocatalytic ethylene oxidation experiment over an

alternate photocatalyst, ZnO.

6.3.1 Results

The photocatalytic oxidation rate of ethylene over ZnO is shown in Figure 6.5,

along with the oxidation rate over TiO2, for comparison. Due to the low relative
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Figure 6.5: Comparison of photocatalytic oxidation rate over TiO2 (red) and ZnO
(blue).

Table 6.2: High temperature photocatalytic recombination model parameters for
ethylene oxidation over TiO2 and ZnO.

Support kApp,φ (µmol g−1

s−1)
EApp (kJ
mol−1)

~ωp (meV,
Constant)

Np (Con-
stant)

TiO2 563.9 12.13 95.0 18
ZnO 1596 27.9 73.0 12

photocatalytic activity of ZnO, as compared to TiO2, the oxidation rate is normalized

by the photocatalyst surface area, rather than by photocatalyst mass, as previously

done.

6.3.2 Discussion & Conclusions

Nonlinear regression parameters fit to data in Figure 6.5 are shown in Table 6.2,

while the regressed model is shown in Figure 6.6. The regression resulted in a rea-

sonable fit to experimental data, with an r2 value of 0.80.

The alteration of the apparent activation energy in Equation 6.1 to include en-

thalpy of adsorption effects is a simple and effective strategy to predict photocatalytic

behaviors of any semiconductor as a function of temperature. As shown here, the re-

placement of semiconductor-specific phonon dispersion parameters to Equation 6.1
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Figure 6.6: Results of nonlinear regression model on data from Figure 6.5.

results in an accurate prediction of photocatalytic ethylene oxidation rates over mul-

tiple photocatalysts as a function of temperature. The photocatalyst-independent

nature of this model is extremely powerful in explaining, and possibly predicting,

photocatalytic activity as a function of temperature.

6.4 Photocatalytic Carbon Monoxide Oxidation over Au/TiO2

6.4.1 Introduction

So far, this thesis has focused primarily on studying the recombination dynamics

of semiconductor photocatalysts at elevated temperatures. This work has led to a

fundamental understanding of the limitations of pure semiconductors as they pertain

to photocatalysis, or even high temperature photocatalysis. The obvious extension

of this work is to metal-loaded semiconductor photocatalytic systems.

For instance, there exist many industrially relevant catalytic reactions that rely

on a metal supported on a photocatalyst. In fact, TiO2 can be used as a support for

many water-gas-shift, hydrogenolysis, and partial oxidation catalysts.

Metal particles added to a semiconductor photocatalyst generally act as an elec-
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tron trap, which can lead to increased photocatalytic activity due to the increased

separation distance between photogenerated holes and electrons [102, 103, 106, 109,

141, 142]. However, in order for the metallic particles to act as an electron trap,

photogenerated electrons must first migrate from the bulk crystal phase to the metal-

semiconductor interface.

Metal-loaded semiconductor photocatalysis has been shown to improve photocat-

alytic rates (due to charge separation) [143]; however, it has not yet been explored

to what extent thermal catalytic reaction rates on supported metal catalysts can be

photocatalytically enhanced. Recently, the photocatalytic activity of semiconducting

TiO2 has been investigated in the temperature range from room temperature to more

than 500◦C [2].

To measure the photocatalytic enhancement of a thermally-driven catalytic reac-

tion over a supported catalyst, CO oxidation over Au/TiO2 was investigated. Cat-

alytic oxidation of CO is a unique reaction, due its chemical simplicity, elusive reaction

intermediates, and potential application in fuel cell gas clean-up and other preferential

oxidation applications [144–146].

6.4.2 Materials and Methods

The catalyst used for photocatalytic oxidation of carbon monoxide was Au sup-

ported on TiO2. Chloroauric acid was dissolved in a 10:1 solution of DI water and

ethanol, Degussa P25 TiO2 was added to the solution and allowed to stir for 30

minutes at room temperature. The photoreduction of Au onto TiO2 was conducted

by illuminating the solution with UV light. The solution was then centrifuged, re-

suspended in clean DI water and centrifuged again. The Au/TiO2 was then dried

at 120◦C overnight, ground, dispersed onto silica gel (35-60 mesh, post 800◦C, 4hr

calcination in air to remove internal porosity), and calcined at 500◦C for 1hr.

In each experiment, 125mg of catalyst was loaded into the photocatalytic reactor,
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which was then sealed by the compression of a graphite gasket between the reactor

body and the quartz window; a leak test was conducted to ensure a complete seal.

The photocatalytic reactor was then wrapped in insulating glass wool, and the UV

lamp positioned above the catalyst bed. Inlet gas consisted of 100sccm a gas mix-

ture containing 1%CO/10%O2 and a nitrogen balance. The photocatalytic reactor

was ramped in temperature from 25◦C to 400◦C at a rate of 2.5◦C/min without UV

illumination. The reactor was then cooled back to room temperature and the same

catalyst was tested with an identical procedure with UV illuminating the photocat-

alyst. Again, the photocatalyst was cooled and the reaction was repeated a third

time without UV illumination to check for any catalyst deactivation in the course

of the 2 previous experiments. Once completed, another identical temperature ramp

experiment was conducted on bare TiO2 without UV illumination to determine the

contribution of bare TiO2 photocatalytic oxidation rates on the previously obtained

CO-oxidation rates.

Oxidation rates were measured by quantifying effluent CO2 concentrations via a

Bruker Optics FTIR equipped with a gas flow cell. CO2 concentrations were measured

by the integration of the experimental CO2 peak area (2400cm−1 2300cm−1) and

calibrated to the CO2 peak area of a 500ppm CO2 standard. The CO2 peak area

calibration curve was found to be linear with respect to CO2 concentration across the

experimentally observed range of CO2 concentrations.

6.4.3 Results & Discussion

TEM and STEM analysis reveals that the Au metal particle size varied between

20nm and 50nm; these images are shown in Figure 6.8. Therefore the photoreduction

metal deposition technique employed herein did not result in a narrow distribution

of gold particle size. However, temperature programmed reaction results over the

Au/TiO2 catalysts indicate that UV illumination significantly improves CO conver-
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Figure 6.7: TEM (left) and STEM (right) images of synthesized Au/TiO2 catalysts.
Scale bars are 20nm and 100nm, for TEM and STEM images, respectively.

sion in the range of 100-250◦C (Figure 6.8).

Bare TiO2 was also tested under CO-TPR to assess the photocatalytic oxidation

activity of the blank support as a function of temperature (Figure 6.8). Previous

oxidation experiments with ethylene have shown that the effective quantum efficiency

of a semiconductor such as TiO2 decreases with temperature per Equation 6.1 [105].

As no photocatalytic oxidation activity exists at room temperature (Figure 6.8),

the observed oxidation activity of bare TiO2 at elevated temperatures is thermally-

driven. Addition of Au results in a significant enhancement of oxidation activity in

the presence of UV illumination. This is not merely an additive effect of multiple

oxidation reaction mechanisms; rather, it suggests a synergistic effect.

Arrhenius interpretation of the data reveals very similar apparent activation ener-

gies (60.4 and 59.1 kJ mol−1 for the thermal and photo-thermal cases, respectively);

however, under UV illumination, the pre-exponential term is approximately 2.4 times

greater than the pre-exponential term in the thermal case (Figure 6.9).
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6.4.4 Conclusions

The utilization of a photocatalytic mechanism to promote thermally-driven reac-

tions have never been observed on metal-loaded semiconductors, although, this effect

has been observed over plasmon-resonant metal particles [87], as well as over bare

semiconductors [2]. Temperature programmed reaction and Arrhenius data interpre-

tation reveal the high activity of UV illuminated Au/TiO2. The potential applica-

tion of photocatalysis to thermally-driven catalysis is far-reaching. However, without

significant improvement in photocatalyst phonon dispersion parameters (to reduce

recombination rates at elevated temperature), photo-thermal catalysis will be limited

to an upper limit of 300−400◦C. Fortunately, many industrially relevant reactions

occur below these temperatures, such as ammonia production, ethylene epoxidation,

and carbon monoxide selective oxidation.
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CHAPTER VII

Conclusions

In the second chapter of this thesis, carbon deposition during steam reforming

of isooctane over nickel catalysts was investigated. Carbon deposition is a very rel-

evant problem for hydrogen production. A carbon deposition mitigation strategy

that would allow continued reformer operation would be of particular interest to the

hydrogen production industry, as it would significantly increase reformer efficiencies.

Photocatalysis offers new insight for carbon mitigation pathways. Lee and Choi [8]

showed that soot, as deposited by a hexane flame on a TiO2 substrate, could be pho-

tocatalytically removed at room temperature. Mills, et al. presented similar results

from the photo−oxidation of butane-derived soot on a TiO2 substrate[9].

In the third chapter of this thesis, the requirements of a photocatalytic reactor

operating at elevated temperatures were explored and tested, both in silico and in

operando. In order to observe relevant data, it was important to ensure that the

photocatalytic reactions operate within a chemically kinetic reaction regime. The

developed photocatalytic reactor and control scheme were then used in the remain-

ing work to conduct photocatalytic reaction measurements for different reactions,

from photocatalytic oxidation of carbon deposits to the photocatalytic oxidation of

hazardous compounds.

Due to the complexities of elevated temperature photocatalysis, a simple analog
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of reformer carbon mitigation was discussed in the fourth chapter: the photocatalytic

oxidation of carbon. A more detailed investigation of the mechanisms of elevated

temperature photocatalysis was pursued in the fifth chapter: a photocatalytic probe

reaction, ethylene photocatalytic oxidation was employed to assess photocatalytic

activity as a function of temperature. As a result of this investigation, it is now

possible to state that the photocatalytic activity, or quantum efficiency, as defined

in the photocatalysis community, can be described using a simple equation, whose

parameters include fundamental photocatalyst phonon dispersion parameters. This

simple relation allows the scientist or engineer to determine the effective photocatalyst

efficiency as a function of temperature. Additionally, photocatalytic oxidation activity

was observed to increase as a function of temperature. This increased rate is most

likely a result of adsorption enthalpy effects between ethylene, oxygen, and water, as

shown in Chapter 6.

In the latter section of Chapter 6, a very relevant catalytic reaction was explored

as a prospective photo-thermal catalytic test reaction. Indeed, the photo−thermal

reaction showed improved carbon monoxide oxidation rates over a Gold−Titania pho-

tocatalyst, as compared to the a thermal reaction over the same catalyst. This initial

result suggests the feasibility of photo−thermal catalysis in a range of new areas,

such as preferential CO oxidation, elevated temperature water splitting, ammonia

production, or even carbon mitigation during reforming reactions.

The theme of this thesis is to lay the fundamental building blocks of high temper-

ature photocatalysis − specifically for photo−thermal processes. Such processes are

envisioned to replace energy intensive, inefficient, large−carbon−footprint chemical

processes with a solar−thermal and solar−photocatalytic process. Future photo-

thermal catalysis must be focused on one of two targets: 1) optimization of current,

hydrocarbon-based catalysis (such as carbon mitigation, preferential CO oxidation,

or use of solar furnaces to complete photo−thermal catalysis or reforming), or 2) De-
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velopment of semiconductor−based photosynthetic production of high-value (energy

or monetary) chemicals which were originally made entirely by hydrocarbon sources.

However, although minor progress has been made toward this goal [2, 87], much more

research is needed.
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APPENDIX A

Photocatalytic Reactor Specifications

A.1 Photocatalytic Reactor Engineering Drawings
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Figure A.1: Dimensioned engineering drawing for the bottom section of the photo-
catalytic reactor designed and tested in Chapter 2 of this thesis, and used
in Chapters 3, 4, 5, and 6 for photocatalytic experiments.
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Figure A.2: Dimensioned engineering drawing for the top section of the photocat-
alytic reactor designed and tested in Chapter 2 of this thesis, and used
in Chapters 3, 4, 5, and 6 for photocatalytic experiments.

116



APPENDIX B

Analytical Instrument Specifications and

Operation

B.1 Infrared Quantification of CO2

The experiments performed in Chapters 5, 6, & 7 require analytical instruments

to monitor the evolution of carbon dioxide, as this was the common product. The

most senstive method of quantification of CO2 is the infrared method. According to

the Beer-Lampert Law, the absorbance of light (due to the presence of an absorbing

analyte) is proportional to the absorbtivity of the analyte and the path length of the

flow cell. Therefore, the sensitivity of the IR analysis is directly related to the path

length of the flow cell (as the molar absorbtivity of CO2 cannot be changed).

A gas flow cell was designed and built to maximize CO2 sensitivity in the Bruker

Optics Infrared Spectrometer currently residing in the laboratory. A photograph of

the flow cell is shown in B.1. The flow cell is made of three parts: A quartz tube

with inlet and outlet ports, and two sodium chloride plates used as IR-transparent

windows.
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Figure B.1: Photograph of the home-made IR flow cell to be used with a Bruker
Optics IR spectrometer.
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Each IR spectra was the average of 512 individual spectra recorded at 2cm−1

resolution. Before an experiment, a background spectrum is taken using Argon flow

through the flow cell. Another background spectrum is taken at the end of the ex-

periment. The two background spectra are used to account for the slightly changing

concentration of CO2 due to temperature, humidity, and indoor environmental vari-

ations. In addition to background correction, each experiment was calibrated using

a 500ppm CO2 standard.
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APPENDIX C

Matlab Code Used for Spectrum Processing

C.1 Raman Spectrum Analysis Code

The following code was used to analyze Raman specra from data obtained in

Chapter 3.

C.1.1 Main Code

clc

clear

A=importdata(’48hrUV200C/Raman/48hrUV200C_1319.txt’);

B=importdata(’48hrUV200C/Raman/48hrUV200C_1321.txt’);

C=importdata(’48hrUV200C/Raman/48hrUV200C_1322.txt’);

D=importdata(’48hrUV200C/Raman/48hrUV200C_1325.txt’);

E=importdata(’48hrUV200C/Raman/48hrUV200C_1326.txt’);

F=importdata(’48hrUV200C/Raman/48hrUV200C_1328.txt’);

G=importdata(’48hrUV200C/Raman/48hrUV200C_1329.txt’);
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H=importdata(’48hrUV200C/Raman/48hrUV200C_1330.txt’);

I=importdata(’48hrUV200C/Raman/48hrUV200C_1332.txt’);

J=importdata(’48hrUV200C/Raman/48hrUV200C_1333.txt’);

K=importdata(’48hrUV200C/Raman/48hrUV200C_1334.txt’);

L=importdata(’48hrUV200C/Raman/48hrUV200C_1336.txt’);

x=A.data(:,1);

a=A.data(:,3);

b=B.data(:,3);

c=C.data(:,3);

d=D.data(:,3);

e=E.data(:,3);

f=F.data(:,3);

g=G.data(:,3);

h=H.data(:,3);

i=I.data(:,3);

j=J.data(:,3);

k=K.data(:,3);

l=L.data(:,3);

analysis=[a b c d e f g h i j k l];

TiO2=1;%0=TiO2 sample, 1= TiO2 sample with carbon on it

for ii=1:length(analysis(1,:))

[r FW y]=malisis(x,analysis(:,ii),TiO2);

r2(ii)=r;

TiO2FW(ii)=FW(2,1);

DbandFW(ii)=FW(2,2);

VRbandFW(ii)=FW(2,3);
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VLbandFW(ii)=FW(2,4);

GRbandFW(ii)=FW(2,5);

GbandFW(ii)=FW(2,6);

isfitok=input(’Is the fit correct?’,’s’);

if isfitok==’n’

ii=ii-1;

end

% final(i,:)=[r FW(2,1) FW(2,2) FW(2,3) FW(2,4) FW(2,5) FW(2,6)];

end

Means=[mean(r2) mean(TiO2FW) mean(DbandFW) mean(VRbandFW)

mean(VLbandFW) mean(GRbandFW) mean(GbandFW)]

Stdevs=[std(r2) std(TiO2FW) std(DbandFW) std(VRbandFW)

std(VLbandFW) std(GRbandFW) std(GbandFW)]

% t=[0 12 48];

% plot(t,final)

C.1.2 Dependent Functions

The dependent function, ’malisis,’ shown above is presented here:

function [r FWHMs y] = malisis(x,a,B)

figure

z=zeros(1,length(a));

if B==0

plot(x,a,x,z,’r’)

xlim([50 250])

Tbase=input(’Add offset to Raw Data from 100-200cm^(-1) ?’)

clf
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[yC,yT]=TiO2fitting_NoC(x,a+Tbase);

yT1=yT(x);

TitaniaA=max(integrate(yT,x,0));

TiO2values=coeffvalues(yT);

coefs(2)=TiO2values(2);

FWHMtio2=TiO2values(3)*(2*log(2))^0.5;

plot(x,a,x,yT1-Tbase)

xlim([50 2000])

Ccoeffs=zeros(1,15);

carbonA=0;

else

[y3,y4,y5,y6,y7,y8]=gaussfitter(x,a);

y=[a-y3(x),a-y4(x),a-y5(x),a-y6(x),a-y7(x),a-y8(x)];

plot(x,y)

xlim([50 2000])

legend(’3 functions’,’4 functions’,’5 functions’,’6 functions’,

’7 functions’,’8 functions’)

clc

bestfit=input(’Best fit? Enter #Gaussian of functions’)

clf

a=y(:,(bestfit-2));

plot(x,a,x,z,’r’)

xlim([1000 2000])

Cbase=input(’Add offset to Raw Data from 1300-1600cm^(-1) ?’)

clf

y1 = carbonpeaks(x,a+Cbase);

carbonA=max(integrate(y1,x,0));
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Ccoeffs=coeffvalues(y1);

plot(x,a,x,z,’r’)

xlim([50 300])

Tbase=input(’Add offset to Raw Data from 100-200cm^(-1) ?’)

clf

y2 = titaniafitter(x,a+Tbase);

TitaniaA=max(integrate(y2,x,0));

coefs=coeffvalues(y2);

FWHMtio2=coefs(3)*(2*log(2))^0.5;

plot(x,a,x,y1(x)-Cbase,x,y2(x)-Tbase)

xlim([50 2000])

end

y=a;

r=carbonA/TitaniaA;

FWHMs=[coefs(2) Ccoeffs(2) Ccoeffs(5) Ccoeffs(8) Ccoeffs(11)

Ccoeffs(14);FWHMtio2 Ccoeffs(3)*sqrt(2*log(2))

Ccoeffs(6)*sqrt(2*log(2)) Ccoeffs(9)*sqrt(2*log(2))

Ccoeffs(12)*sqrt(2*log(2)) Ccoeffs(15)*sqrt(2*log(2))];

C.2 Non-linear Regression Code

The following is Matlab code used in Chapter 5.

clc

clear
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clf

% close all

rawData=[55.51160032 7.53232E-07

93.19247643 1.38587E-06

170.7097628 1.39779E-06

248.1056623 1.12899E-06

325.6500864 7.1326E-07

364.3009476 5.51204E-07

403.1744227 4.24519E-07

442.0770536 3.31626E-07];

Data=rawData;

R=8.314;

k=0.00008618;

Iphi=7.94e-10;

gamma=1.66e-13;

X1=rawData(:,1);

X1=X1+273;

X2=rawData(:,2)*1e6;%Mol/s

Ea=12.1336;

warning off all

x=0:650;

iter=2;

count=1;
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bw=zeros(4,iter-1);

my_opt=statset(’MaxIter’,1000,’TolFun’, 1e-6);

r2max=0;

for l=1:18

X2w=rawData(:,2)*1e6;%+rawData(l,3)*1e6*randn(1);

b=[1e1 .08];%b(1) = k(0)*P(C2H4)*P(O2)*P(H2O), b(2)=Ea,

b(3)=Egap, b(4)=Np

ymod=@(b,T) (b(1).*exp(-Ea*1000./(R.*T)).*...

...*(1-exp(-(b(2))./(k.*T))).^(l));

try

[b,r,J,COVB,mse]=nlinfit(X1,X2w,ymod,b,my_opt);

catch

break

end

CI=nlparci(b,r,’jacobian’,J,’alpha’,.682);

yhat=(b(1).*exp(-Ea*1000./(R.*X1)).*...

...*(1-exp(-(b(2))./(k.*X1))).^(l));

r2=1-(norm(yhat-X2w)/norm(X2w-mean(X2w)))^2;

if r2>r2max

r2max=r2;

bmax=b;

lmax=l;

CImax=CI;

end

end
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b=bmax;

ymod=@(b,T) (b(1).*exp(-Ea*1000./(R.*T)).*...

...*(1-exp(-(b(2))./(k.*T))).^(lmax));

clf

hold on

plot(X1-273,Data(:,2)*1e6,’ko’)

xlabel(’Temperature (C)’)

ylabel(’r_{CO_{2}}’)

plot(x,ymod(b,x+273))

fprintf(1,’Averaged Data:\nk(0)=\t%f\nEa=\t%f\n

Hbar-omega=\t%d\nNp=\t%f\nR^2=\t%f\n’,

b(1),Ea,b(2),lmax,r2)

CImax
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