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Photodegradation of surfactants
XIV. Formation of NH, ™ and NO; ™ ions for the photocatalyzed
mineralization of nitrogen-containing cationic, non-ionic and amphoteric
surfactants
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Abstract

The photo-oxidation of cationic, non-ionic and amphoteric nitrogen-containing surfactants (N-dodecylpyridinium chloride (DPC) and
benzyl-tetradecyldimethyl-ammonium chloride (BTDAC); dodecanoyl-N-(2-hydroxyethyl) amide (N-DHA) and dodecanoyl-N,N-bis(2-
hydroxyethyl) amide (N,N-DHA); dodecyl-B-alanine (C,,-B-Ala) and N-(2-hydroxydodecyl)-N-(2-hydroxyethyl)- B-alanine
(Ci2-B-HAA)) was examined in UV-illuminated, air-equilibrated aqueous titania suspensions. Variations in the surface tension of the photo-
oxidized surfactant solutions were monitored as a function of the irradiation time. The formation of ammonium and nitrate ions, together with
the evolution of carbon dioxide, was investigated for the various surfactant chemical structures to obtain mechanistic information on the
mineralization pathways. The yield of NH,™ ions was 4-13 times greater than the yield of NO;~ ions. The amount of NH,* ions formed
depends on the structures of the surfactants. Mechanistic details of the photocleavage of the alkyl chains were inferred by probing the oxidation
of sodium dodecanoate. The intermediates formed during the temporal photomineralization of the surfactant species were identified by high-

frequency Fourier transform (FT) proton nuclear magnetic resonance (NMR) spectroscopy.
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1. Introduction

Various domestic and industrial surfactants are disposed
of in rivers and lakes without prior treatment. An amount of
surfactant in excess of the permissible biodegradation range
places severe stress on the aquatic ecosystem. Finding new
treatments or remedial techniques is an important task from
the viewpoint of environmental conservation. Five procedu-
res have been considered as potentially applicable in the short
term for the mineralization of surfactants in particular and
organic pollutants in general; (1) bacterial biodegradation
[1]; (2) synthesis of destructible surfactants [2]; (3) son-
olysis [3]; (4) photolysis [4]; (S) photocatalytic degrada-
tion [S5]. Each of these procedures has certain desirable
characteristics and certain disadvantages from a practical
viewpoint. Not all organic pollutants can be decomposed by
bacterial biodegradation processes using activated sludge.
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Relatively long periods of time are usually required for com-
plete decomposition. Utilization of molecularly designed
destructible surfactants has been considered recently. How-
ever, these destructible surfactants have not been produced
on an industrial scale because of the cost involved. Many
studies have been performed on the photochemical degrada-
tion by hydroxyl radicals in the so-called ‘‘Advanced Oxi-
dation Technologies’’, e.g. O5/UV, H,0,/UV [4,6] and
TiO,/UV [7]. Of interest here is photo-oxidation using a
TiO, (anatase) photocatalyst which has a band gap of 3.2 eV
and provides several advantages.

We have focused much attention on the photocatalytic
oxidation of surfactants. The hydrocarbon moiety in a sur-
factant is oxidized to CO, and H,O. For anionic surfactants,
the aromatic ring, which is difficult to biodegrade, is photo-
oxidized more rapidly owing to facile attack by the active
oxygen species generated on the TiO, photocatalyst surface
on UV exposure [8]. Water-soluble sulfonate (or sulfate)
and phosphonate groups are transformed into SO~ and
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H,PO, ™ ions respectively [9]. By contrast, a cationic sur-
factant containing quaternary nitrogen is electrostatically
repelled by the positively charged TiO, surface; this leads to
a slow rate of mineralization. The pH value (pH 5.8) of the
starting  benzyl-tetradecyldimethyl-ammonium  chloride
(BTDAC) or N-dodecylpyridinium chloride ( DPC) solution
becomes more acidic (pH 4.5) because of the formation of a
proton. The nitrogen moieties in BTDAC and DPC are con-
verted to NH,* and NO,;~ ions concomitantly. An earlier
study showed that the quantity of ammonium formed is larger
than that of nitrate ions [ 10]. A primary amine moiety in an
organic compound is converted to an NH, ™ ion, whereas a
nitro group is converted to NO; ™ as pointed out by Matthews
and coworkers [ 111. In an N-heterocyclic structure, the nitro-
gen atom is transformed into both NH, " and NO; ™ species
[12]. The mechanisms underlying some of these observa-
tions have not yet been fully elucidated. Herein, we examine
and compare the formation yields of ammonium ions and
nitrate ions for various nitrogen-containing cationic, non-
ionic and amphoteric surfactants during their mineralization
with an illuminated TiO, system. A mechanism for the min-
eralization of these surfactants is inferred on the basis of the
photodegradation of both the hydrophobic alkyl chain and
the hydrophilic ionic nitrogen moiety with the aid of the
mineralization of a dodecanoate chain.

2. Experimental section
2.1. Chemicals and reagents

The cationic N-dodecylpyridinium chloride (DPC) and N-
hexadecylpyridinium chioride were supplied by Wako Pure
Chem. Ind. N-Butylpyridinium bromide was synthesized by
reacting pyridine with butyl bromide and was recrystallized
three times from acetone. The purity of the material was
confirmed by IR and nuclear magnetic resonance (NMR)
spectroscopies. Both ethylpyridinium bromide and benzyl-
tetradecyldimethylammonium chioride (BTDAC) ([CH,-
(CH,),;- N*(CH;),CH,C,Hs]Cl™) were supplied by
Tokyo Kasei Co. Ltd. and were employed without further
purification. Dodecanoyl-N-(2-hydroxyethyl) amide (N-
DHA) (C,,H,;CONHCH,CH,OH) and dodecanoyl-N,N-
bis(2-hydroxyethyl) amide (N,N-DHA) (C,;H,;CON-
(CH,CH,0H),) were supplied by Toho Chem. Ind. Co. Ltd.
The amphoteric surfactant N-(2-hydroxydodecyl)-N-(2-
hydroxyethyl)-B-alanine (C,,-B-HAA) (C,oH,;CH(OH)-
CH,N(CH,CH,0H)CH,CH,-COONa) was provided by
Miyoshi QOil & Fat Co. Ltd; dodecyl-B-alanine (C,,-$-Ala)
(C,,H,sNHCH,CH,COONa) was supplied by Lion Co. Ltd.
The titanium dioxide employed was a generous gift by
Degussa AG (approximately 80% anatase and 20% rutile
form; Brunauer-Emmett-Teller (BET) surface area, approx-
imately 55 m? g~ !; particle size, about 30 nm; approximately
99.5% TiO, P-25, <0.3% Al,0, <0.3% HCl, <0.2% SiO,

and <0.01% Fe,0,) [13]. Deionized and distilled water was
used throughout, unless otherwise noted.

2.2. Photodegradation procedures and analytical methods

A dispersion consisting of a surfactant solution (0.1 or 1
mM; volume, 50 ml) and TiO, (100 mg) was contained in
a 70 ml Pyrex glass vessel and illuminated with a mercury
lamp at wavelengths greater than 330 nm (Toshiba SHLS-
1002A; 100 W) with continuous magnetic agitation. In all
measurements, Ti0, particles were removed by centrifuga-
tion followed by filtration through a Millipore membrane
(0.22 um). The surface tension was measured at ambient
temperature with a De Nouy tensiometer, using a platinum
ring of 1 cm in diameter, for a photodegraded aqueous solu-
tion (about 3 ml) after an appropriate irradiation time. The
temporal evolution of CO, during photo-oxidation was
assayed by gas chromatography (thermal conductivity detec-
tion) using a Porapack Q column. The proton NMR spectral
profiles of surfactant/D,0 solutions (1 or 10 mM; volume,
10 ml), after various illumination times in the presence of
TiO, particulates (20 mg), were monitored with a JEOL 500
MHz Fourier transform (FT') proton NMR spectrometer. The
formation of NH,* ions was followed with a JASCO ion
chromatograph equipped with a Y-521 cationic column and
a CD-5 conductivity detector; the eluent was nitric acid solu-
tion (4 mM). The evolution of NO, ~ ions was also monitored
with a JEOL ion chromatograph using an I-524 anionic
column; the eluent was a mixed solution (adjusted to pH 4)
of phthalic acid (2.5 mM) and tris-(hydroxymethyl)-
aminomethane (2.3 mM).

3. Results and discussion

The photocatalyzed mineralization of the surfactants
reported here in particular and any organic substrate in gen-
eral has its origin in the surface-trapped charge carriers (elec-
trons: €,~ or Ti**; holes: "OH radicals [14] or equivalent
oxygen species) generated following illumination of the pho-
tocatalyst TiO, with light energy greater than or equal to the
band gap energy of 3.2 eV for the anatase form. These redox
equivalents are positioned at the surface of the photocatalyst
ready to initiate reduction and oxidation events [15]. To
compete with the rapid recombination of charge carriers, even
when trapped on the TiO, surface, the redox reactions require
that the organic substrates (here the surfactants) are pre-
adsorbed to some extent on the TiO, particle surface. The
temporal course of the photo-oxidation follows the attack of
the substrate by the "OH radicals (or equivalentactive oxygen
species) to give, in some instances, ‘OH radical adducts of
the surfactants and/or H-atom abstraction of alkyl chains
yielding hydrocarbon residue-centred radicals.

Past experience has shown that, in the photomineralization
of surfactant substrates, three principal occurrences are worth
noting: (1) suppression of foaming power; (2) oxidation of
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Fig. 1. Temporal behaviour of surface tension during the photo-oxidative
degradation of (a) cationic surfactants: O, DPC; A, BTDAC; (b) non-ionic
surfactants: O, N-DHA; @, N,N-DHA; (c) amphoteric surfactants: A, C,,-
B-Ala; ®, C,,-B-HAA. Concentration, | mM.

the aromatic moiety (if any); (3) subsequent slower oxida-
tion of the alkyl chain residues [16]}. The surfactants con-
taining S and P atoms are oxidized to form SO~ and
H,PO, ™, whereas N-containing surfactants form NO,~ and
NH,* ions.

3.1. Photocatalysed oxidation

The relationship between the surface tension and the irra-
diation time for the three classes of cationic (DPC, BTDAC),
non-ionic (N-DHA and N,N-DHA) and amphoteric (C,,-8-
HAA and C,,-B-Ala) surfactants is examined in Figs. 1(a)-
1(c). The surface tension of the photodegraded cationic and
non-ionic surfactants increases rapidly during the first hour
of irradiation. Further illumination leads first to a decrease in
surface tension and subsequently to a continual increase up
to about 70 mN m~'. For the amphoteric surfactant C,,--

HAA, the surface tension decreases slightly during the first
hour and then increases gradually with further irradiation. No
such decrease is noted in the case of C,,-3-Ala solutions, the
surface tension increasing continually with irradiation time
from an initial value of about 33 mN m ™' (see Fig. 1(c)).
Since the surface activities of the photodegraded solution
become poorer (approach the surface tension of water) with
irradiation (approximately 3 h), the surfactant molecules in
the solutions must be destroyed by that time. Initially, the
hydroxyethyl group in the N-DHA and N,N-DHA structures
or the pyridinium ring in DPC, which are hydrophilic, are
ruptured to give relatively poor surface-active intermediates.
Subsequently, parts of the hydrophobic alkyl chain in these
intermediates are aligned at the solution/air interface causing
a temporary decrease in surface tension. The decrease for
C,,-B-HAA implies the formation of mixed micelles con-
sisting of the starting surfactant and the photo- oxidized
intermediates. In general, the formation of mixed micelles
with other aliphatic acids causes a further drop in surface
tension [17]. These alkyl chain intermediate products are
further oxidized to give water-soluble substrates possessing
a hydroxyl moiety. Thus the temporal variations observed in
the surface tension behaviour during the photo-oxidative
process reflect the decomposition of the hydrophobic alkyl
chain and/or the hydrophilic moiety.

Plots of the CO, mineralization yield vs. the irradiation
time for the three classes of surfactants are given in Figs.
2(a)-2(c). The photodegradation of the surfactants is so
complicated that various photo-oxidative intermediates are
generated. It is interesting to reveal the relationship between
the structure of the surfactants and the photodegraded prod-
ucts before the formation of NH,* and NO;~ ions and CQ,
evolution. Although the experimental data shown in Figs. 2
and 3 do not fit elementary curves, the rate constants of initial
generation of NH,* and NO;~ and CO, evolution up to an
irradiation time of 2 h were calculated using pseudo-first-
order kinetics in order to allow a quantitative comparison
between the various systems. These rate constants are listed
in Table 1.

The rate of CO, evolution for the cationic DPC and
BTDAC species (Fig. 2(a)) is slower (9.3 X 10~ min™")
by a factor of approximately 2.4 t0 4.5 than the rates observed
(42%107% 10 23X 1073 min~") for the non-ionic and
amphoteric structures. For the last two classes of surfactants,
the maximum yield (approximately 45%-55%) of carbon
dioxide was noted after approximately 3-5 h of illumination;
the cationic systems exhibit a continual increase in yield even
after 9 h of irradiation.

The temporal evolution of ammonium and nitrate ions from
the photo-oxidative destruction of the various surfactant sys-
tems is illustrated in Figs. 3(a)—3(c¢). The quantity of ammo-
nium ions formed is larger than that observed for nitrate ions.
The concentrations of NO; ™~ remain constant at about 0.01
mM after about 8 h of irradiation irrespective of the surfactant
structure. By contrast, the temporal profiles of the concentra-
tion of ammonium ions depend on the structure of the nitro-
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Fig. 2. Relationship between the CO, mineralization yield and the illumi-
nation time for (a) cationic surfactants: O, DPC; A, BTDAC; (b) non-ionic
surfactants: [J, N-DHA; @, N.N-DHA; (¢) amphoteric surfactants: A,
C-B-Ala; ®, C\,-B-HAA.

Table |
Rate constants during the photo-oxidation of various surfactants

Surfactant kY (min~")
CO, NH,* NO,;™

Cationic

DPC 93x10~* 52x1073 48x10°*

BTDAC 93x1074 14x1073 24X107%
Non-ionic

N-DHA 42x10°3 1.8%x1073 24x107*

N,N-DHA 23%x10°3 1.5x1073 24%x107*
Amphoteric

Cy,-B-Ala 40x1073 1.2x1073 42x10°*

C,,-B-HAA 33x1073 1.3x1073 42x107*

gen moiety. The generation of nitrate ions occurs
concomitantly with the formation of ammonium ions. The
conversion of ammonium ions to nitrate ions is a slow proc-
ess. (Under other conditions, about 10% of NH,* was pho-
toconverted to NO,;~ species after 6 h of illumination in

aqueous TiO, dispersions [ 18].) Thus their formation from
the mineralization of nitrogen-containing substrates presum-
ably takes place by a different pathway. The concentration
ratios, [NH,*]/[NO, "], after 8 h of illumination are as
follows: cationic DPC, 6.4; cationic BTDAC, 3.9; non-ionic
N-DHA, 11.2; non-ionic N,N-DHA, 12.9; amphoteric C,,-
B-HAA, 4.0; amphoteric C,,-8-Ala, 4.2. Data for the cationic
surfactant BTDAC show an induction period in the formation
of ammonium ions (Fig. 3(a)), contrary to DPC where no
such induction period is seen. We presume that the formation
of NH,* occurs concurrently with the ring opening of the
pyridinium moiety. In the BTDAC structure, the N atom is
somewhat protected by the surrounding methyl, benzyl and
dodecyl groups from reaching the catalytic site(s) on the
TiO, particle surface; this may be responsible for the time lag
in the formation of NH, " ions. The tertiary amine in N,N-
DHA produces a larger quantity of ammonium ions than the
secondary amine in N-DHA, even though the formation
occurs at nearly equal rates. Amphoteric surfactants produce
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Fig. 3. Formation of ammonium and nitrate ions as a function of irradiation
time in the photomineralization of (a) cationic surfactants: O, DPC; A,
BTDAC; (b) non-ionic surfactants: O, N-DHA; @, N,N-DHA; (¢) ampho-
teric surfactants: A, C,-5-Ala; @, C;,-B-HAA. Concentration, 1 mM.
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Fig. 4. Photocatalysed disappearance of the pyridinium ring in N-alkylpyr-
idinium halides (@, C,; 0, C4; Y. C}5; O, Cy6) in the presence of TiO, (100
mg) on UV illumination with a mercury lamp.

smaller quantities of NH, ™ and NO; ™ species than non-ionic
and cationic surfactants. C,,-B-HAA exhibits a slightly faster
formation of NH,* ions than C,,-B-Ala. Finally, a compar-
ison of the data in Figs. 2 and 3 shows that the formation of
ammonium and nitrate ions occurs nearly concurrently with
the evolution of carbon dioxide in the initial stages. The rate
of NH,* formation in the cationic surfactants is about 2.3
times faster than the rate of CO, evolution. However, in the
non-ionic and amphoteric structures, the rate of NH,* for-
mation is 2-8 times slower than the rate of CO, evolution.

The effect of alkyl chain length (C,, C4, C,, and C,4) on
pyridinium ring opening in the photo-oxidation of N-alkyl-
pyridinium homologues in aqueous TiO, suspensions is illus-
trated in Fig. 4. The pyridinium rings with C,, C,, and C;¢
alky! chains are easily cleaved under the prevailing photo-
catalytic conditions. The rate of disappearance of the pyri-
dinium ring, monitored by the changes in its 258 nm
absorption band, follows first-order kinetics for the C, hom-
ologue (1.4X 10~ ?min~"); by contrast, the rings in the C,,
and C,, structures are converted via zero-order kinetics
(about 3.3 X 10 * min !, see Table 2).

Curiously, the pyridinium ring in the C, system disappears
initially via zero-orderkinetics (4.6 X 10" *min '), and after
about 3 h of irradiation, the kinetics change to first order
(1.8 1072 min~'). We attribute this to a change in the

Table 2
Rate constants for the disappearance of N-alkylpyridinium halides following
photo-oxidation in irradiated aqueous TiO, dispersions

Alkyl group k© (mM min™") k" (min~")
Ethyl - 14x1072
Butyl 46X 10742 1.8x1072%°
Dodecyl 33x107¢ -
Hexadecyl 33x107¢ -

* Initially photo-oxidation occurs via zero-order Kinetics.
* Subsequently, when the hydrocarbon chain length has shortened, photo-
oxidation follows first-order kinetics.

length of the alkyl chain from C, to C, (note the near-identical
rates). The behaviour of the ethylpyridinium bromide is
peculiar: the ring absorption band persists even after 5 h of
illumination, whereas the 258 nm absorption band has dis-
appeared for the other homologues after this time. We infer
that the extent of adsorption of ethylpyridinium bromide onto
the TiO, particle surface is minimal, if not negligible. This
further suggests that the alkyl group and the chain length are
significant factors affecting the adsorption of surfactants onto
solid surfaces.

3.2. NMR spectral profiles vs. irradiation time

The temporal NMR spectral patterns for the photo-oxida-
tion of BTDAC and DPC solutions (1 mM; solvent D,QO) are
illustrated in Figs. 5(a) and 5(b). For the BTDAC system,
the resonance signals of the terminal methyl group (0.75
ppm) and the ethylene groups (1.17-1.45 ppm) in the long
alkyl chain are broadened as oxidation proceeds to 9 h of
illumination, after which the signals decrease in intensity.
After 17 h of irradiation, these signals disappear. For DPC
solutions, the same tendency is observed (see Fig. 5(b)).
The benzyl proton signal at about 7.40 ppm also decreases
with an increase in irradiation time. Similar observations are
evident for the three NMR signals at 8.71, 8.40 and 7.92 ppm
attributable to the pyridinium ring protons; the signals
decrease in intensity with further irradiation. The common
signal at 2.40 ppm for both BTDAC and DPC structures,
generated on illumination, is assigned to the a-methyl proton
of the alkyl amine formed. The signal for acetic acid at 1.90
ppm, which also develops during illumination, is observed in
both BTDAC and DPC NMR spectral patterns. Also evident
in Figs. 5(a) and 5(b) is the more rapid photo-oxidation of
the pyridinium and benzyl groups compared with the alkyl
chain which forms intermediates such as alkyl amines. The
larger width of the alkyl chain proton signals infers that some
of the alkyl moieties aggregate in the photo-oxidized inter-
mediates to form rigid molecular assemblies.

Fig. 6 depicts the time course of the NMR spectral profile
changes during the photo-oxidation of N,N-DHA solutions
(1 mM; solvent D,0O). During the initial stage of illumina-
tion, a new resonance signal appears at 8.04 ppm; its intensity
increases with illumination time. This low-field NMR signal
is attributed to the formation of formaldehyde. The signals
around 3.58 ppm of the hydroxyethyl moieties gradually
decrease and new resonance signals are generated in the 3.0
3.7 ppm range for various oxidized intermediates. The three
peaks at 0.76, 1.17 and 1.46 ppm, arising from the alkyl chain
protons, also decrease in intensity within 1 h of irradiation as
noted in the BTDAC and DPC NMR spectral profiles (Figs.
5(a) and 5(b)). These signals decrease up to 4 h of illumi-
nation when they disappear almost completely, and subse-
quently reappear after further irradiation (see the NMR
spectral profile after 6 h of irradiation).

This disappearance/reappearance of NMR signals sug-
gests that, during the photo-oxidative process, water-insolu-
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Fig. 5. Temporal NMR spectral profiles during the photo-oxidative degradation of (a) cationic BTDAC surfactant in D,O solution (1 mM) and (b) cationic

DPC surfactant in D,O solution (1 mM).

ble intermediates are formed which possess a non-
destructible alkyl chain but lack the hydrophilic hydroxy-
ethyl moieties. These D,0-insoluble intermediates could not
be identified from the NMR spectra. Such behaviour was
observed in 10 mM solutions of N,N-DHA but not at con-
centrations of 1 mM. Subsequent photo-oxidation of these
unknown intermediates renders them soluble again in D,0,

and consequently their NMR signals reappear at 6 h of irra-
diation. This phenomenon correlates with the increase/
decrease/increase behaviour noted in the surface tension
measurements monitored during photo-oxidation (Figs.
1(a)-1(c)). The transverse relaxation time 7, closely
expresses the dependence (in part) of the linewidth of an
NMR signal on dynamic molecular diffusion [ 191. For exam-
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ple, extensive dynamic molecular movements result in long
T, relaxation times, whereas slow molecular movements lead
to short T, relaxation times. According to the equation

5V|/2(HZ) = 1/7TT2

the values of T, for the alkyl chain NMR signals are 8.2, 6.3
and 5.5 ms at 0, 0.5 and 1 h illumination times respectively
(v,,, is the linewidth of the alkyl chain signals at half-
maximum amplitude). The T, relaxation time decreases with
increasing irradiation time. This suggests that micellar aggre-
gation behaviour in the photo- oxidized solution restricts the
motion of intermediates with long alkyl chains. This phenom-
enon confirms that surface-active intermediates are produced
during photomineralization. This inference is in keeping with
the results noted in Fig. 1.

3.3. Proposed pathways for the photodegradation of the
alkyl chain

Since the nitrogen-containing surfactants examined here
possess a hydrophobic alkyl chain, both their adsorption onto
the TiO, surface and their water solubility are affected by this
alkyl chain and by the chain length. Photo-oxidation of alkyl
groups is somewhat slower than oxidation of ionic and eth-
oxyl moieties [8b]. Details of the photo-oxidative pathway
for these alkyl chains are not readily available. To gain insight
into the mechanistic route(s) of alkyl chain photo-oxidation,
we have examined the temporal variations in the NMR spec-
tral profiles for the photo-oxidation of a 10 mM D,0 solution
of sodium dodecanoate. The signal at 1.18 ppm, which is
attributable to the alkyl chains, decreases with increasing
illumination as shown in Fig. 7.

However, the 1.14 and 2.06 ppm signals for the terminal
methyl protons and a-methylene protons respectively remain
after 10 h of irradiation. The new signals (1.90 ppm, attrib-
utable to acetic acid) increase during photodegradation with

a b ¢ d W)
CHg(CH2)g CHpHZCn

-Na|

24

ppm
Temporal NMR patterns of sodium dodecanoate

Fig. 7. Temporal NMR spectral profiles during the photo-oxidative decom-
position of sodium dodecanoate in D,O solution (10 mM).

the maximum value being reached after 24 h of irradiation.
The low-field signal at 8.37 ppm, ascribed to the formyl
derivative photointermediate, is initially observed and then
disappears after 24 h of illumination. Results from the inte-
gration of the NMR peaks indicate that the starting structure
having 12 carbon atoms is photo-oxidized to yield a structure
with 11 carbons after 2 h of irradiation,; this is then followed
by a gradual decrease in the number of carbon atoms, one at
a time, with the irradiation time. Following a somewhat
longer iliumination (about 10 h), an alkyl group containing
four carbon atoms remains in solution. On further illumina-
tion to 24 h, the fate of the alkyl chain can no longer be
monitored by NMR because of the interference from an ever
increasing signal corresponding to that of acetic acid (1.99
ppm). These observations infer that the photo-oxidation of
alkyl chains originates with sequential "OH radical attack at
the a-positions, one by one, and not at the w-terminal carbon,
as shown by the invariance of the peak intensity of the ter-
minal methyl proton (1.44 ppm) even after long irradiation
periods. The attack by the "OH radical is the first step in the
production of formic acid which ultimately is oxidized to
CO,. The continued photo-oxidative attack at the subsequent
a-positions leads to fission of the C~C bonds yielding shorter
chain lengths.

4. Conclusions
The rate of formation of ammonium ions is slower than

that of CO, evolution for both amphoteric and non-ionic
surfactants, but faster for cationic surfactants. The yield of
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NH, " ions is about 4-13 times larger than that of NO, ~ ions.
The rate of production of NO;~ ions is approximately the
same for all the surfactant structures examined and the quan-
tity of nitrate produced is also nearly the same (0.01 mM).
The photoconversion of the nitrogen moiety occurs concom-
itantly with the photo-oxidation of the alkyl chain. The sur-
face-active intermediates are produced in the initial stage of
the photo-oxidative process. NMR spectral profiles show that
alkyl chains are photo-oxidized at the a-carbons with scission
of the C—C bond to shorten the chains. Adsorption onto the
TiO, particulate surface is probably a rate-determining step
in the photomineralization of surfactants since the hydropho-
bic alkyl moiety appears to play an important role.
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