
UNIVERSITAT POLITÈCNICA
DE CATALUNYA

Escola Tècnica Superior d'Enginyeria

- -p - Industrial de Terrassa

UNIVERSITAT POLITÈCNICA DE CATALUNYA Departament d'Enginyeria Química

DEGRADATION OF ORGANIC COMPOUNDS IN PAPER AND

TEXTILE INDUSTRIAL WASTEWATERS BY ADVANCED

OXIDA TION PROCESSES

Memoria presentada per optar al grau de Doctora en Enginyeria Industrial

Montserrat Pérez Moya

Terrassa 2001



Paper 4

Treatment of bleached Kraft mill effluents and polychlorinated

phenolic compounds with ozonation

Montserrat Pérez3, Francese Torrades3, Xavier Domènech", José Peralb

"Departament d'Enginyeria Química. E.T.S.E.I. de Terrassa, Universitat Politècnica de Catalunya,

Terrassa (Barcelona) SPAIN.
bDepartament de Química. Universitat Autònoma de Barcelona, Bellaterra (Barcelona) SPAIN

Submitted for publication in Journal of Chemical Technology and Biotechnology

117





Submitted for publication in Journal of Chemical Technology and Biotechnology

Abstract

The effect that the simultaneous use of ozone, UVA or visible light, and small quantities
of Fe(II)/ Fe(ni) ions in solution has on the degradation rate of the organic content of a
bleaching Kraft mill effluent is studied. The same treatment is applied to synthetic
samples of polyclorinated phenolic compounds, because these are one of the main
compound families found in real bleaching Kraft mill effluents. In order to improve the
treatment efficiency and lowering the cost of the process several other strategies are
investigated. It was found that a previous irradiation of the wastewater or the synthetic
sample in absence of ozone clearly improves the rate of removal of organic pollutants
during the subsequent ozonation step.

Keywords: Cellulose bleaching effluent, chlorinated phenols, Ozonation, UVA, Iron.
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Introduction

Ozonation, often combined with f^Oa, UVA, or both, and even with heterogeneous
photocatalytic processes, has been widely applied to wastewater treatment.1"9 The
mechanism of the oxidation of organic compounds by ozone and in the dark has been
carefully studied by Hoigne et al.10"12

Ozone can react with the organic load present in the wastewaters by two different ways:
(a) direct reaction (reaction (1)), a process that is highly selective toward aromatic
compounds and rather slow; (b) indirect reaction through OH radicals (reactions (2) and
(3)), that comes from the fragmentation of the HO3" specie:

O3 + M -> O3" + M* (1)

O3" + H+ -> HO3* (2)

HO3* + O2 -» OH* (3)

It should be noted that the ozonide ion (O3*~) which is necessary for the indirect
pathway, is also a reaction product of ozone and OH". Consequently, a basic media
promotes the O3*" generation as the presence of organic matter do in reaction (1).

The OH radicals formation yield predicted by this model, as calculated by Hoigné et.al.,
is 0.65 molecules of OH for every molecule of ozone discomposed.

Since the oxidative power (2.8 V vs. NHE) of the OH radical is higher than the
oxidative power (2.08 V vs. NHE) of ozone it is expected that most of the organic
degradation is achieve through the indirect reaction.

One disadvantage of the ozonation process that must be considered is the high electrical
energy demand for the generation of the chemical reagent.13 Therefore, the total costs of
ozonation are usually high.

The beneficial effect of carrying out ozonation under irradiation has been explored by
Peyton et al.14 Os/UV is a complex oxidation process because OH radicals can be
produced through different reaction pathways. Recently, studies found that sunlight
produces a noticeable increase of the rate of reactions activated by ozone, along with a
complementary improvement on the rates of organic removal and a cost decrease of the
treatment. The simultaneous use of sunlight and Fe (II) ions in solution, known to
catalytically decompose ozone, has also been explored.15
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In the present paper ozonation will be applied to the treatment of bleaching paper pulp
effluents produced in the Kraft mill industry in order to reduce the amount of organic
contaminants present in the industrial wastewater at a minimum cost. Bleaching effluent
disposal has a high contaminant potential,16 due to their content in chlorinated phenols
and polyphenolic compounds, among other toxic orgànics. These compounds are
difficult to eliminate by conventional wastewater treatment processes and are source of
environmental concern due to the risk they pose to the aquatic environment.16"18 An
effluent coming from stage C8oD2o (20% of C1O2 substitution) of a conventional
bleaching sequence applied to kraft pulp from 90% of Eucalyptus globulus and 10 % of
Eucalyptus grandis was chosen. Spectrophotometric analyses detected 2,4-
dichlorphenol among the polyclorinated phenolic compounds present in the studied
effluent. Since this result is in concordance with previous studies of the typical
composition of bleaching kraft pulp effluents,16'19 a 2,4-dichlorphenol synthetic sample
was also investigated.

2,4-Dichlorophenol is one of the 129 priority pollutants listed by the U.S. EPA.20'21 Due
to the fact that this pollutant has adverse effects on aquatic life, its removal have been
actively investigated. 2,4-DCP can be degraded by either biological methods or
physicochemical processes.22 Several days to months are usually required for complete
removal of 2,4-DCP by biological methods.

Experimental

The effluents used in the present research were obtained from the chlorination step of
the bleaching sequence (D2oCgo)(EO)DiD2 applied to Kraft paper pulp of Eucalyptus
globulus (90%) and Eucalyptus grandis (10%), which was supplied by a Spanish paper
manufacturer. In order to reduce the level of organic contaminants, hydrolysis of the
wastewaters with Ca(OH)2 (pH=12, 1 hour) was carried out. After hydrolysis the
effluent was stored at - 4°C.

The rest of the chemicals used were, at least, of reagent grade. Analytical grade
heptahydrated ferrous sulfate was purchased from Aldrich and was used as received.
Analytical grade 2,4-dichlorphenol was purchased from Aldrich and was used as a
synthetic sample of 100 g-L"1. Solutions were prepared with deionized water obtained
from a Millipore Mili-Q system.

Experiments were conducted in a thermostatic cylindrical Pyrex cell of 130 cm3

capacity. The reaction mixture inside the cell, consisting of 100 ml of organic effluent
and the precise amount of reagents, was continuously stirred with a magnetic bar. In the
main experiments the temperature was maintained at 25.0±0.1°C. A 6 W Philips black-
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light fluorescent lamp was used as light source. The intensity of the incident light inside
the photoreactor, measured employing a uranyl actinometer, was 1.383-10"9 Einstein-s"1.

Ozone was produced by a Sander Labor-Ozonisator 301.7, fed with a pure oxygen
stream. The resulting ozone and oxygen mixture was immediately bubbled through the
bleaching effluent by means of a metallic diffuser. The generator is equipped with
power control via current settings. A working current of 1 A and a pressure of 0.5 bar
were used. An ozonized oxygen flow-rate of 330 mL-min"1 (1.5 g Oa-h "') was employed
to ensure saturation of the system. The amount of ozone generated was determined by
iodometry.

Total organic carbon (TOC) of initial and irradiated samples was determined with a
Shimadzu 5000 TOC analyzer. Color determination was carried out in a double beam
SP8-300 Pye Unicam spectrophotometer at the wavelength of 465 nm, using 10 mm
light path cells and referenced to a Pt-Co standard solution, according to standard H.5 of
the Canadian Pulp and Paper Association (CPPA). Chemical Oxygen Demand (COD)
was determined by standardized methodology (EPA 00340).

For the analysis of low molecular weight compounds dissolved in the effluent, a HP
6890 gas Chromatograph equipped with a quadrupole HP 5973 mass selective detector
was used. The GC-MS analysis was carried out with ionization of electronic impact, 70
eV, and the spectra were recorded in the interval 40 - 600 amu. One liter of the sample
was filtered with Speedisk® membrane (J.T. Baker) following the EPA 525 procedure.
Samples were reconstituted to 100 nL in dichloromethane and 1 ^iL was injected in the
GC. Identifications were carried out with the aid of the data base library WILEY
(275,000 spectra) and NIST (130,000 spectra) and with a customized database
generated in the UAB laboratory. A capillary column HP-5MS (5% Phenyl Methyl
Siloxane) with the following dimensions 30 m, 250 \im, 0.25 Jim was used. The
temperature program used during the GC-MS analysis ramped as follows: 70 °C (3
min), S'C·min"1 until 270 °C (30 min). The sample injection was carried out with a 0.6
min of splitless time at 250 °C. The carrier was helium with a flow rate of 1.3 mL-min"1.

Results and discussion

After alkaline hydrolysis the bleaching effluent has the global parameters summarized
in Table 1, i.e., the effluent has a high COD and TOC. Spectrophotometric analysis of
the effluent allows determination of the structure of some low molecular weight
compounds. The mass spectra and the identified structures are shown in Table 2 and
Figure 1, respectively. All the substances found show a high degree of chlorination.
This agrees with structures found and reported by other authors.16'19'23 Among the
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polyclorinated phenolic compounds detected 2,4-dichlorophenoI has been chosen to be
studied as a synthetic sample.

Table 1. Initial characterization parameters of the bleaching Kraft mill effluent after

hydrolysis pretreatment.

Parameter

TOC (ppm)
COD (mg-U1 02)
Color (mg-L'1 Pt)

Value

441±8*
1384±24*

197±25*

(n = 4, a = 0.05)

Table 2. Low molecular weight compounds identified in the bleaching Kraft mill effluent

after hydrolysis pretreatment.

rtb mol wt main fragments m/z (relative abundance)

1 10.09 162 166 (10), 164 (61), 163 (8), 162 (100), 126 (8), 100 (14), 99 (16), 98

(32), 63 (33), 62 (13), 61 (7)

2 15.03 196 200 (15), 198 (49), 196 (51), 162 (7), 160 (7), 158 (5), 132 (12), 99

(15), 97 (31)

3 18.25 192 196 (14), 194 (50), 192 (78), 181 (15), 179 (75), 177 (100), 151 (42),

149(75), 113(46)

4 20.60 226 230 (16), 228 (48), 226 (52), 215 (31), 213 (96), 211 (100), 187 (13),

185 (45), 183 (51), 149 (34), 147 (54), 121 (13), 119 (20)

5 24.88 260 266 (8), 264 (34), 262 (70), 260 (55), 251 (11), 249 (49), 247 (100),

245 (81), 223 (18), 221 (24), 219 (48), 217 (33), 185 (7), 183 (28),

181 (30)

6 25.16 256 260 (29), 258 (95), 256 (100), 245 (19), 243 (63), 241 (67), 215 (27),

213 (30), 202 (19), 200 (60), 198 (65), 197 (28), 195 (28)

'compound number, ""retention time, min.
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1: 2,4-dichlorophenol 2: 2,4,6-trichlorophenol

OCHs

3: 3,6-dichloroguaiacol

OCH3

4:4,5,6-trichloroguaiacol

CHO

OCH3

OCH3 T OCH3

CI

5: tetrachloroguaiacol 6: trichlorosyringol

Figure 1. Structures of some low molecular weight compounds identified by CG-MS

analysis in the conventional bleaching effluent after hydrolysis treatment.
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Although ozone treatment is able to reach high and fast TOC removal the cost per TOC
removal is around ten times higher than other AOPs as Photocatalysis or Fenton and
Photo-Fenton reactions.24 Since the main goal of this study is focused on the reduction
of ozone demand while achieving the same TOC degradation levels in the treated
samples, it will be necessary to estimate the relative cost of the different proposed
processes.

To analyze the cost of the ozonation treatment applied to the bleaching effluent and the
synthetic sample the following assumptions were made:

1. In order to account for the different degrees of mineralization the estimative cost
of every process was assessed by the costs of kg of TOC removed after 5 hours
treatment.

2. Only chemical and energy costs (retail dealer prices) were considered in the
estimation. The investment costs for apparatus and buildings are supposed in the
same order of magnitude for all the studied treatments and, thus, they were
neglected. Energy costs deriving from pumps and process control were also not
considered.

3. The costs of additional operations like neutralization, filtration, required in some
treatments were not included in the costs assessment.

4. Costs were obtained with non-optimized reactors. Fast reaction rates involve
shorter residence times or smaller reactor volumes, as residence time is inversely
proportional to the reactor volume.

Energy consumption at the laboratory scale is higher than at an optimized large-scale
plant. However, the relative ratio assessment at laboratory scale give us an idea of the
reality due to similar savings will be obtained in all the treatments if a large-scale plant
will be settled.

Ozonation could be run under solar irradiation15 this fact turns, generally, energy cost
from irradiation into zero. Although solar energy was not used in this study and the
results presented have taken into account irradiation cost, it is interesting to notice that
treatment costs could be easily decreased by changing to sunlight.

Transition metal ions, as Fe(II), are able to catalyze the decomposition of ozone into
hydroxyl radicals25 following the following mechanism proposed in the literature:

Fe2+ + O3 -> FeO2+ + O2 (4)

FeO2+ + H2O -> Fe(OH)2+ + OH- (5)
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Fe(II) could also support the effect of ozonation by reaction with HO2-, one of the
products of ozone decomposition, generating hydrogen peroxide when pH in below 4.8:

H* + H02- + Fe2* -» H2O2 + Fe3+ (6)

The presence of hydrogen peroxide and Fe (II) leads into the Fenton reaction. The
traditionally accepted reaction equation is:

H2O2 + Fe2+ -» Fe3+ + Off + OH- k = 76.5 l-mol'V1 (7)

Fe(ÏÏI) can lead to additional radical production and Fe(II) regeneration in the so-called
Fenton like reaction:26

Fe3* + H2O2 ̂  FeOOH2+ +H+ k= 2.0-IO'3 L-moF'-s'1 (8)

Fe - OOH2+ -> HOI + Fe^ (9)

Fe3* + HO; -» Fe2+ +O2+H+ (10)

The rate of degradation of the organic pollutants could increase when an irradiation
source is present. The positive effect of irradiation on the degradation rate is due to the
photoreduction of Fe(III) to Fe(II) ions by means of the photo-Fenton reaction26"28

FeOH2++hv->Fe2++OH' (11)

Moreover, it has been recently demonstrate that the irradiation can drive ligand to metal
charge transfer in the potentially photolabile complexes formed by Fe(ni) and organic
compounds. This process has been well proven for the complexes formed between
Fe(III) and the carboxylic acid moiety.29

Thus, ozone mixture with iron ions and irradiation leads to a combined treatment
between ozone and Fenton, Fenton-like and Photo-Fenton reaction.

Figure 2 shows the interesting role that iron plays in presence of ozone and irradiation.
In the experiment where 20 ppm of this transition metal is combined with the
ozone/UVA mixture, the slope of TOC removal specially increases at the beginning of
the treatment, when more contaminant load is present. 90% TOC and 80% COD
decrease and more than 90% color reduction, even with the iron lasting in the solution,
were the yields of the experiment. As time process reduction is clearly depend on the
cost decrease, it should be noted, that the same TOC removal reached after five hours
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ozone/UVA treatment, is achieved in presence of iron in just three hours 15 minutes
treatment.

30 60 90 120 150 180

time (min)

210 240 270 300

Figure 2. Percentage of TOC reduction vs. time in a 5 hours treatment and under several
experimental conditions: ozonation under UVA irradiation (—); ozonation under
UVA irradiation in presence of 20 mg-L'1 of Fe (II) (+); one hour stirred 20
mg-L'' of Fe (II) without irradiation followed by 4 hours ozonation under UVA
irradiation in presence of 20 mg-L'1 ofFe (II) (9); same sequence treatment with
100 mg-L' Fe (II) (f); same sequence treatment with 200 mg-L1 Fe (II) (A).
pH=3, T=25 °C.

The goal of the other three experiments was to reduce ozone demand with similar TOC
removal. Thus, a previous pretreatment was carried out solutions containing different
iron concentrations were stirred under dark condition. After one hour of pretreatment,
ozone and irradiation were supplied during four more hours more. The levels of TOC
removal are similar to the one reached with the ozone/UVA experiment and slightly
lower than in the ozone/UVA/Fe(II) treatment. The increase of iron concentration added
during the pretreatment step leads to a higher slope during the subsequent ozonation
step.

A comparison of the estimated cost per kg of TOC removed in the different experiments
was assessed. Figure 3 shows that the ozone/UVA/Fe(n) process is always more
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efficient than ozone/UVA. Higher TOC removal is reached with lower cost demand.
Among the other treatments few differences were observed: the improving of TOC
removal obtained when the iron load is higher just compensate the cost process
increase. Consequently, as the increase of Fe(II) load only slightly improve the process,
low Fe(II) load will be used in order to decrease the global process cost and to avoid
any additional treatment step for iron removal.

100 -f

90

80-

Ozone/UVA Ozone/UVA/20 ppm 1 h 20ppm Fe(J) + 4h 1 h 10Oppm Fe(I) -f 4h 1 h 200ppm Fe(l) + 4h
Fe(I) Fe(ll)/Ozone/UVA Fe(I)/Ozone/UVA Fe(!)/Ozone/UVA

Figure 3. Comparison of the percentage of TOC reduction and estimated costs per kg of
TOC removal for the ozonation treatments of Figure 2.

In any case, it has to be said that the sequential treatments (pretreatment in the dark with
iron followed with ozone/UVA/Fe(II)) leads to an estimated 35% cost reduction with
the same level of TOC removal than the ozone/UVA treatment.

After such interesting result other experiments were carried out in order to achieve even
higher cost reductions. In this way a longer time pretreatment in presence of UVA light
was carried out. As can be seen in figure 4 pretreatments in the presence of iron and
under light irradiation bring larger slopes of TOC removal during the subsequent
ozonation step if compared with pretreatments carried out without irradiation. At the
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end of the experiments (with and without previous irradiation) similar levels of TOC
removal are obtained.

30 60 90 120 150 180

time (min)

210 240 270 300

Figure 4. Percentage of TOC reduction vs. under several experimental condition:
ozonation under UVA irradiation (—); ozonation under UVA irradiation in
presence of 20 mg-L1 ofFe (II) (+); 20 mg-L'1 Fe(ll) solutions stirred during two
hour without irradiation followed by three hours ozonation under UVA (9); 20
mg-L'1 Fe(II) solutions stirred during two hour under irradiation followed by
three hours ozonation under (M); 20 mg-L'1 Fe(II) solution stirred during three
hour under irradiation followed by two hours ozonation under UVA (A). pH=3,
T=25 "C.

Pretreatments longer than one hour time give better results, but even longer
pretreatment times could bring detrimental effects. As can be seen in figure 4 two hours
pretreatment seems to yield higher TOC removal, but a comparison of the estimated
cost of treatment should be performed before further conclusions are taken. This is done
in figure 5. The sequential experiment with two hours dark pretreatment followed by
three hours treatment with the ozone/UVA/Fe(II) mixture produced around a 40% cost
reduction for the same order of TOC removal than ozone/UVA treatment.

The same sequential experiment with irradiation pretreatment reached even higher cost
reduction, around 50 % for the same order of TOC removal. Consequently, the presence
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of UVA irradiation in the pretreatment step lead to interesting results. A reduction of
50% in the cost process is high enough to be taken into account.

n 1 r
Ozone/UVA Ozona/WA/Fè(ll) 2hFe(l)+3h 2h Fe(II)/UVA + 3h 3h Fé(H)/UVA + 2h

Fe{ll)/OzoneAJVA Fe(H)/Qzone/UVA Fe{S)/Ozone/UVA

Figure 5. Comparison of the percentage of TOC reduction and estimated costs per kg of

TOC removed after various ozonation treatments in presence of 20 g.L'1 of iron

5 hours treatment.

The three hours pretreatment under UVA irradiation and in presence of iron, produced
60% estimated cost reduction, the highest among the experiments compared, but it
should be said that TOC removal is around 10 % lower than in the other sequential
experiments included in figure 5. The choice of two or three hours pretreatment will be
a specific decision for every particular case.

COD decrease in all the treatments summarized in figure 4 is at least around 80 %,
reaching 90 % removal in the following experiments: ozonation under UVA irradiation;
ozonation under UVA irradiation in presence of 20 mg-L"1 of Fe (II); two hour stirring
of 20 mg-L*1 Fe (II) solutions under irradiation followed for three hours ozonation under
UVA irradiation in presence of 20 mg-L"1 of Fe (II).

The interesting conclusions obtained in the last experiments and the fact that ozone
reacts very efficiently with aromàtics compounds30 leads to application of such
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treatments to a model polychlorinated phenolic compounds: 2,4-dichlorphenol. The
choice of this compound was based on its detection in the spectrophotometric analyses
of the bleaching effluents and the fact that it is normally cited in the literature16'19 as
typical component of such wastewaters.

Table 3 summarizes the global analytical parameters of the 2,4-dichlorphenol synthetic
sample prepared in the laboratory. Since the increase of iron load during the treatments
has no particular effect upon the amount of TOC removal, while the presence of light
during the pretreatments brings better result than without irradiation, the experiments
carried out with the synthetic sample were carried out with a constant iron load of 20
ppm and the sequential treatments were performed with light driven pretreatments.

Table 3. Initial characterization parameters of the 2,4-dichlorphenol.

Parameter

TOC (ppm)
COD (mg-U1 O2)
Color (mg-U1 Pt)

Value

106±1*
250±4*
12±f

*(n = 4, a = 0.05)

Particular attention was paid to the time of pretreatment and the effect of the presence of
iron. Figure 6 summarize the evolution of TOC during the 90 minutes treatment applied
to the synthetic solutions.

In concordance with the behavior observed with the industrial bleaching Kraft effluents
the presence of iron in the ozone/UVA treatment of the synthetic sample brings an
interesting improvement of the process. In presence of iron the COD goes all the way to
zero after the 90 minutes treatment while TOC removal is higher than 90%. Sequential
treatments bring again outstanding results. In both cases TOC removal is higher than in
ozone/UVA treatment. Again longer times pretreatment, that bring a decrease of ozone
demand, slightly reduce TOC removal. Removals of COD are higher than 95 % in all
the cases.
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45
time (min)

Figure 6. Percentage of TOC reduction vs. time in a 90 minutes treatment of the synthetic
2,4-dichlorophenol sample under several experimental condition: ozonation
under UVA irradiation (—); ozonation under UVA irradiation in presence of 20
mg-L'1 of Fe (II) (+); one hour stirred 20 mg-L'1 of Fe (II) under irradiation
followed for 30 minutes ozonation under UVA irradiation in presence of 20 mg-L'
1 ofFe (II) (9); 30 minutes stirred 20 mg-L'1 ofFe (II) under irradiation followed
for one hour ozonation under UVA irradiation in presence of 20 mg-L'' ofFe (II)
(m);pH=3, T=25°C.

A comparison between the estimated cost of the experiments is summarized in Figure 7.
Even the simple addition of iron increases the TOC removal while reducing the
estimated cost and, consequently, sequential processes render better results. Both
process sequences reach higher TOC removal than ozone/UVA treatment and similar
level than the ozone/UyA/Fe(II) process, around 90 %. On the other hand, in both cases
the estimated cost is lower, reaching 70 % cost reduction when a pretreatment of one
hour is carried out.
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100-
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80-

70-

60-

50-

40

30-

20-

10

0
Ozone/UVA Ozone/UVA/Fe<ll) 30' Fe(ll)/UVA + 1h 1hFe(IO/UVA-t-30'

Fe{ll)/Ozone/WA Fe(l)/Ozone/WA

Figure 7. Comparison of the percentage of TOC reduction and estimated costs per kg of
TOC removal of various ozonation treatments of the synthetical 2,4-
dichlorophenol sample in presence of 20 mg-L1 of iron. 90 minutes treatment.

To sum up, similar conclusions that the one obtained with the real bleaching mill
wastewater can be derived. Moreover, the results obtained for the synthetic sample are
even better than the observed in the real bleaching effluent.

Conclusions

The presence of iron ions in solution when an ozone/UVA treatment of a bleaching mill
wastewater is carried out not only generates large rates of TOC removal (90%), but also
a 15% of estimated cost reduction. Sequential processes bring noticeable cost
reductions. One hour pretreatment under dark condition reach estimate cost reduction of
35% with the same level of TOC removal than ozone/UVA process.

The previous irradiation of the wastewater in presence of iron clearly improves the
destruction of the subsequent ozonation step. Maximum estimate cost reduction, 50 %,
without decrease in TOC removal is obtained with a 2 hours previous irradiation of the
sample in presence of 20 mg-L"1 of iron, followed by 3 hours of ozonation in presence
of iron and irradiation. Longer pretreatment, 3 hours, decreases the cost up to 60 % with
a detrimental effect of 10 % decrease in TOC removal. Iron price has not any noticeable
effect in the estimate cost reduction.
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Similar conclusions were obtained with the synthetic 2,4-dichlorophenol sample
investigated. A 70 % cost reduction is obtained when a pretreatrnent of one hour with
20 ppm of iron under irradiation is followed by 30 minutes of ozonation. In this case
TOC removal is 90 % and COD reduction 95 %.
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Abstract

The degradation of the organic content of a bleaching kraft mill effluent has been
carried out by using Fenton reagent and irradiation providing the conditions needed for
the simultaneous occurrence of Fenton and photo-Fenton reactions. The main
parameters that govern the complex reactive system, i.e., light intensity, temperature,
pH, Fe(II) and HaOa initial concentrations, and Û2 presence in solution have been
studied. Concentrations of Fe(II) between 0 and 800 ppm, and Ü2O2 between 0 and
10000 ppm were chosen. Temperatures above 25 °C and up to 70 °C have a beneficial
effect on TOC decay rate. The presence of small amounts of Oa seems to be enough to
ensure the reaction progress. The combination of Fenton and photon-Fenton reactions
has been proved to be highly effective for the treatment of such a type of wastewaters,
and important advantages concerning the application of this combination of reactions
arise from the study.
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Introduction

The pulp and paper industry produces large quantities of bleaching effluents that are
highly colored and contain large concentrations of organic matter. Most of these
contaminants are difficult to eliminate by conventional wastewater treatment processes

[1-3].

Nowadays, chemical treatment methods known as Advanced Oxidation Processes
(AOPs) have been used for pollutant abatement due to the high oxidative power (2.8 V
vs. NHE) of the OH radical, the main reactive species generated by such processes. The
most widely known AOPs include: heterogeneous photocatalytic oxidation [4-9],
treatment with ozone (often combined with H2O2, UVA, or both) [10-16], H2O2/UV
systems [17,18], Fenton [18-20], and photo-Fenton type reactions [21-23].

The high electrical energy demand or the consumption of chemical reagents are
common problems among all the AOPs [3]. Either generation of Oa or the production of
photons by artificial light sources require an important energy input. However not all
photoassisted processes require light with the same wavelength and energy. While direct
03 or H2O2 photolysis need photons of short wavelength (<310 nm), TiO2

photocatalysis can take advantage of photons of wavelengths up to 380 nm [4], and
photo-Fenton reactions can use photons with wavelength close to 400 nm. The mixtures
Fe(III) + H2O2 (known as Fenton like reactions [17]) have shown photon absorption up
to 550 nm [24,25]

As can be seen, photo-Fenton reaction can be driven with photons of low energy,
photons that belong to the visible part of the spectrum. Thus, photo-Fenton processes
are a potential cost-reduced AOP that can be run under solar irradiation [23].

In the generally accepted mechanism of Fenton reaction hydroxyl radicals OH- are
produced by interaction of H2O2 with ferrous salts

Fe(ll) + H2O2 -» Fe(III) + OH' + OH~ k = 76.5 L-molV (1)

Fe(III) can react with H2O2 in the so-called Fenton like reaction:

Fe* + H2O2 ^Ü FeOOH2+ +H+ k= 2.0-10-3 L-morV (2)

Fe - OOH ̂  -> HO: + Fe2+ (3)
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Fe3+ + HO\ -> Fe2+ + O2 + H + (4)

regenerating Fe(II) and thus, supporting the Fenton process [17].

The rate of degradation of the organic pollutants by Fenton reaction could increase
when an irradiation source is present. The positive effect of irradiation on the
degradation rate is due to the photoreduction of Fe(ni) to Fe(II) ions, a step that
produces new OH- radicals and regenerates Fe(II) ions that can further react with more
HaOa molecules. The photoreduction of Fe(III) follows the equation:

FeOH2+ + h v -> Fe2+ + OH ' (5)

with Fe(OH)2"1" being the dominant Fe(III) species in solution at pH 2-3. Recently, it has
been proven that the irradiation of Fe(III)+H2O2, also called photo-Fenton reaction,
enhances the reaction rate of oxidant production, through the involvement of high
valence Fe intermediates responsible for the direct attack to organic matter [25,26].
Absorption of visible light by the complex formed between Fe(ni) and I^Oa seems to
be the cause of formation of such high valence Fe-based oxidants.

In the present paper we have undertaken the study of the oxidation of the organic
compounds present in a typical bleaching kraft mill effluent (BKME), by Fenton and
Photo-Fenton reactions, in order to establish the efficiency of both AOP for the
treatment of such wastewaters. The role that several experimental parameters like pH,
temperature, light intensity, and reagent concentration have on the reaction yields has
been examined.

Experimental

The effluents used in the present research were supplied by a Spanish paper
manufacturer, and obtained from the chlorination step of the bleaching sequence
(D2oC8o)(EO)DiD2 applied to kraft paper pulp of Eucalyptus globulus (90%) and
Eucalyptus grandis (10%). In order to reduce the initial level of organic contaminants
hydrolysis of the wastewaters with Ca(OH)2 (pH=12, 1 hour) was carried out.

The rest of the chemicals used were, at least, of reagent grade. Analytical grade
hydrogen peroxide and heptahydrated ferrous sulfate were purchased from Panreac and
Aldrich, respectively and were used as received. Solutions were prepared with
deionized water obtained from a Millipore Mili-Q system.
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Experiments were conducted in a thermostatic cylindrical Pyrex cell of 130 cm3

capacity. The reaction mixture inside the cell, consisting of 100 ml of aqueous sample
and the precise amount of Fenton reagent, was continuously stirred with a magnetic bar.
In the majority of the experiments the temperature was maintained at 25.0±0.1°C. A 6 w
Philips black-light fluorescent lamp and a 250 W xenon lamp (Applied Photophysics)
were used as light source. The IR fraction of the xenon light beam was removed by the
water in the double jacket of the photoreactor. The intensity of the incident light inside
the photoreactor, measured employing a uranyl actinometer, was 1.38-10"9 Einstein-s'1

for the fluorescent lamp and 7.55-10"8 Einstein- s"1 for the xenon lamp. Neutral density
filters were used to modify the light intensity, and a Si photocell was used to measure it.

Total organic carbon (TOC) of initial and irradiated samples was determined with a
Shimadzu 5000 TOC analyzer. Color determination of the initial sample was carried out
in a double beam SP8-300 Pye Unicam spectrophotometer at the wavelength of 465 nm,
using 10 mm light path cells, according to standards of the CPPA [27].

Identification of some chemical constituents of the wastewater was attempted by means
of GC-MS. A HP 6890 gas Chromatograph equipped with a quadrupole HP 5973 mass
selective detector was used. One liter of the sample was filtered with a Speedisk®
membrane (J.T. Baker) following the EPA 525 procedure. Samples were reconstituted
to 100 U.L in dichloromethane and 1 \iL was injected into the GC. Sample injection was
carried out with a 0.6 min of splitless time, at 250 °C. The carrier gas flow rate in the
GC was 1.3 mL. min"].A capillary column HP-5MS (5% Phenyl Methyl Siloxane) with
the following dimensions 30 m, 250 u,m, 0.25 urn was used. The temperature program
used during the GC-MS analysis ramped as follows: 70 °C (3 min), S^.inin"1 until 270
°C (30 min). The MS analysis was carried out with ionization of electronic impact (70
eV), and the spectra were recorded in the interval 40 - 600 amu. Identifications were
carried out with the aid of the data base library WILEY (275,000 spectra) and NIST
(130,000 spectra).

142



Submitted for publication in Applied Catalysis B .-Environmental

Results and discussion

Table 1 summarizes the main features of the wastewater (color, COD and TOC) after
alkaline hydrolysis pretreatment.

Table 1. Initial characterization parameters of the bleaching Kraft mill effluent after
hydrolysis pretreatment.

Parameter Value

TOC (ppm) 441±8*
COD (mg-U'Oz) 1384±24*
Color (mg-u'Pt) 197±25*

*(n = 4, a = 0.05)

A qualitative analysis of the effluent by GC-MS allows determination of the structure of
some low molecular weight compounds present in the effluent. The mass spectra and
the identified structures are shown in Table 2 and Figure 1, respectively.
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Table 2. Low molecular weight compounds identified in the bleaching Kraft mill effluent

after hydrolysis pretreatment.

#" rtb mol wt main fragments m/z (relative abundance)

1 10.09 162 166 (10), 164 (61), 163 (8), 162 (100), 126 (8), 100 (14), 99 (16), 98

(32), 63 (33), 62 (13), 61 (7)

2 15.03 196 200 (15), 198 (49), 196 (51), 162 (7), 160 (7), 158 (5), 132 (12), 99

(15), 97 (31)

3 18.25 192 196 (14), 194 (50), 192 (78), 181 (15), 179 (75), 177 (100), 151 (42),

149(75), 113(46)

4 20.60 226 230 (16), 228 (48), 226 (52), 215 (31), 213 (96), 211 (100), 187 (13),

185 (45), 183 (51), 149 (34), 147 (54), 121 (13), 119 (20)

5 24.88 260 266 (8), 264 (34), 262 (70), 260 (55), 251 (11), 249 (49), 247 (100),

245 (81), 223 (18), 221 (24), 219 (48), 217 (33), 185 (7), 183 (28),

181 (30)

6 25.16 256 260 (29), 258 (95), 256 (100), 245 (19), 243 (63), 241 (67), 215 (27),

213 (30), 202 (19), 200 (60), 198 (65), 197 (28), 195 (28)

'compound number. bretention time, min.
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1: 2,4-dichlorophenol 2: 2,4,6-trichlorophenol

OH

OCH3

3: 3,6-dichloroguaiacol 4: 4,5,6-trichloroguaiacol

OCH3

OCH3 T OCH3

CI

5: tetrachloroguaiacol 6: trichlorosyringol

Figure 1. Structures of some low molecular weight compounds identified by CG-MS

analysis of the bleaching effluent after hydrolysis treatment.
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All the substances found show a high degree of chlorination. This agrees with
structures reported by other authors [28,29]. Also, a large number of unidentified
compounds (some of them are long chain carboxylic acids) appear in the chromatogram,
although they are not included in table 2. The GC-MS analysis of the effluent after 30
minutes of irradiation and treatment with 450 ppm of Fe(n) and 7500 ppm of F^C^ ,
when TOC reduction is around 60 %, indicates the total removal of the low molecular
weight chlorinated compounds initially found in the sample. This remarkable finding
indicates that, for larger reaction times and higher TOC degradations, the chlorinated
compounds should have disappeared. The lack of chlorinated compounds after
treatment of this type of wastewater reduces the level of contamination and increases
the biodegradability of the effluent [30].

Decrease of organic concentration with time due to oxidative degradation of the paper
pulp bleach effluent content by Fenton and Photo-Fenton reaction is shown in Figure 2.

550

500

150
60 90 120 150 180

time (min)

210 240 270 300

Figure 2. TOC of the paper pulp effluent vs. reaction time for several experimental
conditions: 5000 ppm of H2O2 in the dark (+);5000 ppm of H2O2 under UVA
irradiation (M); 10000 ppm of H2O2 in the dark (A); 10000 ppm of H2O2 under
UVA irradiation (0). [Fe(Il)]0=100ppm, pH=3, T=25 °C.

As can be seen, the increase of H2Û2 concentration and the use of UVA light improve
the reaction rate. Nevertheless, during the first 15 minutes of reaction no significant
differences arise between the amount of TOC mineralized in the dark and under
illuminated reactions. This fact can be explained by considering that the initial TOC
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decrease is mainly due to the dark Fenton reaction, which is faster than Fenton-like [17]
or photo-Fenton reactions [24]. With Fe(II) being the limiting reactant, the four
experiments should proceed at the same initial reaction rate as long as Fe(II) is
available. Under the experimental conditions tested here, Fe(II) consumption takes place
in few seconds, producing the majority of TOC decrease observed after 15 minutes of
reaction (when the first samples were taken). Thus, for these short reaction times no
effect of HaO2 concentration or presence of light are noticed.

For long reaction times important differences arise between the four experiments, the
best results being obtained in the presence of light, even with the low photon output
produced by the black UVA light. The two experiments carried out in the dark are very
similar, and only for reaction times above 210 minutes differences between them are
detected. Dark reaction rates after Fe(II) consumption are controlled by the Fenton-like
process between HiC^ and the Fe(III) formed in the first seconds of direct Fenton
reaction. The Fenton-like process regenerates Fe(II) (see reactions 2-4) which, in
presence of excess HbO2 is readily transformed giving Fe(III). Thus, an effective iron
cycling takes place, with approximately constant Fe(ni) concentration, traces of Fe(II),
and a fairly constant oxidant intermediate production. The almost zero order TOC
decrease shown in figure 2 for dark experiments agree with these theoretical
predictions. Only at the end of the reactions, when a large amount of the initial F^Oa
has been consumed, the reaction rates begin to differ, being faster the experiment with
the larger initial concentration. Pignatello et al. [17] have shown that complete
mineralization is hard to achieve under dark Fenton conditions, a fact that is in
agreement with the present experimental findings. It is interesting to notice that the rate
of TOC removal remains constant in the experiment with 5000 pppm of HaOi, while
there is a clear increase on reaction rate when for 10000 pppm of H2O2 initial
concentration. This can be explained by the fact that TOC removal is not directly related
to oxidant production rate, being faster as the average oxidation number of carbon in the
organic mixture approaches +4, i.e., when the chemical structure of the oxidation
intermediates are closer to

UVA irradiation improves TOC removal, allowing degradation of more than 60% of
initial TOC at 300 minutes. Light can play two different roles that will lead to an
improvement of the reaction yields: a) it drives photo-Fenton reaction, producing extra
hydroxyl radicals and the recovery of Fe(II) needed in Fenton reaction. The photo-
Fenton reaction may involve direct photolysis of ferric ion (equation 5) or photolysis of
Fe(III)-peroxy complexes or any of their potential intermediates [25]. b) it can drive
ligand to metal charge transfer in the potentially photolabile complexes formed by
Fe(III) and organic compounds, a process that has been well proven for the complexes
formed between Fe(III) and the carboxylic acid moiety [31]. Large quantities of
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carboxylic acid are expected to be formed as degradation intermediates of the original
organic substrate.

The intensity and the wavelengths emitted by the light source are key conditions when
trying to describe the participation of the light driven reactions. It is specially
interesting, from the application point of view, the possibility of using solar light. The
differences in TOC removal when three different light sources are used can be seen in
figure 3. The low intensity UVA lamp, emitting a small number of photons, gives de
worst results while the sunlight seems to bé more effective that the Xe lamp. An
assessment of the number of photons with wavelengths below 400 nm coming from the
Xe lamp and from the sun and entering the reactor showed a difference of one order of
magnitude, with the sun photons being more concentrated. Thus, among the light
sources tested, solar light has the largest fraction of photons with the energy needed to
drive the photoreactions involved in the present reactive system.

500

60 120 180
time (min)

240 300

Figure 3. TOC decay vs. reaction time when using different light sources. UVA light and
25 "C (+); UVA light and 40 "C (0); solar light (M);Xe light and 25 °C (A); Xe
light and 40 °C(#). [H2O2io=10000ppm, [Fe(ll)]0=100ppm,pH=3.

Nevertheless, figure 3 also shows an interesting dependence of the reaction rate with
temperature. In the experiments with UVA light the reaction rate improved when raising
the temperature from 25 to 40 °C. The use of Xe light produced the same result. Due to
the experimental setup the experiment with solar light was carried out at a single
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temperature oscillating between 35 and 40 °C, thus the large reduction of TOC attained
in that experiment could be a consequence of both, the number of photons and the
temperature.

Experiments with the same light source (Xe lamp) and different light intensities
entering the reactor were also conducted. As can be seen in figure 4 no differences exist
between the reaction in the dark and the reaction irradiated with approximately the 25 %
of the full lamp output. Thus, under such a low photon input the photon-Fenton reaction
and any other photochemical pathway taking place are not important in front of the
Fenton-like reaction. Intensities of 50 and 80% show an improvement in the reaction
yield, especially for long reaction times. The experiment corresponding to 100%
intensity involves a large TOC decrease during the first 30-60 minutes of reaction, but
experiments with 50, 80 and 100% of the total intensity end up at similar TOC values.
All the samples at the end of the experiments became colorless. The shapes of the
curves in figure 4 seem to indicate the existence of remaining organic matter in solution
(around 50 ppm) that is difficult to eliminate. This is also seen in figure 3 where
experiments at higher temperatures (40 °C) are also enclosed.

60
lime (min)

90 120

Figure 4. Effect of light intensity on TOC removal. Intensities are measured as a
percentage of the total Xe lamp output: 100% (+); 80% (f); 50% (#); 26% (A);
0% (0). [H2O2]o=10000 ppm, [Fe(II)]0=100ppm, pH=3, T=25 °C.
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In order to check the effect that temperature could have upon the residual TOC a set of
experiments (shown in figure 5) at three different temperatures (25, 40 and 70 °C), in
the dark and under irradiation of the Xe lamp were carried out. As can be seen, when
the experiment was carried out at 70°C, levels of TOC removal over 70 and 80% were
attained after just 15 minutes of reaction, both in the dark and under irradiation. Thus, at
high temperature the system has similar reaction rates, both in Fenton and Fenton-foto-
Fenton conditions. Since the 100 ppm of Fe(II) cannot directly produce enough OH-
radicals to account for the level of TOC removal, the acceleration of Fenton reaction
with temperature is not the only cause of such an observation. The temperature seems to
be assisting alternative ways of HaOa cleavage and OH- formation, or Fe(II) recovery.
Blanks experiments showed that neither the irradiation nor the temperature could alone
produce noticeable decreases of TOC, the simultaneous presence of Fe(II) and H2O2
being always necessary. However, the same persistent organic fraction (50 ppm of
TOC) remains in solution even at 70 °C. In all the experiments, the color of the samples
at the end was reduced more than 90 %. In any case, temperature is a key parameter that
has to be taken into account, especially for those applications where TOC removal rate
can be increased by using low cost heat (heat exchangers, co-generation, etc.).

600

500

60 90

time (min)

120 150 180

Figure 5. Effect of temperature on TOC removal. 25 °C in the dark (+); 25 °C under Xe
lamp irradiation (A); 40 °C in the dark (9); 40 "C under Xe lamp irradiation
(*); 70 "C in the dark (—); 70 "C under Xe lamp irradiation (M). [H2O2]o= 10000
ppm, [Fe( 11)]o=} 00 ppm, pH=3.
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It is likely that the performance of such a complex reactive system is a function of pH,
as expected from equations 1 to 5. However, each reaction has its optimum performance
at different pH values: nearly pH independent for the Fenton process [17], optimum at
pH 2.8 for the Fenton-like reaction [17], and clearly pH dependent for photo-Fenton
reaction [25]. Data concerning TOC degradation of paper mill effluents at several pH is
presented in figure 6. As can be seen the fastest removal of TOC takes place at pH=2.8.

60

time (min)

Figure 6, Effect ofpH on TOC reduction. Experiments carried out with the Xe lamp
at different pH: 1.5 (+); 2.8 (—); 5 (*); 8 (A); 10 (M); 12 (0).
[H2O2] o=10000 ppm, [Fe(II)] o=100 ppm, T=25 °C.

An acid media (pH=1.5) or a neutral-basic media (pH=8) slow down the process. The
low activity detected for high pH values can be explained by the formation and
precipitation of Fe(OH)3, a process that hampers the development of photo-Fenton
reaction. The decrease of activity for pH values below the optimum is understandable
taking into account that Fe (III) forms different species in solution, and the quantum
yield of light absorption by Fe(III) is directly depending on the specific species
responsible for the absorption.

The main species at pH 2-3, Fe (OH)2+(H2O)5, is the one with the largest light
absorption coefficient and quantum yield for OH* production, along with Fe(II)
regeneration, in the range 280-370 nm [32]. At lower pH, where Fe3+(H2O)6 is more
concentrated, the effectiveness of light absorption, regeneration of Fe(II) and,
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eventually, TOC degradation is lower. For larger pH Fe(OH)2+(H2O)4 dominates, but
the solution becomes unstable with Fe(OH)3 precipitation [32]. On the other hand, the
pH during the reactions always evolved toward the optimal pH value (approximately 3).
Larger reductions of solution color have been detected for reactions with pH closer to 3.
The experiment carried out at pH=2.8 ended up with a completely colorless solution.

Although Fenton reaction has been widely studied, there is not agreement on the ratio
[H2O2]/[Fe(II)] that gives the best results. Many authors have reported the use of
different ratios of the two reactants. For instance Eisenhauer [33] used 3:1:1 ratios
(H2O2/Fe(II)/Phenol) for an efficient oxidation of phenol. Sedlak et al. [34] used a
1:4:20 ratio (H2O2/Fe(II)/Chlorobiphenyls) in their oxidation experiments. Molar ratios
of H2O2 as high as 100:1:16 (H2O2/Fe(II)/Clorophenols) were used by Barbeni et al.
[35]. Tang et al. [22] reported an 11:1 ratio of H2O2/Fe(II) for 2,4-Dichloropheno!
degradation. Ruppert et al. [20] used a 40:1:4 ratio of H2O2/Fe(II)/4-Chlorophenol in
their studies. Bauer et al. [3] used 400:1 molar ratios (H2O2/Fe(II)) when treating real
wastewater. Esplugas et al. [19] used in their experiments (H2O2/Fe(II)) ratios from
5000:1 to 50:1 ppm, and the results presented so far in this paper were obtained with
100:1:50 ppm ratios (H202 / Fe(II) / Wastewater). Large excess of H2O2 or Fe2"1" might
be detrimental, since these species can react with some of the intermediates like OH*,
responsible of the direct oxidation of the organic load:

Fe(II) + OH ' -> Fe(IH) + OH~ (6)

H202 + OH' -» HOI + H2° k = 2-7-10? L-moF'-s'1 (7)

precluding the extent of mineralization. Thus, in order to check the effect that different
reagent ratios have on the reactions, experiments with several H2O2/Fe(II) ratios were
conducted. Figure 7 shows that, in general, large initial quantities of iron in solution
produces increasing rates of degradation. Although during the first minutes the reaction
with more Fe(II) proceeds at a faster rate, at long reaction times the experiment with
800 ppm of Fe(II) produces a TOC decay that is slightly minor than the one obtained
with 400 ppm. This change on behavior with time can be explained by taking into
account that Fenton reaction, which is completed after few seconds, benefits from a
larger Fe(II) load, while detrimental reactions like 6 and 7, due to the low concentration
of OH*, need more time to manifest, and their effects only appear for long enough
reaction times, when they compete with slower reactions as Fenton-like, photo-Fenton,
photochemical processes, etc.
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Figure 7.

30 60
time (min)

90 120

Effect ofFe(II) doses on TOC reduction. The initial concentrations ofFe(H) were

as follows: 25 ppm (+); 50 ppm (*); lOOppm (—); 200 ppm (0); 400 ppm
800 ppm (A). [H2O2J o=l 0000 ppm, pH=3, T=25 "C.

On the other hand, the use of large quantities of Fe in solution has a negative effect
from the applied point of view, since it implies the need of an additional treatment step
for Fe removal. Figure 8 contains data concerning experiment with several initial HaOa
doses. In this case it is clear that increasing amounts of H2O2 lead to larger TOC
removal, with no detrimental effects detected for the highest H2U2. Nevertheless, the
small difference between the TOC removal attained with 5000 and 10000 ppm of H2O2

indicates that improvements of reaction rate may not be worth the large loads of oxidant
expended. It is interesting to note that, for the least tkOa concentrated experiments the
TOC removal slows down to few ppm per hour, showing that, even for Fenton-photo-
Fenton systems large enough concentrations of HaO2 are essential. In both sets of
experiments (figures 7 and 8) the color was totally eliminated at the end of the reactions.
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45

time (min)

Figure 8. Effect offyOi doses on TOC reduction. The initial concentrations 0/7/202 were
as follows: 10000 ppm (+); 5000 ppm (M); 2500 ppm (A); WQOppm (*); Oppm
(9), [Fe(Il)]0=100ppm, pH=3, T=70 °C.

It has been reported that bubbling of molecular oxygen can help the mineralization
reactions by incorporating the new oxidant into the complex reaction mechanism of the
Fenton-photo-Fenton systems [36]. Oa consumption can be due to three different
reasons [17]: a) Û2 reacts with intermediate organoradicals [37] to form photolabile
Fe(III) complexes, thus promoting overall mineralization; b) the reaction between Û2
and the intermediate organoradicals generates Ü2O2 by the "Dorfman" mechanism:

R' -t- 02 -> RO; H,O
(8)

H+ HO'2+e (9)

with Fe(II) acting as electron source [37]; c) the intermediate hydroperoxides and
organoperoxides serve to oxidize Fe(II) to Fe(III):

RO'2 (10)

which is photoactive. In any case, direct oxidation of Fe by 02 (autoxidation) is too
slow in acidic solution to be important [17].
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Experiments were carried out in order to check the effect of Oa bubbling through the
solutions Figure 9 shows that no appreciable improvements are obtained when the
oxidations were performed under an Oa rich atmosphere.

350

300

250

200

150 •{

100

50

0

30 60 90

time (min)

120 150 180

Figure 9. Effect of O2 bubbling on TOC reduction: in absence of air bubbling (M); in

presence of air bubbling (+). [H2O2]0=10000 ppm, [Fe(ll)]0=100 ppm, pH=3,

T=25 "C.

Two tentative explanations are given for this experimental behavior: a) Fenton, Fenton-
like, and photo-Fenton reactions are catalyzed decomposition of HaOa to Oa and HaO.
Thus, Oa is always present in the system and air bubbling do not affect its
concentration; b) the solutions are Oa saturated, even for the lowest Oa flow rates.

Conclusions

The degradation of the organic content of a bleaching Kraft mill effluent has been
successfully carried out by simultaneously applying Fenton and photo-Fenton
conditions. From the data is it clear that, under the specific experimental conditions of
the work, Fenton reaction applies during the very first seconds, while photo-Fenton,
Fenton-like, and other potential photochemical processes are only important after
several minutes. Irradiations were done with different light sources, being more
effective those with larger photon output below 400 nm. Solar light irradiation turns out
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to be particularly efficient. Temperature is a key parameter, markedly increasing
reaction rates, although a residual TOG persisted and could not be eliminated even at
high temperature. pH=3 is the optimal value for the simultaneous concurrence of all
reactions. Initial concentrations of Fe(II) in solution above 400 ppm were found to be
detrimental, while up to the values tested in this work the reactivity was larger the
higher the concentration of H2Û2. Finally, the bubbling of Û2 through the solutions does
not improve the reaction yields, suggesting that for the studied systems and under the
specified conditions C>2 saturation is always achieved. The irradiation of the reaction of
mineralization of Kraft paper mill effluents with Fenton reagent and the occurrence of
photo-Fenton and photochemical reactions has clear advantages from the applied point
of view, advantages that are outlined through the text.
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Abstract

Multivariate experimental design was applied to the treatment of a cellulose
conventional bleaching effluent in order to evaluate the use of the Fenton reagent under
solar light irradiation. The effluent was characterized by the general parameters TOC,
COD and color, and it was analyzed for chlorinated low molecular weight compounds
using GC-MS. The main parameters that govern the complex reactive system: Fe(II)
and H2Û2 initial concentration, and temperature were simultaneously studied. Factorial
experimental design allowed to assign the weight of each variable in the TOC removal
after 15 minutes of reaction. Temperature had an important effect in the organic matter
degradation, especially when the ratio of Fenton reagents was not properly chosen.
Fenton reagent under solar irradiation proved to be highly effective for these types of
wastewaters. A 90% TOC reduction was achieved in only 15 minutes of treatment. In
addition, the GC-MS analysis showed the elimination of the chlorinated organic
compounds initially present in the studied bleaching effluents.

keywords: Cellulose bleaching effluent, chlorinated phenols, experimental design,
Fenton, Fenton-like and Photo-Fenton reactions, solar irradiation.
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Introduction

Wastewaters generated by the bleaching of paper pulp contain large concentrations of
organic matter [1]. The chlorinated phenols and polyphenolic compounds present in
these types of effluents have been a source of environmental, concern due to their
toxicity, bio-accumulation and carcinogenic potential [2,3]- This carcinogenic potential
is higher with an increase in the number of chlorine atoms per molecule [4,5].

Worldwide kraft mill industry uses two approaches to comply with increasingly strict
pollution control regulations. The first approach employs in-plant process modifications
such as extended delignification and substitution of elemental chlorine in the bleaching
stage. When molecular chlorine is replaced by chlorine dioxide in the ECF (Elemental
Chlorine Free) bleaching process, the amount of chlorinated phenols formed decreases
[3]. However, small amounts of chlorinated phenols remain in solution even in a
dioxide chlorine ECF bleaching sequence.

The second approach involves the treatment of wastewaters by physical-chemical
processes including chemical oxidation (i.e. ozone). Also, both aerobic and anaerobic
biological treatment schemes have been applied to individual process and total plant
wastewaters. However, in the presence of toxic or recalcitrant compounds the biological
treatments may be inhibited or simply the microbiological flora destroyed.

Recently, advanced oxidation processes (AOPs) have been applied in order to reduce
the organic load of cellulose mill effluents. AOPs utilize the high oxidative power (2.8
V vs. NHE) of the OH* radical, the main reactive species generated by such processes.
The most widely known AOPs include: heterogeneous photocatalytic oxidation [6-15],
treatment with ozone (often combined with HaOi, UVA, or both and even with
heterogeneous photocatalytic processes) [16-27], Fen ton [28-31] and Photo-Fenton type
reactions [31-34].

High electrical energy demand or excessive consumption of chemical reagents are
common problems among all AOPs [35]. However, not all photoassisted processes
require light with the same wavelength and energy. While direct Os or HaOa photolysis
need photons of short wavelength (<310 nm), TÍÜ2 photocatalysis can take advantage of
photon wavelengths up to 380 nm [6], and photo-Fenton reactions can use photons with
wavelength close to 400 nm. The mixtures Fe(III) + H2Û2 (known as Fenton like
reactions [36]) have shown photon absorption up to 550 nm [37,38]. Thus, photo-
Fenton reaction can be driven with low-energy photons in the visible part of the
spectrum. Thus, Photo-Fenton processes are a potentially low-cost cost AOP that can be
run under solar irradiation [34].
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In the generally accepted mechanism of Fenton reaction hydroxyl radicals OH* are
produced by interaction of HiCh with ferrous salts (reaction (1)). Additionally, Fe(IÏÏ)
can react with H2Û2 in the so-called Fenton like reaction (reactions (2)-(4)) regenerating
Fe(II) and thus, supporting the Fenton process [36]:

Fe(II) + H2O2 -» Fe(III) + OH' + OH' k = 76.5 L-mol'V (1)

Fe3+ + H2O2 ̂  FeOOH* + H + k= 2.0-10'3 L-mol'V1 (2)

Fe - OOH2+ -> HOI + Fe* (3)

Fe3+ + HO'2 -» Fe2' + O2 + H+ (4)

The rate of degradation of the organic pollutants by Fenton reaction could increase
when an irradiation source is present. The positive effect of irradiation on the
degradation rate is due to the photoreduction of Fe(III) to Fe(II) ions, a step that
produces new OH" radicals and regenerates Fe(II) ions that can further react with more
HaOa molecules. The photoreduction of Fe(III) follows the equation:

FeOH 2++hv->Fe2++OH' (5)

with Fe(OH)2"1" being the dominant Fe(III) species in solution at pH 2-3. Recently, it has
been proven that the irradiation of Fe(III)+H2O2, also called Fenton-like reaction,
enhances the reaction rate of oxidant production, through the involvement of high
valence Fe intermediates responsible for the direct attack to organic matter [38,39].
Absorption of visible light by the complex formed between Fe(ni) and H2O2 seems to
be the cause of formation of such high valence Fe-based oxidants.

The purpose of this study is to apply Fenton, Fenton-like and Photo-Fenton reactions to
reduce the amount of chlorinated compounds and organic contaminants in an industrial
wastewater. The effluents are produced in the D22C78 stage (22% of C1O2 sustitution) of
the conventional bleaching sequence of kraft pulp coming from 90% of Eucalyptus
globulus and 10 % of Eucalyptus grandis. Oxygen delignificati on (O) previous to the
chlorine bleaching stage (Ü22C78) was applied in order to lower the level of
contamination. The effluents were chosen because their contaminant load is suitable for
treatment and complyment with environmental legislation [40].

Multivariate analysis is an important tool for obtaining valuable and statistically
significant models of a phenomena by performing a minimal number of well-chosen
experiments. With a determined number of assays information regarding the importance
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of each variable and the interaction effects between them can be obtained. Using this
technique, it is possible to assess the conditions that will yield the most desirable
response. Applications of this statistical methodology have been reported for pulp mill
effluent treatment with heterogeneous photocatalytic oxidation, [15] ozone [41] and in
the Fenton reaction of industrial wastewaters containing aromatic amines [42]. In the
present paper multivariate analysis was used to evaluate the importance of Fenton
reagent concentration, and temperature in TOC removal.

GC-MS analyses of the effluent were performed throughout the course of the reaction to
determine levels of chlorophenol compounds. Even though chlorophenols do not
constitute the major fraction of the compounds contained in the effluent, it is necessary
to eliminate or reduce them due to their high toxicity and the risk they pose to the
aquatic environment.

Experimental

The effluents used in the present research were obtained from the chlorination step of
the conventional bleaching sequence 0(D22C7g)(EO)DiD2 applied to Kraft paper pulp of
Eucalyptus globulus (90%) and Eucalyptus grandis (10%), that was supplied by a
Spanish paper manufacturer. The effluent was stored at - 4°C and used as received.

The rest of the chemicals used were, at least, of reagent grade. Analytical grade
hydrogen peroxide and heptahydrated ferrous sulfate were purchased from Panreac and
Aldrich, respectively, and were used as received. Solutions were prepared with
deionized water obtained from a Millipore Mili-Q system.

Experiments were conducted in a thermostatic cylindrical Pyrex cell of 130 cm3

capacity. The reaction mixture inside the cell, consisting of 100 ml of organic effluent
and the precise amount of Fenton reagent, was continuously stirred with a magnetic bar.
Temperature was maintained at ±0.1°C. Solar irradiation was used as light source. An

O r*

assessment of the light energy below 400 nm entering the reactor gave 5-10" W-cm
(with a presumably larger photon input below 500 nm).

Total organic carbon (TOC) of initial and irradiated samples was determined with a
Shimadzu 5000 TOC analyzer. Color determination was carried out in a double beam
SP8-300 Pye Unicam spectrophotometer at the wavelength of 465 nm, using 10 mm
light path cells and referenced to a Pt-Co standard solution, according to standard H.5 of
the CPPA [43]. Chemical Oxygen Demand (COD) was determined by standardized
methodology (n° 5220 C) [44].
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For the analysis of low molecular weight compounds dissolved in the effluent, a HP
6890 gas Chromatograph equipped with a quadrupole HP 5973 mass selective detector
was used. The GC-MS analysis was carried out with ionization of electronic impact, 70
eV, the spectra were recorded in the interval 40 - 600 amu. One liter of the sample was
filtered with Speedisk® membrane (J.T. Baker) following the EPA 525 procedure.
Samples were reconstituted to lOOjiL in dichloromethane and 1 piL was injected in the
GC. Identifications were carried out with the aid of the data base library WILEY
(275,000 spectra) and NIST (130,000 spectra) and with a customized database
generated in our laboratory.

A capillary column HP-5MS (5% Phenyl Methyl Siloxane) with the following
dimensions 30 m, 250 |im, 0.25 Jim was used. The carrier gas flow rate in the GC was
1.3 mL·min"1.The sample injection was carried out with a 0.6 min of splitless time, at
250 °C. The temperature program used during the GC-MS analysis ramped as follows:
70 °C (3 min), S^-min'1 until 270 °C (30 min).

Results and discussion

Table 1 summarizes the main features of the effluent used in this study. The magnitudes
reveal high color, COD and TOC. The Fenton and Photo-Fenton reactions were applied
to the cellulose bleaching effluent in order to reduce these initial parameters. The
removal of organochlorinated compounds and TOC to yield a regulation-compliant
effluent is the main goal of this study. Should the treatment not yield regulation-
compliant effluents, it is hoped that they will, at minimum, be made amenable to
biological treatment.

Table 1. Initial characterization parameters of the bleaching Kraft mill effluent.

Parameter Value

TOC (ppm)

pH
COD (rng-U1 O2)
Color (rng-U1 Pt)

537±9
1.74±0.08*
1250.5±7*
649±53*

*(n = 4, o= 0.05)

As expected from equations 1 to 5 the complex reactive system is a pH dependent
processes. However, each reaction has its optimum performance at different pH values:
nearly pH independent for the Fenton process [36], optimum at pH 2.8 for the Fenton-
like reaction [36], and clearly pH dependent for photo-Fenton reaction [38]. Data
concerning TOC degradation of paper mill effluents at several pH levels shows that the
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faster removal of TOC takes place at pH=2.8 [31]. A very acid media or a neutral-basic
media slows down the process. The low activity detected for high pH values can be
explained by the formation and precipitation of Fe(OH)3, a process that hampers the
development of photo-Fenton reaction. The decrease of activity for pH values below the
optimum is understandable taking into account that Fe (III) forms different complex
species in solution, and the quantum yield of light absorption by Fe(ni) is directly
depending on the specific specie responsible for the absorption.

Safarzadeh-Amiri, A., et al. [34] studied the predominant iron species in several pH
ranges. The main species at pH 2-3, Fe (OH)2+(H2O)s, is the one with the largest light
absorption coefficient and quantum yield for OH* production, along with the larger
Fe(n) regeneration ability, in the range 280-370 nm [45]. At lower pH, where
Fe3+(H2O)6 is more concentrated, the effectiveness of light absorption, regeneration of
Fe(II) and, eventually, TOC degradation is lower. For larger pH Fe(OH)2+(H2O)4

dominates, but the solution becomes unstable with Fe(OH)s precipitation [45]. On the
other hand, the pH during the reactions evolved toward the optimal pH value
(approximately 3) [31]. Thus, pH 3 was the pH used in all the experiments presented in
this study.

Pignatello et al. [36] have shown that complete mineralization is hard to achieve under
dark Fenton conditions, a fact that is in agreement with previous experimental findings
of our research group [31]. It is also known that light can play two different roles that
will lead to an improvement of the reaction yields: a) it drives photo-Fenton reaction,
producing extra hydroxyl radicals and the recovery of Fe(n) needed in Fenton reaction.
The photo-Fenton reaction may involve direct photolysis of ferric ion (equation 5) or
photolysis of Fe(III)-peroxy complexes or any of their potential intermediates [38]. b) it
can drive ligand to metal charge transfer in the potentially photolabile complexes
formed by Fe(III) and organic compounds, a process that has been well proven for the
complexes formed between Fe(III) and the carboxylic acid moiety [46], Large quantities
of carboxylic acid are expected to be formed as degradation intermediates of the
original organic substrate. Previous reported works [31] show that among the light
sources tested, solar light has the largest fraction of photons with the energy needed to
drive the photoreactions involved in the reactive system. This fact makes advisable to
use solar light as a source of light.

This paper studies the effect of varying temperature and reagent (Fe(n) and H2O2)
concentration in a complex system involving Fenton, Fenton-like and Photo-Fenton
reaction for the degradation of organic matter dissolved in a cellulose bleaching
effluent. The reaction was carried out at room temperature and at progressively
increasing temperatures up to the maximum value of 70°C. The natural temperature of
the effluent depends on the kind of industrial process. This range of variation was

166



Submitted for publication in Applied Catalysis B : Environmental

chosen because the common practice of using heat exchangers and co-generation in the
paper and pulp industries could increase the temperature of wastewaters with very little
cost.

Variations in the magnitude of the Fenton reagent concentration (50 to 450 gL"1 of Fe
(II) and IO3 to IO4 gL'1 of H2O2) were tested. The amounts of Fe (II) and H2O2 used
were in the range normally reported for Fenton and photo-Fenton systems applied to the
degradation of pure compounds or complex effluents. Molar ratios of H2O2 as high as
100:1:16 (H2O2/Fe(II)/CIorophenols) were used by Barbeni et al. [47]. Tang et al. [33]
reported a 11:1 ratio of H2O2/Fe(II) for 2,4-Dichlorofenol degradation. Ruppert et al.
[30] used a 40:1:4 ratio of H2O2/Fe(II)/4-Chlorofenol in their studies. Bauer et. al. [35]
used 400:1 molar ratios (H2O2/Fe(II)) when treating real wastewater. Esplugas et al.
[29] used from 5000:1 to 50:1 ppm ratios (H2O2/Fe(II)) in their experiments, and
previous results reported from our research group involved 100:1:50 ppm ratios (H2O2 /
Fe(II)/Wastewater) [31].

One factor that must be considered is that an excess of H2O2 or Fe2"1" might be
detrimental since these species can react with some of the intermediates like the OH
radical, responsible of the direct oxidation of the organic load, as follows:

Fe(/7) + OH' -> Fe(III) + OH~ k = 3.0-IO8 M'1-s"1 (6)

H2O2 +OH' -> HO¡ + H2O k = 2.7-IO7 L-rnorV (7)

Previous works with Kraft bleaching effluents that have similar contaminant loads and
characteristics have shown that a detrimental behavior is observed when iron
concentration is above 400 ppm [31]. Consequently, in order to check the effect that
different reagent ratios have on the reactions, experiments with several ratios of
H2O2/Fe(II) were conducted following the experimental design.

A factorial experimental design (23) was carried out considering low and high levels for
Temperature (30-70°C), Fe (II) (50-450 g-U1) and H2O2 (103-104 g-U1). Table 2 shows
the description of the experiments and the relation between codified and real
experimental values. Low and high levels are denoted by (-1), (+1) respectively, the
central points as (0). From the values shown in Table 2 and assuming a second order
polynomial model, at least 13 experiments must be carried out to solve the matrix
(including the interaction effects between variables) and the error evaluation.

The matrix was resolved using the software FATORIAL [48]. The percentage of TOC
present after only 15 minutes of reaction was used as the response factor. The
coefficients of the quadratic model in the polynomial expression were calculated by
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multiple regression analysis. These coefficients represent the weight of each variable,
the quadratic effect and the first-order interaction between the coded variables.

Table 2. Factorial experimental design of the waslewaters treated by Fenton and Photo-
Fenton reactions.

Experiment
number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Codified values

Temp.
(°C)

-1

+1

-1

+1

-1

+1

-1

+1

-1.68

0

0

0

-0.25

0.5

[Fe(II)]
(ppm)

-1

-1

+1

-t-1

-1

-1

+1

+1

0

0

0

0

-0.625

-0.25

[H202]
(ppm)

-1

-1

-1

-1

+1

+1

+1

+1

0

0

0

0

-0.666

-0.333

Variable levels

Temp.

(°C)

30

70

30

70

30

70

30

70

16.4

50

50

50

45

60

[Fe(II)]
(ppm)

50

50

450

450

50

50

450

450

250

250

250

250

125

200

[H202]
(ppm)

1000

1000

1000

1000

10000

10000

10000

10000

5500

5500

5500

5500

2500

4000

TOC

% Reduction

17.89

37.18

29.97

27.88

9.92

37.43

82,81

84.23

15.56

83.39

81.56

82.54

54.73

73.80

Equation 8 was obtained for the TOC removal, where Y is the response factor and Xj,
X2 and Xs represent the variable Temperature, [Fe(II)] and [H2O2], respectively. Values
in parenthesis describe the relative error associated to each coefficient. In those cases
where the error was larger than the coefficient, it was eliminated and the variable was
not expressed in the polynomial model. The explained variance for a 95% confidence
level obtained by the F-test is 99.85.

Y (TOC removal, %) = 82.666 (± 1.153) + 6.0678 X , (± 0.68) + 15.40 X 2 (± 0.7067) -
12.7639 X 3 (± 0.7073) - 20.0201 X i 2 (± 0.9093) - 6.0129 X ,X 2 (± 0.7073) ) + 1.372
X ,X 3 (± 0.7066) + 14.5265 X 2X 3 (± 0.70696) (8)
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From the polynomial equation it can be concluded that TOC removal is quite high
during the 15 minute reaction time. For a favorable TOC reduction, the main direct
effects are due to the [Fe(II)] and [F^Oi], but temperature also plays a significant role.
An outstanding positive effect in the interaction between the variables [Fe(n)] and
[H2Û2], (X2Xs) is also observed. The associated effects between temperature and the
Fenton reagent species are also important, especially the interaction between
temperature and Fe (II) concentration (X[X2), which has a negative effect.

The polynomial equation allowed a three-dimensional representation of the phenomena
when one of the studied parameters is fixed. The FATORIAL software [48] was used to
build the response surfaces assuming that the non-fixed parameters are represented in
the abscissa in coded values while the removal percentage of TOC after 15 minutes of
reaction is shown in the ordinate.
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Figure 1. Three-dimensional representation of the response surface for the percentage of

TOC removal after 15 minutes of reaction. Fe (II) and H2O2 loads are

represented in coded values in the abscissa while the removal percentage is

shown in the ordinate. Temperature is fixed at 30°C (the lowest value).

Figure 1, a and b, are two different views of the response surface generated with
equation 8, and they show that, for all iron loads, the t^Oj concentration has an
optimum value in which the TOC degradation reaches a maximum value. For higher
H2Û2 loads the degradation of the contaminant load decays. The effect is more clear
when the iron concentration is lowest, as can be seen in figure 2.

The detrimental effect of large H2Û2 concentrations could be explained with reaction (7)
that shows that t^Ch could react with the OH radicals, one of the reactive species, and
in this way reduce the quantity of these highly oxidative radicals present in the system.
A direct consequence of the decrease of OH radicals, is the inhibition of TOC
degradation.
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Figure 2. Percentage of TOC reduction vs. H2O2 concentration, for the highest iron load

(M); and the lowest iron load (+). Temperature is fixed at 30°C (the lowest

value).

Table 3 gives data of different ratios of Fenton reagent and percentages of TOC
reduction for different Fe(II) initial concentration.

Table 3. Optimal ratios of Fenton reagent for different Fe(II) initial concentrations.

Temperature is fixed at 30°C (the lowest value).

Fe (II) (ppm)

50

250

450

Ratio H2O2 : Fe(II) :TOC (ppm)

100:1 :10
25 : 1 : 2

16:1 :1

% TOG reduction

45
58
93

Higher initial iron load lowers the detrimental effect of equation (7) due to a smaller
excess of H2O2 as clearly shown in figure 2. By changing the Fenton reagent ratio from
200:1:10 to 16:1:1 while holding other experimental conditions constant, it is possible
to increase the TOC reduction from 10% to 93% after 15 minutes of treatment at 30°C
and under solar light irradiation.

Similar behavior is observed when the temperature is fixed at any other value inside the
studied interval. However, this tendency is less pronounced for higher temperatures.
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The detrimental effect of the competitive reaction, which appear when the reagent ratio
is not appropriate, is partly compensated with the positive action coming from the
increasing of temperature, as will be explained below. From table 3 it is also noticeable
that the initial ratio HaOa : TOC must be at least 10:1 for adequate TOC removal.
Consequently, when HiOa concentration is fixed at lowest values, 1000 ppm (-1
codified value), the ratio HjOa : TOC is lower than 2:1 and as shown in fígurel b the
TOC decay is just between 10 and 30 %.

£

g
S«

-0,8 -0,6 -0,4 -0,2 0 0,2

ppm Fe (II)

0,4 0,6 0,8

Figure 3. Percentage of TOC reduction vs. Fe (II) concentration, for the highest H2O2 load
(f); and the lowest HiOi load (+). Temperature is fixed at 70"C (the highest
value).

Figure 3 shows the evolution of the percentage of TOC reduction for different iron loads
when the H2Û2 concentration is fixed at two different values and temperature is 70°C. It
is possible to distinguish two behaviors depending on the initial H2Û2 concentration. On
one hand, with the lowest H2O2 load and the lowest iron load the ratio H2Û2 : Fe(II) :
TOC is 20:1:10, and table 3 shows that the optimal ratio for this iron load is 100:1:10,
thus these experimental conditions clearly are far from optimal. A low H2Û2 content
may cause the iron to be consumed in the competitive reaction (6). Thus, although
Fenton reaction would proceed faster with a larger Fe(II) content the OH* radical can be
scavenged by the Fe(II) itself (the Fe(II) that has been regenerated by photo-Fenton or
Fenton like reactions), resulting in a lower TOC reduction. Therefore, the greater the
initial iron load in the effluent, for these specific experimental conditions, the worse
results could be expected. As can be observed in figure 3, this tendency reaches a
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minimum value of TOC reduction when the reagents ratio is 6:1:3. After this point, the
increase of iron load has the opposite effect: TOC decay increases as the iron load is
increased. This behavior may be due to the fact that the quantity of iron is so high that it
no longer acts as a catalyst. Its role in the system may rather change to that of reagent.
This means the consumption of H2Û2 takes place in the fast Fenton reaction (1)
generating a large OH* concentration just when the Fe(II) concentration is low. The
radicals are used for the organic matter attack and the TOC reduction. When Fe(II) is
repositioned by photo-Fenton or Fenton-like reactions (slower reactions) nor OH*,
neither HaOa are available for Fe(II) consumption.

The system behavior for long reaction times in conditions of minimum H2Û2
concentration and maximum iron load, as shown in figure 4, are in agreement with the
above discussion: after a fast TOC decay due to the high iron content TOC reduction is
stopped because the H2Û2 concentration is exhausted.

However, when the experiments were carried out with the highest H2Û2 concentration,
the role of Fe(II) was monotonously beneficial: the higher the Fe(II) content the larger
the amount of TOC reduction (see figure 3).

100

90

so

70
c
| 60
3

£ 50

30

time (min)

45 60

Figure 4. Percentage of TOC reduction vs. time for the highest Fe (II) concentration and
the lowest H2O2 load, at the lowest (30°C) (+), and highest (70°C) (M)
temperature.
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The effect of temperature can be seen in figures 5 and o.The best TOC decrease is
obtained when this parameter is settled near the central value, 50°C (central point, 0
codified value), especially for non-optimal Fenton reagent ratios.

Experiments carried out at central value concentration of hydrogen peroxide, 5500 ppm,
are represented in figure 5. From this response surface, it is clearly visible that an
increase of 35% in the TOC decay could take place at the lowest level of iron load by
simply working in the right temperature interval. For the same Fenton reagent ratio
(110 : 1 : 10) TOC reduction is 45 % when the reaction took place at 30°C temperature,
and reach 80% temperature is inside the interval 45-60°C.

1,00

• 90,00-100,00

• 80,00-90,00

D 70,00-80,00

• 60,00-70,00

H 50,00-60,00

• 40,00-50,00

D 30,00-40,00

D 20,00-30,00

• 10,00-20,00

• 0,00-10,00

Temperature (8C)

Figure 5. Three-dimensional representation of the response surface for the percentage of

TOC removal after 15 minutes of reaction. Temperature and Fe (II) load are

represented in the abscissa in coded values while the removal percentage is

shown in the ordinate. [H2Ü2] = 5500 ppm (central value).

Similar behavior can be seen in figure 6, where the fixed parameter is [Fe(II)] = 50
ppm. Again, in this case it is advisable to use the right temperature interval, especially
when the concentration of hydrogen peroxide is in its lowest value. At 30°C
temperature, the percentage of TOC reduction is around 15 %, and for temperatures
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inside the interval 45-65°C TOC decay is between 40 and 50 % It is important to remark
that the 35 % increase in the contaminant load degradation has been carried out in just
15 minutes of treatment.

100,00

8

• 90,00-100,00

• 80,00-90,00

D 70,00-80,00

• 60,00-70,00

B 50,00-60,00

• 40,00-50,00

D 30,00-40,00

D 20,00-30,00

• 10,00-20,00

• 0,00-10,00

Temperature (8C)
ppm H2O;,

Figure 6. Three-dimensional representation of the response surface for the percentage of

TOC removal after 15 minutes of reaction, temperature and //2<?2 load are

represented in the abscissa in coded values while the removal percentage is

shown in the ordinate. [Fe(ll)] = 50 ppm (the lowest studied value)

Working under adequate temperature conditions could reduce the requirements of
reagents needed to reach a certain level of TOC reduction, thus decreasing the cost of
the treatment. This is specially interesting when the wastewaters treated have a high
temperature due to the industrial process itself, a fact that reduces the heating costs.
Additionally, the use of large quantities of Fe in solution has a negative effect from the
applied point of view, because it imply an additional operation for Fe removal. Thus,
temperature control is an alternative way to improve the practical treatment yield.

The response surfaces clearly show that there is more than one set of experimental
conditions that favor total mineralization of the organic contaminant load of the
effluent. The choice of adequate experimental conditions will mainly depend on the
characteristic of the effluents to be treated. In the case of a high temperature wastewater,
the chosen Fenton reagent dose should be the one that ensures higher TOC decrease for
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that temperature. If the wastewater should have residual iron, the process conditions
should take this fact into account and the choice will have to bring the highest TOC
removal for the lowest iron load.

A qualitative analysis of the effluent by GC-MS allows determination of the structure of
some low molecular weight compounds initially present in the effluent. The mass
spectra and the identified structures are shown in Table 4 and Figure 7, respectively. All
substances found show a high degree of chlorination. This agrees with structures found
and reported by other authors [15,49]. Also a great number of unidentified compounds
and long chain acids appear in the chromatogram which are not shown here. The GC-
MS analysis of the effluent after 30 minutes of irradiation and treatment with 450 ppm
of Fe(II) and 7500 ppm of H2O2, when TOC reduction is around 60 % indicates the total
removal of the low molecular weight chlorinated compounds initially found in the
sample. This remarkable finding ensures that, when high TOC degradation is achieved,
the chlorinated compounds have disappeared. The lack of chlorinated compounds in this
type of wastewater reduces the pollution level and increases the bacterial
biodegradability of the effluent [50].
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Table 4. Mass spectra of low molecular weight compounds identified in the bleaching

Kraft mill effluent.

#" rtb mol wt main fragments m/z (relative abundance)

1 10.04 162 166(11), 164(65), 163(7), 162(100), 127(6), 126(29), 99(16), 98

(40), 81 (16), 63 (47), 62 (4), 61 (5)

2 14.99 196 200 (27), 198 (84), 196 (100), 162 (11), 160 (15), 134 (34), 132 (51),

99 (17), 97 (42)

3 18.28 192 196 (12), 194 (45), 192 (70), 181 (6), 179 (66), 177 (100), 153 (8),

151(31), 149(52)

4 20.63 226 230 (16), 229 (4), 228 (52), 226 (54), 215 (30), 213 (95), 211 (100),

187 (12), 185 (38), 183 (39), 149 (18), 147 (42)

5 21.16 212 216 (30), 214 (93), 212 (100), 178 (13), 176 (24), 150 (18), 149 (10),

148 (26), 135 (11), 131 (19), 113 (55), 87 (14), 85 (28), 84 (25)

6 24.91 260 266 (5), 264 (27), 262 (60), 260 (47), 251 (9), 249 (46), 247 (98), 245

(76), 223 (4), 221 (12), 219 (27), 217 (23), 185 (7), 183 (20), 181 (21)

7 25.20 256 260 (31), 258 (96), 256 (100), 245 (22), 243 (62), 241 (68), 215 (20),

213 (24), 202 (16), 200 (50), 198 (54), 197 (25), 195 (26)

"compound number. bretention time, min.
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CI

OCH3

1: 2,4-dichlorophenol 2: 2,4,6-trichlorophenol 3:4,5-dichloroguaiacol

OCHa

4: 3,5,6-trichloroguaiacol 5: 3,4,6-trichlorocathecoI

CHO

OCH3

OCH3 T OCH3

CI

6: tetrachloroguaiacol 7: trichlorosyringol

Figure?. Structures of some low molecular weight compounds identified by GC-MS

analysis of the chlorination bleaching step effluent before treatment.
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Conclusions

The degradation of the organic content of a bleaching Kraft mill effluent has been
successfully carried out by simultaneously applying Fenton reagent and solar light
irradiation. Careful experimental design was valuable in determining the roles played by
the different studied variables. The most important aspect that need to be considered
during the treatment process is the choice of the right ratio of Fenton reagents. Non-
optimal initial concentrations of Fenton reagent were found to be detrimental. This was
apparently due to competitive reaction of HaC^ and Fe(II) with the OH radical.

Temperature is a particularly significant factor for increasing TOC removal when the
system runs under low reagent load or with inadequate reagent ratios. In particular,
temperature turns into a key parameter when it is desirable to reduce reagents costs, or
when high levels of iron are not allowed into the treated wastewaters.

Fenton, Fenton-like and Photo-Fenton reactions have been efficient in the elimination of
the chlorophenolic compounds of the effluent, as shown by GC-MS analysis. The
combination of Fenton reagents and solar light for the mineralization of Kraft paper mill
effluents has clear advantages from an applied point of view.
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Abstract

TiOz-photocatalytic degradation of a cellulose ECF effluent was evaluated using multivariate experimental design. The
effluent was characterised by general parameters such as AOX, TOC, COD, colour, total phenols, acute toxicity and by the
analysis of chlorinated low molecular weight compounds using CG/MS. The pH, catalyst amount and hydrogen peroxide were
simultaneously varied using multivariate analysis to establish the weight of each variable in the COD and AOX removal after
180 min of reaction. The pH has a large effect in the AOX degradation at values below 5 and over 10, while COD removal is
improved at low pH. The presence of hydrogen peroxide in the photocatalytic reaction has a small effect in degrading the AOX
and COD. The optimal concentration of TÌO2 was found to be around 1 gl~ '. In addition, the reaction was monitored for longer
periods of irradiation by carrying out TOC, COD, AOX, acute toxicity and spectrophotometric analysis, concluding that the
organic matter contained in the effluent was significantly degraded. After 30 min of reaction more than 60% of the toxicity
was removed and after 420 min of reaction none of the initial chlorinated low molecular weight compounds were detected,
suggesting an extensive mineralisation which was corroborated by 95 and 50% AOX and TOC removals, respectively. Colour
and total phenols were also removed. © 2001 Elsevier Science B. V. All rights reserved.

Keywords: Cellulose bleaching effluent; Chlorinated phenols; Experimental design; Multivariate analysis; Photocatalysis; Effluent toxicity

1. Introduction stances as well as uncblorinated phenols, have been
the sources of environmental concern due to their

Chlorinated phenols and polyphenolic compounds toxicity, bio-accumulation and carcinogenic potential
are important components of effluents arising from [2,3], which increase with an increase in the number
the bleaching of papennaking pulps with either of chlorine atoms per molecule [4,5].
molecular chlorine or chlorine dioxide [1]. These sub- When molecular chlorine is replaced by chlorine

dioxide in the ECF bleaching process, the amount of
~rr .. ^ _ , ,,„,„,,„, chlorinated phenols formed in the chlorination and* Corresponding author. Tel.: +56-41204601; * . ,
fax: +56-41247517. extraction stage effluents significantly decreases [3J.
E-mail address: hmansill@udec.cl (H.D. Mansilla). However, little amounts of chlorinated phenols remain

0926-3373/01/1 - see front matter O 2001 Elsevier Science B.V. All rights reserved.
PII: 80926-3373(01)00166-7
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in solution even in a chlorine dioxide ECF bleaching
sequence. Because, the toxicity of chlorophenols and
the risk to the aquatic environment we have focused
our attention on such compounds even though they
do not constitute the major fraction of the compounds
contained in the effluent.

Conventional treatments of cellulose mill effluents
involve a biological step such as aerated lagoons or ac-
tivated sludge. However, when dissolved compounds
are toxic or recalcitrant, the biological treatments can
be inhibited or simply the microbiological flora de-
stroyed. Several attempts have been done in order to
reduce the organic charge in cellulose mill effluents
before the biological step. The emerging advanced oxi-
dation processes, such as ozone [6], 03 combined with
UV light [7], homogeneous and heterogeneous AOPs
[8] and combined photochemical-biological systems
[9] have been reported in the treatment of cellulose
mill effluents. More recently, photocatajytic reactions
have been used to degrade pulp mill effluents seeing
the removal of the dissolved organic matter improv-
ing the biodegradability and reducing the acute tox-
icity [10]. Pérez et al. [11] demonstrates that TiO2

based photocatalysis was very efficient in the removal
of colour and TOC of an ECF effluent, a process that
follows a zero order kinetics. On the other hand, Yeber
et al. [12] showed that total phenols and colour can
be almost completely eliminated after 2 h of irradia-
tion in concomitance with the degradation of the high
molecular weight polyphenols, when glass supported
TK>2 or ZnO were used.

Several publications have considered the use of hy-
drogen peroxide in the photocatalytic system UWIÏO2
in order to produce additional hydroxyl radicals. Two
possible roles have been proposed for H2O2: (a) alter-
native electron acceptor to oxygen at the conductance
band (Eq. (1)) or (b) electron acceptor of the Superox-
ide anión (Eq. (2)).

e£B + H202 -v *OH + OH-

02'~ + H2O2 -> 'OH + OH" + 02

(1)

(2)

Recently, Bacsa and Kiwi [13] reported the en-
hancement of the p-coumaric acid degradation by ad-
dition of hydrogen peroxide (2mM) to the TÍO2 pho-
tocatalytic system. On the other hand, Brillas et al.
[14] reported the acceleration of the aniline minerali-
sation by Ti02 photocatalysis after addition of 1 mM

2. Cornish et al. [15] observed a significant en-
hancement of the toxin microcystin-LR mineralisation
and a considerable acute toxicity removal by the ad-
dition of HzOz to the Ti02 photoassisted oxidation.

Multivariate analysis has become an important tool
to get valuable and statistically significant model of
a phenomenon by performing a minimum set of well
chosen experiments. With a determined number of as-
says, it can obtained information regarding with the
importance of each variable and the interaction effects
between them. Also, it is possible to calculate the opti-
mal conditions to get the most desirable response. Ap-
plications of this statistical methodology have been re-
ported for pulp mill effluent treatment with ozone [16]
and in the Fenton reaction of industrial wastewater's
containing aromatic amines [17].

The aim of this report is to study a cellulose efflu-
ent photodegradation in order to reduce the amount
of chlorinated compounds, colour, acute toxicity and
organic load. The experimental design methodology
was used to evaluate the importance of catalyst mass,
the pH and the presence of hydrogen peroxide in the
AOX and COD removal. Also, COD, TOC, toxicity
and spectrophotometric analysis of the effluent in the
course of the reaction were carried out at longer peri-
ods of reaction.

2. Experimental

2.1. Effluent and reagents

The first alkaline extraction effluent obtained from
a Chilean pulp mill, after the bleaching sequence
DoEopDjD2 (ECF) ofPinus radiata kráft pulp, was
stored at —4°C and used as received. Hydrogen per-
oxide (30%) was obtained from Riedel-de-Haen and
titanium dioxide was Degussa P25. All the other
reagents were purchased from Merck and used with-
out further purification.

2.2. Photocatalytic reaction

Photolysis assays were carried out in a 1.11 cylin-
drical photochemical reactor, with suspended TiOj
and refrigerated with tap water to keep the temper-
ature at 25°C. The configuration of the reactor has
been previously described [12]. A Philips 125 W
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high-pressure mercury lamp (X > 254 nm) placed in a
quartz tube immersed in Ehe treated solution was used
as irradiation source. The reaction was initiated after
30 min of magnetic stirring of the suspension in the
dark. Total UV incident radiation flux was determined
by potassium ferrioxalate actinometry (5.9 x 10~5

Einstein 1~' s"1) [18]. The real output of the lamp in
the 250-300 nm region was determined by actinom-
etry using a Pyrex filter, and it was 37% of the total
emission.

2.3. Analytical methods

Chemical oxygen demand (COD) was determined
by standardised methodology (EPA 00340). Ad-
sorbable organic halogen (AOX) was measured by the
recommended procedure (AOXDIN/38409-H14) in
an EUROGLAS ECS-1000 AOX analyser. UV-VIS
spectra and colorimetrie determinations were done
in a Shimadzu 1603A spectrophotometer. Total or-
ganic carbon (TOC) analyses were carried out in a
TOC-5000 Shimadzu analyser. Total phenol deter-
minations were done using the standard procedure
[19] and represent the sum of simple phenols and
high molecular weight phenolic compounds (lignin
and tannins). Colour was determined at 465 nm and
referenced to a Pt-Co standard solution (EPA 00080).

For the analysis of low molecular weight com-
pounds dissolved in the effluent a HP 5890 series II
gas Chromatograph equipped with a HP 5972 mass
selective detector was used. One litre of the sample
was filtered in Speedisk® membrane (Baker) follow-
ing the recommended procedure (EPA 525). Samples
were concentrated to 200 jil in dichloromethane and
1 U.1 was injected in the GC. After that the same
sample was diluted to 2 ml with dichloromethane and
derivatised by methylation with diazometane accord-
ing with the standardised procedure [20] and then
1 \u was injected to the GC. In samples with and
without derivatisation identical results were obtained.
Identifications were carried out with the aid of the
data base library incorporated to the MS instrument
and with a database generated with own standards.

The acute toxicity test was performed by
MICROTOX® using the Vibrio fisheri luminescence
inhibition to asses the ECso values. The results are
expressed as toxicity units (TU) which was defined
as 100/ECjo.

3. Results and discussion

The Table 1 summarises the main features of the ef-
fluent used in this study. The magnitudes reveal high
colour, COD, TOC and a large amount of organochlo-
rine phenols as shown by AOX values and a moder-
ate acute toxicity. The photocatalysed degradation of
the cellulose bleaching effluent was carried out in or-
der to reduce the initial parameters responsible of its
environmental impact. The removal of organochlori-
nated compounds, colour and TOC are the main goals
of this study, in an attempt to obtain effluents ready
for a biological treatment.

In the present paper we have studied the effect of
HzO2 addition to a photocatalytic system degrading
the organic matter dissolved in the cellulose bleach-
ing effluent in order to evaluate the incidence of this
variable in the AOX and COD removal. The reaction
was carried out both in absence of HjOj and for in-
creasing amounts of the reagent up to the maximum
value of 1 mM. The weight of the variables pH and
TiU2 concentration, ranging from 5 to 10 and 0.5 to
1.5 g 1~', respectively, were also evaluated. The natu-
ral pH of the effluent was 7.2 and the range of varia-
tion was chosen considering that it is not economically
convenient to make great changes in this parameter.
The amounts of TK>2 used were in the range normally
reported for photocatalytic degradation of pure com-
pounds or complex effluents.

A factorial experimental design (23) was carried out
considering low and high levels for pH (5-10), TiOi
(0.5-1.5'gr1) and H2O2 (0-1 mM). Table 2 contains
the description of the experiments. Low and high lev-
els and central points are denoted by (—), (+) and (0),
respectively. From the values shown in Table 2 and as-

Table 1
Initial characterisation of the ECF effluent

Parameter Value

TOC (ppm C)
pH
Toxicity (ECjo)
COD(mgO2l-')
AOX (ppm)'
T ignins and tuning (ppm)
Colour (mg PtT1)

487
7.2

36.5
1400

58
40

2100

* Organic chlorine f1 (mg).
'Phenol r' (mg).
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Table 2
Factorial design of the TiC>2 phoiocatalysed reaction of the ECF effluent

Experiment No. Variable levels (codified values) COD reduction (%) AOX reduction (%)

1
2
3
4
5
6
7
8
9

10
11
12
13

Central point

pH

5.0 (-1)
10.0 (+1)
5.0 (-1)

10.0 (+1)
5.0 (-1)

10.0 (+1)
5.0 (-1)

10.0 (+1)
3-3 (-2.82 V2}

11.7 (2.821/2)
7.5 (0)
7.5 (0)
7.5 (0)

7.5 (0)
7.5 (0)

rno2]
0.5 (-1)
0.5 (-1)
1.5 (+1)
1.5 (+1)
0.5 (-1)
0.5 (-1)
1.5 (+1)
1.5 (+1)
1.0 (0)
1.0 (0)
02 (-2.821/2)
1.8 (2.821/2)
1.0 (0)

1.0 (0)
1.0 (0)

[H202]

0.0 (-1)
0.0 (-1)
0.0 (-1)
0.0 (-1)
I x 10-3 (+1)
1 x IO-3 (+1)
1 x IO"3 (+1)
1 x 10~3 (+1)
5.0 x 10-* (0)
5.0 x IO"* (0)
5.0 x IO"* (0)
5.0 x 10-* (0)
U x IO"3 (2.821/2)

5.0 x IO-4 (0)
5.0 x IÓ-4 (0)

16
16
14
14
13
10
25
20
24
16
1
7

18

20
21

64.0
70.7
75.7
75.8
63.7
69.4
73.4
73.3
70.0
72.0
57.0
63.6
70.0

69.0
70.7

sinning a second order polynomial model, at least 13
experiments must be carried out to solve the matrix
(including the interaction effects between variables)
and the error evaluation.

The matrix was resolved using the software FATO-
RIAL [21] and considering the percentage of COD and
AOX removal after 3 h of irradiation as the response
factors. The coefficients of the quadratic model in the
polynomial expression were calculated by multiple re-
gression analysis, and represent the weight of each
variable, the quadratic effect and the first-order inter-
action between the coded variables. Eqs. (3) and (4)
were obtained for the AOX and COD removal, where
7 is the response fector and X\, Xi and X^ represent
the variable pH, [TiOa] y [HaOs], respectively. Values
hi parenthesis describe the relative error associated to
each coefficient. Tn the case that error was larger than
the coefficient, it.was eliminated and the variable was
not expressed in the polynomial model. Also, the ex-
plained variance for 95% confidence level is shown.

X (AOX removal, %)

= 69.63(±1.42) + 1.23Xi (±0.67)

+3.23A-2(±0.67) - 1.33X3(±0.82)

(±0.75) - 3.83.y|(±0.75)

(±0.91) - 1.55XiJT2 (±0.87),

% of explained variance

= 94.2 (95% confidence) (3)

Y (COD removal, %)

= 20.26(±1.61) - 1.69Xi (±0.75)

+1.87*2 (±0.75) - 6.31Xf (±0.85)

+3.25*2*3(±0.99),

% of explained variance

= 94.8 (95% confidence) (4)

From polynomial equations it can be concluded that
the AOX removal is higher than COD in the time con-
sidered as response factor (3 h). For a favourable AOX
reduction the main direct effects are due to the TÍÜ2
amount followed by the pH. On contrary, the increase
of hydrogen peroxide concentration is detrimental to
get the same objective. The associated effects between
variables are neglected except in the interaction be-
tween pH and TÍU2 amount (X\Xi), which shows an
antagonistic effect.

In the COD removal, the most important positive
effect is also due to TiOa amount, pH shows a neg-
ative effect and H2Û2 do not play a significant role.
An important synergisfic effect in the interaction be-
tween the variables TÍO2 amount and H2O2 concen-
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B

TO.

Fig. l. Three-dimensional representation of the response surface for the percent of AOX (A) and COD removal (B), after 3 h of photocatalysis.
TiOj load and pH are represented in the abscissa, while in the ordinate the removal percent of each parameter is shown.

tration (XiX¡) was observed. In spite of the evidence
presented in the literature regarding with the minerali-
sation enhancement of pure substances with the H2Û2
addition, in the case of a complex and coloured solu-
tion, as our effluent, this effect was not observed. Re-
cently, Dionysiou et al. [22] showed that the addition
of H2Û2 to 4-chlorobenzoic acid solution results in
an increase of the photocatalityc reaction rates only at
concentrations below 7.5 mM. The optimal pH values
were found to be out of the pH range considered hi the
study. This fact can be clearly observed in Fig. 1(A
and B), where a three-dimensional representation of
the phenomena is shown. Response surfaces were built
assuming that the concentration of H2O2 was zero,
taken in account its low concentration and moderate
importance in the removal of AOX and COD.

In the AOX response surface, it can be seen that
the optimal pH values are placed below 5 and beyond
10. A similar trend was observed in a previous report
for TÌO2 photocatalysis of aniline [23]. On the other
hand, the COD removal is improved at low pH. The
optimal amount of TÌO2 was around l g I"1 for both
AOX and COD removal. This value agrees with the
reported ones obtained by other procedures. Once the
optimal amount of TiOa was determined, the AOX,
COD and TOC degradation profiles were followed for
larger periods of time. A minimal concentration of
H2O2 (1 x IO"4 M) was used for kinetic experiments
considering the interaction effect XiX^ in the COD
removal and the quadratic effect (Xf ) in the AOX
removal. Taken in consideration that the optimal pH

found was out of the studied range, and due to the
fact that this parameter is more difficult to control in
an industrial operation, the kinetics were carried out
at natural pH (7.2).

In previous communications [8-12,24], we have re-
ported the photocatalytic degradation of different pulp
and paper mill effluents using TiOj and ZnO as pho-
tocatalysts with promissory results. The decrease of
acute toxicity, which is concomitant with the AOX re-
motion and the increase of biodegradability, has been
the most remarkable results. The photocatalyst have
been tested either on aqueous suspension or immo-
bilised on glass Raschig rings.

The Fig. 2a shows the profile of AOX removal,
where a significant decrease is observed. A 50% re-
duction was obtained after 90 min of reaction reaching
an almost complete mineralisation of organic chlorine
after 7h of photoreaction. A qualitative analysis of the
effluent by GC/MS allowed us to determine the struc-
ture of some low molecular weight compounds present
in the initial effluent The mass spectra and the identi-
fied structures are shown in Table 3 and Fig. 3, respec-
tively. All the substances found show high chlorina-
tion degree, which agree with the initially high AOX
value. Similar structures were found and reported by
other authors [25]. Also in the chromatogram appears
a great number of unidentified compounds and long
chain acids, which are not shown here. The GC/MS
analysis of the effluent after 7 h of irradiation indicates
the total removal of the low molecular weight chlori-
nated compounds initially found in the sample. This
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Fig. 2. Kinetic of the removal under optimised conditions for TiOj
amount (1.04gl-'), pH 12. and I x IO-*M H2O2 fon (a) AOX;
(b) COD and (e) TOC.

finding agree with recent published results where, after
few hours of irradiation, a significant degradation of
6-chlorovanillin, used as a model compound for chlo-
rinated effluents, was reported, increasing their bacte-
rial biodegradability [26].

The progress of the COD during the reaction was
also determined and results are shown in the Fig. 2b.
The parameter decreases with an approximate zero or-
der kinetics, which is expected for concentrated and
complex solutions. A 50% of COD removal was ob-
tained over 6 h of irradiation.

While, COD represents the amount of oxygen de-
mand by organic or inorganic material dissolved in the
effluent, the TOC measures the TOC and a decrease in
this parameter is indicative of the organic matter min-
eralisatioa The TOC removal progress during the pho-
tocatalysis is shown in Fig. 2c, where an approximated
zero order kinetics is observed, with a similar profile
to COD removal. 50% of TOC removal was reached
after 7 h of irradiation meaning that the major part of
COD removed corresponds to the total mineralisation
of the organic matter. Partial mineralisation along with
structural changes in the organic matter have been re-
ported as being fundamental for the biodegradability
increase and toxiciry abatement of the cellulose mill
effluents and chlorinated phenols [9,26].

Other studied parameter was the total phenols con-
tent which follows a random behaviour increasing
their value during the first 2 h of photocatalysis and
then reaching 60% of reduction after 7 h of irradia-
tion (data not shown). These finding suggest that a
simultaneous hydroxylation of aromatic groups with
loss of chlorine atoms initially occurs, leading to the

Table3
Mass spectra of low molecular weight compounds identified in the ECP bleaching effluent

Compound
No.

Retention
time (min)

mol wt. Mam fragments mlz (relative abundance)

1222 196 200 (30), 198 (93), 196 (100), 162 (10), 160 (14), 134 (23), 132 (36), 99 (16), 97 (41)
12.76 192 196 (1), 194 (45), 192 (76), 181 (13), 179 (75), 177 (100), 153 (7), 151 (31), 149 (40)
13.98 192 196 (8), 194 (47), 192 (76), 181 (10), 179 (65), 177 (100), 153 (6), 151 (35), 149 (54)
14.97 186 18S (31), 187 (40), 186 (89), 185 (100), 173 (14), 171 (4), 145 (7), 143 (18), 117 (9), 115 (28)
15.18 226 230 (33), 229 (7), 228 (82), 226 (79), 215 (32), 213 (100), 211 (92), 187 (28), 185 (71), 183

(44), 149 (21), 147 (35)
15J3 226 230 (16), 229 (5), 228 (51), 226 (55), 215 (30), 213 (94), 211 (100), 187 (12), 185 (39), 183

(40), 149 (35), 147 (31)
16.80 226 230 (28), 229 (g), 228 (88), 226 (84), 215 (31), 213 (100), 211 (94), 187 (13), 185 (46), 183

(44), 149 (29), 147 (40)
17.72 260 266 (8), 264 (31), 262 (64), 260 (49), 251 (9), 249 (47), 247 (100), 245 (78), 223 (5), 221

(20), 219 (43). 217 (31). 185 (8). 183 (22). 181 (21)
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OH OH

O
1: 2,4,6-trichkjrophenol 2 y 3: dichioroguaiacol ¡»mets 4: 6-chlarovamltin

5,6 y 7: trkhloroguaiacol isomers 8: tetrtchloroguaiicol

Fig. 3. Structures of some low molecular weight compounds identified by CO/MS analysis in the initial ECF bleaching effluent.

breaking of aromatic ethers in high molecular weight
polyphenols, and increasing the phenolic groups con-
tent. The decrease of total phenolic groups, compared
to the initial value (40ppm), was observed after 3 h of
irradiation and is explained by ring opening, genera-
tion of more oxidised molecules (hydroquinones and
quiñones) and, finally, partial or total mineralisation.

Spectral behaviour of treated samples is shown in
the Fig. 4. The family of curves represents the UV-VIS
spectra of samples treated at different periods of irradi-
ation on 15-fold diluted samples. A gradual decrease in
the absorption spectra is indicative of the rapid degra-
dation of chromophoric groups. The formation of new
chromophores was not observed in the course of the

Fig. 4. Decolouration profile of the ECF effluent. In decreasing se-
quence the curves represent the spectra «t 0, 30, 60, 120, 180, 240,
300, 360 and 420 min of irradiation under optimised conditions.

D
H

2.5

2

1 •

O.S.

n - - n n n n n n
30 60 120 1X0 240 300 360

tone (min)

Fig. 5. Acute toxicity removal (MICROTOX) in TU defined as
100/ECso.

reaction. The graphic inserted in the same figure shows
that the absorbance at 280 nm rapidly decreases along
with rapid colour changes of the suspensions, which
were visually evident after few minutes of irradiation.

In the chemical treatment of solutions containing
organochlorine compounds, the most important aimed
result is their detoxification in a short period of time. In
Fig. 5, the acute toxicity changes during the progress
of the photocatalytic reaction are shown. A rapid and
significant decrease (63%) is observed after 30 min
of reaction, reaching the total removal after 360 min.
It is probable that the rapid initial reduction of the
acute toxicity was achieved during the first minutes of
irradiation as it has been previously reported [9,26].
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4. Conclusions

The experimental design has been a valuable
methodology to set up the role that the variables stud-
ied in the photocatalysis of cellulose bleaching effluent
plays. The most significant effect was ascribed to pH
and TÍÜ2 load. The r^Oz concentration has no posi-
tive effect in the AOX removal, at least in the range
studied, but it shows a first-order interaction with the
catalyst amount, enhancing the COD removal. The
photocatalysis has been efficient in the reduction of
the most important parameters that account for the
environmental impact such as AOX, TOC and total
phenols. The toxicity was significantly removed from
the solution during the first stages of the reaction.
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Abstract

Acrylic (polymethylmethacrylate) sheets were coated with a thin film of porous, titanium
dioxide (TiOa) semiconducting photocatalyst. The sheets were first passivated with a thin
film of silica to prevent them from being oxidized by the TiOa semiconductor
photocatalyst. The coated acrylic structures act as waveguides that propagate ultraviolet
(UV) light in an Attenuated Total Reflection (ATR) mode. A recirculating reactor was used
to evaluate the acrylic waveguides for their ability to photocatalytically oxidize formic acid
in water. The TiOa-coated waveguides utilize activating ultraviolet light four times more
efficiently for the photocatalytic oxidation of formic acid then TiOa films illuminated
directly with diffuse UV light.

Introduction

Photocatalytic oxidation of organic contaminants on the surface of titanium dioxide (TiOa)
is an attractive process for remediating liquid or gas-phase waste streams. Organic
compounds can be oxidized to carbon dioxide and water in the presence of TiOa, ultraviolet
(UV) light (wavelength of ca. 380 nm or less), and an electron acceptor such as oxygen.
This process occurs at room temperature. While the potential of TiOa photocatalysis for
environmental remediation has generated considerable research interest (1), development of
commercially viable systems has been hindered in large part by the expense of UV light
generation and capture.
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Conventional heterogeneous photocatalytic reactors are difficult to scale to the dimensions
necessary for commercial applications because light is severely attenuated within the
reactor through absorption or reflection by the catalyst, the reactant, reactor walls, and
catalyst supports. Scaling-up of conventional photoreactors is also difficult and expensive
because light intensity diminishes with the distance from the diffuse source. Since the rate
of a heterogeneous photocatalytic reaction depends on the light intensity, a scaled-up
photoreactor practically requires many light sources closely spaced throughout the reactor
volume.

The use of waveguides to support and illuminate photocatalysts was initially proposed
more than twenty years ago as a way to overcome the light distribution limitations inherent
in conventional photoreactor designs (2). In a waveguide photoreactor, light enters the
catalyst-coated waveguides (e.g. transparent optical fibers or planar structures) near the
source where it is most intense, and it is distributed to the catalyst via successive internal
reflections at the waveguide surface. Waveguide photoreactors would have several
advantages in comparison to conventional photoreactor designs (e.g. packed bed or slurry
reactors) in which the catalyst is directly illuminated by sunlight or artificial light. By
capturing light from a single source and propagating it internally to the photocatalyst,
waveguide reactors should increase the amount of fixed, illuminated catalyst per reactor
volume. Furthermore, a waveguide photoreactor would more evenly distribute light from a
diffuse source throughout the reactor volume.

Some researchers have coated silica optical fibers with TiOi in an effort to realize the
advantages of waveguide supported photocatalysis for environmental remediation (3,4).
While these efforts yielded photoreactors that successfully oxidized organic compounds,
the TiC«2-coated fibers that were developed did not propagate light effectively. Light was
refracted out of the fibers at the TiO2-coated surface. At the Water Chemistry Program of
the University of Wisconsin, we developed planar silica waveguides coated with TiOa that
propagate UV light in an attenuated total reflection (ATR) mode (5). In an ATR mode, light
propagates internally via successive total reflections at the waveguide boundaries. The TiOa
coating absorbs a small portion of the light at each reflection. These systems do not lose
light through refraction at the waveguide surface. We used these TiCVcoated waveguides
to photocatalytically oxidize formic acid in water. A recent paper by Miller, et al. explains
the optics of a low-refractive index substrate coated with a higher refractive index
film (6).
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While fused silica is an attractive waveguide medium because of its transparency in the UV
spectrum, there are several practical limitations to using silica in commercial reactors. It is
expensive, heavy (ca. 4 g/cm3), fragile, and difficult to machine. For this reason, we
developed planar waveguides made from acrylic (polymethyl methacrylate) sheet. Acrylic
is an attractive waveguide substrate because it is lighter than glass, easily machined,
thermoformable and moldable. It is can be formulated to be reasonably transparent in the
near UV spectrum (transmittance = ca. 70% cm"1 at wavelength = 360 nm), and an industry
exists for the manufacture of UV-stable and transparent cell-cast acrylic sheet. Here we
describe a process for coating acrylic sheet with a mesoporous TiU2 film. The acrylic
waveguides are passivated with a microporous silica film, and the TiU2 is deposited on top
of the silica. The silica film protects the acrylic from photooxidation by the TiU2
semiconductor photocatalyst. We evaluate the waveguides' photocatalytic performance,
and propose a reactor design that demonstrates the advantages of TiOi-coated acrylic
waveguides for the scale-up of TiCVbased photocatalytic processes.

Experimental

Acrylic sheet (thickness = ca. 0.32 cm) was obtained from Cyro Industries (cat. no. AE-
OP4). 'All chemicals were obtained from Aldrich Chemical Co. (Milwaukee, WI).
Laboratory grade water (18 MQ. cm"1) was generated with a Barnstead system.

The sol-gel synthetic method was used to prepare a colloidal silica sol. Tetra-ethyl
orthosilicate was hydrolyzed in water and KOH (7). The resulting sol is composed of silica
particles of ca. 3 nm in diameter and has a pH of ca. 9.5. The particles have a zeta potential
of ca. 4.0. The pH of the silica sol was adjusted to ca. 3.5 by addition of 1 wt. % nitric acid
in water.

Acrylic waveguides were prepared by cutting acrylic sheet to the desired dimensions. The
waveguide edges were sanded with successively finer grained sandpaper (finished with
1000 grit paper). The edges were then polished with 45 urn diamond slurry on a polishing
wheel. To prepare the acrylic waveguides for coating with silica and then TiOa, they were
first saponified in 5M NaOH for 1 hr., rinsed in water and air-dried. This step was
necessary to make the acrylic surface hydrophilic. A microporous silica film was deposited
onto the saponified acrylic waveguides by dipping them into the silica sol and withdrawing
at a controlled rate of 2.5 cm/min followed by drying in air. The thickness of the silica film
was adjusted by repeating the coating process. For the waveguides used in this study, three
layers of silica were applied.
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A mesoporous TÍÜ2 film was then deposited onto the silica-passivated acrylic by dipping
the waveguides into a colloidal TiCh sol of pH = ca. 3.5 (8). The withdrawal rate was ca. 8
cm/min. TiU2 films prepared from this method have a high surface area (>150 m2 g"1) and a
pore radius of ca. 1.5 nm to 4 nm (8). These films have been shown to be effective
photocatalysts (9). Six layers of TiOa were coated onto the waveguides. After coating, the
edges were repolished to remove any TiOa or silica.

Profilometry measurements (Tencor, model 2000) made on equivalently coated glass plates
were used to estimate the thickness of the silica and TiOa films. The films were inspected
visually and with an optical microscope to determine their uniformity. SEM micrographs
were obtained with a LEO model 952 scanning electron microscope.

An internal reflection photoreactor described in a recent paper was used to evaluate the
TiCVcoated acrylic waveguides for degradation of formic acid in water (5). A schematic of
the reactor is shown in Figure 1.

Reactant
liquid
flow-thru
cell

Acrylic
Waveguide

Fluorescent
UV source

Figure 1. Schematic of recirculating photoreactor. The reactor was used to evaluate
TiOrfsilica-coated acrylic waveguides for the photocatalytic oxidation of formic acid
in water.
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With this reactor, a rectangular acrylic waveguide measuring 5 cm x 2 cm x 0.3 cm was
held in a flow-through liquid cell. A solution of 0.001 M formic acid in water was
recirculated from an oxygenated reservoir across the TiOa-coated face of the waveguide at
a rate of 4 mL/min. The geometric surface area of the TiU2 film exposed to the reactant was
ca. 7.1 cm. Solution volume measured 10 mL. A fluorescent bulb (Sylvania, model
F8T5350blb) positioned ca. 0.5 cm from the polished waveguide edge provided UV
illumination. UV light intensity (all wavelengths < 400 nm) incident on the polished
waveguide edge was measured with a radiometer (International Light, model no. ). Formic
acid concentration was measured using a Total Organic Carbon (TOC) analyzer (Shimadzu,
model TOC5000). Measurements were made at the beginning of each experiment and after
4 hours of reactor operation.

The reactor was modified to allow light to shine on the directly onto the surface of the
TiOa-coated acrylic waveguides. This modification allowed comparisons between reaction
rates for TiOa films illuminated by internally reflected light and for films illuminated
directly. Light entered this modified flow-through reactor through the acrylic support and
illuminated the TiU2 film that contacted the formic acid solution. Lamp position was
adjusted to make the intensity of the light striking the TiOa film roughly equivalent to that
striking the waveguide edge in the above-described series of experiments. TiU2 film
thickness was the same in both sets of experiments and the same geometric surface area of
TiOa was allowed to contact the reactant. The reactant solution was 15 mL of 0.001 M
formic acid in water. Experiment duration was 25 minutes.

In both sets of experiments, the reactor was operated without illumination, and no
degradation was observed. Flow rates were varied with no apparent change in reaction
rates. For both sets of experiments (internally propagated light and direct illumination of
the TiOa), three samples were evaluated in the reactor, and the experiment was repeated
three times for each sample. The change in concentration with time was used to calculate an
absolute rate of reaction adjusted for geometric TiO2 surface area for each sample (reported
in units of mol s"1 cm"2).

Results and discussion

Upon visual examination, the TiU2 and silica films have few observable defects. The coated
waveguides exhibit birefringence to visible light, indicating that the films are transparent
with boundaries parallel to the acrylic surface. Gentle abrasion of the waveguides when
they were immersed in water did not remove the films, indicating reasonable adhesion.
However, exposure of the waveguides to methanol, acetone or other solvents that attack
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acrylic removed the films. No film delamination was observed during operation of the test
reactor.

Profilometry performed on equivalently coated glass plates showed a thickness of 50-100
nm for the silica films and 350-400 nm for the TiOa films. SEM analysis of the coated
acrylic waveguides showed similar film thicknesses.

The highest quality silica films were obtained when the colloidal silica sol used to coat the
waveguides was adjusted to pH=3.5. At this pH, the surface charge of the silica particles is
neutral or slightly negative (7). If one assumes that the saponified surface of the acrylic has
a pKa value similar to that of acrylic acid (pK2=ca. 4.2), then the surface of the acrylic is
protonated at this pH. We suspect that these conditions allow for favorable film deposition
and adhesion. A schematic of the TiCVsilica-coated acrylic is shown in Figure 2.

Mesoporous TiO2 Film

OH OH OH OH OH OH OH OH OH OH OH OH OH OH OH
I I I I I I I I I I I I I

Figure 2. Schematic of TiOi/silica-coated acrylic waveguide. Saponification of the acrylic

sheet with 5M NaOH replaces surface methyl groups with hydroxyl groups.

When the recirculating photoreactor was operated in internal reflection mode, the
concentration of the 0.001 M formic acid solution was reduced by 36 ± 4% in 4 hours of
reaction time. Light intensity striking the waveguide edge measured 12 ± l mW/cm2. The
reaction rate normalized to the geometric surface area of TiU2 film exposed to the reactant
was calculated using the following relation:

_ C 0 x X x V
txA
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where r is the area-adjusted reaction rate (mol s'1 cm"2), Co is the initial concentration of the
reactant solution (mol/L), X is the fractional conversion of the reactant, V is the reactant
solution volume (L), t is the reaction time (seconds), and A is the geometric surface area of
TiC>2 film exposed to the reactant (cm2). The calculated rate of formic acid oxidation for the
TiOa/silica-coated acrylic waveguides was 3.5 ± 0.4 x IO'11 mol s'1 cm'2

For thé TiOa/silica-coated acrylic illuminated directly with the same UV light intensity, the
overall formic acid degradation measured 43 ± 2% in 25 minutes of reaction time. This was
equivalent to a rate of 6.0 ± 0.3 x IO'10 mol s"1 cm2.

Under the conditions of the experiment, it appears that the TiOa coating is ca. 17 times
more effective when illuminated directly rather than by light propagated internally through
the waveguide support. However, this apparent advantage is negated when one considers
that a much greater geometric surface area of TiOa could potentially be illuminated in a
reactor consisting of an array of TiCVcoated acrylic waveguides. This difference is
illustrated in Figure 3.

u
o

2cm

^3

Design A Design B

Figure 3. Schematics of two equivalently illuminated TiÛ2 photoreactors. Design A is an
annular design where the light is directly incident on the TiOifilm. The geometric
surface area of illuminated catalyst - ca. 63 cm2. Design B incorporates an array of
20 TiOi/silica-coated acrylic waveguides spaced 0.2 cm apart. Each waveguide is
ca. 0.3 cm thick and has a geometric surface area of 220 cm2. The total illuminated
catalyst surface area = ca. 4400 cm2.

201



An annular reactor design, as specified in Figure 3 Design A, wherein the TiU2 film is
illuminated directly by a cylindrical UV source (e.g. a fluorescent UV bulb) would have ca.
63 cm2 of illuminated catalyst. However, an array of coated waveguides as configured in
Design B would have an illuminated, geometric catalyst surface area of ca. 4400 cm2. Thus
a far greater amount of TiU2 catalyst can be illuminated in the waveguide reactor design
than in the annular design. In fact, the waveguide design should be ca. 4 times more
effective at degrading formic acid under identical conditions of illumination.

We have shown that a mesoporous, photocatalytic TiOa film can be securely attached to
acrylic sheet. Furthermore these coated acrylic structures will act as waveguides and can be
used to photocatalytically oxidize organic compounds. These waveguides can be
incorporated into photoreactor designs to dramatically increase the amount of catalyst that
can be illuminated with a single light source. This should aid the scale-up of photocatalytic
systems to the dimensions required for commercial applications. Additionally, acrylic
waveguides can be easily machined into a variety of geometries, thereby reducing
manufacturing costs and allowing greater freedom in the design of heterogeneous
photocatalytic reactors.

202



References

1) Blake, D.M. Bibliography

2) Marinangeli, R.E.; Ollis, D.F. AlChE J, 1977,23 (4), 1000.

3) Bauer, R.; Hofstadler, K. Environ. Sci. Technol. 1994,28, 670.

4) Peill, N.J.; Hoffmann, M.R. Environ. Sci. Technol. 1995,29, 2974.

5) Miller, L.W.; Tejedor-Tejedor, M.I.; Anderson, M.A. Environ. Sci. Technol.

6) Miller, L.W.; Tejedor-Tejedor, M.I.; Nelson, B.P.; Anderson, M.A. J. Phys. Chem. B

7) Chu, L.; Tejedor-Tejedor, M.I.; Anderson, M.A. Mater.Res. Soc. Symp. Proc. 1994, 346,

Materials Research Society

8) Xu, Q.; Anderson, M.A. J. Mater. Res. 1991, 6 (5), 1073.

9) Aguado, M.A.; Anderson, M.A. Solar Energy Materials and Solar Cells 1993, 28, 345.

203





Paper 9

Removal of organic contaminants in textile mill efluents by

Fenton and Photo-Fenton reactions

Montserrat Pérez3, Francese Torrades8, Xavier Domènech", José Peral"

"Departament d'Enginyeria Química, E.T.S.E.I. de Terrassa, Universitat Politècnica de Catalunya,

Terrassa (Barcelona) SPAIN.
bDepartament de Química, Universitat Autònoma de Barcelona, Bellaterra (Barcelona) SPAIN.

Conference Proceedings of the 2001 International Textile Congress, Terrassa

18-20th June 2001. Ed. Arun Naik, UPC, Terrassa, ISBN: 84-600-9667-X, Vol.1,

pag 346-353.

205
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Abstract

Treatment of textile wastewaters from hydrogen peroxide bleaching process by using
Fenton reagent and irradiation, which provides the occurrence of Fenton and Photo-
Fenton reactions, is investigated. A high TOC reduction and low cost treatment is
obtained, by using solar irradiation as light source. Moreover, the importance of key
parameter temperature during the Fenton and Photo-Fenton reaction is shown.

Introduction

The chemical and biological treatments traditionally applied to wastewaters from the
textile industry are not capable to mineralize the large quantities of organic matter
present in these kinds of effluents [1-2]. Furthermore, treatment cost of textile
wastewaters has been scaling rapidly in recent years. Researchers have firmly focussed
in the study of more cost-effective treatment methods [2].

Due to the high level of contamination of the effluent, a hydrolysis in basic media was
carried out before the application of the treatments. Dorica has reported the removal of
organic chlorine from bleach paper plant effluents using alcaline hydrolysis [3]. Also,
Milosevich et.al [4] demonstrated that neutralization of bleach paper effluent with lime
mud, followed by the addition of alkaline sulphide process liquor was a practical, cost-
effective method of reducing mill AOX (adsorbable organic halogen) discharge. In
other studies of the research group same results were obtained [5,6].

It is increasing the number of research groups who applied Advanced Oxidation
Processes (AOP's) for pollutant degradation due to the high oxidative power (2.8 V vs.
NHE) of the OH radical. The most widely known AOP's include: heterogeneous
photocatalytic oxidation [7-12], treatment with ozone (often combined with EbOa,
UVA, or both) [2, 13-19], H2O2/UV systems [20,21], Fenton [21-23] and Photo-Fenton
type reactions [24-26].
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The AOP's common problems are high electrical energy demand and/or excessive
consumption of chemical reagents [27]. Fortunately, Photo-Fenton reaction can be
driven with low energy photons in the visible part of the spectrum. Thus, Photo-Fenton
processes are a potentially low cost AOP that can be run under solar irradiation [26].

According to the classic mechanism proposed by Haber and Weiss [28], the hydroxyl
radicals OH- generated in the Fenton reaction are produced by interaction of HaC^ with
ferrous salts:

Fe(II) + H2O2 -» Fe(III) + OH' + OH~ k = 76.5 l-mol*1*'1 (1)

The rate of degradation of the organic pollutants by Fenton reaction could increase
when an irradiation source is present. The positive effect of irradiation on the
degradation rate is due to the photoreduction of Fé (IH) to Fe(II) ions; a step that
produces new OH- radicals and regenerates Fe(II) ions that can further react with more
H2Û2 molecules. The photoreduction of Fe (III) follows the equation:

' +H +

(2)
However, new studies have presented evidence of some lacks in reactions (1) and (2).
Also, it has been established the formation of alternative oxidant in place of, or more
likely in addition to, OH- [29,30].

The main literature sources and several studies in our research group [26,31]
demonstrate that Fenton and Photo-Fenton reactions are pH dependent processes. A pH
around 3 allowed faster and higher TOC removal. Thus, all of the experiments
presented in this study were performed at pH 3.

Spectrophotometric analyses of the effluent were performed throughout to determine the
kind of compounds present in the studied effluent. We found aromatic compounds,
linear acids, and others, which are typical compounds named in the textile references
consulted [32,33]

The purpose of this study is the oxidation of the organic compounds present in a typical
bleaching textile mill effluent, by Fenton and Photo-Fenton reactions, in order to
achieve the highest reaction yields with the lowest cost treatment. The role that several
experimental parameters like temperature and light source have on the treatment cost
will be examined.
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Experimental

Effluent and reagents

The effluent used in the present research was obtained from the hydrogen peroxide step
of a bleaching sequence with previous hypoclorite pretreatment, applied to cotton mixed
with a very low portion of synthetic fibers that was supplied by a Spanish textile
manufacturer. In order of working with lower levels of organic contaminant load,
hydrolysis with Ca(OH)a (pH 12, during 1 h) is carried out to the above mentioned
effluent.This process was carried out at room temperature following that indicated in
[3].

The rest of the chemicals used were, at least, of reagent grade. Analytical grade
hydrogen peroxide and heptahydrated ferrous sulfate were purchased from Panreac, and
were used as received. Solutions were prepared with de-ionized water obtained from a
Millipore Mili-Q system.

Experimental procedure

Experiments were conducted in a thermostatic cylindrical Pyrex cell of 130 cm3

capacity. The reaction mixture inside the cell, consisting of 100 mL of organic effluent
and the precise amount of Fenton reagent, was continuously stirred with a magnetic bar;
temperature was maintained at ±0.1°C. Solar and Xe lamp irradiation were used as light
sources.

Analytical methods

Total organic carbon (TOC) of initial and irradiated samples was determined with a
Shimadzu 5000 TOC analyzer. Color determination was carried out in a double beam
SP8-300 Pye Unicam spectrophotometer at the wavelength of 465 nm, using 10 mm
light path cells and referenced to a Pt-Co standard solution, according to standard H.5 of
the CPPA [34]. Chemical Oxygen Demand (COD) was determined by standardized
methodology (EPA 00340).

For the analysis of low molecular weight compounds dissolved in the effluent, a HP
6890 gas Chromatograph equipped with a quadrupole HP 5973 mass selective detector
was used. The GC-MS analysis was carried out with ionization of electronic impact, 70
eV and the spectra were recorded in the interval 40 - 600 amu.
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One liter of the sample was filtered with Speedisk membrane (J.T. Baker) following
the EPA 525 procedure. Identifications were carried out with the aid of the data base
library WILEY (275,000 spectra) and NIST (130,000 spectra) and with a customized
database generated in the UAB laboratory. A capillary column HP-5MS (5% Phenyl
Methyl Siloxane) with the following dimensions 30 m, 250 u,m, 0.25 u,m was used. The
carrier was helium with linear speed of 42 cnvs"1. The temperature program used during
the GC-MS analysis ramped as follows: 70 °C (3 min), S^-min"1 until 270 °C (30 min).
The sample injection was carried out with a 0.6 min of splitless time, at 250 °C. The
carrier gas flow rate in the GC was 1.3 mL-min'1.

Results and discussion •

Table I shows the global parameters values of the textile effluent after hydrolysis.

Table I.- Initial characterization parameters of textile effluent after hydrolysis

Parameter Value

TOC (ppm) 605±9*
COD (mg-U1 O2 ) 1669±4*
Color (mg-L'1 Pt ) 40±8*

*(n = 4, a = 0.05)

As can be seen, TOC and COD have high values in comparison with color, which
complies environmental legislation [35]

A qualitative analysis of the effluent by GC-MS allows determination of the structure of
some low molecular weight compounds present in the initial effluent. The identified
compounds are shown in Table II. All the substances found were in concordance with
the ones reported by other authors [33, 36-39] who suppose these compounds are
mainly coming from the degradation of the surfactant during the bleaching step.
Surfactant products are usually based in a nonylphenol and an unsaturated fat acid. Also
a great number of unidentified compounds appear in the chromatogram, which are not
shown here.
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Table IL- Initial compounds found by GC-MS in the textile effluent after hydrolysis

Compound

Aromatic compounds

benzoic acid

benzeneacetic acid
3-methyl benzoic acid

ethyl ester 4-ethoxy- benzoic acid
3,5-di-tert-Butyl-4-hydroxybenzaldehyde

Linear acids

nonanoic acid

decanoic acid

undecanoic acid

dodecanoic acid
tetradecanoic acid

pentadecanoic acid

hexadecanoic acid

heptadecanoic acid

octadecanoic acid

Other compounds

2,2'-oxybis-ethanol

decane

2,8-dimethyl-4-methylene-nonane

2-decanone

methyl ester nonaic acid

2-butyl octanoic acid
2-propylnonanoic acid

2-methyl undecanoic acid

Retention time

10.80

12.90

13.72

19.32

24.70

13.60

16.27

19.13

20.70

24.80

26.80

29.10

30.76

32.62

5.30

5.48

7.73

10.71

17.80

19.30

19.35

19.72

Reliability

97%
76%
94%
96%
98%

95%
96%
96%
99%
98%
97%
99%
96%
93%

83%
91%
86%
90%
70%
91%
72%
91 %

The intensity and the wavelengths emitted by the light source are key conditions when

trying to describe the participation of the Photo-Fenton reaction. It is specially

interesting, from the application point of view, the possibility of using solar light. In

figure 1, similar behavior is observed in TOC removal when Xenon or solar light is

used. In both experiments the ratio between reagents is 10 : 1; 1000 ppm of HaOa per

100 ppm Fe (H).
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TOC decay vs. reaction time when using different light sources. Solar light (A);

Xe light (+). [H2O2]0 = 1000 ppm, [Fe(II)]0 = 100 ppm, pH = 3,T = 40°C.

Figure 1.

Figure 1 shows clearly that the same tendency is followed with both light sources. Even
during the first 15 minutes the sunlight seems to be more effective that the Xe lamp. In
the following time both have similar behavior. Due to the experimental setup, the
experiment with solar light was carried out at a single temperature, oscillating between
35 and 40 °C. The other one took place at 40°C. Thus, the large reduction of TOC
accomplished in the experiments could be a consequence of both, the number of
photons and the temperature. The aim of this comparison light sources is to make valid
the conclusions obtained when the light source is a Xenon light in the case of carried out
experiment under solar light irradiation. Previous studies in our research group found
also that both light sources have same kind of irradiation and consequently cause same
effect [31].

The beneficial effect of temperature was carefully tested in the set of experiments,
where three different temperatures (25, 40 and 70 °C) were used in the dark and under
irradiation of the Xe lamp. As a result, the decrease of organic concentration with time
due to oxidative degradation of the textile bleach effluent by Fenton and Photo-Fenton
reaction is shown in Figure 2.

The differences between the pairs of experiments carried out under the same conditions
(irradiation or absence of light) are due to the different temperature used (25, 40 and
70 °C). From other side, for the six experimental conditions of figure 2, is expected a t^
of Fe (II) disappearance of less than one second. This indicates that the Fenton reaction
is completed in a very short time, due to the large rate of Fenton reaction relative to the
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rate of the Photo-Fenton process, along with the limiting role played by the Fe(II)
concentration.

700

60

time (rrin)
90 120

Figure 2. Effect of temperature on TOC removal. 25 °C in the dark (*); 25 "C under Xe lamp
irradiation (9); 40 °C in the dark (A); 40 °C under Xe lamp irradiation (X); 70 "C

in the dark (+); 70 °C under Xe lamp irradiation (M). [H2O2]o = 10000 ppm,
[Fe(II)]0= 100 ppm, pH = 3.

Several reactions between Fe (HI) and H^Oa related species can regenerate, even in the
dark, Fe(II) and lead to a further degradation of organic matter after the initial Fe(II) has
been consumed [20,26]:

Fe(//7) + H202

Fe(III) + HO¡

Fe(/7) + HO¡ + H+

O H20

(3)

(4)

The production of radicals by reaction between Fe(ni) and HaO2 has been called
Fenton-like reaction [20,26]. The regenerated Fe (ü) can react with HaOa with
formation of more OH-. With a larger initial HaOa concentration, more Fe(II)/Fe(III)
cycles can be completed and more organic matter can be destroyed. Under irradiation,
the recovery of Fe (II) is even faster because of the Photo-Fenton reaction.

When the experiment was carried out at 70°C, levels of TOC removal over 65% were
attained after just 30 minutes of reaction, both, in the dark and under irradiation. Thus,
under a high temperature condition the system is so fast that not important differences
arise between the Fenton and the Fenton-Photo-Fenton reactions. Since the 100 ppm of
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Fe (II) cannot directly produce enough OH- radicals to account for the level of TOC
removal, the acceleration of Fenton reaction with temperature is not the only cause such
an observation. The temperature seems to be assisting alternative ways of H2Û2 cleavage
and OH- formation, or Fe (II) recovery. Blank experiments (data non showed) revealed
that neither the irradiation nor the temperature can alone produce noticeable decreases
of TOC, the simultaneous presence of Fe(II) and H2O2 being always necessary. It has to
be said that, the experiment carried out at 25 and 40°C, levels of TOC removal improve
under light irradiation. For higher temperature Photo-Fenton reaction has not showed
any significant effect. Similar effects were observed when the research group was
working with bleaching Kraft mill effluents [31]. :

The increase of TOC removal in the experiment carried out under Xenon light source
(comparable with solar irradiation) and with higher temperature can be translated in a
reduction of the cost treatment as figure 3 shows:

100-
90-

80

70-

60-

50-

40

30 H

20

10

0
Fénton 25BC Fhoto- Fenton 40=0 Fhoto- Fenton 70BC Fhoto-

Fenton 258C Fenton 40*0 Fenton 70aC

Figure 3. Relative cost of the Fenton and Photo-Fenton treatments. The calculations are

refereed to the Fenton treatment carried out at 25 "C.

All the prices used to make this comparative economic study have been taken from the
laboratory scale, and were done under the two following premises:

• The light source cost is cancelled due to Xenon irradiation gives same results as
solar light.

• It is not taken in account the energy necessary for the increasing of the
temperature of the wastewater because it is important to remark that in
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comparison to most industrial wastewaters, the temperature of textile effluents is
unusually high. During the dyeing process, rinse waters of up to 90 °C are used
in various steps. The near 40°C temperature of the textile wastewaters is
attributable to the hot rinse waters [2].

This economic study at laboratory scale is enough reliable to compare how Fenton and
Photo-Fenton reactions could be improved in order to save time and decrease cost. It is
clearly shown that it is possible an important reduction of the cost treatment without
sacrifice in TOC removal.

Conclusions

The degradation of the organic content of a bleaching textile effluent has been
successfully carried out by simultaneously applying Fenton and Photo-Fenton reactions.
The most significant effect was ascribed to solar light source. In only 2 hours of reaction
it is possible to reduce 70 % the cost of the treatment when solar irradiation allowed
Photo-Fenton reaction to be taken place. Consequently, solar light is an efficient and
economical source of irradiation.

From the data, it is clear that temperature is the other particularly significant factor for
increasing TOC removal even without light irradiation, just Fenton reaction. A decrease
of 77% in the cost is possible just increasing temperature from 25°C to 40°C.
Temperature is a key parameter that has to be taken into account, specially for those
applications where TOC removal rate can be increased by using low cost heat (heat
exchangers, co-generation, etc.).

The simultaneous effect of use solar irradiation and increase temperature condition
allowed the treatment cost be reduced 88 % for an efficient TOC reduction.

Successful TOC removal join to reduce cost treatment put the combination of Fenton
and Photo-Fenton processes in a pole position inside the every time more applied
AOP's.
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Abstract

The simultaneous use of Fenton reagent and irradiation for the treatment of textile
wastewaters generated during a hydrogen peroxide bleaching process is investigated.
The experimental conditions tested during this study provide the simultaneous
occurrence of Fenton, Fenton-like and photo-Fenton reactions. The batch experimental
results are assessed in terms of TOC reduction. Identification of some of the chemical
constituents of the effluent was performed by means of GC-MS. Other pollution related
features of the initial effluent like COD and color were also measured. The main
parameters that govern the complex reactive system, i.e., light intensity, temperature,
pH, Fe(n) and HaOa initial concentrations have been studied. Concentrations of Fe(H)
between 0 and 400 ppm, and HiOa between 0 and 10000 ppm were used. Temperatures
above 25 °C and up to 70 °C show a beneficial effect on organic load reduction. A set of
experiments was conducted under different light sources with the aim to ensure the
efficiency of using solar light irradiation. The combination of Fenton, Fenton-like and
photon-Fenton reactions has been proved to be highly effective for the treatment of such
a type of wastewaters, and several advantages for the technique application arise from
the study.

Keywords: Advanced Oxidation Processes, Fenton, Photochemical reactions, Textile.
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Introduction

The textile industry produces large volumes of bleaching effluents that contain
appreciable quantities of organic compounds which are not easily amenable to chemical
or biological treatment [Tzitzi, M., et al. (1994). Lin, S.H. and Peng, C.F. (1994)].
Furthermore, treatment cost of textile wastewaters has been scaling rapidly in recent
years. Hence a search for more cost effective treatment methods has practical
application [Lin, S.H. and Peng, C.F. (1994)].

Most of the textile effluents have high levels of DQO, and hydrolysis in basic media is
often carried out before the application of other treatments. Dorica [Dorica, J. (1992)]
has reported the removal of organic chlorine of bleach paper plant effluents using
alcaline hydrolisis. Pérez et al. [Torrades, F., et al. (2001)] have carried out studies were
similar results were obtained.

Recently, chemical treatment methods, based on the generation of hydroxyl radicals,
known as Advanced Oxidation Processes (AOPs), have been applied for pollutant
degradation, due to the high oxidative power of the OH radical. The most widely
studied AOPs include: heterogeneous photocatalytic oxidation [Hoffmann, M.R., et al.
(1995). Linsebigler, A.L., et al. (1995). Pérez, M., et al. (1997). Mills, A. and Le Hunte,
S. (1997)], treatment with ozone (often combined with H2O2, UVA, or both) [Sánchez,
L., et al. (1998). Tanaka, K., et al. (1996). Muller, T.S., et al. (1998). Klare, M., et al.
(1999). Logager, T., et al. (1992)], H202/UV systems [Peyton, G.R. (1990)], Fenton
[Peyton, G.R. (1990). Chamarro, E., et al. (2001). Ruppert, G., et al. (1993)] and Photo-
Fenton type reactions [Pignatello, JJ. (1992). Kiwi, J., et al. (1994). Tang, W.Z. and
Huang, C.P. (1996). Safarzadeh-Amiri, A., et al. ( 1996). Bauer, R. and Fallmann, H.
(1997)].

The high electrical energy demand or the consumption of chemical reagents are
common problems among all the AOPs [Bauer, R. and Fallmann, H. (1997)]. Specially,
the production of photons with artificial light sources require an important energy input.
However not all photoassisted processes require light with the same wavelength and
energy. While direct Oa or H2O2 photolysis need photons of short wavelength (<310
nm), TiO2 photocatalysis can take advantage of photons of wavelengths up to 380 nm
[Hoffmann, M.R., et al. (1995)], and photo-Fenton reactions can use photons with
wavelength close to 400 nm. The mixtures Fe(III) + H2O2 (known as Fenton like
reactions [Pignatello, JJ. (1992)]) have shown photon absorption up to 550 nm [Sun, Y.
and Pignatello, JJ. (1993). Pignatello, J.J., et al. (1999)]. In presence of Fenton reagent
photochemical reactions can be driven with photons of low energy, photons that belong
to the visible part of the spectrum. Thus, Photo-Fenton processes are a potential cost-

222



Submitted for publication in Water Research

reduced AOP that can be run under solar irradiation [Safarzadeh-Amiri, A., et al.
(1996)].

In the generally accepted mechanism of Fenton reaction hydroxyl radicals OH- are
produced by interaction of HaOa with ferrous salts

Fe(/7) + H2O2 ->Fe(I I I ) + OH' + OH' k = 76.5 L-mol'1-^1 (1)

Fe(III) can react with HaC^ in the so-called Fenton like reaction:

Fe3+ + H2O2 ̂  FeOOH2* + #+ k= 2.0-10'3 L-mor'-s'1 (2)

Fe - OOH2+ -» HOI + Fe* (3)

Fe3+ + HO'2 ->Fe*++O2+H+ (4)

regenerating Fe(II) and thus, supporting the Fenton process [Pignatello, JJ. (1992)].

The rate of degradation of the organic pollutants by Fenton reaction could increase
when an irradiation source is present. The positive effect of irradiation on the
degradation rate is due to the photoreduction of Fe(ni) to Fe(II) ions, a step that
produces new OH- radicals and regenerates Fe(II) ions that can further react with more
H2Û2 molecules. The photoreduction of Fe(III) follows the equation:

FeOH 2++hv->Fe2++OH' (5)

with Fe(OH)2+ being the dominant Fe(III) species in solution at pH 2-3. Recently, it has
been proven that the irradiation of Fe(III)+H2O2, also called photo-Fenton reaction,
enhances the reaction rate of oxidant production, through the involvement of high
valence Fe intermediates responsible for the direct attack to organic matter [Pignatello,
J.J., et al. (1999). Bossmann, S.H., et al. (1998)]. Absorption of visible light by the
complex formed between Fe(III) and H2Û2 seems to be the cause of formation of such
high valence Fe-based oxidants.

In the present paper we have undertaken the study of the oxidation of the organic
compounds present in a bleaching textile effluent by Fenton and Photo-Fenton
reactions, in order to establish the efficiency of both AOP for the treatment of such
wastewaters. The role that several experimental parameters like temperature, light
intensity, and reagent concentration have on the reaction yields have been examined.
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Experimental

The effluents used in the present research were obtained from the hydrogen peroxide
bleaching sequence of a cotton substrate mixed with a very low portion of synthetic
fibers and pretreated with hypoclorite. The wastewater was supplied by a Spanish textile
manufacturer. In order to work with lower level of organic pollutants, hydrolysis with
Ca(OH)a (pH 12, room temperature, during 1 h) was carried out to the effluent,
following the procedure of Dorica [Dorica, J. (1992)].

The rest of the chemicals used were, at least, of reagent grade. Analytical grade
hydrogen peroxide and heptahydrated ferrous sulfate were purchased from Panreac and
Aldrich, respectively, and were used as; received. Solutions were prepared with
deionized water obtained from a Millipore Mili-Q system.

Experiments were conducted in a thermostatic cylindrical Pyrex cell of 130 cm3

capacity. The reaction mixture inside the cell, consisting of 100 ml of organic effluent
and the precise amount of Fenton reagent, was continuously stirred with a magnetic bar.
During most of the experiments the temperature was maintained at 25.0±0.1°C. A 6 W
Philips black-light fluorescent lamp and a 250 W xenon lamp (Applied Photophysics)
were used as light source. The IR fraction of the xenon light beam was removed by the
water in the double jacket of the photoreactor. The intensity of the incident light inside
the photoreactor, measured employing a uranyl actinometer, was 1.38-10"9 Einstein-s"1

for the fluorescent lamp and 7.55-10"8 Einstein-s"1 for the xenon lamp.

Total organic carbon (TOC) of initial and irradiated samples was determined with a
Shimadzu 5000 TOC analyzer. Color determination of the initial sample was carried out
in a double beam SP8-300 Pye Unicam spectrophotometer at the wavelength of 465 nm,
using 10 mm light path cells, according to standards H.5 of the CPPA [Canadian Pulp
and Paper Association (1993)].

Identifications of some chemical constituents of the wastewater was attempted by
means of GC-MS. A HP 6890 gas Chromatograph equipped with a quadrupole HP 5973
mass selective detector was used. The GC-MS analysis was carried out with ionization
of electronic impact, 70 eV, the spectra were recorded in the interval 40 - 600 amu.

One liter of the sample was filtered with Speedisk® membrane (J.T. Baker) following
the EPA 525 procedure. Samples were reconstituted to 100 ¿iL in dichloromethane and
1 uJL was injected in the GC. Identifications were carried out with the aid of the data
base library WILEY (275,000 spectra) and NIST (130,000 spectra).
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A capillary column HP-5MS (5% Phenyl Methyl Siloxane) with dimensions of 30 m,
250 urn, 0.25 urn was used. The carrier gas flow rate in the GC was 1.3 mL-rnin"1. The
sample injection was carried out with a 0.6 min of splitless time, at 250 °C. The
temperature program used during the GC-MS analysis ramped as follows: 70 °C (3
min), S'·C·min"1 until 270 °C (30 min).
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Results and discussion

After hydrolisis the textile effluent have the following global parameters values: 605±9*
mg-L"1 of TOC; 1669±4* mg-L'1 O2 of COD; and 40±8* mg-L'1 Pt of color, *(n = 4, a =
0.05).

Table 1 contains the compounds that have been identified by GC-MS. Several of these
compounds can be considered degradation products of nonylphenol derivatives, often
used as surfactant in the preparation of textile fibers. Also, a large number of
unidentified compounds appear in the chromatogram, although they are not included in
table 1.

As expected from equations 1 to 5 the complex reactive system is a pH dependent
processes. However, each reaction has its optimum performance at different pH values:
nearly pH independent for the Fenton process [Pignatello, JJ. (1992)], optimum at pH
2.8 for the Fenton-like reaction [Pignatello, JJ. (1992)], and clearly pH dependent for
photo-Fenton reaction [Pignatello, JJ., et al. (1999)]. Data concerning TOC degradation
of paper mill effluents at several pH showed that the faster removal of TOC takes place
at pH=2.8 [Pérez, M., et al. (Submit.)]. A very acid media or a neutral-basic media
slows down the process. The low activity detected for high pH values can be explained
by the formation and precipitation of Fe(OH)3, a process that hamper the development
of photo-Fenton and Fenton-like reactions. The decrease of activity for pH values below
the optimum is understandable taking into account that Fe (III) forms different complex
species in solution, and the quantum yield of light absorption by Fe(ni) is directly
depending on the specific specie responsible for the absorption. Table 2 shows the
predominant iron species at different pH ranges [Safarzadeh-Amiri, A., et al. (1996)].
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Table 1. Compounds found by GC-MS in the textile effluent after hydrolysis.

Compound Retention time

Aromatic compounds

benzoic acid

benzeneacetic acid

3-methyl benzoic acid

ethyl ester 4-ethoxy- benzoic acid

3,5-di-tert-Butyl-4-hydroxybenzaldehyde

Linear acids

nonanoic acid

decanoic acid

undecanoic acid

dodecanoic acid

tetradecanoic acid

pentadecanoic acid

hexadecanoic acid

heptadecanoic acid

octadecanoic acid

Other compounds

2,2'-oxybis-ethanol

decane

2, 8-dimethyl-4-methylene-nonane

2-decanone

methyl ester nonaic acid

2-butyl octanoic acid

2-propylnonanoic acid

2-methyl undecanoic acid

10.80

12.90

13.72

19.32

24.70

13.60

16.27

19.13

20.70

24.80

26.80

29.10

30.76

32.62

5.30

5.48

7.73

10.71

17.80

19.30

19.35

19.72

Reliability

97%

76%

94%

96%

98%

95%

96%

96%

99%

98%

97%

99%

96%

93%

83%

91%

86%

90%

70%

91%

72%

91%
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Table 2. Hydrated Fe(III) species in solution and the range of pH where they are
predominant.

Fe specie

Fe(H20)6
3+

Fe(OH)(H20)5
2*

Fe (OH)2(H20)/

pH

1-2
2-3
3-4

The main species at pH 2-3, Fe (OH)2+(H2O)s, is the one with the largest light
absorption coefficient and quantum yield for OH* production in the range 280-370 nm
[Benkelberg, H-J.and Warneck, P. (1995)]. Thus, it is also the species that potentially
regenerates more Fe(II), At lower pH, where Fe3"l"(H2O)6 is more concentrated, the
effectiveness of light absorption, regeneration of Fe(II) and, eventually, TOC
degradation is lower. For larger pH Fe(OH)2

+(H2O)4 dominates, but the solution
becomes unstable with Fe(OH)s precipitation [Benkelberg, H-J.and Warneck, P.
(1995)]. On the other hand, the pH during the reactions always evolved toward the
optimal pH value (approximately 3) [Pérez, M., et al. (Submit.)]. Thus, pH 3 was the pH
used in all the experiments presented in this study.

Blank experiments were carried out in order to ascertain whether Fenton, Fenton-like
and Photo-Fenton reactions take places with such an organic content. When 100 mL of
the effluent were mixed with 100 ppm of Fe (II) under Xe lamp irradiation and at 40°C,
no TOC removal took place. The same behavior was observed when 1000 ppm of H2O2

were mixed with the effluent in absence of Fe (II), shown in figure 1. In contrast, the
presence of both H2O2 and Fe (II) at 40 °C and under light irradiation produced a TOC
reduction of 150 ppm (24%) after 30 minutes, and longer reaction times involved larger
reductions. Clearly, Fenton reagent under irradiation improves TOC removal. Light can
play two different roles that would lead to an improvement of the reaction yields: a) it
drives photo-Fenton reaction, producing additional hydroxyl radicals and the recovery
of Fe(II) needed in Fenton reaction. The photo-Fenton reaction may involve direct
photolysis of ferric ion (equation 5) or photolysis of Fe(ÏÏI)-peroxy complexes
[Pignatello, J.J., et al. (1999)]. b) it can drive ligand to metal charge transfer in the
potentially photolabile complexes formed by Fe(in) and organic compounds, a process
that has been well proven for the complexes formed between Fe(III) and the carboxylic
acid moiety [Hislop, K.A. and Bolton, J.R. (1999)]. Large quantities of carboxylic acid
are expected to be formed as degradation intermediates of the original organic substrate.
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700

600

60
time (min)

Figure 1. TOC of the textile effluent vs. reaction time for several experimental conditions:

WOppm ofFe(H) (M); 1000 ppm ofH2O2 (A); 1000 ppm ofH2O2 and 100 ppm
ofFe(Il), (+). pH=3, T=40 "C, xenón irradiation.

The beneficial effect of temperature was carefully tested in a set of experiments where
three different temperatures (25, 40 and 70 °C) were used in the dark and under
irradiation of the Xe lamp. The decrease of organic concentration with time due to
oxidative degradation of the textile bleach effluents by Fenton and Photo-Fenton
reactions at these three different temperatures is shown in Figure 2.

From the differences between the pairs of experiments carried out under the same
conditions (irradiation or absence of light) and different temperature it is clear that
temperature markedly influences the degree of TOC removal.

As can be seen in Figure 2, no important differences exists during the first minutes of
reaction if the process is carried out in presence or absence of light. This can be
explained by taking into account two facts: a) the initial TOC decrease is mainly due to
the dark Fenton reaction, which is faster than Fenton-like [Pignatello, J.J. (1992)] or
photo-Fenton reactions [Sun, Y. and Pignatello, J.J. (1993)]. b) Fe (II) is clearly the
limiting reagent and as long as Fe(II) is available the same initial reaction rate is
expected.
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700

600

60

time (min)

so 120

Figure 2. Effect of temperature on TOC removal. 25 °C in the dark (#); 25 "C under Xe
lamp irradiation (9); 40 "C in the dark (A); 40 "C under Xe lamp irradiation
(—); 70 °C in the dark (+);70 "C under Xe lamp irradiation (M). [H2O2]0=10000
ppm, [Fe( II)] o=l 00 ppm, pH=3.

Under the experimental conditions tested here, Fe(II) consumption takes place in few
seconds, producing the majority of TOC decrease observed after 15 minutes of reaction
(when the first samples were taken). Thus, for these short reaction times no effect is
observed due to the presence of light.

Dark reaction rates after Fe(II) consumption are controlled by the Fenton-like process
between H2Û2 and the Fe(III) formed in the first seconds of direct Fenton reaction. The
Fenton-like process regenerates Fe(II) (see reactions 2-4) which, in presence of excess
HaCb is readily transformed giving Fe(III). Thus, an effective iron cycling takes place,
with approximately constant Fe(III) concentration, traces of Fe(II), and a fairly constant
oxidant intermediate production.

When the experiment was carried out at 70°C, levels of TOC removal over 65% were
attained after just 30 minutes of reaction, both, in the dark and under irradiation. Since
the 100 ppm of Fe(II) cannot directly produce enough OH- radicals through the Fenton
reaction to account for the total level of TOC removal, the acceleration of Fenton
reaction with temperature cannot be the only cause of such an observation. The
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temperature seems to be assisting alternative ways of HaOa cleavage and OH- formation,
or Fe(II) recovery. The photo-Fenton reactions has not an important role, and the
recovery of Fe(II) from Fe (III) seems to be taking place more effectively through the
Fenton-like reactions (equations 2-4). Blanks experiments showed that neither the
irradiation nor the temperature alone can produce noticeable decreases of TOC, the
simultaneous presence of Fe(II) and HaOa being always necessary. On the other hand, in
the experiments carried out at 25 and 40°C, the levels of TOC removal increase under
light irradiation, making clear the important role of the light driven reactions. A similar
behavior has been observed during the treatment of bleaching Kraft mill effluents with
Fenton and photo-Fenton systems [Pérez, M., et al. (Submit.)].

In any case, temperature is a key parameter that has to be taken into account, specially
for those applications where TOC removal rate can be increased by using low cost heat
(heat exchangers, co-generation, etc.). It is important to remark that in comparison to
most industrial wastewaters, the temperature of textile effluents is unusually high.
During the dyeing process, rinse waters temperatures up to 90 °C are normally
encountered [Lin, S.H. and Peng, C.F. (1994)].

Although the Fenton reaction has been widely studied, there is still not an agreement on
the ratio [HaOaVfFeill)] that gives the best results. Many authors have reported the use
of different ratios of the two reactants, as can be seen on table 3.

Table 3. Ratios [fÍ2O2]/[Fe(II)] used in the works of different research groups.

Ratio Fenton Reagents Referenda

Molar ratios 3:1:1 H2O2/Fe(II)/Phenol

1:4:20 H2O2/Fe(II)/Chlorobiphenyls

100:1:16 H2O2/Fe(II)/ClorophenoIs

11:1 H202/Fe(II) for 2,4-Dichlorofenol

40:1:4 H202/Fe(II)/4-Chlorofenol

400:1 H2O2/Fe(II) treating real wastewater.

Eisenhauer, 1964

Sedlak et.al., 1991

Barbeni et al., 1987

Tangetal., 1996

Ruppertetal.,1993

Bauer et. al., 1997

ppm ratios 50:1 H202/Fe(II)

100:1:50 H202 / Fe(II)/ real wastewater

Esplugasetal.,2001

Pérez et al. Submit.
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,2+Large excess of H2O2 or Fe might be detrimental, since these species can react with
some of the intermediates like OH-, responsible of the direct oxidation of the organic
load:

Fe(II) + OH' -> Fe(III) + OH'

H2O2 + OH' -» HO'2 = 2.7-10'L-mor-s-i „-i

(6)

(7)

precluding the extent of mineralization. Thus, in order to check the effect that different
reagent ratios have on the reactions, experiments with several ratios of HaC^/FeCII) were
also conducted.

700

600

30 60

time (min)

90 120

Figure 3. Effect ofFe(II) doses on TOC reduction. The initial concentrations ofFe(II) were
as follows: 0 ppm (0); 25 ppm (*); 50 ppm (A); 100 ppm (—); 200 ppm (M);
400ppm (+). [H2O2]0=1000ppm, pH=3, T=40 "C, Xe lamp irradiation.

Figure 3 shows that, in general, increasing initial quantities of iron in solution produce
increasing rates of degradation. Although during the first minutes the reaction with
more Fe(II) proceeds at a faster rate, at long reaction times the experiment with 200 and
400 ppm of Fe(II) produces a TOC decay that is slightly minor than the one obtained
with 100 ppm. This change on behavior with time can be explained by taking into
account that Fenton reaction, which is completed after few seconds, benefits from a
larger Fe(II) load, while detrimental reactions like 6 and 7, due to the low concentration
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of OH*, need more time to manifest, and their effects only appear for long enough
reaction times, when they compete with slower reactions as Fenton-like, photo-Fenton,
photochemical processes, etc.

As can be seen for 1000 ppm HiC^ , 50 and 100 ppm of Fe(II) seem to be the more
suitable doses for long reaction time. 5:1 and 10:4 H2C>2/Fe(II) ratios show the faster
rate of TOC degradation during the first minutes. This is in agreement with the fact that
Fenton reaction dominates the first minutes of the process and a larger concentration of
reactants directly increases the reaction rate. With a 20:1 H2O2/Fe(H) ratio there is a
clear reduction in the initial amount of Fe(II) used, and the role played by Photo-Fenton
and Fenton-like reactions is more important. On the other hand, the use of large
quantities of Fe in solution has a negative effect from the applied point of view, since it
implies the need of an additional treatment step for Fe removal.

Figure 4 contains data concerning experiments with several initial H2O2 doses. In this
case it is clear that increasing amounts of H2O2 lead to larger TOC removal, with no
detrimental effects detected for the highest H2Û2. Nevertheless, the small difference
between the TOC removal attained with 2500, 5000 and 10000 ppm of H2O2 indicates
that improvements of reaction rate may not compensate the large amounts of oxidant
consumed.

700

120

Figure 4. Effect O///202 doses on TOC reduction. The initial concentrations of HiQi were
as follows: J0000 ppm (+); 5000 ppm (f); 2500 ppm (A); 1500 ppm (#);1000
ppm (—); Oppm (9). fFe(II)J0=100ppm, pH=3, T=40 °C, Xe lamp irradiation.
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In all these cases 50% TOC reduction after 1 hour of reaction and around 70% after 2
hours of reaction were obtained. It is interesting to note that, for the least H2Û2
concentrated experiments the TOC removal slows down to few ppm per hour, showing
that, even for Fenton-photo-Fenton systems large enough concentrations of H^Oa are
essential.

The intensity and the wavelengths emitted by the light source are key conditions when
trying to describe the participation of the light driven reaction. It is specially interesting,
from the application point of view, the possibility of using solar light. Figure 5 shows
the differences in TOC removal when three different light sources are used. A 10:1
concentration ratio (lOOOppm of H2O2, iper 100 ppm Fe (ü)) was used in all
experiments.

120

Figure 5. TOC decay vs. reaction time when using different light sources. UVA light
(M);solar light (A); Xe light (+). [H2O2]0=1000 ppm, [Fe(II)]0=WO ppm, pH=3

An assessment of the energy input entering the reactor gave: 3.833 IO"5 W cm"2 ( below
500 nm ) for the UVA lamp; 1.653 IO'3 W cm'2 ( below 500 nm ) for the Xenon light,
and 5 IO"3 W cm"2 ( below 400 nm, with a presumably larger photon input below 500
nm ) for the solar light. The behavior of the system during the first hour obeys this order
of energies, with the solar irradiation being the most efficient light source. However, at
long enough reaction time there is a trend change and UVA light gives the larger ratio
of TOC removal. It is difficult to find an explanation for such a behavior but it seems
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that a intense irradiation favors the fast exhaustion of HaC^ through non efficient
reactions while mild irradiation consumes less oxidant in parallel and undesired
photochemical reactions. Difficulties on maintaining the solar irradiation at a constant
temperature could also be taken into account when trying to find an explanation for such
an unexpected behavior.

Conclusions

The degradation of the organic content of a textile bleaching effluent has been
successfully carried out by the simultaneous use of Fenton reagent and UVA irradiation.
From the data is it clear that, under the specific experimental conditions of the work
Fenton reaction applies during the very first seconds, while photo-Fenton and Fenton-
like reactions are only important after several minutes. Irradiations were done with
different light sources, being more effective for long irradiation those with löwer photon
output. Solar light irradiation was found to be highly effective, opening the possibility
of extended low cost applications. Temperature is a key parameter, markedly increasing
reaction rates. Initial concentrations of Fe(II) in solution above 100 ppm were found not
to improve the rate of the reaction, while up to the values tested in this work the
reactivity was larger the higher the concentration

The mineralization of textile bleaching effluents with simultaneous use of Fenton,
Fenton-like and photo-Fenton reactions has clear applied advantages, advantages that
are outlined through the text.
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Conclusions

7. CONCLUSIONS

The use of Advanced Oxidation Processes (AOPs), including Photochemistry,
Photocatalysis, Ozonation, Fenton, Fenton-like and Photo-Fenton reactions, for the
purpose of decreasing the levels of pulp and textile bleaching wastewater
contamination, has led to the following conclusions:

1. Direct photolysis, specially in presence of Fe2+, is less cost effective than
photocatalysis. The observed differences in the color of wastewaters during
treatment point toward differences in reaction mechanisms and intermediates
formed, between the two techniques.

2. The kinetics of TOC removal during Photocatalytic treatment of generated
bleaching pulp effluents, after the first adsorption stage, follows a zero order
equation. This behavior is best explained as a particular case of the more general
Langmuir-Hinselwood equation.

3. No evidences of Fe2+ supported photocatalysis are found, and the TOC decrease
produced in the systems containing TiOa, Fe2* and H2Û2 seems the consequence
of photocatalysis and Fenton, Fenton-like and Photo-Fenton reactions working
in parallel.

4. The light intensity reaching the reaction vessel has an effect on the reaction rate.
The TiOa catalyst, under 6W of low power UVA radiation, is a lower cost
treatment with an associated slow rate of TOC reduction. The use of high power
light (125 W) increased the reduction rate of parameters of higher environmental
impact, i.e., AOX, TOC and total phenols. The toxicity of the wastewater was
significantly reduced in the first stages of the reaction.

5. Photocatalysis treatment using high power light (125 W), as shown by GC-MS
analysis, is efficient in the elimination of chlorophenolic compounds in the
bleaching pulp mill effluent.

6. The experimental design was a valuable tool in studying the role that the studied
variables played in the photocatalysis of cellulose bleaching effluent. The most
significant effect was ascribed to pH and TiOa load.

7. Addition of HaOa to the photocatalytic reaction led to a minor improvement in
TOC and AOX reduction, at least in the ranges we studied; that is not justified
considering the increased costs incurred. However, because it is a first-order
interaction with the catalyst, it enhances the COD removal.
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8. Mesoporous, photocatalytic TiOa films can be securely attached to acrylic sheets
and act as waveguides. These waveguides can be incorporated into photoreactor
designs to dramatically increase the amount of catalyst that can be illuminated
with a single light source. There are suitable to be used to photocatalytically
oxidize organic compounds.

9. A synergistic effect by simultaneously applying both photocatalysis and
ozonation treatments to the generated bleaching pulp effluent was observed. On
the other hand, even an ozonation pretreatment followed by a photocatalysis step
on industrial bleaching pulp effluent leads to TOC reduction rates that are
comparable to separated treatment techniques, 50 % cost reduction is achieved
related to the ozonation process after only three hours treatment.

10. Ozone treatment significantly removes a large amount of TOC , especially under
UVA light irradiation. Moreover, the use of light during ozonation produces a
noticeable decrease in treatment cost.

11. The presence of iron ions in solution when an ozone/UVA treatment is carried
out in a bleaching mill wastewater not only generates high rates of TOC removal
(90%), it also results in a significant cost reduction (15%). Iron ions support the
effect of ozonation by generating hydrogen peroxide. The presence of both
Fenton reagents in the system leads to Fenton, Fenton-like and Photo-Fenton
reactions.

12. Sequential processing (stirred iron with or without light irradiation, followed by
an ozonation stage) led to a reduction in the cost of treatment of up to 50 % and
with a level of TOC removal comparable to the ozone/UVA process. Iron load
did not have a noticeable effect on cost reduction. Similar conclusions were
obtained on the synthetic sample of 2,4-dichlorophenol, where we found a 70 %
reduction in cost by using the sequential treatment. At the same time the amount
of TOC and COD removed was 90 % and 95 % respectively.

13. Degradation of the organic contents of bleaching Kraft mill and textile mill
effluents have been successfully carried out by simultaneously applying Fenton
reagents under suitable light irradiation. pH = 3 is the optimal value for the
simultaneous occurrence of all reactions.

14. Solar light is an efficient and economical source of irradiation. The use of this
natural source of energy, in presence of the Fenton reagent, reduced the total
cost of two hour treatment up to 70 %

15. Careful experimental design was invaluable in determining the right Fenton
reagent ratio and the effect of temperature in the Fenton complex mechanism.
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16, Non optimal, initial concentrations of Fenton reagent were found to be
detrimental due to competitive reactions of this reagent with the oxidative
species. Initial concentrations of Fe(II) in solution, above a certain level which
depends on the contaminant load, were found to be detrimental. However, we
found the reactivity with the values of Fe(II) used in this work was larger as
higher the concentration

17. We found temperature to be a key parameter. The temperature could markedly
increase the reaction rates, even without light irradiation, of a Fenton reaction.
Temperature seems to be particularly significant in increasing TOC removal
when the system is under a low reagent load or the reagent ratios are inadequate.
In particular, temperature becomes a key parameter when the use of high levels
of iron ions on the treated wastewaters are prohibited or when it is desirable to
reduce reagent costs. A decrease in cost of around 80% is possible by just
increasing the temperature from 25°C to 40°C.

18. The bubbling of Û2 through the solutions does not improve the reaction yields.
This suggests that, under the specified conditions, Û2 saturation occurs.

19. Fenton, Fenton-like and Photo-Fenton reactions are efficient, as shown by GC-
MS analysis, in the elimination of chlorophenolic compounds from chlorine
bleaching effluents.
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