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Abstract: Dye wastewater is one of typically non-biodegradable industrial effluents. A new process linking Fenton’s
oxidation with biological oxidation proposed in this study was investigated to degrade the organic substances from
real dye wastewater. During the combination process, the Fenton’s oxidation process can reduce the organic load
and enhance biodegradability of dye wastewater, which is followed by biological aerated filter (BAF) system to
further remove organic substances in terms of discharge requirement. The results showed that 97.6% of chemical
oxygen demand (COD) removal by the combination process was achieved at the optimum process parameters: pH
of 3.5, H,0, of 2.0 mL/L, Fe(II) of 500 mg/L, 2.0 h treatment time in the Fenton’s oxidation process and hydraulic
retention time (HRT) of 5 h in the BAF system. Under these conditions, COD concentration of effluent was
72.6 mg/L whereas 3020 mg/L in the influent, thus meeting the requirement of treated dye wastewater discharge
performed by Chinese government (less than 100 mg/L). These results obtained here suggest that the new process
combining Fenton’s oxidation with biological oxidation may provide an economical and effective alternative for

treatment of non-biodegradable industrial wastewater.

Introduction

Dye production generally discharges large volumes of heavily-
-polluted wastewater belonging to one of the most difficult
problems to be solved in industry, which may have a long-term
negative impact on ecosystems when directly discharged into
water bodies. Due to the existence of complicated chemical
compounds (such as aromatic amines and nitroanilines) in
dye wastewaters, it is commonly considered to be of very low
biodegradability (Malachova et al. 2013, Papic et al. 20006),
so-called persistent contaminant, which may have major
threat to water environmental quality in some ways, especially
potential contributions to lack of dissolved oxygen (DO) and
increase of color. In this content, common biological treatment
technologies for treatment of dye wastewaters will don’t meet
the requirement of discharge because of organic substances
resistance to biodegradation. Advanced oxidation processes
(AOPs) have been reported to a preferable method for the
treatment of non-biodegradable industrial wastewaters (Chu et
al. 2012, Mandal et al. 2010, Oller et al. 2011, Rizzo 2011).
In AOPs, persistent organic pollutants can be degraded by
hydroxyl radicals having high reactivity and non-selectivity
(Comninellis et al. 2008, Shannon et al. 2008).

Among various AOPs, Fenton’s oxidation process is
widely recognized as one of the most promising technologies
for stable and efficient removal rates in a dye wastewater

treatment system because of its easy operation and high
oxidation potential (Kang and Hwang 2000, Maezono et al.
2011, Manu and Mahamood 2011, Sun et al. 2009). In this
process, catalytic decomposition of hydrogen peroxide (H,0,)
into highly reactive hydroxyl radicals (-OH) by means of Fe(II)
was conducted under acidic conditions (Sanchis et al. 2013).
Hydroxyl radicals have a strong oxidation capacity and can
degrade varieties of organic compounds. More importantly,
the Fenton’s oxidation reaction is not influenced by wastewater
characteristic, such as biodegradability, toxicity and salinity.
However, Fenton’s oxidation for completely degradation of
organic compounds in wastewater is commonly expensive
(compared with biological treatment method) because many
intermediates generated during this oxidation process tend
to be more and more antioxidative which requires a longer
oxidation time, and thus, consumption of H,0, and Fe(II) will
increase with oxidation reaction time (Neyens and Baeyens
2003).

Recently, studies aiming at the application of Fenton’s
oxidation process into pretreatment of non-biodegradation
industrial wastewaters have been reported (Chen et al. 2009,
Chen et al. 2007, Padoley et al. 2011). In a Fenton’s oxidation
pretreatment process, the initially non-biodegradable organic
compounds can be converted into more biodegradable
intermediates, thus greatly enhancing the biodegradability of
raw wastewaters (Vilar etal. 2012, Zhang et al. 2013). And then,
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the effluent from the pretreatment system was further treated in
a biological oxidation process with a potentially lower cost.
The feasibility of combination process of Fenton’s oxidation
coupled with biological oxidation for the treatment of non-
-biodegradation industrial wastewater has been demonstrated
in the literature (Lodha and Chaudhari 2007, Oller et al.
2011, Papic et al. 2006). In the Fenton’s oxidation followed
by biological oxidation process, non-biodegradable organic
compounds can be partially oxidized to easy biodegradable
organic intermediates and then be completely degraded in
biological treatment system. Compared with other biological
treatment processes, biological aerated filter (BAF) is widely
regarded as a promising fixed-film bioreactor for treatment of
various types of wastewaters (Qiu et al. 2010), especially in
application of advanced treatment of effluent from chemical or
physical processes. The outstanding advantages of BAF are to
perform biological oxidation of organic substances as well as
physical filtration of suspended solids, to operate easily and to
occupy less space (Feng et al. 2012a, Feng et al. 2012b).

The aim of this study was to assess the effectiveness
of treatment dye wastewaters by a Fenton’s oxidation process
integrated with a BAF system in terms of the COD removal
efficiency. Moreover, the effect of pH, H,O, dose, Fe(II) dose
and treatment time of Fenton’s oxidation of dye wastewater
were investigated to find the optimum process parameters. The
results obtained from this study, combining Fenton’s oxidation
with biological oxidation, may serve as a new suggestion
for the treatment of dye wastewaters or non-biodegradable
industrial wastewaters.

Material and methods

Experimental setup and operation

A schematic diagram of the experimental setup proposed in this
study, operated continuously, mainly consisting of Fenton’s
oxidation reactor and BAF system is shown in Figure 1. The
Fenton’s reactor with a working volume of 3.5 L, made of
plexiglass, was carried out at room temperature (21+£2°C) and
the operation procedure was performed as follows: 1) Fe(Il)
salt was added to the Fenton’s oxidation reactor, (in this study

4
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— ferrous sulfate (FeSO,)); 2) H,0, solution was added under
rapidly stirring (220 rpm used here); 3) 0.1 M hydrochloric acid
(HCI) solution was added to adjust the pH to value required
for experimental design in this study (see Table 1); 4) then,
catalytic decomposition of hydrogen peroxide (H,O,) into
highly reactive hydroxyl radicals (OH) by means of Fe(II) was
conducted for 0.5 h ~3.5 h set here under slow stirring (40 rpm
used here); 5) after completing the Fenton’s oxidation reaction,
0.1 M sodium hydroxide (NaOH) was added to adjust the pH
to 7.5+0.2, followed by the settling for 25 min; 6) effluent from
the reactor was pumped to the subsequent BAF system and
water samples were also collected for mensuration of COD
concentration.

The BAF system made of plexiglass, having
a downflow biofilter column, was 1.4 m in height and 0.1 m
in internal diameter, packed with zeolite media (about 3 mm in
diameter, 1050 kg/m® of stacking density, 11.2 m*g of specific
surface area and 43.5% of porosity) to a depth of 1 m. Air was
supplied by air pump at a flow rate of 1.3 L/min to maintain the
dissolved oxygen (DO) higher than 3 mg/L. To remove excess
biomass and solid particles absorbed on the surface of zeolite
media, the BAF system was backwashed by the combination
backwashing of gas and water in a counter-current manner for
72 h each using effluent from clarifying tank. The backwash
procedure was composed of three steps: firstly, air was
provided to the biofilter column at a flow rate of 6 L/min for
3min; secondly, air and water were simultaneously added at
the same flow rate of 5 L/min for Smin; lastly, only water was
pumped to the BAF system at a flow rate of 4 L/min for 8§ min.

Effluent from the BAF system was introduced into
the clarifying tank with length, width and height of 0.5 m,
0.3 m and 0.4 m, respectively, and after settling for 30 min,
partial supernatant in clarifying tank was used to backwash the
biofilter column as described above and the rest was reused to
produce dye.

Biomass cultivation process in the BAF system

In this study, the biomass cultivation process was completed
within 35 days. During the biomass acclimatization period,
the BAF reactor was firstly inoculated with seed sludge from
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Fig. 1. Schematic diagram of experimental setup for dye wastewater treatment; 1 — influent, 2 — Fenton’s oxidation reactor,
3 — stirrer, 4 — pH meter, 5 — flowmeter, 6 — BAF system, 7 — air pump (for aeration or backwash), 8 — content gage,
9 — clarifying tank, 10 — effluent, 11 — influent of backwash, 12 — effluent of backwash
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Table 1. Experimental procedures designed in this study

Experimental stages Process parameters
H 2,25,3,3.1,3.2,33,34,35,36,3.7,3.8,
P 3.9,4,45,5,55,6, 65,7
Fenton’s oxidation H,0, dose / (mL-L") 05,1,15,2,25,3,35,4

FeSO, dose / (mg-L")

300, 350, 400, 450, 500, 550, 600, 650, 700

Reaction time / h

05,1,15,2,25,3,35

Biological oxidation Hydraulic Residence Time, HRT =5 h

an aeration tank in the anaerobic-aerobic biological treatment
process in Chemical Dye Industrial Factory, Fengyang, China,
and then operated according to the following procedures:
1) operated in continuous flow mode with a low volumetric
organic loading of 2.0 kg COD/ (m*® d) and high hydraulic
retention time (HRT) of 10 h for 15 days, and in this stage,
the BAF system was not backwashed to improve the biomass
accumulation process; 2) in the following 20 days, operated
with a high loading of 4.0 kg COD/ (m* d) and low HRT of
5 h, and during this stage, the BAF system was backwashed
according the arrangement mentioned above to remove the
excess biomass.

Dye wastewater characterization

The dye wastewaters used in this study were collected from the
effluent of process of dye production (including Azaleine and
Methyl Red) in a Chemical Dye Industrial Factory, Fengyang,
China, in which the COD concentration was about 3020 mg/L.
COD was monitored according to the standard methods for the
examination of water and wastewater (APHA 2002).

Results and discussion

Effect of the initial solution pH on Fenton’s
oxidation

Initial tests were conducted with varying solution pH at
a constant addition of H,0, of 2.5 mL/L, Fe(II) of 500 mg/L,
and a 2.0 h fixed treatment time. The solution pH used in this
study was adjusted from 2 to 7. The effect of pH on removal
of organic substances from dye wastewaters, in the Fenton’s
oxidation reaction, are shown in Figure 2. It is observed that
in all cases, the COD removal efficiency firstly increased
rapidly but then dropped significantly with an increase in
pH ranging from 2 to 7; an optimal range of COD removal
efficiency by Fenton’s oxidation was evident when pH was
adjusted to 3.3~3.7 (in accordance with reports by Kallel et
al. (2009)), at which over 83 % of COD was removed. At an
extremely low pH (about 2), the COD removal efficiency was
low, only 39.2%, probably due to the fact that the reaction
rates of [Fe(H,0).OH]*" and H,O, were relatively low and
*OH was strongly removed by much H* based on the Fenton’s
reaction mechanism described below, resulting in a more rapid
decrease in COD removal efficiency (Szpyrkowicz et al. 2001).
Moreover, the reaction between Fe(Il) and H,O, was inhibited
under the high concentration of H" in solution (Nidheesh et
al. 2013), leading to a decrease in Fe(Il) generated from the
reaction. Similarly, at a relatively high pH (above 4), the
COD removal efficiency also dropped gradually and it was
only 16.2% at the pH of 7, mainly because under high pH,

auto decomposition of H,O, was enhanced, iron ions were
inactivated and transformed into iron oxyhydroxides, leading
to the decrease in the amount of *OH (Wang et al. 2009). The
results obtained here were consistent with reported findings on
the effectiveness of Fenton’s oxidation process for treatment
of non-biodegradable industrial wastewaters (Chu et al. 2012,
Lee and Shoda 2008, Sari et al. 2012).

The Fenton’s reaction mechanism can be described
by the following chemical reactions (Kallel et al. 2009,
Szpyrkowicz et al. 2001):

Fe* + H,0, — Fe*" + OH + -OH (1)
-OH + RH — H,0 + R )

R + Fe’" — R™ + Fe** 3)

R*+ H,0— ROH + H' (4)

-OH + H,0, — H,0 + HO, (5)
HO, + Fe" — Fe*" + O+ H" (6)
Fe** + H,O — HO, + Fe**+ H* (7)
-OH+ -OH — H,0, (8)

The above results showed that the initial solution pH
is a key factor affecting the Fenton’s oxidation performance,
mainly because of its functions in determining the activities
of catalytic reaction, oxidant and organic substances, the
species of dominant iron ions (ferrous or ferric iron) and the
stability of H,O, capable of organic substances removal from
dye wastewater (Duesterberg et al. 2008). In a suitable acidic
environment, pH of 3.3-3.7 obtained in this study, Fe(Il) was
constantly produced. When decreasing solution pH, corrosion
rate of iron ions would be increased, leading to a decrease
in the amount of Fe(II); with an increase in pH, the gradual
decline in COD removal efficiency may be attributed to H,O,
auto decomposition, low concentration and oxidation activity
of *OH and a decrease in catalytic reaction rate due to the
generation of ferric hydroxide (Mackuak et al. 2012).

Effect of H,0, dosage on Fenton’s oxidation

For the study of the effect of H/O, on dye wastewaters
degradation in Fenton’s oxidation process proposed in this
study, the addition amount of H,O, ranged from 0.5 to 4.0
mL/L, kept a constant concentration of Fe(II) 500 mg/L, at pH
of 3.5 for 2.0 h of treatment time. These experimental results



www.czasopisma.pan.pl P N www.journals.pan.pl
-_—

36 H. Zou; W. Ma, Y. Wang

100

=}
(=]
T

o

o]
[e=)
T

3
-

COD removal efficiency / %
[ D
(e} S
T T

—m— Removal efficiency
—A— COD concentration A

, g
/. \'\_ /
X

1
[\
N
(=]
S

)

-1

2000

1600

n 41200

COD concentration of effluent / (mg-L

A
0tm A /
30 \ A
s / -\ -4 800
20 F 4 "
M \.
- 400
10 1 1 1 1 1 1
5 6 7

2 3 4 o

Fig. 2. Effect of the initial pH on COD removal efficiency from dye wastewater

are shown in Figure 3, presenting that the COD removal
efficiency rapidly increased with an increase in H,O, dosage,
where the maximum COD removal efficiency of 86.2% was
reached at the addition of H,0O, 2.5 mL/L. It can be explained
on the basis of the fact that the produce of *OH increases with
an increase of H,O, concentration in solution (Mandal et al.
2010), which effectively supported the reduction of organic
substances in a Fenton’s oxidation process.

However, no significant changes occurred or even
slightly decreased in COD removal efficiency when the H,0,
dosage was more than 2.5 mL/L. Similar trends of inhibition
of organic substances degradation by excessively high H,O,
concentration in solution were also observed in the report
(Namkung et al. 2005) that COD removal efficiency decreased
to about 58% when H,O, dosage was added up to 0.056 mol/L.
This reason may be because *OH preferentially reacted with
H,0,, and inhibited the oxidation reaction between organic
substances and *OH (Kallel et al. 2009), leading to the
competition for *OH between organic substances and H,0,. In
addition, if the amount of H,O, in solution is extremely low,
the amount of *OH generated in the reaction of H,O, with
Fe(Il) would be inadequate to degrade organic substances.
Although a maximum 86.2% COD removal efficiency can be
obtained at the addition of H,O, 2.5 mL/L, to save the dosage
costs, 2.0 mL/L of H,O, added to the solution was regarded
as a suitable amount, where the COD removal efficiency was
84.9% and the effluent of COD concentration was less than
500 mg/L, meeting the requirement of subsequent biological
oxidation treatment.

Effect of Fe(ll) dosage on Fenton’s oxidation

In the following experiments, the effect of Fe(II) concentration
in solution on reduction of organic substances from dye
wastewater was investigated in Fenton’s oxidation process by
varying the addition of FeSO, from 300 mg/L to 700 mg/L,
while keeping the amount of H,O,, pH and treatment time
constant at 2.0 mL/L, 3.5 and 2.0 h respectively. Figure 4
shows these experimental results. At a general glance, increased
Fe(Il) dosage effectively promoted the degradation of organic
substances from dye wastewaters and higher COD removal

efficiency was obtained with an increase in Fe(Il) dosage.
A maximum COD removal efficiency of 86.9% was reached
when adding Fe(Il) of 600 mg/L, probably suggesting that higher
Fe(II) amount may cause generation of more *OH and gear
up the Fenton’s oxidation reaction between *OH and organic
substances. However, no significant changes in COD removal
efficiency were observed when Fe(II) dosage increased further,
higher than 600 mg/L, which is consistent with the report by
Wang et al. (2009), indicating that the formation of *OH may
be hindered when adding the excessive amount of FeSO, to
solution. Moreover, an extra Fe(Il) concentration can lead
to the generation of more Fe(III), which can react with H,O,
to produce H,O" and the oxidation capacity of H,O" is lower
compared with *OH. Rozas et al. (2010) have also reported
similar results that the COD removal efficiency decreased
when lowering the ratio of H,0,/Fe, which may be attributed
to the excessive H,O, competition with organic substances for
*OH. Thus, the ratio of H,O, to Fe(II) also determined strongly
the Fenton’s oxidation performance, apart from solution pH. In
this study, the optimum of FeSO, concentration was 500 mg/L
on the basis of economic costs and COD removal efficiency.

Effect of treatment time on Fenton’s oxidation

In these tests that employed a constant addition of H,O,
2.0 mL/L and Fe(II) 500 mg/L with pH 3.5, the treatment time
wassetat0.5,1.0,1.5,2.0,2.5,3.0and 3.5 hand it had a positive
effect on organic substances reduction, as shown in Figure 5. In
terms of COD removal efficiency, the degradation of organic
substances gradually increased with the treatment time to reach
85.0% level at 1.5 h fixed time but no significant change was
observed when the treatment time was above 1.5 h. When
treatment time increased from 1.5 to 3.5, degradation levels of
organic substances were greatly stable, and averaged 87.3% of
COD removal efficiency. Similarly, Wang et al. (2012) found
that an adequate treatment time during the Fenton’s oxidation
reaction favoured organic substances removal.

These abovementioned results suggest that the
Fenton’s oxidation has tremendous potential for oxidation
of organic substances in dye wastewaters and the optimum
process parameters were preferred as follows: pH=3.5, H,O =
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2.0 mL/L, Fe(I)=500 mg/L, and treatment time was 1.5 h.
Under these conditions the COD removal efficiency was
85.0%, and the COD concentration in the effluent was less than
500 mg/L after Fenton oxidation when it was about 3020 mg/L
in the influent.

Linking Fenton’s oxidation process

with BAF system

As described above, it has been proved that the Fenton’s
oxidation process played an important role in degradation
of organic substances from dye wastewaters. To reduce the
economic costs of treatment dye wastewaters by Fenton’s
oxidation, a BAF system was adopted to further degrade the
organic substances from the effluent of Fenton’s oxidation
process by microbial oxidation in this study. Figure 6 shows the
COD concentration of influent, the Fenton’s oxidation process
effluent and the BAF system effluent over 30 days. According
to Figure 6, the averaged total COD removal efficiency over

one month experimental period was 97.6% in the process
linking Fenton’s oxidation with biological oxidation, in which
85.9% of organic substances was removed in the Fenton’s
oxidation process and 11.7% in the BAF system. In addition,
it was found that the organic substances removal performance
was very stable and the averaged COD concentration of
effluent in the combined process was 72.6 mg/L, thus meeting
the requirement of treated dye wastewater discharge performed
by Chinese government (less than 100 mg/L).

Conclusions

This study showed that the new method linking Fenton’s
oxidation with biological oxidation proposed here was effective
strategy for organic substances removal from dye wastewater,
exhibiting a good and stable COD removal performance.

The optimum process parameters, such as pH,

addition of H,O,, Fe(II) concentration and treatment time were
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3.5, 2.0 mL/L, 500 mg/L and 2.0 h, respectively. Under these
conditions, total COD removal efficiency reached the maximum
value, 97.6%, and COD concentration in the effluent meet the
discharge requirement performed by Chinese government.

From these results, the proposed system combining
Fenton’s oxidation with BAF technology can be an economical
and effective method, probably being a promising technology
for treatment of non-biological degradation industrial
wastewater.
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