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Abstract

The adsorption of dodecylbenzene sulphonic acid sodium salt (DBS), cetylpyridinium chloride (CPC) and witon X-100 (TX-100) in
aqueous solution on to TiO;, M0O,-TiO, and WO,-TiO, photocatalysts has been studied. The sulphite group in DBS, the pyridinium ion in
CPC and the ethoxy! group in TX-100 fix these surfactant molecules to the catalyst surface, leaving the hydrocarbon chains perpendicular to
the surface plane of the catalyst. Irradiation of these surfactants in the presence of the above photocatalysts caused their degradation into
carbon dioxide. After a 6 h irradiation period, over 80% reduction in chemical oxygen demand relative to its initial value was achieved. The
first-order rate constants (k) and dark absorption cquilibrium constants (K) were compared. It was found that k corresponds to a reaction step

wherein surfactant molecules do nut participate.
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1. Introduction

Surfactants pose severe ccological problems as their bio-
degradation is often very slow. Anionic, cationic and non-
ionic surfactants can be destroyed using aerated aqueous TiO,
suspensions [1-10] and UV light irradiation. It has been
confirmed that such photocatalytic oxidation (PCO) reac-
tions are mediated by hydroxyl radicals [7]. A survey of the
available literature on the TiO,-catalysed photodegradation
of various surfactants revcaled that (i) in general, anionic
surfactants are easier to degrade, while any side-chains pres-
ent react slower than the aromatic groups, (ii) the pseudo-
first-order rate constant for CO, evolution is an order of
magnitude higher than that of O, consumption [5], suggest-
ing a parallel mechanism to be operative in which the extra
CO, is evolved, (iii) the first-order rate constant for dearo-
matization of the surfactants is several orders of magnitude
higher than that of CO, evolution and does not show any
dependence on the structure of the surfactant [7] and (iv)
the greater the mole number of ethoxyl groups in a non-ionic
surfactant, the lower is the degradation rate [8]. These pho-
todegradation kinetics were explained using the linear
transform of the Langmuir-Hinshelwood (LH) Kinetic
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model, which yields the rate constant k relevant to illuminated
conditions:

R |
r  kKC k (
where r is the rate of photocatalytic degradation, C is the
concentration of the reactant and K is the adsorption coeffi-
cient. Since the intercept values of such linear plots for a good
number of organic compounds arc comparable, the inde-
pendence of the rate parameter on the organic reactant was
interpreted carlier [11). Because the LH kinetic model
assumes solute adsorption, a wide range of reaction rates may
be expected from the differences in adsorption coefficients
of different solutes on a given semiconductor surface. The
adsorption of these organic compounds may be influenced
by illumination and the photoeffect (photoadsorption and
photodesorption) may be manifested in the value of K
deduced from the slopes of LH plots. Adsorption of oxygen
and other substrates on metal oxides is sometimes dramati-
cally enhanced during photolysis [ 12] and can thus deviate
considerably from the adsorption isotherms measured in the
dark. Therefore a direct comparison of K derived from Eq.
(1) and rate constants would be rather inappropriate. Such a
comparison, however, necessitates K being obtained from
dark adsorption studies. The limitations inherent in an LH-
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type kinctic analysis applied to TiO,-catalysed photodegra-
dation are discussed by Cunningham and Al-Sayyed [13].

In this paper we undertook studies on the dark adsorption
of anionic, cationic and non-ionic surfactants on three differ-
ent titaniacatalysts and examined the photodegradation kinet-
ics with reference to these adsorption parameters. It emerged
that the first-order rate constan's coirespond to areaction step
which does not include surfactant molecules as reactants. The
rate-limiting reaction appeared to be the photogeneration of
hydroxyl radicals.

2. Experimental details
2.1. Materials

Titanium dioxide (anatase) powder was procured from
SD Lab. Chem.,, India. The preparation and characterization
(X-ray diffraction (XRD), scanning clectron microscopy
(SEM) and eclectron paramagnetic resonance (EPR)) of
MO,=TiO, (M=Mo or W) catalysts was reported carlier
[14]. The Brunauer-Emmett-Teller (BET) surface areas
(m* g=") of these catalysts were 10.45 (TiO,, T), 9.10
(M003=TiO,, MT) and 9.90 (WO3-TiO,, WT). The bulk
TiO, phase contains some metal ion impurities such as Co®*,
Fe?*,Cu-* andMo® *. These catalysts were first sieved (300
mesh) to remove particles of size greater than 50 um and
then used in adsorption and photocatalytic experiments.
Dodecylbenzene sulphonic acid sodium salt (DBS; Aldrich,
1.2 mM critical micellization concentration (¢.n.c.) ), cetyl-
pyridinium chloride (CPC; E-Merck, 0.90 mM c.m.c.) and
triton X-100 (TX-100; Ubichem., 10 ethoxy! units, 0.24 mM
¢.m.c.) were used,

2.2. Adsorption experiments

The adsorbents were T, MT and WT. Stock solutions of
DBS, CPC and TX-100 in doubly distilled water were used.
The absorption maxima (Apa,, UV-visible, 160 Shimadzu)
were observed for DBS at 224 nm (€=3.04 X 10* mol~"'
dm®, for CPC at 214 nm (€= 2.40 X 10° mol - ' dm®) and 259
nm (€=2.72%10° mol~* dm®) and for TX-100 at 230 nm
(€==48.50 mol~' dm®) and 275 nm (€=66.6 mol~' dm").
The suspensions of catalyst powders in surfactant solutions
were allowed to equilibrate for 2 h (although * Jrption
appeared to reach saturation in 30 min) in th. .ar< under
constant stirring at 25 °C at their natural pH. The amount of
surfactant adsorbed on the catalyst was deduced from the
absorption readings of the equilibrated solutions (the cata-
lysts were removed by filtration using 0.5 pm Millipore fil-
ters). Three types of adsorption experiments were conducted.
(1) A fixed amount of catalyst (0.02 g) was suspended in 25
cm® of aqueous solution of surfactant with various initial
concentrations ( 105-250 ppm DBS, 110-250 ppm CPC and
25-150 ppm TX-100, all below their respective c.m.c. lev-
els); this gave the data needed for obtaining adsorption iso-

therms. (ii) Various amounts of catalyst powder were
suspended in 25 cm® of DBS (175 ppm), CPC (180 ppm)
or TX-100 (100 ppm); the density of the suspension varied
between 0.2 and 0.8 mg cm 3. (iii) The pH of the surfactant
solutions (25 cm® of 175 ppm DBS, 180 ppm CPC or 100
ppm TX-100) was varied from 4.0 to 8.2 in chosen steps.

2.3. Photocatalytic oxidation experiments

A typical photocatalytic oxidation experiment involved the
irradiation (400 W medium pressure Hg lamp, 5 X 10'® pho-
tons s !, peak emission at 365 nm, Annular ITmmersion Well
Photorcactor, SAIC, India) of equilibrated aqueous suspen-
sions of surfactant (500 cm® of 50 ppm) and titania catalyst
powder (0.2 g). Air was bubbled through the suspensions
using an aerator pump. Control experiments in the dark and
in the presence of light but without any catalyst were carried
out. Aliquots ( 15 cm?) of the photoreacted suspensions were
collected at chosen intervals of irradiation time and the extent
of degradation of the surfactant was obtained by determining
the chemical oxygen demand (COD) of the photodegraded
solutions. This determination included the digestion of 10
cm® of the sample using K,Cr,0, in H,SO, medium and
subsequent titration. Fractions of some of these aliquots were
also used for the high performance liquid chromatography
(HPLC) determination (Millipore Waters Instrument, Bon-
dapak C,; column) of surfactant degradation. For compari-
son we also examined the degradation of DBS with Degussa
P-25 TiO, and the degradation of DBS at concentrations
higher than its c.m.c. level using the TiO, (SD) catalyst. The
CO, evolved in the photocatalytic oxidation experiments on
the surfactants and the fraction of mineralized CO, in the final
test solutions were determined as described earlier [ 14].

3. Results and discussion
3.1. Dark adsorption studies

About 25%-43% of the initial concentration of cach sur-
factant is adsorbed on to the T, MT and WT catalysts at
equilibrium in the dark (Table 1). The quantity of adsorbed
surfactant remained invariant at a suspension density greater
than 0.6 mg cm ™. Further, the quantity of adsorbed DBS
decreased (from 34% to 24%), that of CPC increased (from
28% t0 38%) and that of TX-100 remained unchanged when
the suspensions were gradually made alkaline. This result is
consistent with pH-dependent Ti-OH,* (in acidic media)
and Ti-O~ (in alkaline media) surface species and their
interuction with the anionic, cationic and non-ionic
surfactants.

Adsorption isotherms (plots of 1/X vs. 1/C,,) of DBS,
CPC and TX-100 for each of the catalysts T, MT and WT are
shown in Fig. 1. The linearity of these plots in the equilibrium
concentration ranges 84-178 ppm (DBS), 100-180 ppm
(CPC) and 50-156 ppm (TX-100) confirms the Langmuir-
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Table 1

Adsorption data for DBS, CPC and TX-100 as a function of pH and density of suspensions. Adsorbents were T, MT and WT catalysts. Adsorption parameters

were deduced from Fig. 1

Surfactant Catalyst Adsorbed surfactant (ppm) Adsorption parameters
pH Density (mgcm™*) X, (ppmmg~") K0 *ppm")
4.0 6.2 8.0 0.2 04 0.6 0.8
DBS T 59.5 56.0 420 21.0 315 56.0 560 487 5.86
(175 ppm) MT 59.0 49.0 420 28.0 385 595 395 5.26 6.08
WT 63.0 56.0 455 31 420 63.0 63.0 5.00 8.88
CPC T 504 §7.6 648 252 396 576 576 4.16 9.60
(180 ppm) MT 54.0 61.2 68.4 28.8 43.2 61.2 61.2 4.34 10.00
WT 54.0 57.6 64.8 21.6 36.0 54.0 54.0 4.08 7.26
TX-100 T 36.0 36.0 36.0 15.5 215 36.2 36.2 66.66 0.14
(100 ppm) MT 6.0 36.0 36.0 15.0 26.0 363 36.3 75.00 0.10
WT 25.5 255 25.5 153 215 26.0 26.0 66.66 0.13

type adsorption- -desorption model. The adsorption parame-
ters X, and K values (Table 1) were obtained by fitting the
data to the LH adsorption isotherm

1 1 1

X X.KC * X
where X is the amount of surfactant adsorbed, C is the equi-
librium concentration of surfactant in the bulk solution phase,
X, is the limiting amount of surfactant that can be taken up
by unit mass of adsorbent and K is the dark adsorption con-
stant. It is evident from a comparison of the K values that the
adsorbent-surfactant interaction is stronger in the order
CPC>DBS» TX-100. The values of K for TX-100 are
nearly two orders of magnitude lower. The X,, value for any
surfactant is found to be approximately the same on all three
titania catalysts. This may be attributed to the comparable
BET surface areas of the T, MT and WT catalysts.

The adsorption of DBS, CPC and 1X-100 on the surface
of the catalyst can be expected to involve surfactant molecules
only (and not their micelles), as the chosen concentrations
wuie below their respective c.m.c. levels. 3y substituting the
X, value of DBS (5.00 ppm mg ™' or 1.435% 10~* mol),
Avagadro’s number N (6.023 X 10**) and the surface arca §
of the catalyst T (10.45 m? g~ or 10.45X 10" nm? g~ ')
into S =X,Na (where a is the area of the unsolvated surfac-
tant molecule), the value of a can be deduced as 10 A%
However, if we assume that the DBS molecule is lying flat
on the catalyst surface, it should occupy about 62 A2, There-
fore the DBS molecule is not adsorbed flat but uses its sulphite
group (SO, ™), the three oxygen atoms of which act as *‘bite’’
atoms to hold the rest of the DBS molecule perpendicular to
the surface. The area of the triangle formed by the sulphite
oxygen atoms is approximately equal to 7-8 A?, which agrees
roughly with the area deduced above. A similar calculation
using the X,,, value of CPC (the resultant a value is 15.0 A?)
revealed that CPC too is adsorbed using its pyridinium cation
(CsHsN™), while its aliphatic side-chain (cetyl group) is
projected perpendicular to the suiface. Similarly, the X,,, value

(2)

of TX-100 (66 ppm mg~') yielded the value of a as 17.0
A2, supporting the adsorption of the TX-100 molecule via the
end ethoxyl group (~CH,OH).

3.2. Photocatalytic oxidation

Both the TiO, catalyst and UV illumination are essential
for the photodcgradation of these surfactants. The UV-visible
spectra of the photodegraded surfactant selutions showed the
gradual disappearance of the peaks due to the aromatic rings
of DBS, CPC and TX-100. These data indicate that the dearo-
matization of these surfactants was nearly complete within
30-60 min. Further, a stack plot of HPL chromatograms (Fig.
2) of the reacted surfactant solutions (only that of DBS is
shown) clearly demonstrates the photodegradation of these
surfactants accompanied by the formation and degradation
of intermediates. It may be noted that DBS, with a retention
time of 2.0-2.1 min, still persisted even after 6 h irradiation.
Further, the intermediates (aldehyde and carboxylics) that
built up ill 30 min appear to be involved in the photodegra-
dation simultancously with DBS until 3 h. Again after 3 h the
degradation of DBS hecomes predominant, leading to the
build-up of an interm. siate compound with a retention time
of 1.5 min (compare chromatograms at 3hand 4 h).

As these surfactants photodegraded to evolve CO, along
with some intermediates which presumably contain fewer
carbon atoms than the parent surfactant molecule, the COD
decreased with the time of irradiation. The variation in COD
as a function of irradiation time due to photodegradation of
DBS, CPC and TX-100 using the T, MT and WT catalysts is
presented in Table 2. Prior to commencing UV illuminatica
of any TiO,~surfactant suspension, the reactor contents weie
maintained under constant stirring for 2 h in order to fully
establish an adsorption—-desorption equilibrium (see Table 1;
about 25%-45% of the initial concentration of these surfac-
tants is adsorbed). However, the COD readings after a 15
min UV illumination period indicated significant re-entry of
the surfactant (in this case the estimation of surfactants in the
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Fig. 1. Langmuir adsorption isotherms for adsorption of DBS, CPC and TX-100 on T (@), MT ( X ) and WT (O) catalysts.

bulk solution phase indicated the adsorbed amounts of sur-
factants 1o be between 12% and 28%) into the bulk solution
phase even under the initial weak UV flux of the lamp scon
after it was switched on. Apparcatly, photodesorption of the
surfactant occurs at the illuminated TiO,~surfactant solution
interface simultancously with photodegradation of the sur-
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factants, as illustrated by the HPL chromatogram of the 15
min test sample (see Fig. 2). The photodesorptive effect was
large (the COD value 15 min after illumination and the initial
COD value differed by less than 3%) over the P-25 TiO,
catalyst. This catalyst adsorbed about 25% of the initial con-
centration of surfactant in the dark. It can be seen from Table
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Fig. 2. Stack plot of HPL chromatograms of photoreacted DBS solutions as a function of irradiation time. The catalyst employed was TiO, (T). The peaks

warked * correspond to DBS.
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Tabie 2

Variation in COD (initial COD levels are given in parentheses) as a function
of irradiation time during photocatalytic oxidation of surfactants using TiO,
catalysts

Surfactant Catalyst COD, (ppm)
Time ¢t (min)
15 30 60 120 180 240 360
DBS T 701 569 447 345 244 183 122
(823 ppm) MT 68.1 549 416 284 203 162 112
WT 630 528 406 345 193 142 102
P25 803 700 549 447 - 305 183
DBS T 589.3 5262 4675 4145 - 3210 2357
(658.3 ppm)
CpC T 705 586 528 427 3485 283 242

(894 ppm) MT 650 559 488 386 305 244 183
wT 670 580 508 408 325 265 223

TX-100 T 620 549 467 W6 I25 264 183
(711 ppm) MT 61.0 S1.0 437 38 264 203 143
wT 637 5§70 S10 400 45 284 213

2 that on average about 85% DBS at an average rate (r,) of
0.21 ppmmin~', 75% CPC at r,=0.16 ppm min ~ ' and 75%
TX-100 at r,=0.15 ppm min ' can be photodegraded ina 6
h period using the T, MT and W' catalysts. About 78% DBS
could be degraded using P-25 TiO, at an approximate rate of
0.13 ppm min~'. When [DBS] was greate. than the c.m.c.
level, the initial COD (658.36 ppm) could be brought down
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to 236 ppm in 6 h, which is equivalent to 64% COD removal
at a rate of 0.89 ppm min~' using the TiO, (SD) catalyst.
We obtained 2.17X 10~ mol CO, from the photodegrada-
tion of 50 ppm DBS (1.44 X 10~ % mol) using the WT cata-
lyst, which theoretically should have yielded 2.59 X 10~ *mol
CO, (Egs. (3) and (4)). This means that about 84% of the
expected yield was realized experimentally, which is also in
close agreement with the amount of DBS degraded using the
titania catalysts. Similar calculations were applied to the other
surfactants as well and it was found that the amount of sur-

factant degraded and the yield of CO, agreed within + 3%-
5%.

C|3H25C6H4SO3 “Na* +370H —
18CO,+S0,*" +Na' +66H" (3)
C|2H25C(,H4803 “Na* + ‘8.502 b4

18CO,+ S0, +Na' +29H" (4)

The log(COD,) vs. irradiation time plots (Fig. 3) for the
photodegradation of these surfactants using the T, MT and
WT catalysts were found to be lincar, thus establishing that
the photodegradation of the surfactants approximately fol-
lows first-order kinetics. The rate constants (k) cvaluated
from the slopes of these plots ( —/2.303) and the half-value
periods (fo5=0.693/k) are presented in Table 3. The adsorp-
tion equilibrium constant values K are repeated from Table
1. It may be noticed that the first-order rate constants were

CPC
1-8p h
e
Q
Q
S,1-6}
g
14
60 120 180 240
T'ME' min,
o——e T
Y —X  MT
O WT

. Fig. 3. Log(COD,) vs. irradiation time plots for photocatalytic degradation of DBS, CPC and TX-100 using T (@), MT (X) and WT (©) catalysts.
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Table 3
Rate constants (k), half-value periods (#s) and adsorption equilibrium
constants (K)

Surfactant  Catalyst & fos K
(1073min~")  (min) (1072 ppm~")
BS T 4.30 161 5.86
MT 4.68 148 6.08
WT 499 139 8.88
CPC T 349 198 9.60
MT 393 176 10.20
wWT 382 181 7.26
TX-100 T 4.72 147 0.139
MT 4.66 149 0.102
wT 449 154 0.130

not significantly different (average £=4,34240.75 min"").
The half-value periods for a particular surfactant on all three
catalysts may be averaged to 150 min (DBS), 185 min
(CPC) and 150 min (TX-100). This implies that cationic
surfactants degrade slowly. The rate constant for the degra-
dation of DBS using the P-25 TiO, catalyst is 3.70X 10~*
min ! (%= 187 min). This performance is comparable with
that of the T, MT and WT catalysts, For [DBS] greater than
the c.m.c. level the rate constant is 2.20X 10"* min~'
(1ps=315 min). These data suggest that the corresponding
micelles are difficult to degrade.

The TiO, catalysts absorb UV photons to produce elec-
tron-hole pairs (Eq. (5)) which may be competitively
trapped by adsorbed H,0, OH, O, and surfactant molecules
as shown in Eqs. (6)-(9), although some of them may be
destroyed via recombination processes.

TiOy+ UV photon = TiOa(e” —h') 5
(OH)4 +h* — "OH (6)
(H;0)pe +h* — 'OH+H* )
(Oz)a+e™ — "0, —— "OOH 8)

surfactant+h* /"OH/"O0H/'0,~ —

hydroxylated organics, organic peroxides,
carboxylic products, etc. 9)

The highly reactive *OH, ‘0, and ‘OOH radicals also react
with adsorbed surfactant molecules to yield intermediate spe-
cies such as hydroxylated organics (e.g. phenols), organic
peroxides, carboxylic products, ctc. (see Eq. (9)). Hidaka
et al. [7] have proposed a general mechanism for the pho-
todegradation of DBS wherein some of the intermediates are
detected.

The Langmuir-Hinshelwood type of kinetic analysis
assumes the transformation of adsorbed species as the rate-
limiting reaction; thus the rate constant can be expected to
show a dependence on the concentration (surface coverage)
and mode of adsorption governed by the chemical nature of
the adsorbed solute species and the specific surface area of

the catalyst. It is found from Table 3 that although the values
of K change between 1.0X 1072 and 1.0X 10~* ppm ™" for
all the titania catalyst-surfactant systems, the rate constants
are comparable. Further, even though the large X, value for
TX-100 compared with that for DBS or CPC (see Table 1)
signifies a greater surface coverage with TX-100, the relevant
rate constants did not differ in expected magnitude (the large
surface coverage implies a higher rate constant). It may be
noted that the specific surface areas of the T, MT and WT
catalysts are comparable. The data in Table 3 suggest a rate-
determining step that does not include surfactant molecules
as reactants. Such a reaction step may be the photogeneration
of *OH/"0,/"OOH radicals (Egs. (6)—(8)), which presum-
ably shows a dependence on the state and extent of surface
hydration/hydroxylation/oxygen adsorption of the catalyst.
This may be the light-driven generation of OH radicals as
also suggested by Turchi and Ollis { 11]. In view of this, the
conclusion about rate parameter independence on the organic
reactant made by Turchi and Ollis [11] is further substanti-
ated experimentally for the case of surfactants also.

4. Conclusions

Substantial amounts (75%-85%) of the surfactants stud-
ied can be photodegraded using TiO, catalysts and UV light.
These surfaclants are adsorbed on the TiO, catalysts using
their ionic or polar functional groups. The adsotbent ( TiO,)-
adsorbate (surfactant) interaction is stronger for the cationic
and anionic surfactants and weaker for the non-ionic surfac-
tant, The photocatalytic degradation of these surfactants pro-
ceeds according to first-order kinetics. The first-order rate
constants arc independent of the dark adsorption constants
(K) and surface coverage of the surfactants. These first order-
rate constants correspond to the photogeneration of reactive
tadicals ('OH, 'O, or ‘OOH radicals) and not to their subse-
quent attack on adsorbed surfactant molecules.
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