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Abstract

This paper reports the photocatalytic degradation of sodium dodecyl sulphate (SDS) in a bubble column reactor containing suspended
irradiated (A = 250-310 nm) titania particles. The effects of six major process variables were investigated. Reaction rate increased linearly
with light intensity and the variation in temperature revealed an activation energy of about 41 kJ mol™'. Although an increase in solution pH
enhanced the hydrolysis of SDS and hence an increase in free dodecyl sulphate anion for adsorption, a downturn in rate was observed
beyond pH = 7.5 probably due to reduced surface concentration of the dodecyl sulphate species on the predominantly negatively charged
titania surface at pH values higher than the isoelectric point, IEP = 6. The optimum seen in the rate vs catalyst loading curve was also
attributed to the compromise between increase in number of sites (particles) at higher catalyst concentration and the occurrence of light
scattering and hence, reduced light-harvesting efficiency at these higher values. The data on the role of SDS concentration and oxygen
partial pressure similarly suggest nonlinear dependency of rate on these reactants. The empirical models derived were consistent with the
proposition of a dual-site (photogenerated positive and electron-rich sites) Langmuir-Hinshelwood mechanism where the rate-controlling
step is the surface interaction between the adsorbed dodecyl sulphate and peroxy radicals. Highly reactive peroxy radicals were presumably
formed from the protonation of surface superoxide anion, O, , produced via adsorption of oxygen on the electron-rich site. © 1998

Elsevier Science S.A. All rights reserved.
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1. Introduction

Many of the detergents used in the domestic and industrial
laundry operations contain anionic-based surfactants such as
alkyl aryl sulphonates and ester sulphates [1,2]. Anionics
also find widespread use in the dairy and food industries as
cleaning, disinfectant and antiseptic agents. Indeed, anionics
constitute about 80% of the total surfactant production. With
the western world alone producing an average annual output
of more than 8 million tons of detergent, the accumulation of
alkyl sulphate, notably, sodium dodecyl sulphate (SDS) as a
primary pollutant in municipal waste water systems has
attracted environmental concerns [3]. SDS is toxic to aquatic
and animal life, hence it requires removal especially with
increased emphasis on the concept of zero-pollutant dis-
charge and the demand for high quality recycled water for
both domestic and commercial applications. Although the
presence of epilithic and planktonic bacteria in flowing
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rivers can facilitate the destruction of SDS [4], it is resistant
to biodegradation in stationary water bodies and activated
sludge due to microbial acclimatization [3]. Consequently,
modern waste water treatment facilities must be supplemen-
ted with advanced oxidation technologies in order to meet
stringent anti-pollution regulations.

The application of photocatalysis to the decontamination
of wastewater containing highly toxic and recalcitrant
organic compounds has burgeoned in the last decade [5—
9]. Photocatalytic destruction has the advantages of low
temperature operation (293-333 K), possibility for complete
mineralization of even non-biodegradable species, relatively
short reaction times, lowest reactor volume per unit through-
put compared to other advanced oxidation processes
(AOPs), opportunity for solar light utilization and relatively
cheap catalyst (titania, haematite, zinc oxide) and non-
hazardous oxidant, O,. Recent reviews of the emerging role
of photocatalysis in the development of novel waste proces-
sing and clean technologies are provided in [10,11]. To the
best of our knowledge, the Hidaka group has carried out the
most extensive investigation of the photodegradation of
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surfactant-bearing polluted aqueous systems [12-17].
Whilst the photocatalytic destruction of sodium dodecyl
sulphate has not been previously examined, the recent study
by Hidaka et al. [8,17] on dodecylbenzene sulphonate is
instructive and signals the benefits of photocatalysis as an
excellent accompaniment in water purification processes.
Moreover, the commercial exploitation of novel wastewater
treatment and recycling technologies is vital to Australia’s
economy since it is arguably the driest continent on the
globe. These factors have furnished impetus for the present
investigation.

Upon irradiation with light of appropriate energy (greater
than or equal to the band gap of the semiconductor oxide),
holes (positive vacancies, h‘ﬁ)) and excited electrons, e,
migrate to the surface of the photocatalyst where they act as
active centers by initiating or participating in redox reactions
as electron donors or acceptors for species in solution.
Obviously, light intensity will influence the population of
these photogenerated entities and as a result, the ensuing
redox reaction rates. However, unwanted hole and electron
recombination may reduce the overall quantum efficiency of
the photocatalytic process. Hori et al. [18] found that the
quantum yield of CO production during selective photo-
catalytic reduction of CO, decreased almost exponentially
with light intensity. On the other hand, Trillas et al. [19]
observed that the percentage of 2,4-dichlorophenoxyacetic
acid photodegraded over aqueous titania suspension was
proportional to the square root of the radiation intensity
suggesting a second order kinetics for the electron-hole
recombination process. Okamoto and co-workers [20]
reported the same behaviour for phenol oxidation. Even
s0, Wei and Wan [21] noted a departure from this parabolic
relationship at higher intensities (>77% of the maximum)
where the amount of phenol removed was linearly related to
the light intensity. Interestingly, the photocatalytic degrada-
tion of crude oil in saline solution was unaffected by high
irradiance (20-46 W m72) although the behaviour in the
lower range (9-20 W m ) revealed a nonlinear increase in
rate with illumination [22]. This mixed data suggest the
ambiguities associated with the role of light intensity during
photocatalysis.

Solute dissociation, catalyst surface charge and many
physicochemical characteristics are affected by the presence
of ions. Consequently, photocatalytic reactions in aqueous
systems are strongly dependent on the pH of the medium.
Dhananjeyan and collaborators [23] found that the photo-
oxidation of thymine decreased with increasing pH. They
ascribed this to a reduction in the oxidation potential of the
hy, site occasioned by a nernstian shift of the band edges to
more negative values with increased alkalinity. The photo-
reduction of Cr(IV) was also favoured in strongly acidic
solution (pH = 1) but at pH > 4, deactivation due to fouling
by chromium hydroxides precipitated a rapid drop in reac-
tion rate [24]. Nevertheless, the photodegradation of malo-
nic acid improved with pH attaining a constant maximum at
a value of 7 [25]. The photocatalytic oxidation of aqueous

phenol over TiO, likewise gave maximum yields at pH = 8
[26] indicating that the pK value of the acid can shift the
optimum medium pH even when the same photocatalyst is
employed. Perhaps due to the nonionic nature of ethylben-
zene, Vidal and colleagues [27] did not observe any effect of
pH on the photocatalytic degradation of this organic com-
pound.

In principle, increased catalyst loading would improve the
concentration of active sites in slurry reactors and hence plot
of the inverse catalyst loading against reciprocal of volu-
metric rate for various particle sizes may be used to delineate
controlling resistances in the vessel [28]. However, light
shielding and other secondary effects may confound this
straightforward analysis in multiphase photoreactors.
Indeed, slurry photoreactors are reportedly characterised
by an optimum catalyst loading. Inel and Okte [25] obtained
a maximum titania content of 0.8 g1~ for malonic acid
oxidation. They did not witness any significant change in
CO, evolution beyond this value. The photocatalytic
destruction of phenol also exhibited same dependency on
catalyst loading [21].

Photocatalytic reaction mediated in liquid phase is a
combination of solute dissociation, ion migration and
adsorption—desorption surface reaction (ADS) steps [29].
Thus, the response to temperature changes is a ‘hybrid’ of
the mildly linear influence corresponding to diffusion-con-
trolled ion migration and the strongly exponential effect
indicative of ADS steps. Additionally, in a multiphase
photoreactor, the active sites are not thermally-activated
and elementary steps often contain photogenerated species
which are more labile and hence experience reduced energy
barrier in the transformation to final products. Indeed, many
workers have observed that photocatalytic reactions gener-
ally possess lower activation energy, E 4, values than similar
conventional catalytic routes [30,31]. The data of Trillas
et al. [19] on the photodegradation of 2,4-dichlorophenoxy-
acetic acid point to the possibility of a non-Arrhenius type
dependency in photocatalytic systems.

As may be expected, photocatalytic kinetics is a function
of the reactants, namely; organic substrate and the oxidant
(or reductant). Dhananjeyan et al. [23] observed a first order
rate dependency on thymine concentration. The photo-oxi-
dation of phenol in several studies [7,21,26] also revealed an
inhibitory effect of the organic on the rate of reaction.
However, CO, production during the photomineralisation
of malonic acid was linearly correlated with the acid con-
centration at lower values (<2 mM) but became independent
of the substrate concentration at higher values [25].

Although direct oxygen attack of organic species in
solution may lead to decomposition, dissolved O, also act
as electron scavenger and hence mitigate in the hole/electron
recombination rate to improve quantum yield of the photo-
catalytic reaction [29]. The photo-oxidative degradation of
salicyclic acid has a maximum at about 60% O, [30] while
an optimum composition of 20% O, was observed by Lu et
al. [32] for the oxidation of dichlorovos.
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As aresult of these considerations, the effects of six major
variables, viz., light intensity, pH, catalyst loading, tempera-
ture, SDS concentration and oxygen partial pressure, were
examined in this paper in order to discern a plausible
reaction mechanism and procure appropriate rate equation
for the photo-oxidative process.

2. Experimental details
2.1. Materials and methods

Commercial titania powder (>99% anatase) supplied by
Aldrich Chemicals was used as the photocatalyst. The
physical properties of this catalyst have been given in a
previous publication [33]. Sodium dodecyl sulphate (BDH
Chemicals) and the NaOH and HCl used to adjust the pH of
the initial slurry were all of analytical reagent grade. Solu-
tions were prepared using Milli-Q triply distilled and deio-
nised water. High purity O, and N, were obtained from BOC
Gases, Sydney. Gas flow rates were controlled by Brooks
electronic mass flowmeters. 2 ml samples were syringed at
regular intervals from the reactor solution, microfiltered and
chilled at 277 K overnight before analysis on a Waters
Associate programmable ion chromatograph (model 590)
equipped with a conductivity detector to measure free SO4>~
concentration. An on-line TPS digital meter was used to
monitor the pH change with time during reaction while light
intensity was determined by a IL1400 radiometer/detector
(International Light, Massachusetts) calibrated for 265-
332 nm. Lamp spectral analysis provided by the vendor
located a significant fraction of the radiation within the
250-310 nm window. In particular, since there was negli-
gible emission beyond 500 nm, the possibility of direct
absorption by SDS (at 655 nm) may be ruled out. About
1-2 drops of vegetable oil was always added to the reactor
contents prior to each run to avoid foaming.

2.2. Reactor set-up

The annular photoreactor shown in Fig. 1 consisted of an
outer cylindrical Pyrex casing (i.d. = 100 mm; height =
400 mm) fitted with a 20 um hole gas distributor (glass).
A UV mercury arc lamp suspended vertically by a tightly-
fitted silicone rubber bung acting as a lid for the Pyrex casing
is enclosed in a double-walled quartz U-tube through which
chilled water flows (750 ml min~!) to maintain reaction
isothermality. The circulating water also ensured infrared
filtering of the incident rays while nitrogen flushing of the
lamp surface prevented accumulation of ozonised air in the
reactor. The lamp may be operated at low (200 W), medium
(300 W) and high (400 W) power levels. The slurry solution
containing titania particles was placed between the annulus
of the quartz U-tube and the Pyrex cylinder and O,/N,
mixture was bubbled through upwards through the porous
glass distributor. Ports for pH and temperature measure-

ments were provided as shown. Although the photoreactor
was wrapped with aluminum foil, the entire assembly was
further placed in a customized wooden chamber fitted with
sliding plexiglass front door to minimize possible UV
influence on the operator.

3. Results and discussion
3.1. Preliminary reactor considerations

The acquisition of reliable kinetic data from a multiphase
reacting system may be readily supplanted by mass transport
effects if the fluidodynamic characteristics are not properly
selected. Additionally, for a slurry photoreactor, the light
penetration depth is also a function of particle size and
catalyst charge. In view of these complexities, preliminary
runs were conducted to identify suitable range of conditions
for the kinetic experiments. Separate blank runs performed
under both aerobic and anaerobic conditions had revealed
that measurable SDS degradation rates were only possible if
UV, the TiO, photocatalyst and oxygen were all simulta-
neously present. Each run typically lasted 6 h in order to
obtain time-invariant concentration measurements from the
reactor contents. As may be seen in Fig. 2, more than 80%
SDS conversion may be achieved within this period. This
compares favourably with a biodegradation process which
attained the same conversion in about 120 h [4]. The plot
also shows a commensurate rise in free SO427 ion concen-
tration with SDS breakdown. It is evident that every mole of
SDS degraded is matched by a corresponding release of
SO,* ion. This suggests that the anion was not being reused
by intermediate compounds of the dodecyl oxidation such as
alcohols. Since free SO4>~ is more reliably measured than
SDS concentration, reaction rate was therefore determined
from the initial slope of the SO,>~ concentration vs time
curve. All experiments were carried out at a total pressure of
101 kPa.

Slurry reactors may exhibit gas—liquid, liquid—solid and
intraparticle transport limitations. Based on experience from
an earlier work [33], gas flow rate in excess of 400 ml min~!
was used to achieve efficient mixing and keep the photo-
catalyst particles (0.35 um) in suspension. The transport
criteria proposed in Ramachandran and Chaudhari [34] were
employed for reactor diagnosis.

3.1.1. Gas-liquid (G-L) mass transfer resistance

In general, a bubble column reactor with porous plate
distributor offers the best gas—liquid mass transfer coeffi-
cients [35], hence the use of a 20 um sintered glass plate
along with the relatively high gas flow rates (500 ml min~")
recommended itself. The absence of gas-liquid transport
limitation in a three-phase reactor may be assured if:

(—Rsps)

2 aCo, <01 (1)
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Using parameter values given in Table 1 the LHS of Eq. (1)
was evaluated as 0.069 and thus reactor operation indicated
negligible G-L resistance. These fluidodynamic properties
located the reactor operation in the homogeneous bubble
flow regime. In fact, visual observation of the photoreactor
confirmed the existence fine, well dispersed gas bubbles
throughout the photoreactor.

3.1.2. Liquid—solid (L-S) mass transport effect
This type of transfer influence is minimal if

(—Rsps)

<0.1 2
ksatyCoy, @

g. 1. The experimental photoreactor

where ap is defined,
6w

Ppdp

Substitution of appropriate values from Table 1 gives the
LHS as 2.43 x 107> which is much less than 0.1 as required.
Interestingly, the Sherwood number, kg /D, for this
operation was essentially 2 — an indication that there was
no shear stress between the particle and liquid. Thus,
increased stirring speed (by the magnetic stirrer or gas
agitation) would have no significant influence on the overall

reaction rate. Clearly, the choice of gas flow rate and particle
size was satisfactory.

3)

apz
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Fig. 2. Composition vs time curve for SDS and free SO,>~ ion using 1 g cat1~! with 80% O,, pH =7.5 at 293K, I =50 uEs~".

3.1.3. Intrapellet diffusion
Interference due to pore diffusional limitations may be
ruled out if
dy [(m+ V)pp(—Rsps)]
p [m Pp—KsDs
— < 0.2 4
6 2DeffWC*2 ( )

where for m =1 and 2 the LHS yields 1.357 x 107> and
1.662 x 1077, respectively. Since most reactions hardly
exceed second order (m = 2), it is evident that intrapellet

Table 1
Values of various parameters

Parameter Value

Cp, (based on Henry’s 3 x 107" mol em ™~ at Po, =0.3 atm

law, pa = Hxp)
H 4.75 x 10* atm for O, at 303 K
Dag 2 x 107 cm?s™!
Deff 0.1 DAB
dr 10 cm
g 981 cms ™2
G 3.5x107°
—Rsps 5% 107" mol I"" min™"
(at30% O, and 0.5 g cat 1 !

oG 12x 103 gem™
L 10g em™?
Pp 39gcm™?
St 72 dyne cm™!
Stw 72 dyne cem™!
. 0.85 cP
UG 0.018 cP

S o) 0.106 ij ! »

R 23 x 107 cms

Uyp 1841,

transport resistance would be absent during kinetic investi-
gation. Furthermore, the effectiveness factor, 7, assuming
first or second order kinetics, was estimated at approxi-
mately 1 irrespective of particle shape [28]. Sample calcula-
tions for the diagnostic analysis are shown in the
Appendix A.

3.2. Kinetic results

3.2.1. Effect of light intensity

Several investigators have reported the dependency of
photocatalytic rates on light intensity [19-21,23]. Light
intensity determines the degree of light absorption by the
titania catalyst. Runs were carried out at the three light
intensities corresponding to the three power levels for the
lamp. At each setting, the intensity decreased exponentially
with radial distance from the source. Thus, at any point
within the annular reactor, the intensity, /, is given by

[ =1Ie " (5)

where [ is the maximum intensity for that particular power
setting. For the commercial lamp used in this work, the data
(not shown) were used to carry out the parametric estimation
of 3 as 0.1005 cm™" at all power levels. In a well-agitated
slurry reactor, the average light intensity, /4y, to which the
catalyst particle is exposed may be easily derived as

Ro
R, Irdr
Ro

f R dr

I 21 e PR/
w5 @

(6)

Iny =
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Fig. 3. Influence of light intensity with conditions: pH = 7.5, SDS conc = 0.3 mM, 1.0 gcat1~', 80% O, and T =293 K.

which for Ry = 3 cm (the annular width here) gave v/l as
0.82. This indicates adequate particle exposure to radiation
within the reactor. Fig. 3 shows that the rate has a first order
dependency on light intensity. Trillas et al. [26] had pre-
viously observed a linear relationship between extent of
phenol elimination and light intensity. However, other work-
ers [20,21] reported second order kinetics for the same
reaction. The absorbed radiation in a reactor is a voluminal
phenomenon and thus, the size of reactors used by individual
laboratories may have affected the inferences. The role of
light intensity is easily disguised in small photoreactors
(<100 ml) [21]. Furthermore, for systems where the particle
size for the porous catalyst is more than a few 100 nm, the
radiation penetration depth is significantly reduced [36]. The
present study has employed a relatively large photoreactor
(1.25 1 capacity) and a mean particle size of 350 nm which
ensured that the local volumetric rate of energy absorption,
LVREA, was constant from run to run. Light intensity was
also measured by a digital radiometer rather than homo-
geneous actinometry which may yield misleading results
[37].

3.2.2. Influence of slurry pH

The availability of holes and excited electrons on the
surface of suspended TiO, particles promotes redox reac-
tions with adsorbed electron donor or acceptor species.
Thus, the pH of the initial slurry affects the rate of photo-
degradation of the organic substrate since the electric field
associated with the solution pH alters the recombination rate
of the hole/electron pair. Fig. 4 which plots the photode-
gradation rate as a function of the feed pH reveals that the
SDS decomposition rate increased rapidly with slurry pH up
to a maximum at about 7.5 and thereafter dropped rather
gently. The rapid rise in rate with increased pH may be
attributed to the higher hydrolysis rate of SDS with increas-
ing alkalinity and hence the availability of free

C2H,50S03 ions in solution for adsorption on the photo-
catalyst surface. However, this beneficial effect is compro-
mised at pH values higher than the isoelectric point of titania
in water (IEP = 6) where anion adsorption drops due to a
predominantly negatively charged catalyst surface. We
believe the optimum at pH = 7.5 was due to the interaction
between these two opposing properties of the solid-liquid
system.

3.2.3. Effect of catalyst loading

As earlier indicated, there was no measurable rate of
reaction in the absence of titania. However, in a bubble
column reactor with fixed upward gas flowrate, the limiting
catalyst loading, W,.«, to maintain solids suspension is
given by

Winax 68 x 10 C.drucpc (STEG)O-B <50utp> 70,1373

49 MG UGHL Ug
(®)
where,
C}J.:O.232—OA17881nuL+0A1026(1nuL)2 )
and the gas hold-up, €g, is
_ u(Stwpr/St)" (10)
30 4 2ug

with ~ having a value of nearly unity [34].

Employing the hydrodynamic and physicochemical prop-
erties listed in Table 1, W,,,x was estimated as 13 wt.% or
130 g of catalyst per litre for flow in the Stoke regime
(Rep, < 0.4). It is manifest from Fig. 5 that the photodecom-
position rate has both positive and negative orders with
respect to the titania content. The increase in rate at low
catalyst loading suggests that the addition of more titania
particles improved the number of active sites in solution.
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Fig. 4. Effect of slurry pH on photodegradation of SDS. Conditions: SDS conc = 0.3 mM, 1.0 gcat1™', 80% O, and T=293K, [ =50 uEs .

Albeit, this positive change was confounded at loading
levels higher than 1 g1~ probably due to light scattering
and shielding as the number of particles in solution
increased. Furthermore, rate may drop as a result of loss
in surface area available for light-harvesting occasioned
by agglomeration (particle—particle interactions) at high
solids concentration. These effects emphasize the additional
complications involved in the design of large scale multi-

phase photoreactors when compared to conventional slurry
systems. For the present reactor, the data may be described
by
kcat Ccat
2
(w + Ccat)

where w is a constant which was evaluated for this particular
reactor as 1.0933 g cat 17" while k., is a pseudo-rate con-

(1)

—Frsps =

0.0008
_~ 000075 Jf
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2
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Fig. 5. Influence of catalyst loading on rate using SDS conc = 0.3 mM, pH = 7.5, 80% O, and T =293 K, =50 uEs .
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stant measured as 9.073 x 10 ®mol g cat min~' 1% and a
correlation coefficient of 0.987.

3.2.4. Influence of temperature

In general photocatalytic rates proceed at acceptable rates
even at the relatively low temperatures of 293-333 K used in
most studies. This is one of the major attractions of light-
assisted catalytic reactions since new reaction pathways
offering lower energy barriers may be stimulated. Fig. 6(a)
shows the linear effect of temperature on the reaction over
the range 293-313 K. Even so, an Arrhenius treatment of the
data (cf. Fig. 6(b)) gave an activation energy, E,, of
41.34 kJ mol " with a relatively high correlation coefficient
of 0.9858. This low E, value is consistent with the idea that
the redox reactions involved in the photocatalytic route is

supplemented by the non-thermal energy from photogener-
ated holes and electrons rather than heat-activated species or

sites.

3.2.5. Effect of SDS concentration

The dependence of rate on SDS concentration was exam-
ined at pH = 7.5 using a feed gas containing 80% O,/N, at
303 K with 1 g cat1™" of titania. The behaviour shown in
Fig. 7 suggests a nonlinear relationship between rate, —rsps,
and the organosulphate concentration, Csps, which may be

adequately expressed by
KspsC:
sps Csbs . (12)
(1 + KspsCsps)

with a maximum at about 0.5 mM. Regression analysis of

—rsps =
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Fig. 6. Effect of temperature at SDS conc = 0.3 mM, pH = 7.5, 1.0 g cat1™", 80% O,, I =50 uE s~ (b). Arrhenius plot.



J. Lea, A.A. Adesina/Journal of Photochemistry and Photobiology A: Chemistry 118 (1998) 111-122 119

0.0007 +

0.0006 +

0.0005 +

Photodegradation Rate ( mmol/gcat.min)

0.0004 +

0.0003 t

0 0.2 0.4

"
T

0.6 0.8 1

INITIAL [C12H250S04.Na] (mM)
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the data gave the constants in Eq. (12) as; ksps =
1754 x 10 *1gcatmin~' and Ksps = 5.4885 x 107°
mol 17! with a correlation coefficient of 0.994. It is apparent
that the increase in rate at low SDS concentration is
consistent with the high surface population of positive
vacant sites for the organosulphate anion adsorption. Never-
theless, the inverse effect seen beyond 5 x 10 *mol 17!
is symptomatic of inhibition due to the presence of oxida-
tion intermediates such as carboxylic acids and alcohols
arising from the dodecyl breakdown. Although the present
analytical system could not monitor all individual
intermediates (more than 20 possible different alcohols,
acids, aldehydes and ketones), Sauer and Ollis [38] have
indicated the photodecomposition of high molecular
weight organics inevitably proceeds via these smaller
and readily degradable units. Interestingly, the occurrence
of a maximum photocatalytic rate at relatively high SDS
concentration is evidence that the technology is applicable
for wastewater treatment since typical industrial and
municipal effluents do not have SDS levels above 40 ppm
(0.133 mM).

3.2.6. Role of oxygen

These runs were performed using a slurry containing
0.3 mM of the SDS at pH =7.5. As may be seen from
Fig. 8 an increase in the O, partial pressure improved
degradation rate but at a composition higher than 80%
O,, a deleterious effect was observed. Since the total gas
flow rate (O, + N5,) was constant at 500 ml min~" for all
runs, this downturn in rate may not be ascribed to bubble

coalescence at high O, flow rates as reported for phenol
photocatalytic decomposition [21]. However, dissolved
molecular oxygen is strongly electrophillic and thus increas-
ing O, content probably reduced electron-hole recombina-
tion rate and hence the system was able to maintain
favourable charge balance necessary for the photocataly-
tic-redox process. It is in fact evident from the reaction
stoichiometry (Egs. (13) and (14)) that a high O, : organo-
sulphate molar ratio is required for complete mineralization
to CO, and water.

C12H»50S05.Na+180,=12CO,+ 12H20+Na+ + HSOZ
(13)

HSO; (aq) + H,0 = SO; ™ (aq) + H3;0™ (aq) (14)

Nevertheless, in the presence of excess O,, the semicon-
ductor surface may become highly hydroxylated [29] to the
point of inhibiting the adsorption of C;,H,50SO5™ species.
Moreover, the products of degradation such as SO,*~,
HSO,, RCOO™, etc are all anions and would therefore
reduce the effective liquid phase mobility and surface
adsorption of oxygen. This may therefore be responsible
for the drop in rate beyond 80% O,/N,. A fit of the data in
Fig. 8 to the empirical model;

KoxyP()xy

— (15)
(1 + KoxyPoxy)2

—rsps =

yielded an excellent agreement with a correlation coefficient
of 0.991 and parameter estimates, koy, = 2.341 X 10~% mol
min~' gcat1' kPa~' and K,,, = 1.0805 x 107> kPa™".
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Fig. 8. Influence of oxygen partial pressure on rate. Conditions: SDS conc = 0.3 mM, pH =7.5, 1.0 gcat1 ' and T=293 K, =50 uEs ..

3.3. Proposed mechanism

From the preceding discussion, it is apparent that both
photogenerated holes and electrons may migrate to the
irradiated titania surface to act as adsorption sites or recep-
tors for the dodecyl sulphate ion and molecular oxygen.
Hydroxy or peroxy surface radicals formed from the pro-
tonation of the superoxide O, anion (arising from adsorp-
tion of molecular oxygen on electron-rich sites) are highly
reactive and may readily attack the chemisorbed organo-
sulphate ion to release aqueous HSO, and a surface
carboxylate radical which undergoes successive decarbox-
ylation and hyroxylation to alcohols, aldehydes and CO,
[38]. Due to steric effects, we assume that the primary
degradation of the bulky dodecyl sulphate to surface car-
boxylate and hydrogen sulphate radicals is the rate-control-
ling step, rcs, (cf. Eq. (23)) in the following sequence of
elementary reactions.

TiO, +hv = h}, +e, (16)
C12H5050;.Na(aq) =C1oH50S0; (aq)+Na' (aq)  (17)

0, + e, = O; (ads) (18)
H,0 + h;, = OH’ (ads) + H' (aq) (19)
0; (ads) + H" (aq) = HO;(ads) (20)
HO; (ads) + H" (aq) = 20H" (aq) + hy, 1)

C12Ha50805 (aq) + hi, = R,0S0; (ads) (22)

R,0S0; (ads) +HO; (ads) =R,_;COO" (ads) + OHSO5 (ads)

(23)
OHSOj(ads) = HSOj (aq) + h, (24)
HSO, (aq) + H,0 = SO~ + H;0% (aq) (25)
R,-1COO’ (ads) = R; ,(ads) + CO, 1 (26)
R. (ads) 4+ O; (ads) = R,_,COO’ (ads) + e, (27)
R. ,(ads) + OH' (aq) = R,_;OH(aq) + TiO, (28)
HCOO' (ads) + OH* (aq) = H,0 + CO, + TiO, (29)
hy + e, = TiO, + heat (30

Assuming that the organosulphate ion and the protonated
superoxide anion (OH ©or HO,), are the most abundant
reactive intermediates (MARI), and all other steps except the
rcs are either in quasi-equilibrium or rapid, one can readily
derive an appropriate rate expression for the dual-site (hole-
and electron-rich) Langmuir—Hinshelwood mechanism as
[39];

ernCSDSP OoXy
2
[(1 + KSDS CSDS)(l + Koxypoxy)]

€29

—rsps =

Incidentally, an identical rate law may be obtained from the
experimental data by combining Egs. (12) and (15). Since
the present runs were performed by varying one factor while
all others were kept constant, it is statistically inept to obtain
an independent validation of Eq. (31) from a combined data
set. Even so, correlation coefficient of >0.99 determined for
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a fit of the data to individual Egs. (12) and (15) provides
reasonable justification for the mechanistic proposal.

4. Conclusions

We have demonstrated that the photocatalytic degradation
of sodium dodecyl sulphate can be carried out in aqueous
titania suspension at ambient conditions with maximum
rates at neutral pH. The relatively high demand for oxygen
(80% 0O,/N,) is consistent with a stoichiometrically high
oxygen : organosulphate ratio for complete mineralisation.
Photodegradation rate exhibited strong nonlinearity with
respect to catalyst loading and SDS concentration although
there seemed to be a first order dependency on light inten-
sity. The reaction was also characterised by a relatively low
activation energy of about 41 kJ mol™". It is proposed that
the photodegradation proceeds via a dual-site mechanism
involving the adsorption of O, and the dodecyl sulphate
anion on electron-rich and positive vacant sites, respectively.
Surface reaction between adsorbed peroxy or hyrdoxy radi-
cals and the adsorbed organosulphate to give carboxylate
group appeared to be the rate-controlling step. Further
successive attack of the surface carboxylate by these highly
reactive radicals can lead to the formation of alcohols,
aldehydes and the final oxidation products of CO,, H,O
and SO,

5. Nomenclature

ar gas—liquid interfacial area per unit volume of
reactor (cmfl)

a, solid catalyst area per unit volume of reactor
(em ™)

Co, bulk liquid phase O, concentration in equili-

“ brium with the gas phase O, (mol cm_3)

dy catalyst particle diameter (cm)

dr reactor diameter (cm)

Dagp diffusivity of oxygen in water at 303 K (cm?s™ ")

Degr effective diffusivity inside the particle (cm2 s_l)

En activation energy (kJ mol™")

g acceleration due to gravity (cm s~ 2)

1 light intensity (WE m ™25 ")

Iy maximum light intensity (WE m*s™")

ki liquid film mass transfer coefficient (cm s h

keat pseudo rate constant with respect to the catalyst

koxy pseudo rate constant with respect to oxygen

ksps pseudo rate constant with respect to the dodecyl
sulphate

ks liquid-to-catalyst mass transfer coefficient
(cm s_l)

Ksps adsorption equilibrium constant for dodecyl
sulphate ions

Koxy adsorption equilibrium constant for oxygen

Poyy oxygen partial pressure (kPa)

—rsps  photodegradation rate of sodium dodecyl sul-
phate (m mol g cat™' min~")

—Rsps  photodegradation rate of SDS (mmol 1! min~!

St liquid surface tension (dyne cmfl)

Stw water surface tension (dyne cmfl)

ug superficial gas velocity to reactor (cm s ')

Uy, particle terminal velocity in reactor (cm s h

Winax maximum catalyst loading suspended in a bubble

column reactor (g 171)

Greek symbols

16} parameter in Eq. (5)

€G gas hold-up

¥ wettability factor (essentially 1 for most cata-
lysts)

n effectiveness factor

UG gas viscosity (gecm 's™!)

I8 liquid viscosity (gecm ™' s7h)

oL liquid density (g cm™>)

Pp particle density (g cm ™)

w parameter in Eq. (11)
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Appendix A

Computation of kray from Akita and Yoshida’s correlation
[34]

kar — 0.6D%5 (HL 2 sy 70'62d0,17 0.93_1.1
rLar, = V. A\ — — T 8 EG (Al)
PL PL

which yields, upon substitution of values from Table 1,
krap =597 x 10 *cms L.

Estimation of Sherwood number, Sh
The Sherwood number is given by the Kobayashi—Saito
correlation [34] as;

1/3
ked Bl — y 0.112
Sh=="_210212 p(Pp — PL)8 [ puGPL]
Dag uLDag ML

(A.2)

from whence Sh =2.0018 after appropriate substitution.
Thus, ks = 2Dag/d, = 1.143 cm s~
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