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Abstract:

With increasing attention given to the clean up of polluted waters, new technologies need to be
developed to offer safer, cheaper methods than those currently employed. Most current systems employ
oxidizing agents which are costly, consumed in the process and often hazardous to work with. The use
of titanium dioxide as a photocatalyst offers a safe alternative to current technologies and has been
proven to degrade a wide number of contaminants. The majority of recent work in photocatalysis uses
titanium dioxide slurry type reactors and separation is required to reclaim the catalyst. This will limit
the applicability of this method due to the added separation expense. Supporting titanium dioxide for
use in a packed bed configuration represents a viable alternative. Experiments were developed for the
evaluation of supported titanium dioxide as a photocatalyst. Silica gel was chosen as a support material
due to its unique properties regarding UV transmission, surface area and adsorptive capability for water
and organics. The support materials were optimized for light transmission properties with respect to
manufacturer, grade and size fraction. Coating methods were developed, and four continuous flow,
annular reactors were designed to evaluate the supported photocatalysts. Through light measurements
and kinetic experiments, four supported catalysts were evaluated in the four reactors for their ability to
degrade formic acid. The degradation rates observed with the supported catalysts were found to have a
strong dependence on catalyst loading and support material, but nonetheless outperformed slurry
catalysts under identical conditions.
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ABSTRACT

With increasing attention given to the clean up of polluted waters, new technologies need-
to be developed to offer safer, cheaper methods than those currently employed. Most
current systems employ oxidizing agents which are costly, consumed in the process and
often hazardous to work with. The use of titanium dioxide as a photocatalyst offers a safe
alternative to current technologies and has been proven to degrade a wide number of
contaminants. The majority of recent work in photocatalysis uses titanium dioxide slurry
type reactors and separation is required to reclaim the catalyst. This will limit the
applicability of this method due to the added separation expense. Supporting titanium
dioxide for use in a packed bed configuration represents a viable alternative. Experiments
were developed for the evaluation of supported titanium dioxide as a photocatalyst. Silica
gel was chosen as a support material due to its unique propetties regarding UV
transmiission, surface area and adsorptive capability for water and organics. The support
materials were optimizeéd for light transmission properties with respect to manufacturer,
grade and size fraction. Coating methods were developed, and four continuous flow,
annular reactors were designed to evaluate the supported photocatalysts. Through light
measurements and kinetic experiments, four supported catalysts were evaluated in the
four reactors for their ability to degrade formic acid. The degradation rates observed with
the supported catalysts were found to have a strong dependence on catalyst loading and
support material, but nonetheless outperformed slurry catalysts under identical
conditions. ’




CHAPTER 1
INTRODUCTION AND BACKGROUND

This past century has seen a rapid ipcrease in polluténts in our environment.

Toxic pollutants in the soil, air and water are widesﬁread. Continual human con'tact with
toxins and the steady degradation of the environment is a gfowing concern on national
and international agendas. The sources of these contaminants are extensive, ranging from
(but not limited to) the chemical/petrc;leum industﬁes, textiles, pulp and paper miliing to
increases in modern agric‘:ul’mre practices.

A considerable amount of reseafch is currently being -difeéted toWards iml.;)roving :
methods of contafninant treatment. Current processes in use such as air strippiﬁg’ or
activated carboﬁ adsorption offer only a phase change of the contaminant, likely
requiring further freatmentr Other methods, such asl treatment with a strong oxidant (e.g. .
ozone or chlorine), generally offer less than complete removal of organic contaminants'
while consuming large quantities oxidants. Relatix;ely new to the arena are methods
collecﬁvely termed advanced oxidation processes (AOP’sj. These methods may be
cheaper and offer better degradatio‘n' than sqmé of the above-mentioned methods.
Examples of AOP’S include direct UV photolysis of the contaminant, UV/ozoné or
UV/H,0,, and H@tero geneous photocatalysis. T Ihe latfer three of the these procésses are of

particular interest in that they have shown potential to kill bacteria as well as degrade

‘organic compounds (1). Direct photolysis of an organic contaminant requires that it

absorb the incident light and suffer degradation as a result. This is difficult to achieve




with most contaminants, especially at the low concentrations generally encountered in
waste treatment. UV/ozone and UV/H,0; have shown promise as effective treatment
methods. When UV is used in conjunction with ozc;ne or hydrogen pgroxide, highly ;
reactive hydroxyl (‘OH) radicals are generated, which will non-selectively attack most
organic compounds. While complete degradation is possible with these methods, large
amounts of oxidant are consumed in ‘the process. On the contrary, in heterogeneous
photocatalysis reactive radicals (thought to be prime_lrily "OH radicals) are generated in
situ from air, oxygen of water (2) without the need for costlier and ﬁore hazardous
oxidizers-. In heterogeneous photocatalysis, a é(_)lid photocatalyst (usually an n-type
semiconductor such as TiO,, ZnO, or CdS) is iHuminated with UV-visible light creating a
reduction-oxidation (redox) environment (to Be described in more detail later) that has
been shown to be capable (3) of degrading a Wide variety of organic contaminants. Other
features that make hetero geneoué photocatalysis attractive is that it éenerally uées low
cost, non-toxic catalysts, can often be operated at ambient conditions and is capable of
absorbing a wideir portion of the UV spectrum efficiently as compared to ether UV
methods (2). In addition to air, water and wastewater tfeatment, heterogeneous
photocatalysis has been used for a wide range of reactions including: mild organic -
oxidations, dehydrogenation, hydrogen transfer, 0,'%-0,' and deuterium-alkane isotdpic
exchange, and metal deposition (4). Heterogeneous photocatalysis has been confirmed by

numerous researchers to be effective for the total oxidation of organic water contaminants

).




Photocatalysis and Photocatalysts

Though there is currently some dispute as to a proper definition of photocatalysis,
a general definition is the “acceleration of a photoreaction by the presence of a catalyst”
(3). For the purpose of water treatment, heterogeneous photocatalysis can be loosely
defined as the illumination of a particulate with UV-ViS_ibl(: light of suitable energy to
initiate redox chemistries (1) while the ca'talyst itself undergpes no overall change.
Semiconductors have largely been employed for use as photocatalysts because of their
electronic structure, light absorption properties, charge transport characteristics, and
excited state lifetimes (3). A detailed description of semiconductor materials is beyond
the scope of this thesis and only some of the properties applicable to photocatalysis will
be addressed. For a more complete treatment see Reference 6.

A semiconductor is characterized by a filled valence band and an empty
conduction band. For a semiconductor material to be used as a phétocatalyst, an excited
sfate must be induced in the material by the absorption of light. Upon excitation by the
absorption of a photon of sufficient energy, charge separation takes place as an electron
(¢) is promoted from the valence band to the conduction< band. The absence of an
electron in the valance band (or a positive charge) is known as a hole (h"). The act of
excitation by light is determined by the band gap, or the energy gap, between the valance
and the conduction band energy levels. For promotion of an elecﬁon to occur, the photon

energy must exceed the energy of the band gap.
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Titanium Dioxide

In the area of water and wastewater treatment, the principal focué has been on the use
of titanium dioxide or titania (TiO,) as a.photocatal‘yst.‘ Mills and Le Hunté (7) proposed
the following list of criteria in choosiﬁg a semiconductor for use as a photocatalyst:

1. Photoactive.

2. Able to utilize visible and/or near UV light.

. 3. Biologically and chemically inert.

4. Photostable (i.e. not liable to photoanodic conogion for examplé).

5. Inexpensive.

Titania meets these criteria well and has been shown to exhibit a high photoactivity
towards a wide range of compounds (7, 8). TiO, requires light less than 390 nm to be
photoactive and has been shown to be capable of usjng sunlight to dégrade organic
pollutants (3). Approximately 4-6 % of the available sunlight (the amount of sunlight in .
the 300-390 nm wavelength region) has been demonstrated to initiate the photoactivity of

titania (6).

Titania surface
In an aqueous environment, the surface of titania will be covered with hydroxyl
groups. The extent of this coverage will depend on crYstgl phase and prgparatiop
conditions. The point of Zero charge (PZC): of Ti02 used iﬁ photocatalysis is in the -
pH range of 6 —7 (3), with the surface posi-tiveiy charged in acidic enVi'ronmen'ts. Titania

is known to exist in three different crystal phases: anatase, rutile, and brookite.
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structure the anneahng conditions can control the morphology, spe01ﬁc surface area and
surface dens1ty of OH groups (7) Hoffmann et al (8) found the: rates of 4-chlorophenol
degradation to increase as the anatase form was calcined progressively from 100 to 400
°C and to decrease with TiO; calcined at 500 °C and above. Tanaka ef al. ‘(6) reported the
degradation of several compounds to be dependent upon annealing conditions while
independent for others. They also reported that TCE degradation rates increased for
annealing temperatures up to 500 °C, and in some cases up to 7OO‘°CI1 but decreased
above those temperatures. Tsai et al. (1 1) found the photoact1v1ty of laboratory produced
" rutile TiO, to decrease W1th calcination temperature and correlated it to the amount of OH
groups on the surface. The éeneral consensus seems to indicate that the photoact1_v1ty of
titania decreases as the annealing temperature approaches the temperature of the rutile
phase change (~600 °C). Moreover the higher annealing temperatures relieve the TiO,
- surface of OH groups essential to photoactivity. The increased photoact1v1ty of anatase
3 therefore is thought to arise ﬁom a larger surface area and a higher surface den31ty of
active s1tes for adsorption and photocatalysis.

The majority of titania used in photocatalysis comes in three forms: a pre-made
TiO, powder, TiO, particles‘precipitated from a sol-gel, and TiO, produced by chemical
vapor deposition (CVD) of titanium chlorides (TiCl3 and TiCly) ‘o-nsome support. The
pre-made powd’ers come in a controll'ed crystal structure and particle size (generally
anatase on the nm to um scale). Starting from a titanium salt, sol-gel techniques can ‘
produce titania from a sequential process of hydrol;isis, polycondensation and drying of a

colloidal suspension (12). Sol-gels can generally produce small (~10nm) amorphous and




crystalline TiO; particles, where crystal structure and particle size is a function of
preparation conditions (pre-cursor sol, calcining conditions, pH, etc.). Titania from CVD
is obtained by exposing a surface to titanium chlorides and water vapor at high
temperatures (~200 —500 °C), where the water vapor will substitute for the chlorides.
Ultrafine thin films of titania on silicon and quartz substrates have been reﬁorted using
CVD techniques (13). Obviously, there are numerous variations on sol-gel and CVD
techniques that can affect particle growth and crystal structure. The chemistry involved is
beyond the scope of this paper. A good treatment of colloidal semiconductors can be

found in Reference 3.

Mechanism for heterogeneous photocatalysis using TiO,

Certain features of photoinduced reactions involving semiconductor catalysts
have previously been mentioned. Some will be repeated here for clarity in the specific
case of heterogeneous photocatalysis involving TiO; and the degradation of aqueous
organic contaminants. The overall process of the photodegradation éf orgénics with TiO,
can be summarized as follows‘

Organic Pollutant + O, ——— CO, +H,0+ mineral acids (1)

Though the exact mechanism for the hetero éeneous photodegradation of aqueous
organics is not completely understood, it is known that the primary pfocess involves |
electron-hole pair formation followed by interfacial electron transfer to form surface
bound oxidants (7). Based on laser flash photolysis measurements, Hoffman et'a'l. (8)
proposed the following mechanisms, with their characteristic times, for surface reactions

on illuminated TiO,.




" Chargecarriergeneration _ .
TiO, — e, +h, () B )
Chargecarrier tapping
h!, +>Ti"OH - {> Ti"OH}" (10ns) (3)
e, +> Ti"OH «> {>Ti"OHY (100ps) (4)
Chargecarrier recombinafon
e +h* —heat (ns) (Sj

" Interfacid charge transfer
{>Ti"OH}" +Red—>Ti"OH+Red-" (100ns) (6)
{>Ti"OHY +0x—>>Ti"OH+0x-~ (ms) (7)

The overall success of a photocatalytic reaction is dependent on the competition between
charge carrier trapping and recombination (Equations 3-4 & 5). The above mechanism
assumes all oxidation of organics occurs via surface bound hydroxyl {>TiVOH}" attack,
though oxidation may occur with between free radicals and liquid phase organics as Well
(14). Also not mentioned in this scheme is the formation of hydrogen peroxide from
dioxy;gen reduction with conduction band electrons and possiblsr from valance band hole

oxidation of water (15). These two pathways can be represented as follows (14, 15):

TiV -0, +e, +2H" < (TiV)H,0, (8)
2H,0+2h?, —»H,0, +2H* ©)

It has been noted that H,O, may contribute to the degradation of pollutants by
acting as a direct electron acceptor or as a further source of hydroxyl radicals due to
homolytic splitting (15).

Though it is assumed that hydroxyl radicals are the primary oxidant in TiO, |

systems, it is not known if oxidation principally occurs via surface bound or free radicals.
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Turchi and Ollis (14), in an effort to determine the role of hydroxyl rédicals in TiO,
photocatalysis, proposed four possible mechanisms for hydroxyl radical attack.

1. Reaction occurring while both organic and hydroxyl are adsorbed.

2. A non-bound radical reacts with a bound organic.

3. An adsorbed radical reacts with a free organic.

4. Reaction occurs between free radical and organic.
Four kinetic models were derived for the above, relating degradation of a single
component by way of hydroxyl attack. All resembled Langmuir-Hinshelwood (L-H) raté
forms.

ol sKCi
l—ll-)KC (10)

i

It was found that k.,s was the same for each of the four cases in the degradation of 14
organic compounds, suggesting that it is a function only of catalyst properties and
reaction conditions. Further differentiating between reactions of adsorbed and free radical
to suggest a dominant form was not possible. Estimates ofAdiffusion/reacti(‘)n rates with
" free "OH radicals and liquid phase organics suggest that even at low organic
concentration, free radicals would not diffuse very far into solution before reacting (~1 08
— 10" m). Based on these estimates, they found it plausible that ‘OH is present as a
mobile radical. It is likely-that some combination of these mechanisms is present during
heterogeneous .pl.lotocatalysis. |

In most photocatalytic systems, oxygen acts as an electroh acceptor. The current

¥

view is than electrons are consumed by dioxygen to produce the superoxide radical anion,
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05" (1), with subsequent electron transfer reactions léading to the formation of H202.
Supporting this view is work by Serpone ve£ al. that noted no degradation occurs in the
absence of oxy‘gen‘ 3). Control batch expeﬂﬁénts by our group in which aqueous phénoi . o
suspensions of TiO, were sparged with nitrogen also found no degradation to take place.
Serpone has observed superoxide radicals on the surface of illuminated TiO, in tﬁe
presence of oxygen ( 1). Hoffmann et al. (15), using %0 isotopic labeling with a ZnO
photocatalyst noted that all of the photochemically produced H,O; is from dioxygen.

They also reported that hydrogen peroxide was not detected in the absence of oxygen.

* Catalyst Supports

Much of ;che work in liquid phase photocatalysis using TiO; has been condﬁcted’
in slurry type reactors using very fine titania pértiél’es (e.g. Degussa P25 TiO,: ~30nm in
diameter). These types of reactors have several advantages. In perfectly mixed reactors,
there will be no segregation of phases and with fine particles (nm scale), the eﬁtire
external surface can be illuminated during the reaction (12). Also these reactors have a
1érge ratio of surface area of TiO, per unit volume of the reactor, limiting mass transfer
effects (16). In modeling these systemsv, they can be (at least to a first approximation)
treated as “_pseudo—homogen‘oqs” and amenable to simple laws such as the‘Beer‘-Lambert
law (12)  Overall though, the utiﬁty of these reactors is limited, as recovery of the catalyst
downstream of the reactor is difficult.

Fixing the catalyst on a support of some sort is the alternative. Certain tradeoffs

come with immobilizing the catalyst though. Degradation rates may be mass transfer




12
limited and the catalyst-photon interactions will be more limited. These limitations §Vi11
be dependent on specific reactpr/support configurations.

Pozzo et al. (13), in a recent review of research on supported TiO, for use in
environmental photocatalysis, suggested the following attributes of a good photocatalyst
support:

I. Transparent to UV radiation.

2. Favor strong surface chemical-physical bonding with the TiO; particles

without negatively affecting their reactivity.

3. Offer a high specific surface area.

4. Have good adsorption capabilit'y for :the organic compounds to be
degraded.

5. Beina physicél configuration which favors the ultimate liquid-solid phase
separation.

6. Allow reactor designs that facilitate ’Fhe mass transfer processes.

7. Be chemically inert.

Early work on immobilized photocatalysts involved coating the inner glass walls
fn an annular type reactor (17) or the inner wall of a glass coil wrapped around a circular
light source (18, 19). Degradation rates for these flow-by type reactors were found to
suffer from boundary layer mass transfer limitations, as only a portion of substrate Wi11 be
in contact with the- catalyst at any given time (20).

In the last decade, ﬁuch attention has been directed towards immobilizing TiO,

on various substrates including; particles (silica, alumina, zeolites, activated carbon, glass
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beads etc.), quartz optical fibers, glass ﬁﬁer c;r wool (12, 13). Various forms of reactor
design havg been employed, including packed, fluidized and ‘ﬂoating bed reactors. Based
on the cuﬁent interest here, the following discussion will be restric;ccd to particle supports
applicable for packed bed applications.

Recent research has shown that supports can alter photoacti;/ity ih several Ways.‘
For example, Xu and Langford (21) comparing two different zeolites, silica gel, and
alumina, related increased adsorption of organics on the support to increased
photoactivity. Concerning zeolites, they proposed increased photoactivities could be
related to the ngld ﬂamework of the surface, where reactive{ radicals, sﬁch as 'OH‘ and -
05", could be stabilized on the surface where they can be efficiently reached by organic
moleéules. Xu et al. (9), in a comparative study of preparation methods fbr coating silica
gel‘ with sol based TiO,, also related increased i;hotoactivity to increased adsorption of
drganics. Rates reported fo.f'supported, catalysts were considerably higher than those
obtained with bare catalysts. In these experiments &egradatibn rates Wére found to be
higher with smaller silica gel particles. They reported that smaller slilica particleé resulted
in the foﬁnation of smaller TiO, particles on the surface. It was sﬁggested that smaller
silica particles cause the TiO, to be more dispersed on the surfa!ce (possibly affec;,ting
crystallinity) and more efficient as a photocatalyst.

Surface charac;terization of supported catalys1.:s is important in that the crystal
structure of titania on the support can 'be determined and related to its photocatalytic
behavior. Also, determining how TiO, is adhering to the sﬁpport will allow predictions of |

the durability of a specific catalyst under reaction conditions. Xu et al. (9) found that
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supporting TiO, on silica restricts crystal formation even after calcining. They reported a
film of amorphous TiO, to éxist on the surface., liniiting photoactivity. Xu and Langford
(21) found that at low coverage, TiO, on zeolite is momhous, only forming well-defined
anatase crystals at higher coverage. Structure detenﬁination of supported titania is made
difficult at lower loadings commonly encountered in environmental photocatalysis
(generally less than 1 wt. %). Differentiating between X-rays of the catalyst/support
surface in X-ray diffraction (XRD) analysis is difficult at such low loadings, making the
results éuspect. Similarly, scanning electron microscopy (SEM) of supported surfaces
reveals little about the true nature of the catalyst-suioport interactions. Islands of what
appears to be titania have been reported to appear on supported surfaces (12), suggesting
a random, highly dispersed coating. Xu and Langford (21) suggest that these particles
may form on a thin coat of titania after monolayer capacity has been exceeded. Verifying
this would require slicing a coated particle and vie\ying it from the side. This would allow
determination of the thickness of a titania layer if it formed as a uniform coat. The small
size of most support materials (um — mm scale) makes this difficult and slicing would
likely damage the coating.

TiO, adherence to the support is an essential aspect in supported photocatalysts,
yet many papers on the subject néglect it entirely.‘(9, 16, 18, 21). If supports readily lose
their titania (or a substantial portion of it) to the fluid phase, the reason for its use is
compromised. Adherence is generally evaluated at reaction conditions. Analysis of the
catalyst after subjecting it to flows high eﬁough to eliminate mass transfer concerns will

allow quantification of adherence. Bideau et al. (12) in a comparison of supports, titania,
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and coating methods, found pre-made powder (P25 'TiOZ) coatings to adhere better to
silica gel than coatings using a sol-gel process (loss of 52% for sol compared to 21% for
P25 powder). Zhang et al. (22), using powder (Aldrich TiO,) coated silica gels, reported
no noticeable attrition of TiO; after 1 hour under flow and no decrease in photoactivity
after a 20-day run. Though coating methods used by the Bideau arid Zhang groups were
similar for powder coatings, widely varying resﬁlts Wére obtained. These results can be
somewhat misleading in that reactor configurations differed. The setup used by ‘Zhjang' et
al. was a packed tubular reactor and that used by Bideau et al. was a CSTR with the
catalyst placed on the bottom. It would be natural to assume that suppoi'fed catalyst in a
packed bed would be subjected to greater stress and yet they reported no loss of catalyst.
Such results could be explained by the fact that diffetent silica gels, titania poWders, and
calcining conditions will produce different coatings, one performing well and one not.

This makes direct comparisons between different researchers difficult.

Silica Gel

In this study, silica gel (SiO,) was chosen as a photocatalyst support for its ability
to meet several of the above mentioned criteria. It transmits UV light well, has high
specific surface area (;100-1000 m?*/g) and is chemically inert. The surfacg: of silica gel is
covered by hydroxyl and siloxane groups. Hydroxyl groups can be arranged on the
surface in vérious ways with one or two hydroxyls bound to a single Si atom (23).
Siloxane groups are formed by a partially reversiblé dehydroxylation bgtween hydroxyl
groups at about 500 K (3). This can be represented as follows

2=8i-OH <=S8i-0-Si=+H50 (11)
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In an aqueous environment, silica' gel is capable of taking up water and organics by
means of physical adsorption (23), with the amount' dependgnt on temperature, surface
density of hydroxyl groups, pH, and specific surface area. The point of zero charge (PZC)
for most silica gels is at a pH (;f about 2 (3). Above this pH, the sﬁrface will be negatively
charged, limiting its adsorptive capabilities for negatively charged ions. Aside from the
above support criteria, silica gels also exin'bit high thenﬁal stability and high mechanical
strength (24).

Coating a support with sols or pre-made powders generally involves mechanical
mixing of a liquid suspension of titania and the support material followed by calcining
and waéhing. For the case of silica gel, titania bonding likely occurs at sprface hydroxyls
with the at‘tractioﬂ being Van der Waals forces (24), The degree of dispefsion of titania
on silica will therefore be dependent on the surface density of hydroxyls on silica (and
also titania particle size) (24). This surface density of hydroxyls will change with
calcining temperature. With other coating methods such as CVD there is evidence of Ti-

O-Si linkages at the surface, which will alter the electronic propérties of the catalyst (24).

Photoreéctoré
" Photodegradation rates will be dependent on reactor design, as the geometry will
determine light distribution. Numerous reactor designs utilizing sunlight and artificial
light have been employed in photocatalytic work and are descrii)ed elsewhere (4, 8, 17,
22,25, 26). By far, the configuration most used in bench scale operations is the Iamp-in
tube annular reactor. This reactor represents a simple and very efflcient configuration

utilizing artificial light (27) and is probably the best type for commercial applications.
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Reliable design equations for annular ph(;toreactors using a solid catalyst have yet to be"
developed. These equations are complicated by the coupled mass and energy (photon)
balances that would have to be performed and the uncertainty of certain parameters
(namely light absorption and scattering coefficients) (28). Theoretically, mass/energy
balances would have to be performed for each wavelength when using polychromatic
light (27). Pseudo-homogenous approximations for absorption and scattering coefficients
have been determined for some slurry reactors but are lacking for supported catalysts. In
theory, these parameters would be different for each catalyst/support combination and
have to be determined on case-by-case basis. Due to the nature of these systems,
absorption and scattering coefficients for larger, supported catalysts are generally
unattainable and built into the few models that exist as assumptions (27, 28). This
subjects the coefficients to a high degree of uncertainty.

Since lamps come in finite sizes, the majority of bench reactors are scaled to
utilize a light of certain dimensions, often with no other criteria. Obviously, reactor
materials should be chosen that transmit light of the desired wavelengths. Parameters that
can be easily ascertained are the light intensity as a function of distance and light
penetration through packed beds of certain catalysts. Using this knowledge, the outer
diameter of the reactor should be fixed such that a percentage of the entering photons can '
reach the outer most catalyst. Despite such measures, a photon gradient will exist with
rédi.al distance from the lamp in an annular reactor. If it is substantial, a resultant

concentration gradient may develop where faster degradation occurs closer to the light.
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Lamps should be chosen that emit light below the threshold wavelength (i.e. of enough
energy to overcome the bandgap energy of the catalyst) and ideally operate in the regime
where first order dependence on intensity holds (see below). It should also be verified
that the liquid phase reactants do not absorb light in ordér to conserve light for the

catalyst.

Radiant Flux
The rate ofa photocatalyzed reaction will be proportional to the flow of photons
reaching the catalyst. Using titania for aqueous degradation of organics, many researchers

have found the relationship to resemble Equation 13.

Rate éc (Intensity)™ . (12)
The power n has been found to vary from a first order dependence at low intensities to a
square root dependencé at high intensities (8). Hoffmann et al. (15) explained this on a
kinetic basis using ZnO (an n-type semicohductor like TiO,) in the photoproduction of
hydrogen peroxide. Assuming that the reduction of oxygen by surface trapped ehlectrons
is the rate-limiting step, they proposed the following equation to calculate the

concentration of photoexcited electrons.

d '_ ' _ ’ —_
U] i el - kplZa OB s )k pl2e OME, ] (1

Where 1 is the light intensity generating electron/hole pairs, k,[eg, 1[hy, ] represents the
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I
I+k.p[Zn'OH;, ]

- 2 (16)
kp[ZnllOH, ]

[echl=

This assumes that the production rate of electrons by the reverse of the electron tfapping
reaction is small compared to the rate of productidn by photon absorption. Thus, at higher' -
light intensitigs second order recombination will dominate over first order &apping
mechanisms.

Furthering this, Hoffmann et al. (15) determined quantum yields for the rate of ‘
adsorbed oxygen red'udion with surface trapped electrons ‘(assuming‘ this to 'be the rate
limiting step). Quantum yields can be defined as the rate of reaction to the rate of photon
absorption (15). It \‘Nas found that the quéntum yield will be proportional to intensity to
the negative one half power at high light intensity and independent of intensity iat low - |

light intensity.

Statement of Objectives -

The work presented here represents a preliminary attempt in the development of
supported TiO, catalysts for use in photoreactors. ThrougL the use of multiple reactors,
light measurements and kinetic studies it was desired to evaluate the effect of catalyst
loading on light penetration and degradation rates of formic acid. The focus of this sfudy
breaks dowh as follows:

o Optimization of support materials.
o Light penetration through uncoated supports.

o Light penetration through coated support materials.
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Reactor design fbrv flow through packed bed system (titanium dioxide supported on
silica gel). |
Design a kinetic experimental system.

| Determine cataljst loading and reactor dimensions that are most effective in

degrading formic acid.
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CHAPTER 2
EXPERIMENTAL METHODS AND MATERIALS

Catalysts Supports

Several silica gels were examined for their light transmission properties. Unless
noted, the silica gels were crushed and screened to the indicated size fractions. Listed
below in Table 1 are the various support materials used in this project. Glass beads were

used as a comparison.

Table 1. Support materials used according to size fraction and manufacturer.

Support ‘ Mesh (U.S. Size (mm) Manufacturer
‘ Standard)
Silica Gel Grade 55 12 -18 1.68 - 1.00 | Grace Davison
Silica Gel Grade 646* 35-60 0.50 - 0.25 | Grace Davison
Silica Gel Grade 41 12-18 1.68 - 1.00 | Grace Davison.
Silica Gel CS — 0470 - 12-18 1.68 - 1.00 | PQ Corporation
Silica Gel Grade 58 4-7 4,76 - 2.83 | Grace Davison
7-12 -1 2.83-1.68
12 - 18 1.68 - 1.00
18 - 25 1.00-0.71 -
25 -35 - 0.71 -0.50
35 -60 | 0.50-0.25
Borosilicate Glass Beads| 18 . 1.00 | Chem Glass
Glasperlen Glass Beads 18 , 1.00 Braun

* Used as purchased

Following crushing and screening, the gels were washed several times with Milli-
Q water to remove fines and dried at 110°C. BET-Nitrogen adsorption (Micromeritics

Model ASAP 2000) was used to characterize surface area and pore size distribution of the
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coated and uncoated silica gels. Subsequent to size fractionation, support materials to be
coated were fired in a muffle furnace with a ramp rate of 3°C/min to 350°C and soaked
for seven hours at that temperature. The reason for the heat treatment was to prepare the
materials for firing following coating. If a material was to experience surface alterations
during firing it would be preferable if it occurred prior to coating. During the heat
treatment, the surface area of some silica géls would decrease up to 25%, probably the
result of pore widening. The decrease in surface area of coated silica gels is likely due to
both pore widening and pore blocking by the titania. Scanning electron microscopy of
some coated and uncoated Grade 58 silica gel was performed with a JEOL Model 6100
SEM.

Table 2. BET data of the silica gels used.

BET surface Avg. Pore

Sample ‘ area. Diam.

m’/g ‘ A°
Gd.58-Not fired 270 161
Gd.58-Fired 236 195
(Gd.58-0.4%Ti0,-P25 232 192
(Gd.58-0.04%Ti0,-P25 224 197
Gd.41-Fired 707 23
Gd.41-0.4%TiO,-P25 655 22

Light Penetration Tests

A box made of cast clear aéryﬁc was constructed for tests of light penetration
through packed beds of suppoit materials. The acrylic transmitted nearly 100% of the UV

light. The interior of the box was partitioncd to allow for varying bed depths. On the back
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fired catalysts were then washed and dried at 110 °C. With this method 40-50% of
desired adherence was possible, the remainder dro‘pi)ing out of solution as a powder.

Further refinement of P25 coatings was not attempted.

TiO, Assay

To determine thé amount of titania adhering to the support material, a
spectrophotometric method was adapted from Jackson et al. (29) (see Appendix B for
details of this method). Briefly, the coated support was digested in a- sulfuric |
acid/ammonigm sulfate solution and the Ti(SOs), content was assayed by addition df
H,0,, which forms a yellow colofed c'omplex With an aBsorption maximum at 41'0nm.
The absorbance was linear with titanium complex céncentration over the range
employed. To determine the reliability of this method, some‘standar‘ds and samples were
also analyzed with inductively coupled plasma atomic spectroscopy (Model ARL ‘

Accuris). The two methods correlated well (See Appendix B for data).

Annular Reactérs

Four annular reactors of varying outer tube diameter were constructed. The top
priority in matérial selection for these photoreactors was light transmission of the inner
reactor wall between the light source and the photocatalyst. This wall must transmit light
at the proper wavelength to irradiate the catalyst. For titania to be photoactive, the
wavelength must be less than 390nm. The lights uséd in these experimehts emitted near
UV light between 300 — 4QOnm with a maximum at ~355nm. This emission spectrum

allows the use of borosilicate glass, instead of more expensive quartz which is required
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for medium and short wave UV applications. For all reactors, borosilicate glass was
chosen as it transmits UV greater than 300 nm. The three criteria for material éelection
for reactor end pieces were; strength (as considerable ‘compression had to be exerted to
seal the reactor), workability, and inertness to the reacting fluid. Teflon (PTFE) fit these
criteria well énd waé the chosen mgterial for reactor end pieces and tﬁbing. Silicone O-

rings served as sealing gaskets between the glass tubes and Teflon end pieces.

Table3. Annular reactor dimensions.

Reactor Outer Tube Diameter Annular Space  Bed Volume
Designation (mm) (mm) (mL)
2.00 ‘ 50.80 3.20 64.90
2.25 57.15 , 6.35 135.70
2.50 63.50 - 9.53 216.70
2.75 69.85 12.70 ‘ 327.20

The annular reactors were designed to utilize a 15 W black light 1 inch in
diameter by 18 inches in length. The reactor was chosen to be 7 inches in length and use
the center portion of the lamp, as light intensity decreases towards thel ends of the lamp.
The light intensity was approximately constant over this porﬁon of the lamp. All four
annular reactor configurations used an inner giass tube of 1.5 in;hes in diameter and had
a bed length of 6.5 inches. Three ports for in flow and out flow were spaced at 120 in the
annulus and the end pieces were staggered so as not to provide straight flow through the

reactors. To further support the catalyst in the reactor and prevent large inlet void spaces

due to flow, glass wool was placed at the top and bottom of the reactors.
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reactor was used for sample withdrawal. Samples (approximately 1 mL) were taken
starting at t = 60 min. and intermittently there after until run completion. Depending on
catalyst loadihg, runs would last from four to eight hOI.lI"S, usually until it was estimated
that at least 80% degradation had occurred. On average, eight to ten samples were taken
per run. After completion of all experiments with a particular reactor, fluid was draiﬁed
and the reactor was air dried. Catalyst removed from the reactor was further dried at
110 °C and W.eighed. Assumptions made for this setup were as follows:

o Absorptive equilibrium was éstablished after running solution

through single pass.
o Solution was saturated with oxygen.
o Perfect mixing was present in ;the resevoir.

o Plug flow through reactors was present.

Slurry Runs

As a comparison, experiments using powdered TiO; slurries were also conducted
in each'of' the four annular reactors. Procedures for the suspended rins were similar to
those for thg packed beds. A ﬁeasmed émourit of P25 TiO, was added to the reservoir
coﬁtaining thé formic acid solution to be degraded. To finely disperse the titania particles,
the resultant slurry was sonicated for fifteen minutes. The P25 powder in the formic acid |
solution remained finely dispersed throughout the runs (no signiﬁcant agglomeration or
settliﬁg of particles was observed). Aluminum foil was wrapped around the reservoir
bottle to prevent stray UV light from causing degradation in the reservoir. The bottle was

sparged with oxygen for 1 hour prior to pumping and sparged continuously throughout
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the run while under magnetic stirring. To rule out the‘disappeara‘n‘ce of ‘formic' aci_d‘ due to
adsorption o"n' the titania, samples were taken prior to powd’er: additiony«b and after the
addition of TiO, and 1 hour of stirring aﬁd sparging. No statistically significant.
adsorption of formic acid was noted. The slurry was run through the reactor on |
continuous recycle using a peristaltic pump at flows cofréép(;nding to those of the packed
bed runs. Sampling procedures were the same as mentione(i above for the packéd béd
runs. Prior to analysis, ‘saﬁples were centrifuged for 6 mingfes at 14000 rpm using a

Fisher Scientific Micro 14 microcentrifuge.

Sahmle Analysis

Formic acid concgntrations were determined using a Dorhman ‘Carbon (TOC)
Analyzer (DC;'S'O). Direct aqueous injections of 100 pLL were poslsibl'e and no refinement
of samples was necessary. Repeatable results were obtained with an average percent
standard deviation of less than 2 percent. All sampies were refrigerated immediately and

usually analyzéd within 24 hours.
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percent loading. As .this is within the variability of the analysis method, it is difficult t(;“
determine if there was an actual loss of titania. It is possible 'th‘at‘ unattached fines not
removed during catalyst washing were fully removed under ﬂ‘(;W. Fines in this system |
would contribute little to Ithe ove;all degradation rate, as ;chey|would not 15e under |

constant illumination.

Formic Acid Runs

Formic acid was chosen as the compound to test the photoactivity of the catalysts

because it has a simple molecular structure, is easily photodegraded, is highly soluble in i

water, and there is limited possibility for intermedite radical forfnation 3 O).' The
photooxidaﬁbn of formic acid can be represented as follows

CH,0, +§oz~ T2V 5 Oy +H0 | a7

Two blank runs were performed to confirm that the disappearance of formic acid

occﬁrred Qrily in'the presence Qf illuminafed titania.. To rule out photqusis of formic acid
due to absorption of UV light and volatilization from the reservoir during sparging, a
blank run Was; performed in an empty, illuminated annular reactor. A'nother_run was
conducted in an illuminated annular reactor packed with uncoated sillica gel. This
experiment was performed to rule out degradation of formic acid due to an interaction -
with the silica gel. There was no loss of formic acid in either blank run after several hours
of illumination. It was also noted that formip acid, at the concentrations used, did not
absorb UV ljght.

Numerous researcﬁers involved in heterogeneous phétc)catalysis have fouﬂd some

form of the Langmuir-Hinshelwood rate expression to fit degradation data well (4,22,26).
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kobskCi
1+xCj4

1

(18)

Where kob’s is'the reaction rate constant, k is the adsorption constant, and C; is the -
concentration of sﬁbstrate. In cases of high and low substrate concentration, apparent zero
order and first order rafes, respectively, have been observed. If the Langmuir-
Hinshelwqod rate expression accurately describes the kinetics, the second term in the
denominator of Equation 18 ‘v.vould dominate at high substrate concentrations and cancel
with the nﬁmeratc_)r‘ giving:
1 =Kobs . (19)
For the case of low substrate concentration, the 1 in the denominator of Equation 18
would dominate giving apparent first order rates.
,‘-fi =kobskCi =k‘appCi - (20
As indicated in Figure 13, initial runs using a 0.4 weight percenf P25 loading on
Grade 58 silica gel show that the degradation of formic acid follows apparent zero order
kinetics at the higher concentrations used (100 PPM C). The linearity of concentration
versus time data is seen to decline at concentrations‘below about 20 PPM C. This was
conﬁnﬁed in a run with a starting concentration of 15 PPM C where apparent first order
degradation was observed. The observed kinetics are consistent with data presented by
Kim et al. (35), which show.s a transition between zero order and first order kinetics
between 17.5 and 35 PPM formic acid. All subsequent runs used an initial concentration

of 100 PPM C.
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concentration, it would be possible for rates to continue to increase with increasing
reactor diameter at the equivalent 0.40 weight percent concentration. More than twice the
- amount of powder in the largest reactor did little to improve the performance of the
slurry. It is evident that sufficient light is not available to increase degradation rates much
beyond that attained with the 1210 PPM slﬁrry in the largest reactor. This result
correlates well with results presented by Herrmann (4) who found the optimal slurry
concentration to be 2500 PPM. Beyond this concentration, rates were determined to be
independent of mass of titania.

- The fact that higher rates were achieved witﬁ Grade 58 supported catalysts in this
systerﬁ does indicate that there are beneficial aspects of imrﬁobilizing titania. Whether
those benefits are aséociated with increased adsorption of organics of oxygen remains to
be determined and fequires further investigation. Another possibility is that the heat
treatment of the supported catalysts enhances photoactivity. The powder for the shurries
was used as supplied and underwent no refinement. Rate data for the supported and

suspended catalyst experiments are summarized in Table 5 below.

Table 5. Summary of supported and suspended observed rates.

Degradation Rates .(PPM/hr)
| Reactor OD 0.04%P25- 0.4%P25- 0.1%P25- 0.4%P25- Slurry 0.4 Equiv.*

(in.) Gd58 Gds8 Gds5 Gd55
2.00 4.1 17.6 8.7 122 8.1(780 PPM TiO;)
2.25 7.9 17.5 10 - 93(1020 PPM TiO)
. 250 119 179 10.7 —  10.2 (1060 PPM TiOy)
2.75 13.2 17.9 10.2 11.5  12.2 (1210 PPM TiO»)

12.8 (2650 PPM TiO,)
*Plus one run in largest reactor at more than twice this concentration
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Data Analysis
‘Due to the nature of photocatalytic systems, rate constants will be a function of
several external parametérs such as Tight intensity, catalyst loading, support material, dnd
catalyst preparation methods. With the variety of experimental conditions used by current
research groups, a significant comparison of data becomes difficult. Cohsideration was
given to factor out some parameters in this project. All runs were performed at the same

flow rate, initial substrate concentration, initiali‘»light intensity (i.e. same light used in each

reactor), and make of titanium dioxide. The inadvertent use of different support materials: -

in these experiments further complicated internal comparisons. To better correlate the

data, an attempt was made to compare rate constants based on the rate of light absorption

in each reactor.

Volume Correction

It was noted above that formic acid degradation follows apparent zero order

kinetics at higher concentrations. Referring to the experimental setup used, rate constants

were calculated using tﬂe concentration—tirpe history in the tank. The setup used is
essentially é constant volume batch sysfem consisting of.a plug flow photoreactor (PFR)
ina recircula’éidn loop and a well s’lcirred, nonreacting mixing tdnk. The fon;ﬁc acid
solution is degraded only while under illdmination in the reactor and is returned to the
tank where it dilutes the bulk' solution. Small differential conversions were obfained with

each pass through these photoreactors (generally less than 1 %).
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