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ABSTRACT

This study evaluated the effectiveness of decolorizing C.I. Reactive Black 5 (RB5) in UV/TiO,, UV/oxidant
and UV/TiO,/oxidant systems in the presence of oxidants H,0,, Na;S,0g, NaBrOs;, and NalO4. The
effects of pH, oxidant dosage and ethanol addition on decolorization were determined. Decol-
orization rate constants (k) were of pseudo-first-order in all systems. In UV/TiO, and UV/oxidant
systems, the k values followed the order pH 4>pH 7>pH 10. At pH 7 with 1mM of oxidant
added, the k values followed the order UV/NalO4 (0.377 min~—1)>UV/NayS;0g (0.156 min—1)>UV/H,0,
(0.105min~1)>UV/NaBrOz (0.101 min~')>UV (0.002min~!). In UV/oxidant systems, decolorization
effectiveness increased with increasing Na,S;0s and NaBrOs; doses but reached optima with NalO4
and H,0, at 1 and 6 mM, respectively. Addition of oxidants to UV/TiO, resulted in quenching of con-
duction band electrons and generation of reactive radical intermediates, enhancing decolorization. In
UV/TiO, /oxidant systems, decolorization rate constants varied with oxidant following the order NalO4
(0.558 min—!)>Na,S;0g (0.044 min—')>NaBr03 (0.036 min—!) >H,0, (0.035 min~!) > absence of oxidant
(0.033 min~1). In UV/oxidant systems, addition of ethanol inhibited decolorization, which indicated the
involvement of hydroxyl radicals in the decolorization pathway with UV/H,0, and UV/Na,S,0g sys-
tems, as well as probable involvement of other radicals with UV/NaBrO; and UV/NalO4 systems. Direct

oxidation by photogenerated holes was likely significant in UV/TiO, and UV/TiO,/oxidant systems.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Wastewater of the textile dyeing industry is of elevated tem-
perature and varied pH, containing a high concentration of color
substances. Many dyes pose environmental hazards because of
their toxicity. Azo dyes containing one or more azo bonds are syn-
thetic dyes that are extensively used and are major pollutants in
the wastewater. Conventional processes of physical (adsorption,
filtration, and flotation), chemical (coagulation, oxidation, reduc-
tion, and electrolysis), and biological methods have been applied
to treat wastewater containing organic dyes and pigments. How-
ever, finding a convenient method for all dyestuff wastewaters is
difficult [1].

Advanced oxidation processes (AOPs) are alternative
approaches for decolorizing and reducing recalcitrant loads in
textile wastewaters. AOPs are based on the generation of hydroxyl
radicals, which are highly reactive and nonselective oxidants
toward organic compounds. As broadly accepted, photogenerated
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valence holes are formed when TiO, particles are irradiated by UV
light, which leads to oxidation of OH~ or H,O by holes resulting
in hydroxyl radicals that are capable of destroying most organic
species [2]. Oxygen acts efficiently as an electron trap, preventing
the recombination of photogenerated electrons and holes. When
oxygen is limited, the rapid recombination of electrons and holes
in TiO, would markedly reduce its photocatalytic actions.

In lieu of oxygen, inorganic oxidants such as 104~, S;05%",
BrOs~, ClO3~ and H,0; can quench conduction band electrons
and form reactive radical intermediates, thereby enhancing pho-
todegradation of organic substrates by valence holes [3-7]. These
oxidants improve the performance of UV/TiO, by reducing the
probability of recombination of the photogenerated electrons
and holes, thus availing more holes for oxidative degradation
of organic contaminants. Selvam et al. [5] found enhanced pho-
todegradation of 4-fluorophenol by UV/TiO, following this order
according to oxidants 104~ >BrO3~ >S,042~ >H,0, > ClO3~. For
4-chloro-2-methylphenol by UV/TiO, [3], enhanced photodegra-
dation followed the order according to oxidants 104~ >BrOs~ >
H,0,>0,>Cl03~. Syoufian and Nakashima [6] found the
effect of oxidants on degradation rates of methylene blue by
UV/TiO, following the order S,0g2~ >104~ >BrO3~ >H,0, >Cl03~.
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Fig. 1. Chemical structure of RB5.

Photodefluorination rates of pentafluorobenzoic acid by UV/ZnO
followed the order according to ions 104~ >S,0g2~ >BrO3~ > Cl03~
[4]. The photodegradation of phenol by UV/TiO, was enhanced by
oxidants following the order BrO3~ >H;0, >S,0g2~ [7]. Enhanced
degradation was shown to vary with the contaminant kind, the
catalyst and the dosage of oxidant. C.I. Reactive Black 5 (RB5),
a representative reactive diazo dye, is commonly found at con-
centrations higher than other reactive dyes in dyebath effluents
[8]; RB5 was therefore selected as the parent compound in this
investigation. No studies have yet reported the promotion of decol-
orization of RB5 by UV/TiO, with added H,0,, S;05%~, BrO;~ and
104~. The influence of inorganic oxidants must be assessed prior to
application to avoid adverse effects under different experimental
parameters. Accordingly, H,O,, Na;S,0g, NaBrO3 and NalO4 were
selected as oxidant additives. The objectives of this study were to
(i) determine the effectiveness of decolorizing RB5 in UV/oxidant
systems, (ii) evaluate the effects of pH and oxidant dosage, (iii)
compare decolorization of UV/TiO, and UV/TiO,/oxidant systems
and (iv) understand the effects of added ethanol in UV/oxidant and
UV/TiO,/oxidant systems.

2. Materials and methods
2.1. Materials

TiO, (Degussa P-25) was used directly without treatment. The
crystal phases of Degussa P-25 were anatase/rutile at the ratio
3/1. The specific surface area, average particle size and pH at the
zero point of charge (pHzpc) of Degussa P-25 were 50 m?/g, 30 nm
and 6.6, respectively [9]. The parent compound, RB5, purchased
from Everlight Chemical Company, was employed without fur-
ther purification. Fig. 1 presents the chemical structure of RB5.
The CAS number, color index, formula, molecular weight and
maximum UV absorption wavelength of RB5 was 17095-24-8,
20505, Co6H21N5Nag019S6, 991.82 g/mol and 597 nm, respectively.
Ethanol (CoH50H) was utilized as a scavenger of hydroxyl radi-
cal (*OH). Solution pH was controlled by addition of HNO3 and
NaOH via an automatic titrator. Reagents HNO3, NaOH, NaCl, H,0,,
Na,S,0g, NaBrO3, NalO4 and ethanol were obtained from Merck.
All reagents were of analytical grade and used as purchased.

2.2. Decolorization experiments

The RB5 concentration in all experiments was 20 mg/L. Reaction
pH was maintained at pH 7 for all runs except in those under-
taken to delineate the effect of pH. Decolorization experiments
were conducted in a 3-L hollow cylindrical glass reactor. A 15-W
UVClamp (254 nm, 10 mW/cm?2, Philips) was placed inside a quartz
tube as an light source. Wu et al. [10] demonstrated that the UV-
screening effect of 1 g/L TiO, was negligible, and this was found at
the highest decolorization rate for RB5. Hence, a dose of 1 g/L TiO,
was used. In experiments with UV/oxidant, decolorization effec-
tiveness using 1-24 mM of different oxidants was evaluated. To
evaluate enhanced decolorization, oxidant (1 mM) was added in
UV/TiO,. Ethanol was dosed at 1.2 g/L to study its effect. Reaction
temperature was controlled at 25°C in all experiments. The reac-
tion medium was continually stirred at 300 rpm to maintain TiO,
suspension. Aliquots of 15 mL were withdrawn from the photore-
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Fig. 2. UV-vis spectral changes of RB5 in UV/TiO, system ([RB5] =20 mg/L, pH 7 and
[TiOz]=1g/L).

actor at prescribed intervals. The suspended TiO, particles were
separated by filtration through a 0.22-pm filter (Millipore). The RB5
concentration was measured using a spectrophotometer (Hitachi
U-2001) at 597 nm. The decolorization efficiency was calculated
from the difference between the dye concentrations before and
after treatment. Most experiments were performed in duplicate
and the values shown are averages.

3. Results and discussion
3.1. Decolorization in UV/TiO, system

The UV-vis spectral changes of RB5 at pH 7 during reaction in the
UV/TiO, system are displayed in Fig. 2. Before treatment, the UV-vis
spectrum of RB5 exhibits two main absorption bands - one in the
UV region (310 nm) and another in the visible region (597 nm). The
UV band is characteristic of two adjacent rings, whereas the visible
band is associated with a long conjugated 7 system that is inter-
nally linked by two azo groups [11]. The intensity of visible band
at 597 nm declines rapidly while the UV band at 310 nm disap-
peared much slower. The decolorization rate constants (k) of RB5 in
the UV/TiO, systems were found to fit pseudo-first-order kinetics,
as reported previously by various investigators on dye decoloriza-
tion [1,10,12-16]. The rates of disappearance of absorbance at 310
and 597 nm were 0.024 and 0.033 min~!, respectively. Initially, the
hydroxyl radicals attack the azo groups and open the N=N bond
that are more easily destroyed than are the aromatic structures.
The markedly higher rate of decay of the visible band is attributed
to preferential hydroxylation of the azo-links during the oxida-
tion process, which leads to rapid disappearance of chromophores
in the dye structure [17]. Lucas and Peres [14] observed similar
results for BR5 in a photo-Fenton system. During decolorization,
the absorbance values decreased all over the spectral window and
no specific peaks remained after 100 min of reaction (Fig. 2). Kri-
tikos et al. [18] showed products of photocatalytic degradation
of RB5 to be aromatic rings (such as benzaldehyde) and short-
chain aliphatic oxygenated hydrocarbons (including butanoic and
propanoic acids).

Textile wastewater contains not only organic contaminants but
also a large amount of inorganic anions. These ions increase the
ionic strength of the medium and thus affect the catalytic activ-
ity of the photocatalyst. We evaluated the effect of adding NaCl
to the UV/TiO, system (Fig. 3). The k values were 0.033, 0.045
and 0.052min~! when 0, 1 and 5g/L NaCl were added to the
UV/TiO, system, respectively. Addition of NaCl increased the ionic
strength of the aqueous phase, driving organic compounds to the
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Fig. 3. Effects of NaCl addition in UV/TiO, system ([RB5]=20mg/L, pH 7 and
[TiOz]=1g/L).

liquid-solid interface in the UV/TiO; system. Wang et al. [19] indi-
cated that adding 0.01 M NaCl did not influence the reaction of
UV/TiO,; however, adding 0.01 M Na;SO4 promoted photocatalytic
activities. Clearly, increasing the ionic strength enhanced reaction
in the UV/TiO, system. In UV/TiO,, addition of NaCl favored par-
titioning of RB5 to the TiO, surface, increasing adsorption of RB5;
decolorization was thus accelerated. This is in agreement with a
previous study on C.I. Reactive Red 2 with UV/TiO, [16].

3.2. Decolorization in UV/oxidant systems

The pH affects production of hydroxyl radicals and there-
fore decolorization. Table 1 presents the effects of pH on the
RB5 decolorization in UV/oxidant systems. With 1 mM of added
oxidant, all k values of the UV/oxidant systems increased as pH
decreased. Buxton et al. [20] demonstrated that the oxidation
potential of hydroxyl radicals decreased as pH increased. This
is consistent with the k value being lowest at the highest test
pH of 10. At pH 7, the decolorization rates of RB5 followed the
order UV/NalO4>UV/Na,S,0g>UV/H,0, >UV/NaBrO; >UV. To
affirm the role of oxidant in decolorization using the UV/oxidant
system, UV absorption spectra of all oxidants at the same concen-
tration were analyzed. As shown in Fig. 4, NalO4 has strong UV
absorption. Oxidants that absorb more UV are more effective for
degradation because strong UV absorption promotes formation
of reactive radical species. Accordingly, UV/NalO,4 that absorbed
most strongly exhibited the highest decolorization performance.
This agreed with the results of Selvam et al. [5] that found the
photodegradation efficiencies of 4-fluorophenol following the
order UV/IO4~ >UV/S,042~ >UV/H,0, >UV/BrOz~. Moreover,
the extent of organic carbon removal of 2,4-dichlorophenol
followed the order of UV/S;0g2~ >UV/HSOs5~ >UV/H,0, [21].
Contrarily, Ravichandran et al. [4] found the photodeflu-
oridation of pentafluorobenzoic acid following the order
UV/104~ >UV/H,0, >UV/S,0g2~ >UV/BrO3~. These results sug-

Table 1
Effects of pH on the RB5 decolorization rate constants ([RB5]=20mg/L and [oxi-
dant]=1mM).

pH 4 pH7 pH 10

k (min=1) k (min~1) k (min~1)
UV/TiO, 0.076 (0.969) 0.033 (0.997) 0.026 (0.994)
UV/H,0, 0.118 (0.989) 0.105 (0.997) 0.103 (0.992)
UV/Na,S,05 0.197 (0.995) 0.156 (0.992) 0.127 (0.996)
UV/NaBrO; 0.155 (0.998) 0.101 (0.995) 0.093 (0.997)
UV/NalO4 Too fast 0.377 (0.998) 0.243(0.991)

(), r? value.
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Fig. 4. UV absorption spectra of H,O,, Na;S;0g, NaBrOs; and NalO4 ([oxi-
dant]=1mM).

gested the ability of oxidants to enhance photodegradation varied
with the contaminant kind and the oxidant dose, as the latter’s
effect was further explored below.

Fig. 5(a) and (b) plots the effects of H,O, dosage in UV/H,0,
and UV/TiO,/H,0, systems, respectively. The k value of 1, 3, 6,
12, 24 mM H,0, added to the UV/TiO, system was 0.035, 0.035,
0.033, 0.028 and 0.018 min~!, respectively. Table 2 lists the k val-
ues of different oxidant dosages in UV/oxidant systems. To clarify
the effects of oxidant dosage, the reaction mechanisms at work in
the UV/oxidant systems must be introduced.

Eq. (1) describes the key reaction of the UV/H,0, system.
Furthermore, H,0, may act as an °*OH scavenger and form
hydroperoxyl radicals, which are detrimental to photolysis (Eq. (2)).
Several studies have shown that the degradation rate of organic
compounds increases with increasing H,O, concentration up to a
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Fig. 5. Effects of H,0, dosage in UV/H;0; and UV/TiO,/H,0; systems: (a) UV/H20;
and (b) UV/TiO,/H,0; ([RB5]=20mg/L, pH 7 and [TiO;]=1g/L).
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Table 2
Influence of oxidant dose on RB5 decolorization in UV/oxidant systems ([RB5] =20 mg/L and pH 7).
1mM 3mM 6 mM 12mM 24 mM
k (min-1) k (min~1) k (min-1) k (min-1) k (min1)
UV/H;0; 0.105 (0.997) 0.207 (0.995) 0.213(0.994) 0.185(0.998) 0.177 (0.996)
UV/Na,S,0g 0.156 (0.992) 0.328 (0.962) 0.576 (0.963) Too fast Too fast
UV/NaBrOs 0.101 (0.995) 0.166 (0.964) 0.261 (0.936) 0.413 (0.997) 0.479 (0.999)
UV/NalO4 0.377(0.998)0.2972 (0.992)* 0.305 (0.998) 0.250(0.999) 0.218(0.990) 0.171(0.980)
(), 2 value.

3 [NalO4]=0.5 mM.

threshold, beyond which degradation efficiency declines as H,0,
increasingly scavenges °*OH [3,15,22,23] resulting in hydroper-
oxyl radicals with reduced potency. Decolorization effectiveness
increased with H, O, concentration from 1 to 6 mM in the UV/H,0,
system, butincreased no further beyond 6 mM (Table 2). The k value
was highest at 3 mM of H, 0, with the UV/TiO,/H, 0, system. Irmak
et al. [3] observed similarly that the reaction rate was highest when
1mM H,0, was added to the UV/TiO,/H,0, system. Hence, the
dose of H,0; in the UV/H,0, and UV/TiO,/H,0; systems must be
carefully controlled:

H;0, +hv— 2°OH (1)
H,0; +°*OH — HO,* + H,0 (2)

Ivanov et al. [24] suggested that persulfate ions undergo pho-
tolysis under irradiation with light, generating sulfate free radicals
(EQ. (3)). Sulfate free radicals react with water molecules to pro-
duce hydroxyl radicals (Eq. (4)) [2]. According to Egs. (3) and (4),
increasing the amount of S;0g2~ increased the number of sulfate
free radicals and *OH formed, accelerating decolorization. Since the
kvalue increased with the dose of Na;S,0g in UV/Na,S,Og (Table 2),
*OH scavenging by S,0g2~ was not observed when doses 1-24 mM
Na,S,0g were added (Eq. (5)):

S,08%™ +hv— 2504°" (3)
SO4°~ +Hy0 — SO4%~ +H" +°OH (4)
SO04%~ +*0OH — SO4*~ +OH~ (5)

Zuo and Katsumura [25] investigated the mechanisms of
UV/NaBrOs, as given by Eqs. (6)-(11). Similarly, for the UV/Na;S;0g
system, k increased with increasing dose of NaBrOs, which sug-
gested that BrOs~ did not scavenge *OH in this study (Eq. (11)):

BrO;~ +hv— BrO® + 0y~ (6)
BrOs~ +hv— BrO,* + O°~ (7)
BrO3~ +hv— BrOs® + e~ (8)
BrO3* — BrO* + O, 9)
O0*~ +H"— *OH (10)
BrOs;~ +°OH — BrOsz* + OH™ (11)

Weavers et al. [26] proposed Eqgs. (10) and (12)-(16) as mech-
anisms that operate in UV/NalOg4. The formation of various highly
reactive radicals (O°*~, *OH, 103* and 104*) and non-radical inter-
mediates (O3, 104~ and 1037) is responsible for the high activity
of UV/NalOg4. Increasing the concentration of 104~ increases the
amount of radicals formed. A threshold of NalO4 at 1mM was
found with the UV/NalO4 system, above which decolorization rate
decreased. Lee and Yoon [1] also reported that the k values of RB5 in
the UV/NalOg4 systemincreased as the [04~ concentration increased
in the low range (0-5mM) and decreased slightly when the 104~
concentration exceeded 5 mM. Since the RB5 concentration used in
the work by Lee and Yoon [1] was higher (50 mg/L) than that in this
study (20 mg/L), Lee and Yoon [1] identified a higher optimal NalO4

concentration (5 mM) than that in this study (1 mM). The presence
of excess 104~ ions in solution may scavenge *OH (Eq. (16)); there-
fore, the decolorization rate decreased when a high concentration
of 104~ was added [1].

104~ +hv— 103* + 0*~ (12)
104~ +hv— 103~ +0 (13)
0*~ +H"— *OH (10)
0+ 0y;— 03 (14)
O3 +103°* — [04° + Oy (15)
104~ +°OH — 104* + OH" (16)

3.3. Effects of added oxidant in UV/TiO, system

In the heterogeneous photocatalytic system of UV/TiO,, molec-
ular oxygen acts as an electron acceptor, which prevents
electron-hole recombination. Oxidants have dual functions as an
oxidant and an electron scavenger. Eqs. (17)-(20) specify the
acceptance of photogenerated electrons by H,0; [15,27], S;0g%~
[2,4,27,28], BrO3~ [4,5,27] and 104~ [3,26,29] in UV/TiO;:

H;03 +e(cgy” — OH™ 4-*OH (17)
S208%" +ecp)” — SO4% +S04°~ (18)
BrO;~ +6¢e(cp~ +6H" — 3H,0 + Br~ (19)
104~ +8ep)~ +8H" - 4H,0 + I~ (20)

Decolorization rates followed the order UV/TiO,/NalOg4 >
UV/TiOZ/Naz S,0g > UV/TiOz/NaBl‘Og, > UV/TiOz /Hz 0y > UV/TiOz
(Table 3). Adding inorganic oxidants increased the rate of
decolorization by various means, such as, (i) prevention of
electron-hole recombination via capturing conduction band
electrons; (ii) increased formation of hydroxyl radicals formed,
and (iii) production of other species that oxidize intermediate
compounds. Numerous works have also found enhanced pho-
todegradation rates using UV/TiO,/oxidant over those using
UV/TiO, [3-7,10,15,29,30]. The enhancement of these oxidants has
been investigated for many organic compounds other than RB5.

Table 3
Effects of adding ethanol on the RB5 decolorization in various systems
([RB5]=20mg/L, pH 7, [TiO2]=1g/L, [oxidant] =1 mM and [ethanol]=1.2 g/L).

Without ethanol With ethanol

k (min~1) k (min~1)
UV/TiO, 0.033 (0.997) 0.014 (0.992)
UV/H>0, 0.105 (0.997) 0.002 (0.993)
UV/Na3S,0s 0.156 (0.992) 0.007 (0.908)
UV/NaBrO; 0.101 (0.995) 0.044 (0.992)
UV/NalOy4 0.377 (0.998) 0.109 (0.993)
UV/TiO;/H,0; 0.035 (0.997) 0.015 (0.941)
UV/Ti02/Na3S,0g 0.044 (0.995) 0.015 (0.942)
UV/TiO,/NaBrO; 0.036 (0.991) 0.013 (0.997)
UV/TiO,/NalO4 0.558 (0.925) 0.261 (0.998)

(), 2 value.
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Results of prior studies on photocatalytic degradation of struc-
turally different organic compounds under different experimental
conditions have been consistent with results of RB5 in this study;
specifically, all related studies have shown that NalO4 exerts a
stronger enhancement than H,0,, Na;S,0g, NaBrO3 oxidants or
absence of which in the use of UV/TiO, for degradation of organic
contaminants.

Table 3 presents the effects of ethanol addition to UV/TiO,,
UV/oxidant and UV/TiOy/oxidant systems. Ethanol is known to
scavenge °*OH radical [12,13]. Notably, excess ethanol (1.2g/L)
reduced the rate of decolorization of RB5 in UV/oxidant systems.
For UV/H,0, and UV/Na,S,0g systems, the k values were approx-
imately 20 times lower than in the absence of ethanol (Table 3),
indicating decolorization proceeded mainly via attack by °OH.
However, decolorization was only partially reduced by 1.2 g/L of
ethanol in UV/NaBrOs; and UV/NalO,4 systems, as evidenced by k
values being only four times slower than without ethanol. This
finding suggested other reactive species, which were less reac-
tive with ethanol, were involved in decolorization. These species
were most likely BrO®, BrO,* and BrOs*®, which could be produced
in UV/NaBrOs3 (Eqgs. (6)-(8)) and likely O*—, 103°, 104* and Os,
that were produced in UV/NalO4 (Egs. (12)-(15)). The k values
using UV/TiO, and UV/TiO,/ethanol were 0.033 and 0.014min~',
respectively. The inhibition by ethanol suggested a predominant
pathway involving *OH and plausibly another significant pathway
via direct oxidation by photogenerated holes in UV/TiO,. This find-
ing was consistent with those of Daneshvar et al. [12,13] and Wu
[15].

In UV/TiO,/oxidant/ethanol systems excepting UV/TiO,/NalO4/
ethanol, the k values were approximately equal to that of the
UV/TiO,/ethanol system (Table 3). This suggested that the main
decolorization pathway in UV/TiO,/H,0,, UV/TiO;/Na;S,0g and
UV/TiO,/NaBrO3; systems involved *OH, as in UV/TiO,; however,
direct oxidation by photogenerated holes in UV/TiO,/oxidant was
probably significant. In UV/TiO,/NalO4, the decolorization rate
declined by about half when 1.2 g/L of ethanol was added. This sug-
gested that decolorization proceeded primarily via *OH, but O°—,
103°, 104°%, O3 and photogenerated holes could also be involved in
UV/TiO;,/NalOy.

4. Conclusions

This investigation studied how pH, oxidant dosage and the addi-
tion of ethanol affected decolorization of RB5 using UV/oxidant
systems. The effects of oxidant addition on RB5 decolorization
by UV/TiO, were evaluated. RB5 decolorization rates by UV/TiO,
and UV/oxidant increased as pH was decreased. Increasing the
ionic strength of the aqueous phase by NaCl drove RB5 to the
liquid-solid interface in the UV/TiO, system; therefore, decoloriza-
tion rate increased. Oxidants H, 0O, and NalO4 when present at high
concentrations scavenged *OH in the UV/oxidant system; accord-
ingly, optimal doses of these compounds existed for UV/H,0, and
UV/NalO4 systems. In UV/Na;S,0g and UV/NaBrO; systems, *OH
was not scavenged; therefore, decolorization rates increased with
increasing oxidant doses. An oxidant functioned both as an oxi-
dant and as an electron scavenger in UV/TiO,/oxidant systems.
Decolorization rates using UV/TiO;/oxidant exceeded those using
UV/TiO,, with UV/TiO,/NalO4 demonstrating fastest decoloriza-
tion. In UV/TiO,/oxidant systems, decolorization reaction involved
*OH, and it probably involved photogenerated holes in direct oxi-
dation.
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