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Abstract

In the present work, some parameters (temperature, pH, concentration of Fe>* and initial concentration of H,0,) were evaluated aiming to find
the optimal conditions to promote the efficient degradation of the organic matter present in the effluent from a chip board industry, using Fenton’s
reactions and artificial illumination. The optimal conditions involve to upkeep the pH of the reaction medium around 3.00, a H,O,:Fe?* molar
ratio between 98:1 and 295:1, and Fe?* concentration around 10 mg L~'. The temperature of the reaction medium and the suitable use of the high
photonic flux from the lamp are important parameters to improve the degradation rate.

The possibility of a two-step effluent treatment, combining Fenton’s reactions and a biological treatment step is suggested.

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

The elimination of pollutants in wastewaters can be consid-
ered a great challenge, especially when the question is how
to warrant potable water for an increasing population, in an
environment more and more rich in non-biodegradable contami-
nants, and above all when it is known that potable water is scanty
and badly distributed in our planet.

Abbreviations: AOP, advanced oxidative processes; BODs, amount of oxy-
gen consumed biologically in 5 days; CONAMA, Conselho Nacional do Meio
Ambiente; CPSC, U.S. Consumer Product Safety Commission; COD, chemical
oxygen demand; FEAM, Fundacdo Estadual do Meio Ambiente; HSE, Health &
Safety Executive (U.K.); IDLH, immediately dangerous to life and health; NCI,
National Cancer Institute (U.S.); NIOSH, National Institute for Occupational
Safety and Health; OSHA, U.S. Occupational Safety and Health Administration;
TWA, time weighted average; USEPA, U.S. Environmental Protection Agency
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The conventional technologies for removal of pollutants,
excluding the biological processes, decisively does not solve
the problem since they are based on the phase transfer of these
substances, passing the buck of the problem solution for future
generations. The biological treatment is often the most cost-
effective conventional alternative for treatment of wastewaters
since is possible to degrade the pollutants. However, industrial
effluents are known to contain toxic and/or non-biodegradable
organic substances for which biological treatment is not
efficient.

The treatment of wastewaters using sequential advanced
oxidative processes (AOP) treatment followed by a biological
one has been evidenced by many researchers to promote
the oxidation of biorecalcitrant wastewaters [1-16], and is
justified considering that the most hazardous and biorecalcitrant
components can suffer chemical transformation, resulting in
less or non-toxic species, warranting a drastic reduction of the
global time of treatment. Several coupled systems, in general
characterized by the use of sequencing batch reactors, have
been proposed to treat different kinds of industrial wastewaters
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[4,5,8-10,13—-16]. The key characteristic of the AOP is the
generation of hydroxyl radicals (HO®), extremely reactive,
possessing an oxidation potential of 2.8 V, suitable to promote
the oxidation of a great variety of organic compounds [17-19].

Between the sequential systems, the association of an AOP
based on Fenton’s reactions and an aerobic biological stage is
a promising methodology [1,4,5,9,11,13,14]. Pulgarin and co-
workers, for example, have shown that photoassisted AOP and
aerobic biological processes are a good combination to degrade
biorecalcitrant, non-biodegradable and/or toxic pollutants. In
this case, the biological step consists in immobilized activated
sludge culture [1,2,12].

In this work, we explore Fenton’s reactions based on the use of
artificial radiation, to perform efficiently the degradation of the
organic matter present in the effluent of a chip board industry.
The role of a set of selected parameters on degradation per-
formance was evaluated. Evidences based in biodegradability
measurements suggest that this kind of effluent can be treated
the using Fenton’s reactions coupled to a biological stage.

2. Experimental
2.1. General

The effluent used in this work was provided by SATIPEL
S.A., a chip board industry. The samples were collected imme-
diately before its destination to the effluent treatment unit. They
were not coloured, possessing a strong odour of formaldehyde at
the moment of the collect, and some particulate material. After
transport to the laboratory, the samples were filtered and stored
for the assays.

The chemical oxygen demand (COD) of these samples is
usually high, presenting a large variance, ranging between 2000
and 8000 mg L', depending on the production conditions. The
pH of these effluents lie around 4. Previously to each assay,
the COD of the stored effluent was measured, and an aliquot
was diluted with ultra pure water, so that the initial COD of the
effluent was around 2000 mg L~

The amounts of the principal organic constituents (formalde-
hyde, melamine, urea, wood extractives, lignin fragments, resin
fragments—urea/formaldehyde and melamine/formaldehyde)
in the collected samples are quite variable and strongly depen-
dent on production conditions, resulting in unsafe data to be
reported. With the packing, transport, filtration and hoard, the
amount of formaldehyde in the effluent tends to decrease. How-
ever, this is not sufficient to reduce significantly the COD pre-
viously measured for these effluents.

The amount of extractives and lignin fragments in the efflu-
ent can be considered insignificant since the process used for
the production of wood chip boards is not capable to promote
an extensive delignification of the start material. By a simpli-
fied way, in this process woodchips are defibrated under heating
using pressurized hot water. Under this condition, there is a
softening of the lignin that facilitates fibre separation along the
middle lamella.

The wood boards are then prepared by pressing of a mixture of
defibrated material with urea/formaldehyde resin. In SATIPEL,

melamine/formaldehyde resin is applied in the finish of part of
the final product.

Based on these considerations, we can consider that form-
aldehyde, melamine, urea, urea/formaldehyde and melamine/
formaldehyde resin fragments are the main constituents of the
organic matter present in the effluent. Formaldehyde, melamine
and the cited resins are known to be dangerous to life, even at low
concentrations [20-24]. This can be considered as indication of
the hazardous character of these components. The presence of
these compounds in the effluent certainly will impair a direct
biological treatment.

2.2. The photochemical reactor

The photochemical reactor consists in a cylindrical borosil-
icate glass jacket with a path length of 1.0cm and a 400 W
high-pressure mercury lamp coaxial to it. Being of borosilicate
glass, the radiation cut-off occurs at 300 nm.

The lamp emission spectrum was measured using a setup
consisting in amonochromator aligned to a photomultiplier, con-
nected to an oscilloscope. The intensity of the emitted radiation
at a wavelength range between 300 and 560 nm was measured
at 10 nm steps.

The irradiance measurements were done using a Solar Light
PMA2100 photometer/radiometer, equipped with a UV-A detec-
tor. The solution containing the photocatalyst and the material
to be degraded was pumped into the jacket, being circulated in
front of the lamp, at a constant rate of 0.142 m3h~!. A cooler,
mounted between the reservoir and the pump was used to control
the temperature of the reaction medium during the experiments.
The experiments were performed in a batch regimen.

Fig. 1 shows the emission spectrum of the lamp, expressed
in terms of relative intensity.

The lamp emission profile in the range between 300 and
560 nm possesses around 18% of the emitted photons between
300 and 400 nm (Fig. 1), which can be considered an advan-
tage over solar irradiation, since for the radiation emitted by
the sun only a small fraction in this range (less than 8%) is
available on the biosphere [25]. Besides, artificial illumination
is capable to furnish high doses of radiation in any region of
the electromagnetic spectrum. The average UV-A irradiance in
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Fig. 1. Emission spectrum of the high-pressure mercury lamp.
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our experiments was, for example, of 1100 W/m?, whereas the
maximum irradiance in experiments using solar irradiation, was
limited to 66 W/m? [26].

The difficulty in the use of artificial radiation is in the high
cost of energy, mainly in regions poor in renewable resources.
However, this difficulty can be certainly minimized by the opti-
mization of the reaction parameters.

2.3. Chemical analysis

The degradation of the organic matter was monitored in
terms of COD. Aliquots of the effluent were collected at dif-
ferent reaction times, and treated using a USEPA (United States
Environmental Protection Agency) approved method [27,28],
in which aliquots of the effluent react under heating and closed
reflux, at 423 K during 2 h, reducing dichromate ions to chromic
ions in a strongly acid medium. From absorbance measurement,
done at 620 nm using a Hach DR-4000U spectrophotometer and
a resident program, the COD of the samples was determined.

The biochemical oxygen demand (BODs) of dilutions of the
effluent was determined after an incubation time of 5 days at
293.0 £ 0.1 K, in the dark, following a classical method recom-
mended by Brazilian Environmental Agencies [29]. The dilu-
tions of the samples were done using buffered solution (pH 7.2),
prepared with ultrapure water, containing the suitable nutrients
for the living organisms during the incubation period. The dis-
solved oxygen was titrimetrically determined using Winkler’s
method.

2.4. Evaluation of kinetic parameters related to the
degradation performance

The following parameters were evaluated aiming to find the
optimal conditions to promote the degradation of the organic
matter present in the effluent: temperature, pH, concentration of
Fe?* and H,0,.

For these assays, initial values were arbitrated for tempera-
ture, pH and concentration of Fe?*. The guess for temperature
was based on previous studies involving solar irradiation, in
which the temperature of the reaction medium usually reaches
a stationary point between 313 and 323 K [30,31]. The selected
value was the average temperature (318 K). The pH in the initial
assays was defined as being 3, since it has been reported that
Fenton’s reactions occur efficiently at pH in a range between
2.9 and 3.5 [32-36]. The guess for concentration of Fe* was
based on the limits defined by Brazilian environmental laws (the
maximum limit is 5 mg L~! of soluble iron for class 3 waters,
which corresponds to 8.95 x 1073 mol L~ 1) [29].

To evaluate the role of H,O; concentration on reaction
kinetics, pH (3.00+0.10), concentration of Fe’* (50mgL~!
FeSO4-7H,0, corresponding to 0.18 mM or 10mgL~" Fe?*),
and temperature of the reaction medium (318 4 2 K) were main-
tained constant.

The role of Fe* concentration on the reaction kinetics was
evaluated considering constant values for pH (3.00 & 0.10) and
temperature (318 & 2 K) of the reaction medium. The initial con-
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Fig. 2. Typical kinetic profile for the degradation of the effluent from
SATIPEL S.A.,, at pH 3 and 318K. The apparent rate constant is
1.38(£0.17) x 1073 min~!, r=0.9636.

centration of HyO, was 53 mM, added from 30% (w/w) stock
solution, and defined in the above experiment.

In the evaluation of the influence of pH, the concentration
of Fe(Il) salt (0.18 mM) and the temperature of the reaction
medium (318 % 2 K), were maintained constant. The initial con-
centration of HyO, was 53 mM, added from 30% (w/w) stock
solution.

The role of the temperature was evaluated maintaining con-
stant the following parameters: pH 3.00(%0.10) and 50 mg
(0.18 mM) of FeSO4-7H» O per litre of solution. The initial con-
centration of HyO; was 53 mM. The ratio between temperature
and apparent rate constant was described in terms of Arrhenius
equation plot.

Considering that the concentration of generated reactive
species must reach quickly a stationary-state regimen during
the photocatalytic process, the rate law for the degradation
process was treated as being a pseudo-first order, in terms of
consumption of the organic matter. The degradation of the
organic matter was monitored in terms of COD considering
that this parameter reflects the remaining concentration of the
organic matter, we have

—[In(COD) — In(COD),] = kyppt or — IN(COD)y = kapp?
ey

where (COD) is the chemical oxygen demand of the untreated
effluent.

Fig. 2 presents a typical profile of the kinetic treatment of a
data set, indicating that the degradation kinetics can be safely
treated using a pseudo-first order rate law, based on the steady-
state approximation.

For all experiments, the maximum irradiation time was lim-
ited to 2 h. All experiments were done at least in triplicate.

3. Results and discussion

3.1. Evaluation of kinetic parameters related to the
degradation performance

It is known that Fenton’s reactions can be triggered by ther-
mal and/or photochemical pathways [37]. These reactions can
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Fig. 3. UV/vis spectrum of aqueous solutions of: (a) Fe(III) sulphate (10 mg L'
Fe3*); (b) Fe(II) sulphate (10 mg L~! Fe?*), at pH 2.86. (Inset) Absorption spec-
trum of an effluent sample previously filtered and diluted (1:5, v/v) with ultrapure
water, submitted to Fenton’s reactions: (A) before; (B) 60 min of reaction; (C)
after 120 min of reaction.

be considered as being founded on the synergism between pho-
tochemical and thermal processes.

Fig. 3 suggests that the thermal reactions induced by Fe(II)
must exert an important role in the initiation of the studied pro-
cess, since the considerable initial absorbance of the effluent
(Fig. 3, inset) can cause a “filter effect” on the photochemically
induced processes, minimizing the photocatalytic action of the
Fe* ions formed in the beginning of the reaction.

Besides the low molar absorptivity of the Fe>* solution, evi-
dences are not known on the direct involvement of this species in
photochemical processes. On the other hand, the formation of the
hydrated Fe(II)-H,O, complex is thermodynamically favoured
[38], resulting in a steady-state concentration of Fe?* bound to
H>0,. Ensing, using density functional theory calculations and
Car—Parrinello molecular dynamics simulations have demon-
strated the occurrence of O—O lysis of hydrogen peroxide when
coordinated to hydrated iron(Il), being the homolysis the most
favourable process [39], suggesting that this route can be the
main responsible by the generation of hydroxyl radicals in the
thermal process.

Although known at more than a century, the mechanism of
Fenton’s reactions is not yet completely cleared. Recent results
have demonstrated that Haber and Weiss reaction (Eq. (1)) is
not thermodynamically favourable, since the formation of the
intermediate HoO, ™ is not viable [41,42]. Despite this, many
researchers have based their discussions in the Haber and Weiss
mechanism [43,44], probably based on the fact that hydroxyl
radicals are produced [32,38,40]:

Fe’t + H,0, — Fe’T +Hy,0,” — Fe(OH)’T +HO®*  (2)

Being oxidized to Fe(IIl) during the thermal reactions, the
Fe(Il) is recovered [32,38,40] in the photochemical processes
[32,34-36]:

Fe(OH)>t " FeXt 4+ HO®  (pH2.9-3.5) 3)

2.0 1

Fig. 4. Apparent rate constant vs. pH for the degradation of the effluent under
study.

Fe’* + H,0-% Fe?+ + HO® 4+ H* (4)

in reactions which result in more hydroxyl radicals, giving the
conditions to upkeep the degradation at a desirable level of effi-
ciency. Fig. 3 (inset) shows the decrease in the absorbance of
the effluent, suggesting an increasing participation of the pho-
tochemical reaction in the global process.

The UV/vis spectrum of an aqueous solution of Fe(IIl) sul-
phate, at pH 2.8, shows that Fe’* is capable to do a good
UV-A photon pick up (Fig. 3). Many authors have reported
that Fe(OH)>* is the main specie for photo-Fenton reactions
at a pH near 3 [36], possessing expressive molar absorption
coefficient in the wavelength range between 280 and 370 nm
[45]. Its photochemical dissociation results in hydroxyl rad-
icals, with expressive quantum yield (®¢Ho+)=0.195+£0.033
at 310nm) [46], which increases when Fe(Ill) is com-
plexed with an organic ligand [1,47]. This iron-complex is
also able to oxidize organic molecules by electron transfer
[48].

Evidences about other reactions without the direct action of
hydroxyl radicals, capable to influence positively the degrada-
tion of the organic matter, have been presented. The photochem-
ical reaction involving Fe(III) under acidic pH in the presence of
O; as electron acceptor, has proven to be an important pathway,
mainly if Fe(Ill) is complexed with an organic ligand [1,49].
Bossmann et al. have presented evidences on the occurrence
of an electron transfer mechanism for the degradation of 2,4-
dimethylaniline [38].

3.1.1. The role of pH

Fig. 4 presents the profile obtained for the degradation rate
at different pHs.

The curve points to an optimal degradation rate at pH lower
than 3. A pH around 2.8 has been proposed as fundamental
for the efficient photodegradation of organic matter, since the
presence of Fe3* and Fe(OH)2+, formed during the reactions,
will improve the production of hydroxyl radicals [32,33-36].

However, considering the costs involved for pH adjustment
in large-scale processes, we established the work pH as being
around 3, since the usual pH of this effluent before treatment is
around 4.
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Fig. 5. Arrhenius correlation between temperature and apparent rate constant.

The pH control, restricted to a range around 3, during the
course of the reaction, will avoid the formation of Fe(III) com-
plexes capable to reduce the reaction performance.

3.1.2. The role of temperature

Fig. 5 shows the dependence of the reaction rate with the
temperature, expressed in terms of Arrhenius equation.

As can be seen, temperature has a positive impact on reaction
rate, although our results suggest that the photochemical process
mediated by artificial irradiation, most probably due to the high
photonic flux of the lamp, tends to mask the role of temperature
at mean and low temperatures. An estimate of the ratio between
the reaction rate for the photo-Fenton and the purely thermal
Fenton’s process, both performed at 318 K under similar condi-
tions (0.18 mmol L~! Fe2* and 26 mmol L~! H,O, added in the
beginning of the reaction, and initial pH of the reaction medium
adjusted to 2.89), reveals that photo-Fenton process is at least
three to four times more efficient (Fig. 6).

A criterious analysis of the rate constants at different tempera-
tures suggests that the increase in the temperature of the reaction
medium possesses a positive effect on the degradation. The com-
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Fig. 6. Degradation of the organic matter present in the effluent by thermal Fen-
ton’s (1) and Fenton-like (2) reaction both performed under the same conditions.
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Fig. 7. Ratio between the apparent rate constant and concentration of Fe?* for
the degradations made using the laboratorial setup.

parison of the rate constants at 318 and 342 K shows that k,pp at
342K is practically twice the value at 318 K (from 1.42 x 1073
t0 2.79 x 103 min~"). An estimate on the participation of the
thermal process in kapp suggests that it must correspond to, at
least, 62% at this temperature.

In virtue of the nature of photochemical processes, the initia-
tion stages must be very fast and not dependent on temperature
of the reaction medium. Despite the photonic flux has been very
high in these experiments, the performance obtained in the reac-
tions using artificial radiation was lower to that observed in the
tests using a prototype of CPC reactor, despite in the reactions
induced by solar radiation the maximum irradiance reached in
our studies has been 66 W m~2 [30,31]. This is probably related
to the lower residence time of the effluent in the annular reactor,
6.8 s, whereas in the prototype of CPC reactor this value is 22 s.

3.1.3. The role of Fe** concentration

An apparently unexpected result was obtained for the degra-
dation rate when the concentration of Fe(II) salt was varied. The
apparent degradation constant, measured for a range of Fe(Il)
concentration between 3.6 x 107 and 3.6 x 10~*mol L™},
practically did not vary, presenting a rate constant around
1.46 x 103 min~!. This must be related to the high pho-
tonic flux during the reaction, enabling the efficient synergism
between photochemical and thermal processes (Fig. 7).

Considering this, our option was to use low Fe(II) concentra-
tion approximately twice the limit for class 3 waters [29]. Thus,
it is possible to avoid expensive stages to reduce the concentra-
tion of soluble iron to a level acceptable by environmental laws,
after the effluent treatment.

3.1.4. The role of H>O> concentration

Hydrogen peroxide is a very suitable font of reactive species
for these reactions. Fig. 8 shows the ratio between H,O» con-
centration and the apparent reaction rate under our experimental
conditions.

Several studies have proposed the existence of an optimum
H>0O; concentration to perform efficient Fenton’s reactions.
However, there still no agreement on the [HOOH]/[Fe**] molar
ratio that gives the best results. Different ratios have been pro-
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posed, covering a range between 1:1 and 400:1 [47,50-57]. In
this study, we observed an increasing performance for the degra-
dation working in a range between 98:1 and 295:1.

It is known that excessive amounts of this reactive could act
as HO® scavenger, reducing the degradation efficiency [32,45].
Particularly, in our case, the concentration of hydrogen peroxide
only seems to be high, since [Fe2*] is considerably small. Due
to this, the concentration range of hydrogen peroxide used in
this study is not detrimental for the good course of the process.

In assays using solar light irradiation to treat large amounts of
effluent, our option was by the use of 50 mg L~! of FeSO4-7H,0
per litre of effluent, which corresponds to 10 mg L~ Fe(II) (or
1.80 x 10~* mol L~!)—two times the cited limit, with excel-
lent results [30]. In these assays, we worked with a H,0,:Fe?*
molar ratio in the range between 92:1 (16.00mgL~! solu-
ble iron) and 147:1 (10.05 mg L~! of soluble iron). A COD
reduction around 70% was reached for a UV-A dose of almost
1000 kJ m~2. In both cases, the concentration of H,O» was lim-
ited to 27 mM. In another essay in which we worked with a molar
ratio of 92:1, but using a combination of Fe(Il) and Fe(IIl),
in a Fe?*:Fe3* mass ratio of 1.29, the COD reduction was of
about 80%, for a UV-A dose of 760k m~2, corresponding to
no more than two hours of reaction in a sunny day in Uberlandia
[31].

3.2. Biodegradability assays

The BODs/COD ratio for the effluents prior Fenton’s
reactions is considerably low, despite it presents a large
variability. For one of the lots of effluent we worked, the
measured BOD5/COD ratio was equal to 0.09, indicating a
very low biodegradability [3—5]. Being this effluent composed
by biorecalcitrant organic components, this explains its very
low biodegradability. After 2h of photo-Fenton reaction, the
biodegradability of the cited effluent changed to 0.33, reflecting
an increase of 267% in this parameter. This value is near the
established as being the quantitative index for organic matter
complete biodegradability [6]. This result suggests that Fenton’s
reactions could be used as previous treatment of chip board
effluents, followed by a biological stage in the moment in which

the biodegradability of the effluent indicate the feasibility for
the biological treatment.

4. Conclusions

The present study dealt with the development of a process
for treatment of effluent from a chipboard industry, using AOP
based on Fenton reactions, induced concomitantly by thermal
and light-induced processes.

The studied effluent usually presents very high COD, ranging
between 2000 and 8000 mg L~! and very low biodegradability,
most probably due to the high COD and presence of strongly
biohazardous components.

The temperature of the reaction medium has an important
role over the efficiency of the global process. The results show
the importance of the thermal process, mainly in the beginning
of the degradation, when the considerable absorbance of the
effluent tends to cause a “filter effect” on the photochemically
induced processes, minimizing the photocatalytic action of the
ions Fe* eventually formed.

In virtue of the high photonic flux furnished by mercury lamp,
the photochemical component of the rate constant is between
three and four times the thermal component, at 318 K. However,
at 342K the importance of thermal processes on rate constant
increases significantly since kapp is almost two times the value
at 318 K.

The optimal conditions, to perform the photodegradation
using artificial irradiation, in terms of H,0,:Fe?* molar ratio,
were defined as values between 98:1 and 295:1.

The optimum pH for the reaction medium was established
in 3, since the usual pH of the untreated effluent is around
4. Although our results show that a pH of at least 2.5 should
improve the degradation, for large volumes of effluent the cor-
rection and pH upkeep at low set point during the treatment can
be an expensive procedure.

Probably a combined system using artificial and solar radi-
ation can be advantageous to reduce the costs and considering
the possibility to promote the degradation of the organic mat-
ter in the absence of solar radiation or in periods of low solar
irradiance.

As suggest the biodegradability assays, the Fenton’s reactions
can be used as pre-treatment in a two-step process involving a
biological stage, for the treatment of this kind of effluent.
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