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Abstract

The application of advanced oxidation processes (H,O,/UV, TiO,/H,0,/UV and TiO,/UV) to treat tannery wastewater was investigated. The
experiments were performed in batch and continuous UV reactors, using TiO, as a catalyst. The effect of the hydrogen peroxide concentration on
the degradation kinetics was evaluated in the concentration range 0-1800 mg L~'. We observed that the degradation rate increased as the hydrogen
peroxide increased, but excessive H,O, concentration was detrimental because it acted as a hydroxyl radical scavenger since it can compete for the
active sites of the TiO,. In the H,O,/UV treatment, the COD removal reached around 60% in 4 h of reaction, indicating that the principal pollutants
were chemically degraded as demonstrated by the results for BOD, COD, nitrate, ammonium and analysis of the absorbance at 254 nm. Artemia
salina toxicity testing performed in parallel showed an increase in toxicity after AOP treatment of the tannery wastewater.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The elimination or destruction of toxic and recalcitrant pol-
lutants must be handled by non-biological technologies. These
technologies consist mainly of conventional phase separation
techniques (such as adsorption processes and microfiltration),
or methods which destroy the contaminants (chemical oxida-
tion/reduction). Chemical oxidation aims at the mineralization
of the contaminants into carbon dioxide, water and inorganics.
Methods based on chemical destruction, when properly devel-
oped, provide complete pollutant abatement, whereas those that
only perform phase separation leave a consequent problem of
final disposal. Much research has addressed this aim over the
past decade highlighting the prominent role of a special class of
oxidation techniques defined as advanced oxidation processes
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(AOP), which usually operate at or near ambient temperature
and pressure.

AOQOP, while making use of different reaction systems, are all
characterized by the same chemical feature: production of OH®
radicals (OH®). Production of hydroxyl radicals can be achieved
through homogeneous photochemical reactions (UV-irradiated
H,0,), or alternatively by the well-known photocatalytic mech-
anism that occurs on the surface of semiconductors like TiOy
[1,2].

The TiO2/UV-vis system has been widely studied, being
noteworthy its application in the treatment of tannery wastewa-
ter [3]. Photochemical oxidation by the HyO»/UV—-vis process
has also been successfully used [4,5], but in this case formation
of HO® species is due to dissociation of the HyO, molecule.
On the other hand, the combined H>O,/TiO>/UV-vis process
has given good results in the photodegradation of several non-
biodegradable organic compounds [6,7].

In photocatalytic oxidation, oxygen is the most common
electron acceptor and it is relatively efficient, but aiming at fur-
ther inhibiting the electron—hole recombination effect, several
studies have investigated the role of hydrogen peroxide as an
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alternative electron acceptor [8], because the potential for H,O»
reduction (0.72V) is higher than that for oxygen (—0.13V)
reduction [9].

Hydrogen peroxide can present beneficial [10,11] or detri-
mental effects [12,13] on the photocatalytic degradation of
organic contaminants. However, most photocatalytic studies on
the effect of hydrogen peroxide have reported an optimal concen-
tration that is dependent on the characteristics of the wastewater
(type and concentration of organic compounds, pH, presence
and type of inorganic ions), the concentration of oxygen in the
solution, the intensity and wavelength of the UV light, the desir-
able extent of treatment and the cost of hydrogen peroxide [8].
Thus, the hydrogen peroxide concentration should be optimized
for each kind of wastewater.

In this study, we investigated the advanced oxidation pro-
cesses HyO,/UV, TiO2/UV and TiO>/H,0,/UV to treat an aque-
ous solution containing a leather dye and a real tannery wastew-
ater. The heterogeneous photocatalytic treatment was performed
using TiO; in continuous and batch slurry reactors.

2. Experimental

In this study, Direct Black 38 in aqueous solution was used
as a model organic contaminant, since this dye is extensively
used in the tannery industry. The dye was used without any
purification (Fig. 1).

Wastewater samples which had been subject to primary treat-
ment were obtained from a local sewage wastewater treatment
plant in Brazil. The plant employs a coagulation process (using
Al>(S0O4)3) and settling tanks for the primary treatment, and the
physico-chemical characteristics of the wastewater used in this
study are shown in Table 1.
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Fig. 1. Chemical structure of Direct Black 38.

Table 1

Physico-chemical characteristics of the real tannery wastewater
pH 8.7
COD (mgO, L") 801.1
BOD;s (mgL™!) 349.3
N-nitrate (N-NO3 ™~ mg L~h 7.43
N-ammonium (N-NH4* mgL~") 27.6
Chromium(VI) (mgL~") 0.10
Sulfate (mg L") 1150
Sulfide (mg L") 0.02
Zinc (mgL~") 0.35
Fe?* (mgL~") 0.98
AP* (mgL—") 0.12

The P25 TiO, powder supplied by Degussa Corporation, with
an average grain size of 30nm, a mean BET surface area of
50m? g~! and a 70% anatase-30% rutile crystal phase, was used
Wlthout further purification. The oxidant HyO» (50%, w/w stock
solution) was supplied by Degussa Corporation (Brazil). Neces-
sary pH adjustments were made with diluted H,SO4 and NaOH
solutions. All other materials used for the chemical analyses
were reagent grade.

Previous results have demonstrated that high photocatalytic
degradation can be achieved at low pH. In this study, the pH of
the real wastewater was adjusted to 2.5 using H>SOj4 [3].

2.1. Batch reactor

The design of the batch reactor has been described in pre-
vious papers [14,15]. The annular reactor was irradiated by an
80 W high-pressure mercury vapor lamp and the light intensity
was 2.73 x 107®mols™! (1.64 x 10~ Einsteinmin—!). The
UV lamp was surround by a quartz thimble in the center of
the reactor to ensure a homogeneous radiation field inside the
reactor. To avoid the heating of the solution, water was circu-
lated through a cylindrical jacket around the plunging tube. The
volume of the aqueous solution of the dye was 2 L to which TiO;
powder was added.

Before the reaction, the catalyst was added to the solution
and the system was stirred under dark conditions to achieve the
thermodynamic adsorption equilibrium. The UV lamp was pre-
heated outside the reactor. The UV lamp was then set inside
the reactor and at regular time intervals aliquots of the solution
were collected, centrifuged and filtered through PVDF 22 pm
membranes prior to the analyses.

2.2. Continuous reactor

The continuous system for photocatalytic degradation of
the dye was an annular reactor (Trojan UV Max™ —E)
manufactured by Trojan, Canada. The reactor was illu-
minated by a 15W UV-lamp, whose irradiation spectrum
was in the range 300-410nm and maximum emission was
at 355 nm.

The experiments were carried out using TiO in suspension in
the wastewater, at different flow rates, in order to give different
residence times. Aliquots were taken at the end of the reactor,
centrifuged and filtered through PVDF 22 pum membranes prior
to the analyses, to remove TiO, powder.

2.3. Chemical and biochemical analyses

All chemical analyses were performed applying standard
methods [16]. The remaining H> O, concentration in the reacting
solution was determined by the molybdate-catalyzed iodomet-
ric method [17]. COD was measured in accordance with the
dichromate method [16]. The correction for hydrogen peroxide
interference in the standard chemical oxygen demand test was
performed according to Kang et al. [18]. Absorbance values
recorded with a Shimadzu UV-1650C model spectrophotome-
ter were measured at the wavelength of maximum absorption,
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Table 2
Degradation of Direct Black 38 in aqueous solution by direct photolysis

Reactor inlet Reactor outlet

COD (mgL~") 183.8 169.4
Color (mg L~! Pt-Co) 12021.2 3685.8
N-NH; (mgL~") 76.68 9.11

Initial concentration =300 mg L~ !; residence time =3 h, pH 2.5.

Amax, Of active substances and at 254 nm, UV;s4 representing
the aromatic content of wastewater [19].

All the other chemical analyses were performed using col-
orimetric methods according to standard methods [16].

2.4. Toxicity

Artemia salina cysts were incubated in artificial seawater illu-
minated by a tungsten filament light and gently sparged with air
at 25 °C. After 24 h, hatched A. Salina cysts were transferred to
fresh artificial seawater and incubated for a further 24h under
artificial light with air sparging. Subsequently, a 0.5 mL aliquot
of treated wastewater and 5 mL of fresh seawater were poured
into wells in polystyrene microtiter plates, and 7-10 A. Salina
nauplii were then placed into each well. Deaths were recorded
periodically after incubating at 25 °C for 24 h [20].

3. Results and discussion

It has recently been reported that Direct Black 38 is adsorbed
onto TiO, P25 under dark conditions at pH 2.5 [21]. The adsorp-
tion equilibrium was described according to the Langmuir model
and the monolayer coverage was 153.9 mg of dye per gram of
TiO».

As described in Section 2, before the photodegradation tests,
the TiO, catalyst was suspended in the aqueous solution under
agitation for 4 h to achieve the adsorption equilibrium. Using a
dosage of 1 gL~ at pH 2.5 and an initial dye concentration of
300 mg L~L, it was observed that the color removal was 48.4%

3.1. Degradation of Direct Black 38 in aqueous solution in
a UV continuous reactor

3.1.1. Direct photolysis

Certain dyes can be photo-decolorized in the presence of UV
light irradiation. This study to assess the influence of UV radia-
tion on the stability of Direct Black 38 was conducted primarily
to determine the role of radiation alone and also when used in
combination with hydrogen peroxide or a catalyst. The results
for the dye degradation due to UV irradiation alone are presented
in Table 2.

The COD removal by direct photolysis was very low, but a
high color removal was found in the UV treatment of the aque-
ous solution containing the dye, due to the cleavage of the dye
chromophore. The cleavage often takes place on the azo linkage
(=N=N-) of the aromatic azo compounds, because these -
bonds are comparatively more diffusive than other parts within
the molecule [22].
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Fig. 2. Removal of COD, color and N-NH4* by UV, TiO,/UV, H,0,/UV
and TiO2/H20,/UV treatment (residence time=3h; initial dye concentra-
tion =300 mg L’l; pH 2.5; [H202 Jinitial =20 mg L’l).

Chu and Tsui [22] have reported that the possible prod-
ucts formed by the azo linkage are its corresponding amines
involving the hydrogen atom abstraction from the hydrogen
source. The organic bonded nitrogen can be released in ionic and
gaseous form, for example, as nitrate, nitrite, ammonia, molecu-
lar nitrogen, dinitrogen monoxide and nitrogen monoxide [23].
However, in this work, we found a high ammonium removal and
negligible nitrate formation, suggesting that the nitrogen may be
released as a gas or as nitrite.

3.1.2. Effect of H>O; on direct photodegradation

Experiments were undertaken to examine the effect of HyO»
on the degradation of Direct Black 38 enhanced by UV irra-
diation. H>O; is readily photolyzed to produce HO® radicals,
and UV/H;0; technology is a well-known advanced oxidation
process for organic compound degradation [2] (Egs. (1)-(3)):

H,0,"% OH® + OH® (1)
OH?* + dyes — intermediates 2
OH* + intermediates — CO; 4+ H,O + products 3)

Fig. 2 shows that H,O; increases the photooxidation of the
dye compared to direct photolysis. The ammonium concen-
tration decreased but it did not completely oxidize to nitrate,
because a negligible amount of nitrate formation was deter-
mined.

3.1.3. Heterogeneous photocatalysis of Direct Black 38

UV irradiation of TiO, semiconductor materials generates
charge carriers (conduction-band electrons and valence-band
holes), which react with available adsorbates (OH™~, H,O) on
the surface of the crystal [2]. The highly oxidative valence-band
holes may react directly with sorbed organic compounds, or oxi-
dize them indirectly through the formation of OH® radicals.

The reactions involved in the photocatalytic degradation of
organic compounds are described in Eqs. (4)—(9) [24]:

TiOy — TiOs(epc ™, hBV+) — recombination “)

TiO2(hgy*) + (H20)pps — TiO; + HO®sps + HT ()
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Fig. 3. Decolorization kinetics for different initial concentrations of dye in the

continuous reactor (lines represent the pseudo-first order kinetic model; pH 2.5,
T=25°C; [TiO2]=1gL™1).

TiO2(haps*) + HOaps ™ — TiO + HO® ops (6)
TiO2(hpy™) + Daps — TiOz + Daps™ ™
HO® 4+ Daps™ — Doxid ®)
TiOz(egc™) + Aaps — TiO2 + Aaps ™ )

where A is the electron acceptor species and D is the donor
electron species.

Fig. 3 shows the decolorization as a function of residence
time in the annular continuous reactor. The experimental data
fitted well with a pseudo-first order model and the rate constant is
3.6 x 1073 min~! as recently reported in a previous paper [21].
The respective COD, color and ammonia removals by TiO>/UV
treatment after three hours of treatment are shown in Fig. 2.

Fig. 2 shows that the COD removal is much higher with het-
erogeneous catalytic treatment than HyO,/UV treatment, but
almost the same color removal was found. The addition of hydro-
gen peroxide to the heterogeneous photocatalytic system was
expected to increase the oxidation, because it acts as an elec-
tron acceptor and the photolysis of HyO» can produce higher
amounts of OH® radicals (Egs. (10)—(12)):

TiOz(e™) 4+ H,0, — TiO»(h™) + OH® + OH™ (10)
H>O, 4+ egc™ — OH®* + OH™ (11)
HO; + hv — 20H* (12)
Table 3

As expected, the addition of H,O» increased the color and
ammonium removal in the TiO>/H>O,/UV treatment (Fig. 2),
but the COD removal decreased compared to the TiO,/UV treat-
ment, suggesting a possible competition between HyO» and the
preadsorbed dye. Further experiments indicated that the dye
pre-adsorbed onto the catalyst surface was immediately dis-
placed on the addition of 20 mg L~ H,0, solution, as also
observed by other authors [9,11]. Thus, when H>O; is used in
the TiO2/H;0,/UV treatment, a lower amount of dye will be
adsorbed onto the catalyst surface than in the TiO,/UV treat-
ment. The homogeneous reaction in the HyO,/UV treatment
produces high decolorization but the COD removal is lower than
in the TiO2/H,O,/UV treatment, indicating only partial oxida-
tion.

3.1.4. Degradation of real tannery wastewater

The efficiency of photocatalytic treatment depends on several
factors, such as residence time, pH, hydrogen peroxide concen-
tration, TiO, dosage and UV light intensity. It has also been
reported that the illumination of the catalyst is a key factor in
achieving high photonic efficiency [25] and high transmittance
of the wastewater allows high irradiation efficiency.

Different dilutions of the real tannery wastewater were treated
using TiO,/UV in the continuous reactor. The COD, BODs and
ammonia removals are shown in Table 3. At high dilutions, the
transmittance of the wastewater increased resulting in higher
photonic efficiency [25] and COD removal increased.

The formation of ammonia during the treatment was also
observed and it increased as the organic compounds were
degraded. Ammonia can be formed from the degradation of aro-
matic and aliphatic compounds containing nitrogen, through the
oxidative breakdown of the C—N bonds [22].

After TiO,/UV treatment, it was observed that the toxicity of
treated wastewater increased in more diluted samples, despite
the high COD removal measured. A decrease in COD here
described as COD removal shows that oxidizable compounds
were oxidized, but not eliminated. These chemical oxidation
products were more toxic than the precursor compounds. The
opposite behaviors of the COD and BOD results are probably
related to the formation of toxic, partially oxidized, compounds,
mainly when using high dilutions. For example, when the initial
COD was 200.9 mg L', after TiO,/UV treatment, the A. saline
mortality greatly increased. The toxic compounds formed dur-
ing the reactions will also be toxic for the microorganisms whose
activity is related to the BODs analysis.

Removal of COD, BODs and ammonia and Artemia salina mortality before and after TiO,/UV treatment in the continuous reactor®

Initial COD (mgL~!) COD removal (%)

BODs removal (%)

N-NH4* removal (%) Mortality (%)

Before After
200.9 65.7 0.0 —42.0 8.7 71
401.8 43.3 18.4 —38.0 - 17
602.6 19.1 25.8 —49.0 19.2 34
803.5 21.8 92.3 22.3 15.6 30

a Residence time = 1 h; pH 2.5; TiO, dosage=1gL™".
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Fig. 4. Time-dependent changes in COD (a), color intensity (b), and aromaticity
(c), during the HO,/UV oxidation of real tannery wastewater using differ-
ent H,Oy initial concentrations (A=1.8¢g L', m=09 g L', A=06 g L,
O=03gL ") atpH25.

3.1.5. Effect of hydrogen peroxide concentration on the
H>0,/UV treatment

The effect of varying the initial HyO» dose (0.3, 0.6, 0.9 and
1.8 gL~1) at pH 2.5 on color intensity, COD and aromaticity
was examined and the results are given in Fig. 4a—c.

As observed in Fig. 4c aromatic compounds are oxidized and
the UVjs4 index and COD decrease progressively during the
oxidation. On the other hand, the color intensity of the treated
wastewater increases.

The applied H,O» dose significantly affected the H,O,/UV
oxidation rates. Fig. 5 shows that the initial rate of COD removal
increased with the initial hydrogen peroxide concentration until
a certain limit, reaching a maximum at a initial HoO; concen-
tration of around 0.5 g L~!. Increasing the H>O; concentration
above 0.5gL~! caused a significant inhibition of the process
performance. Similar trends for the effect of varying initial
H,0; concentration were observed by Alaton and Balcioglu
[26] and Dionysiou et al. [8]. At high concentrations of hydro-
gen peroxide, HyO» itself acts as an effective OH® scavenger,
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Fig. 5. Effect of hydrogen peroxide concentration on the initial COD oxidation
rate during HyO,/UV treatment of real tannery wastewater at pH 2.5.

the concentration being specific for the pollutant in question.
This observation is in accordance with the following empirical
equation (Eq. (13)) [8]:

H,O,; 4+ OH®* — HO,* + H,0 (13)

Although HO,* promotes radical chain reactions and is an
effective oxidant itself, its oxidation potential being much lower
than that of OH®. Thus, H,O, in excess can lower the treatment
efficiency and so its concentration must be optimized for each
kind of wastewater.

4. Conclusions

Direct Black 38, an azo dye extensively used in the tannery
industry can be efficiently decolored by UV treatment, but oxi-
dation can only be achieved using H,O»/UV, TiO2/H,0,/UV
or TiO,/UV treatment. The COD removal increased in the
order UV <H,0,/UV < TiO,2/H;0,/UV <TiO,/UV treatments
and high color removal was found for all treatments. The
treatment of a real tannery wastewater by HyO,/UV treatment
showed that there is an optimal H,O; concentration and that
excessive HoO, concentration was detrimental because it acted
as a hydroxyl radical scavenger. A. salina toxicity bioassays
performed in parallel showed an increase in toxicity after AOP
treatment of the tannery wastewater.
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