





CHAPTER 7: EXPERIMENTAL PROCEDURES

7.1 Preparation of Thermally Treated Photocatalytic Materials

Two Coors glazed porcelain boats were weighed, then filled with Degussa
P-25 TiO,, then weighed again to record the initial catalyst weight. Figure 43
shows the configuration of the calcination system. A Barnstead Thermolyne
21100 Tube Furnace was fitted with a 36 inch long, 1 inch in diameter Corning
quartz tube that served as a treatment chamber. The boats containing the

catalyst were centered inside of the reactor.
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Figure 43 Original Calcination System

Nitrogen was used as a dry inert gas for the calcination environment. The
temperature was raised 100°C per five minutes until the calcination temperature
was reached. Treatment temperatures ranged from 275°C to 825°C for three
hours. At the conclusion of the treatment the material cooled to ambient

temperature under nitrogen flow.

7.2 Preparation of Thermochemically Treated Photocatalytic

Materials

Two Coors glazed porcelain boats were weighed then filled with Degussa
P-25 TiO,, then weighed again to record the initial catalyst weight. Figure 44

shows the configuration of the thermochemical treatment system. A Barnstead
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Thermolyne 21100 Tube Furnace was fitted with a 36 inch long, 1 inch in
diameter Corning quartz tube that served as a reaction chamber. The tube was
connected by compression fittings to the gas delivery and outlet systems. The

boats containing the catalyst were centered inside of the reactor tube.

Figure 44 Tube Furnace Reactor System

Nitrogen-doping was done by a gas phase impregnation process using
anhydrous ammonia (NH;3) as the nitrogen source. To begin this process, the
atmosphere in the reactor was replaced by ultra-high purity (UHP) nitrogen (N>)
to suppress the affects of the ambient atmosphere on the thermochemical
process. The reaction tube had a volume of approximately 485 cm?, and the

concentration of nitrogen was calculated by the following equation:

Vl
C=1-e",
where C is the concentration of nitrogen, Vrt is the volume of nitrogen at time T,
and Vj is the volume of the reaction tube. The time required to replace the

atmosphere at a particular flow rate was calculated from this equation. By this
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calculation, 46 minutes is required to completely replace the ambient atmosphere
with nitrogen at a flow rate of 155 mL/min. However, a time of 15 minutes was

used, which resulted in replacement of 99.168% of the ambient atmosphere.

After 15 minutes, the nitrogen flow was stopped and anhydrous ammonia,
at a flow rate between 6.6 mL/min. and 87.3 mL/min., was begun. The ammonia

flowed into the reactor for six minutes prior to the start of the thermal sequence.

The temperature was raised at a rate of 100°C per five minutes with NH3
at the required flow rate until the treatment temperature was reached. The 33
minutes required to reach the treatment temperature, combined with the six
minutes prior to the warm-up process, provided 39 minutes for NH3; to flow into
the reactor. This allowed for 99.91% of the nitrogen atmosphere to be replaced
by NH3 at the start of the doping process. Once the treatment temperature was
reached the thermochemical treatment process continued for three hours. At the
completion of the process, nitrogen was used to cool the material to ambient

temperature.

7.3 Experimental Procedures for Photocatalytic Experiments

Photocatalytic experiments were performed using a glass batch reactor
system, which was described in detail above. A 20 ppm methyl orange solution
using de-ionized water was prepared using (A.C.S. Reagent) MO from Sigma-
Aldrich. Methyl orange was dissolved into solution using a magnetic stirrer for 15

minutes. Samples were drawn and the initial concentration was measured and
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calculated in accordance with Beers Law using an Ocean Optics USB2000

optical spectrometer.

Once the 20 ppm solution was prepared, 150 mL of the MO solution was
reserved in a beaker. The prepared catalyst was ground in a crucible with 2 mL
of MO solution to de-agglomerate the material. Portions of the reserved MO
solutions were added to dilute the catalyst paste that was then poured back into
the beaker. This process was repeated with the remaining MO solution until the

maximum amount of the catalyst was recovered from the crucible.

To further de-agglomerate the particles and achieve a Langmuir
equilibrium, the MO-catalyst solution was then sonicated using a Fisher-Scientific
Sonic Dismembrator Model 100. Sonication was performed at 5 watts (RMS) for
15 minutes while being magnetically stirred. It is important to note that during
this time, adsorption of the pollutant onto the surface of the catalyst also took
place altering the initial concentration of the MO solution. This process and its
importance were detailed above. The solution was then moved to the
experimental area where it again was placed on a magnetic stirrer. Figure 45

shows the photocatalytic experimental set up.
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Figure 45 Photocatalytic Batch Reactors for SSS and VSSS Irradiation Experiments

The cooling assembly, which housed the light sources, was then placed
into the beakers and connected to tubing for cooling and air flow. Cooling was
done by heat transfer using tap water circulating through the stainless steel
tubing. A thermocouple was placed in each reactor and used to monitor the
solution temperature. As noted in the literature, there is negligible Arrhenius
effect, but the temperature was controlled by stirring speed and water flow to
create consistency of environment for separate experiments. The photocatalytic
experiments were conducted at approximately 40°C. Breathing Quality Air was
used as an oxygen source. The flow rate was controlled by flow meters and

bubbled into the solution by aerating stones at a rate of 0.5 L/min.
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2.0 mL samples, representing zero time, were drawn using Micromate 5cc
glass syringes and placed into micro-centrifuge tubes. The solution was then
irradiated using the light sources detailed above. Both simulated solar spectrum
experiments and visible solar spectrum experiments were conducted for
durations of three to six hours. Samples were drawn at 30 minute intervals for
the first three hours, followed by one hour intervals if the experiments duration

was six hours.

At the completion of the experiment, the samples that were collected were
centrifuged using an Eppendorf 5414C centrifuge at 8,000 rpm for 15 minutes.
The samples were then syringed to new tubes then centrifuged again at 8000

rom for 15 minutes.

The concentrations of the samples were then calculated by measuring the
absorbance of the samples using a spectrometer. The results were compiled

and the rate constant for the material was calculated.

7.4 Control Experiments Using Degussa P-25 TiO,

Control experiments using Degussa P-25 TiO, for both simulated solar
spectrum and visible solar spectrum were conducted in the exact manner as the
photocatalytic procedures detailed above. The experimental conditions that
affect the photocatalytic process have already been addressed. These included
the initial concentration of the pollutant, catalyst loading, catalyst particle size,

intensity of the light source, initial pH of the solution and the concentration of
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oxygen in the solution [59]. The design of these experimental procedures allow
for the control or optimization of these parameters. Every effort was made to
perform consistent repeatable experiments allowing for the comparison of the

results.
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CHAPTER 8: EXPERIMENTAL RESULTS

8.1 Untreated Degussa P-25 TiO;

Baseline experiments using untreated Degussa P-25 TiO, were performed
under no irradiation, simulated solar spectrum (SSS or whole) for varying times,
and visible simulated solar spectrum (VSSS or visible) irradiation for both
sonicated and non-sonicated suspensions. Figure 46 shows the normalized

change in concentration for each of these conditions.

Consistent with the literature, TiO, in the presence of a pollutant, but
without an irradiation source (labeled dark below) produced no de-coloration of
methyl orange [20]. According to Guettai et al., this shows that the de-coloration

of methyl orange is a purely photocatalytic effect.

In Figure 46, the experimental points for VSSS MO degradation can be
approximated by a linear dependence from time whereas, for whole spectrum,
the experimental points for the initial stage of MO degradation are fitted well with
the exponential function from time. Such a big difference in the degradation
kinetics can be explained by different limiting stages and types of photocatalytic
reactions. Particularly, the linear dependence can be well described by a zero
ordered photocatalytic reaction. For a zeroth order reaction, the rate remains

constant throughout the reaction and is independent of the concentration of the
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reactant(s) [60]. Zeroth order reactions are typically found when the surface of
the catalyst is saturated by the reactants. In photocatalytic reactions, it may be
the case when the rate of contaminant degradation on the catalytic surface is

limited by the intensity of electron-hole excitation.

The plots for simulated solar spectrum (SSS) light can be considered a
good first approximation for a first order chemical reaction. A first order reaction
is a reaction whose rate depends on the concentration of only one reactant
raised to the first power [60]. Other reactants can be present, but each will be

zeroth order.

As was shown earlier, the kinetics are more complicated and it is difficult
to classify the reaction as purely zeroth and/or first order, although this can be a
good approximation. This further explains the need for more sophisticated

models such as the Langmuir-Hinshelwood model.

The plots for both sonicated and non-sonicated TiO; in visible-light also
show a difference in rate. The material used in this study came from large bulk
quantities of Degussa P-25 TiO,. The particle size is commonly reported near 30
nm, with a surface area of 50 m%g. However, due to simple settling, the material
compacts over time. This explains why the catalyst was ground prior to each
experiment and sonicated. The difference in the rates is attributed to the de-
agglomeration of the particles, thereby exposing a greater surface area to the

pollutant to react at.
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Figure 46 Change in Concentration as a Function of Time for Methyl Orange in the
Presence of 1 g/L of Untreated Degussa P-25 TiO, Under No, SSS and VSSS Irradiation

By using the integrated rate law, we are able to convert the first order
reaction rate using calculus. As shown in Figure 47, the negative natural
logarithm of the ratio of the concentration at time (t) to the initial concentration

shows what fraction of the original pollutant remains at time (t) [60].
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Figure 47 Integrated Rate Law Plot for Untreated Degussa P-25 TiO, Under SSS
Irradiation

The slope of the integrated rate law plot (Figure 47 above) was then used
as the apparent rate constant for the reaction. This rate is given in units of
1/time, which is shown in Figure 48 [20, 22, 60]. It is again important to note that
a straight line will only occur for truly first order chemical reactions. Therefore the
R-squared value is an important indicator of the validity of categorizing the
reaction purely as first order. Again, it is apparent that a good first approximation
can be made for the reaction in SSS irradiation to be considered first order. It is
also obvious that the complexity of the chemical kinetics cannot be considered
purely first order. This further reinforces the need for models such as the

Langmuir-Hinshelwood model. The methods used here are identical to the
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methods used by Guettai et al. and Al-Qaradawi et al. as both studied the
degradation of methyl orange in the presence of TiO, [17, 18]. The calculated

rate constant for Degussa P-25 TiO, under SSS irradiation is given in Figure 48.
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Figure 48 Apparent Rate Constants for Untreated Degussa P-25 TiO, Under No and SSS
Irradiation

8.2 Effects of Oxygen Concentration on Photocatalytic Rate

One of the established parameters affecting the photocatalytic rate is
oxygen concentration in the suspension. Figure 49 shows the affects of using
one and two aerating stones. The air flow rate for each reactor was the same

(0.5L/min) along with all other conditions for the experiment. Consistent with the
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literature, by diffusing a higher concentration of oxygen, more oxygen is available

for electron scavenging and therefore a higher photocatalytic effect [6].
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Figure 49 Apparent Rate Constant for Untreated Degussa P-25 TiO, Under SSS
Irradiating Using One and Two Aerating Stones

In a similar fashion oxygen and air were again bubbled into the
suspension at the same rate (0.5 L/min.) and under the same conditions. As

seen in Figure 50 the use of pure oxygen increased the photocatalytic activity.

113



0.016

= 0.014 .

min
I
[ |

= 0.012

0.01 -

Oxygen -

0.008 -

0.006 - =

Air

0.004

Apparent Rate Constant
|

0.002 -

O T T T T T
0 0.2 0.4 0.6 0.8 1 1.2

Loading (g/L)

—Er- mRate = Er+ —Er- i Rate —Er+

Figure 50 Comparison of Air and Oxygen on the Apparent Rate Constant

Throughout this study we were able to control the parameters that have
the greatest influence of over photocatalytic efficiency. While doing so we were
also able to show the effects of thermal and thermochemical treatments on the

performance of Degussa P-25 TiO,.

Figure 51 below is a HRTEM image of pure Degussa P-25 TiO,. This
image clearly shows the atomic lines and grain boundaries that are understood to

be the location of the oxygen deficiencies.
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Figure 51 HRTEM Showing the Grain Boundaries of Pure Degussa P-25 TiO,

8.3 Effect of Thermal Treatment on the Photocatalytic Activity of TiO,

The established theory is that thermal treatments cause the removal of
oxygen ions. This in turn creates oxygen vacancies, which accelerates the
anatase to rutile transformation. These oxygen vacancies cause the lattice to
contract and the volume to shrink when two of the six Ti—O bonds are broken
[58]. Oxygen vacancies are believed to be formed in the grain boundaries [35].

It is these very oxygen vacancies that are believed to increase the photocatalytic
effects of TiO,.
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The improvement in efficiency can be attributed to the reduction of TiOy,
which was explained in detail earlier [32]. Asahi et al. further concluded that
these oxygen deficient sites are important for the visible response to take place.
This reduction causes a red-shift to wavelengths longer than 400 nm, which is
attributed to the reduction of Ti** to Ti**. Hence, the rutile particles in the P-25
powder are considered to contain the Ti*" ions that create electron donors. Ohno
et al. concluded that a “fairly large band bending is generated in the rutile

particles.” They attribute the higher efficiency of P-25 to this [17].

The curves in Figure 52 show the concentration as a function of time for
calcinated TiO,. As described earlier, the catalyst was calcinated at varying
temperatures from 275°C to 625°C for three hours under a dry inert nitrogen
atmosphere. The curves below show a good first approximation of first order

kinetics.
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Figure 52 Change in Concentration as a Function of Time for Methyl Orange in the
Presence of 1 g/L of Calcinated Degussa P-25 TiO, Under SSS Irradiation

As a result of this first order approximation the curves were plotted using
the integrated rate law as shown in Figure 53. As can be seen, the slopes of
these curves have high R-squared values and give a high level of confidence in
their use. What should be further cautioned is that first order reactions must not
have a build up of intermediates during the reaction [60]. As illustrated above,
there were occasions that intermediates that could not be degraded, and others
that could, were produced during some of the photocatalytic experiments.

Therefore, these results can be used only as an approximation.
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Figure 53 Integrated Rate Law Plot for Calcinated Degussa P-25 TiO, Under SSS
Irradiation

Plotted in Figure 54 are the apparent rate constants for thermally treated
(calcinated) Degussa P-25 TiO,. This plot shows a broad range of temperatures
that produce a positive effect on the photocatalytic rate. This study found that
temperatures from 375°C to 575°C had a positive effect on the photocatalytic
rate, and that temperatures above 600°C produced a declining effect. The study
by Ihara et al. concluded that 400°C is the transition temperature at which
oxygen deficiencies are created. They further concluded that this is also the
temperature at which the maximum number of deficiencies are created [35]. This
decline over 600°C in photocatalytic effect is attributed to the increase in particle
size and a shift from anatase to rutile fractions in the catalyst. This was

supported by Kosowska et al. who found that materials prepared below 600°C
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were mostly anatase, whereas temperatures above 650°C produced a mixture of

anatase and rutile phases [51].
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Figure 54 Apparent Rate Constants for Calcinated Degussa P-25 TiO, Under SSS
Irradiation

8.4 Characterization of Thermally Treated Degussa P-25 TiO,

Figure 55 shows values for anatase and rutile particle size, number of
anatase and rutile particles per volume, photocatalytic efficiency and mass
fraction of rutile particles for temperatures in the range of 275°C to 625°C for
calcinated Degussa P-25 TiO,. Rutile particles were found to have an average
size of 30 nm and anatase an average size of 10 nm. It can be seen that the
size of these particles stays relatively consistent for temperature below 525°C.

However, at temperatures above 575°C the average particle size increases

rapidly.
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The relative photonic efficiency is a plot of the apparent rate constants as
shown in Figure 54 above. What can be gleaned from this plot is that the decline
in the photonic efficiency (apparent rate constant) coincides with an increase in
particle size for anatase and rutile particles. It is the rutile particles however that
begin to increase much more rapidly than the anatase particles. This is further
indicated by the increase in the mass fraction of rutile particles increasing over

575°C.
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Figure 55 Characterization of Thermally Treated (Calcinated) Degussa P-25 TiO, Under
SSS Irradiation
8.5 Effect of Thermochemical Ammonia Treatment on the

Photocatalytic Activity of Degussa P-25 TiO,

One of the major objectives of this study was the pursuit of a visible-light

activated photocatalyst using Degussa P-25 TiO, as the starting material. As
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was described in detail earlier, anhydrous ammonia was used as a nitrogen
source for the thermochemically treated photocatalyst consistent with the work
done by Kosowska et al. [51]. Doping TiO, with nitrogen was concluded to
improve the visible-light absorption, which increased the number of photons that
could take place in the reaction [47]. The overall performance is improved due to

this mechanism.

The often cited study by Asahi et al. regarding nitrogen-doping, concluded
that the visible-light response is due to the formation of an isolated band, which
consisted of N2p orbitals above the O2p orbitals in the valence band [32].
Further, they concluded that the doping could not exceed 1% of the nitrogen.

The results below, regarding gas flow rate point to a similar conclusion.

As discussed previously, visible-light experiments produced reactions that
could not be considered first order, but could on a first approximation be
considered zeroth ordered. Figure 56 shows that photocatalytic effect of
thermochemically ammonia treated Degussa P-25 TiO, on methyl orange is more

accurately modeled as zeroth order reaction.
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Figure 56 Change in Concentration as a Function of Time for Methyl Orange in the
Presence of 1 g/L of Thermochemically Ammonia Treated Degussa P-25 TiO, Under VSSS
Irradiation

The calculation of the rate is a simple average of the slope over time
multiplied times the initial concentration. The result is presented as the de-
coloration rate given in units of pollutant ppm decay per minute. Figure 57 shows

the De-coloration Decay Rate (which can be thought of as the rate constant) for

thermochemically treated (nitrogen-doped) Degussa P-25 TiO..
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Figure 57 De-coloration Decay Rate as a Function of Treatment Temperature for
Thermochemically Ammonia Treated Degussa P-25 TiO, Under VSSS Irradiation

Figure 57 above shows that the highest rate of de-coloration occurred at
675°C. Using a similar method but reactive red and phenol as a pollutant,
Kosowska et al. found similar results for nitrogen-doped TiO, as shown in Figure
58. By comparing Figures 57 and 58 one can conclude that the optimized
temperature of the TiO, thermochemical treatment is different for different

pollutants to be degraded and may also depend of the precursor.
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Figure 58 Dye Concentration as a Function of Treatment Temperature for Nitrogen-
Doped TiO, for Reactive Red and Phenol by Kosowska et al. [51]

8.6 Optimization of Thermochemical Ammonia Treatment Flow Rate

The initial study was expanded into an investigation of ammonia flow rate
and its effect on the photocatalytic rate. Having determined an optimum
temperature of 675°C for visible-light activated photocatalyst, experiments with

flow rates from 6.6 mL/min. to 87.3 mL/min. were conducted.

Figure 59 shows that the highest MO de-coloration rate was obtained for a

catalyst thermochemically ammonia treated at a flow rate of 12.7 mL/min.

124



0.008 ~

0.006 -

0.004

Decoloration Decay (ppm/min)

0.002 +

O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Flow Rate (mL/min)

M Rate M Degussa VSSS

Figure 59 De-coloration Decay Rate as a Function of Ammonia Flow Rate at 675°C for
Thermochemically Ammonia Treated Degussa P-25 TiO, Under VSSS Irradiation

The color of the catalyst ranged from a very pale yellow at 6.6 mL/min. to
a more vivid yellow at 12.7 mL/min., shown in Figure 60. A yellow material is

commonly reported in published works for doped materials.

Figure 60 Thermochemically Ammonia Treated Degussa P-25 TiO, at 675°C for 3 Hours
at 12.7 mL/min.
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For flow rates above 12.7 mL/min. the catalyst developed a gradient of
color across the boats from the gas inlet side being a green, black or brownish
color to a pale yellow on the outlet boat side as shown in Figure 61. lhara et al.
concluded that the reduction reaction that takes place during thermal ammonia
treatments are responsible for this change to yellow material [35]. Although not
used here in this study, further study found that a small zone existed for

maximum deposition of nitrogen that resulted in heavily nitrided black materials.

Figure 61 Thermochemically Ammonia Treated Degussa P-25 TiO, at 675°C for 3 Hours
at 24.8 mL/min.

Figure 62 depicts the area of the color gradient that is typically
experienced for flow rates of 24.8 mL/min. The darkened material started from
the top far right hand side of the boat on the gas inlet side of the tube furnace
reactor and penetrated to the bottom of the boat. From this point, the materials’
color gradient followed an angle upward towards the surface of the catalyst. At
higher rates, this gradient would extend through the right side boat into the left

side boat.
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Figure 62 Depiction of Color Gradient After Thermochemically Ammonia Treated At or
Above 24.8 mL/min.

Figure 63 shows the color gradient of the material when thermochemically
ammonia treated at 675°C at 87.3 mL/min. for 3 hours. Notice the color gradient

has now extended across the gas inlet boat and has reached the left hand boat.

Figure 63 Thermochemically Ammonia Treated Degussa P-25 TiO, at 675°C at 87.3
mL/min. for 3 Hours

8.7 Effects of Nitrification of Thermochemically Ammonia Treated

TiO,

A short study was done using the same thermochemical treatment
procedures for flow rates of 24.8mL/min. This was done to investigate the
photocatalytic effect that titanium nitride (found by XRD analysis, see below) had

on the rate of MO discoloration.

Figure 64 shows the change in concentration for treatment temperatures

from 325°C to 825°C. It can be seen that temperatures below 550°C are
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insufficient to dope TiO, using anhydrous ammonia as a nitrogen source, which

is consistent with the findings of Kosowska et al. [51].
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Figure 64 Effects of Nitride on the Photocatalytic Effects of Thermochemically Ammonia
Treated Degussa P-25 TiO,

Figure 65 further illustrates the effect that the thermochemical treatment
by ammonia has on the photocatalytic effect of TiO,. Temperatures below 625°C
produced white materials that have essentially been calcinated. The increase in
effect can only be attributed to the reduction of TiO; similar to the effects seen in

thermal treatments using nitrogen.
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Figure 65 Apparent Rate Constant for Thermochemically Ammonia Treated (24.8
mL/min.) Degussa P-25 TiO, Under SSS Irradiation

The phase structure of the untreated Degussa P-25 and the
thermochemically ammonia treated Degussa P-25 TiO; samples was
characterized by x-ray diffraction (XRD). For the quantitative characterization for
the phase identification and average grain size has been carried out using Philips
X’pert pro PreFix powder x-ray diffractometer with CuKa radiation (A=1.54060 A).
The incident and diffraction slit width used for all the experiments are 1° and 2°
respectively and the incident beam mask used corresponds to 10 mm. The
sample preparations for the XRD measurement are strictly followed to obtain

maximum signal to noise raise.
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The anatase TiO, content (Ca) was estimated according to XRD patters

based on the following equation:

C, = —n %1000,
Ant+ A

where Aa and Ar are areas for anatase (101) peak and the rutile (110) peak

(110) respectively.
The grain size (D) was estimated from the Scherrer equation [35]:

D- KA
[*cos()
where K is the shape constant which was taken as 1.54060 A Ais the
wavelength of the radiation, 8 is the diffraction angle, and B is the half-value

width of the anatase diffraction peak.

The XRD plot shown in Figure 66 shows the formation of titanium nitride
during the thermochemical process at a temperature of 825°C. Additionally, it
also shows the transformation from anatase to rutile phases during this process.
These results support the findings of Kobayakawa et al. who found that TiN was
formed when high doping ratios of nitrogen were formed in TiO, [61]. The
samples for heavily treated materials for this study were brownish to black in
color, which is similar to the findings of Kobayakawa et al. Further, TiN was not

observed for materials that were white or yellow in color.
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Figure 66 Formation of Titanium Nitride During Thermochemical Ammonia Treatments at
825°C of Degussa P-25 TiO,

Figure 67 shows the XRD analysis for thermochemically treated Degussa
P-25 TiO, as it pertains to anatase and rutile phase composition. This plot
further identifies 625°C as a critical temperature for the transformation of anatase

to rutile phase.
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Figure 67 XRD Comparison for Thermochemically Ammonia Treated Degussa P-25 TiO,

8.8 Characterization of Thermochemically Ammonia Treated TiO,

Figure 68 shows measured and calculated values as they pertain to
thermochemically treated Degussa P-25 TiO,. Rutile particles were found to
have an average size of 30 nm and anatase an average size of 10 nm. It can be
seen that the size of these particles stays relatively constant for temperature
below 625°C. However, at temperatures above 625°C the average particle size
increases rapidly, especially for rutile. It is interesting to note the contrast in
temperatures between the calcinated treatment and thermochemical ammonia
treatments with regard to their particle size. It can be see that the
thermochemical treatment had some influence on the temperature point at which

the transition towards a more rutile mass fraction occurred.
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The relative photonic efficiency is a plot of the apparent rate constants.
What can be gleaned from this plot is that the decline in the photonic efficiency
(apparent rate constant) coincides with an increase in particle size for anatase
and rutile particles. It is the rutile particles however that begin to increase much
more rapidly than the anatase particles. This is further indicated by the increase

in the mass fraction of rutile particles increasing over 625°C.
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Figure 68 Characterization of Thermochemically Ammonia Treated Degussa P-25 TiO,
Under SSS Irradiation

Figure 69 is the HRTEM image of thermochemically ammonia treated
TiO,. The results of HRTEM analysis performed by Dr. Yusuf Emirov, indicates
that the lattice of ammonia treated TiO, is oxygen deficient and can be described
as TigO47. No nitrogen compounds were found since their content was probably

too low to be detected.
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Figure 69 HRTEM of Thermochemically Ammonia Treated Degussa P-25 TiO,

The optical absorbance was calculated using the Kubelka-Munk
technique. As described earlier, an absorption edge is formed during the
thermochemical ammonia treatments that allows for absorption of visible length

radiation as shown in figure 70.
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Figure 70 Optical Absorbance (Kubelka-Munk) of Thermochemically Ammonia Treated
Degussa P-25 TiO,

In Figure 71, Jang et al. plotted the absorption for anatase TiO, and TiO,.
xNx. TiO2.xNx shows two absorption edges. The first is the edge at 390 nm that
is attributed to absorption by the oxide, and a second weaker edge at 451 nm
that is attributed to nitrogen-doping. They concluded that this second shoulder

peak is responsible for visible-light photocatalytic activity [26].
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Figure 71 (A) TiO..xNx and (B) Pure TiO, Calcinated at 400°C [26]

What needs to be stressed here is that while Figure 70 is a good example
of the ability to control the absorption edge, the material itself performed very
poorly photocatalytically. This is an area of considerable research today, and a
topic that was briefly investigated during this study. Further study of this critical

component is necessary to draw any further conclusions.
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS

The results of this study are as follow:

1.

Thermal treatments of Degussa P-25 TiO, improve the photocatalytic

effect over untreated Degussa P-25 TiO, for SSS.

. The most photoactive catalyst prepared by thermal treatment was at

375°C for SSS. Improvement in photocatalytic efficiency was nearly two

times that of untreated Degussa P-25 TiO..

A simple and inexpensive method of creating VIS-active photocatalyst by

modification of Degussa P-25 TiO, with nitrogen was accomplished.

A thermochemical ammonia treatment process was optimized for
temperature, duration and gas flow rate for nitrogen-doping Degussa P-25

TiOs.

The most photoactive catalyst prepared by thermochemical treatment of
Degussa P-25 TiO, was at 675°C at 12.7 mL/min. for 3 hours under
VSSS. Improvement in photocatalytic effect is 1.5 times higher than

untreated Degussa P-25 TiO,.
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6. An additional absorption edge in the visible range was observed for
thermochemically ammonia treated Degussa P-25 TiO, for treatment

temperatures above 625°C.

7. Based on XRD results, the temperature of the phase transition from
anatase to rutile is 625°C for thermally treated Degussa P-25 TiO,, and
725°C for thermochemically treated Degussa P-25 TiO,. This indicates

that nitrogen-doping inhibits the phase transition from anatase to rutile.

8. The results of HRTEM analysis indicate that the lattice of
thermochemically ammonia treated Degussa P-25 TiO; is oxygen deficient
and can be described as TigO47. No nitrogen compounds were found and

it is believed that their content was probably too low to be detected.

9. The XRD patterns of thermochemically treated Degussa P-25 TiO, exhibit

diffraction peaks of TiN compound at 825°C.

10.The color of the thermochemically treated Degussa P-25 TiO, was

dependent upon treatment temperature, duration and gas flow rate.

11.The color ranged from vivid white to grey to pale yellow to vivid yellow to
green to brown to black, which may be attributed to TiN content on the

surface.

12.The phase composition of the most Vis-active photoactive catalyst was
88% anatase and 12% rutile for thermochemically treated Degussa P-25

TiO; at 675°C.
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13. A three step thermochemical method was developed for heavy nitrogen-

doping of TiO, using anhydrous ammonia as a nitrogen source.

14. Thermochemical ammonia treatment of Degussa P-25 TiO; is a very
promising and inexpensive method for Vis-active photocatalyst
preparation on a commercial scale compared with sputtering and ion

implantation techniques.

Anhydrous ammonia as a nitrogen source for the doping of Degussa P-25
TiO2 has the potential to create an efficient and inexpensive visible-light
photocatalyst. It has been shown here and in other studies how to create a
visible-light photocatalytic effect. As noted, many authors have attributed this to

the creation of states capable of utilizing energy from the visible spectrum.

An important question is “how do we get this material to absorb more and
more of the available visible-light spectrum without degrading the efficiency of the
catalyst in both the visible and ultraviolet spectra?” Initial work in this area was
done during this study. While it was shown it is possible to significantly improve
the absorption of visible wavelengths, the preliminary results have also shown
that this can be done at the expense of photocatalytic efficiency. The
improvement in visible-light absorption is not directly related to an improvement
in photocatalytic efficiency. Advanced semiconductor theory suggests that
materials can become electrically inactive if over doped due to a saturation

effect. Could this possibly be the case here?
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Future research should include a more rigorous treatment of the
photocatalytic rate. The Langmuir-Hinshelwood equation should be used to
better model the chemical kinetics that occurs during the photocatalytic process.
A focused study should be done on the optimization of treatment temperature,
flow rate and duration. Additionally, an in depth characterization of the doped
catalyst would be beneficial in identifying optimum doping levels, the role of
interstitial and substitutional dopants as well as the effects of TiN. Finally, for
practical commercial concerns, further research and development of an improved
gas phase impregnation system should be undertaken. All in all, this is an area

with a great deal of work to be done.

As a final note, the reader should note that unless otherwise expressly
cited, all activities of this study were done under the direction of Dr. Nikolai
Kislov. Dr. Kislov should be primarily credited with the design of experiments,

experimental systems, procedures and analytical methods.
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