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Abstract: An experiment on Fenton degradation of sugarcane vinasse was carried out to determine its
effect on the wastewater characteristics. Vinasse, a by-product of distillation in the bioethanol industry,
contains high organic matter, as the value of chemical oxygen demand (COD) is >100,000 mg/L and
BOD:; is 31,250 mg/L. The Fenton reaction is one of the advanced oxidation process (AOP) methods
which has been widely applied for the treatment of wastewater containing organic pollutants and
contaminants. This method utilizes hydroxyl radical (*OH) produced from the catalyzing reaction
between Fe?* or Fe3* and hydrogen peroxide. The effect of pH, the ratio of [H,O,] and [COD], and
the ratio of [H,O,] to [Fe3*] were studied in this research to evaluate the Fenton reaction. Results
from this experiment showed that treatment of vinasse using the Fenton reaction decreased the COD
value to 48.10%, and its biodegradability enhanced almost two times at a pH value of 3.8, a ratio
of [H,O,] to [COD] of 0.62, and a ratio of [H,O,] to [Fe3*] of 50 (g/g), which demonstrated that
the Fenton treatment was effective to reduce organic matter of sugarcane vinasse. Three kinetic
models (first order, second order, and Behnajad-Modirshahla-Ghanbery (BMG) kinetic model) were
used to evaluate the degradation of the COD value. On the basis of the value of R? (coefficient of
determination), we suggested that BMG represented the best kinetic model. This study finds that the
Fenton treatment is able to mitigate the environmental impacts of sugarcane vinasse.

Keywords: advanced oxidation process; Fenton reaction; sugarcane vinasse; chemical oxygen
demand; BMG kinetic model

1. Introduction

Sugarcane vinasse, also known as distillery wastewater, slop or stillage, is a by-product from the
distillation using by the bioethanol industry for the fermentation of molasses. This wastewater poses a
serious environmental concern because vinasse is discharged from the industry in large quantities.
From this industry, around 9 to 14 L of vinasse is generated for each liter of bioethanol produced [1].
The characteristics of sugarcane vinasse depend on its feedstock and many aspects of the bioethanol
production process, but, generally, sugarcane vinasse is in an acidic condition (pH 3-5), dark brown
in color, and contains high organic matter causing a large chemical oxygen demand (COD) ranging
from 100,000 to 150,000 mg/L [1,2]. These characteristics cause sugarcane vinasse to have negative
environmental impacts such as contaminating surface water and soil. This high COD value can result
in depletion of dissolved oxygen in the river or water sources, which can harm the aquatic flora and
fauna. Some recalcitrant compounds in vinasse, such as phenols, sulfate, and heavy metals, also
have pollution potential in the soil. Thus, this wastewater should not be disposed directly into the
environment [3-5].
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Some treatment methods have been proposed in order to reduce the toxicity of sugarcane vinasse
through the degradation of organic matter into more simple substances, for example, a biological
treatment, which is commonly used to treat organic wastewaters. Nevertheless, some persistent and
toxic compounds are not removed using a biological treatment, and it also inhibits the biodegradation
process as some microorganisms are sensitive to the toxic compounds [6]. A biological treatment is
also not effective for sugarcane vinasse treatment due to its low biodegradability. Therefore, a further
treatment method is necessary to treat this wastewater.

Advanced oxidation processes are treatment methods which have the potential to oxidize various
kinds of organic compounds based on the generation of hydroxyl radicals (*OH). Hydroxyl radical
is a very strong and nonselective oxidant (+2.8 V) which is capable of degrading a wide range of
contaminants and pollutants, especially organic pollutants [7]. The Fenton reaction, one of the advanced
oxidation processes (AOPs) could be used as an alternative, as this method is very popular for its
efficiency to treat wastewater with recalcitrant pollutants. The Fenton process is also easy to run, has
a short reaction time, and is less expensive as compared with other AOP methods, such as ozone or
ultrasound radiation [8,9].

The Fenton reaction has been widely applied for the treatment of various wastewaters because of
its eco-friendly characteristics [10]. Another benefit of this method is its ability to degrade organic
compounds to carbon dioxide (CO,), water (H,0O), and inorganicions. The Fenton oxidation mechanism
generates hydroxyl radicals (*OH) from the catalyzing reaction between ferrous or ferric ion (Fe?*/Fe3*)
and hydrogen peroxide (H,O,) under acidic conditions (pH 2-6). The overall reactions of the Fenton
process are as presented in the following equations [11,12]:

Fe?t + HyO, — Fe®' 4 ¢OH + OH™ (1)
Fet + H,O, — Fe?t + HOye + HY )
Fe®t + HO,0 — Fe?T + H 4+ 0, (3)
Fe?* 4+ o¢OH — Fet + OH™ (4)
H,0, + «OH — HO,e + H,0 (5)
*OH + «OH — H,0, (6)

¢OH -+ HOye — O, + H,O ?)
*OH + organics — products (8)

The Fenton reaction has been used to reduce the organic load or toxicity of different wastewaters,
for example, from the chemical industry, textile, pharmaceutical, paper pulp, and olive mills [13-16].
Some researchers also have applied the Fenton reaction for vinasse treatment in their experiments,
such as de Heredia [2] and Guerreiro [17]. Their experiments obtained COD removal up to 80% and
63%, respectively, which demonstrates that the Fenton reaction is capable of reducing organic matter
in vinasse, however, the values of COD in these experiments were quite low, ranging only from 5000 to
20,000 mg/L. In this experiment, the COD value of sugarcane vinasse is extremely high (more than
100,000 mg/L), and this value could be challenging to carry out the Fenton process. Furthermore, in
this experiment, the Fenton reaction is expected to increase the biodegradability of sugarcane vinasse,
so that, in the future, it can be applied as a pretreatment method before biological process. Organic
compounds of sugarcane vinasse can be degraded to simpler and biodegradable forms after the Fenton
reaction. In these way, a biological process such as anaerobic digestion can convert the biodegradable
compounds into a more valuable product, for example, biogas. Therefore, it is important to verify the
effectiveness of the Fenton treatment on sugarcane vinasse. The effectiveness of the process depends
on the initial pH, the ratio of [H,O,] to [COD], and the ratio of [H,O5] to [Fe3*].
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The aim of this work is to evaluate the Fenton reaction for treatment of sugarcane vinasse as an
alternative in order to find an efficient and economically viable method for sugarcane vinasse treatment.
The performance of the treatments was assessed and evaluated in terms of the COD removal value.
The target of this study is to reduce the COD of sugarcane vinasse and improve its biodegradability.
In order to evaluate the reaction kinetic of the COD degradation process, the experimental data
were also subjected to the first order, second order, and Behnajady-Modirshahla—Ghanbery (BMG)
kinetic models.

2. Results and Discussion

The results showed that during the Fenton process *OH was produced and the COD value of
sugarcane vinasse was reduced. The formation of *OH depends on several factors such as initial pH,
the ratio of [H,O5] to [COD], and the ratio of [H,O5] to [Fe3*]. It was also demonstrated that the
Fenton reaction increased the biodegradability of sugarcane vinasse so that it can be further degraded
by biological treatment. Therefore, the effects of those three parameters were investigated.

2.1. Effect of Initial pH

The Fenton reaction is a pH dependent process because pH plays an important role in the
mechanism of *OH generation in the Fenton reaction [18]. The effect of the initial pH value of vinasse
on the COD removal by the Fenton reaction was studied in the pH range of 3 to 5 by adding HNOj5 or
NaOH to adjust the pH value. The experiment was conducted to investigate the influence of pH on
the degradation process efficiency and find the optimum pH. The results obtained are presented in
Figure 1A showing the profile of pH during the Fenton reaction, and Figure 1B showing that residual
COD removal varies with the pH value of the solution. As shown in Figure 1B, the experiment at
pH 3.8 has the best COD removal value (34.9%) as compared with the experiments at pH 3 and 5,
which reached 30.1% and 19.1%, respectively. Theoretically, the optimum pH for the Fenton reaction
would be 3 to 4 because, in this pH range, hydrogen peroxide was in the most stable condition [19].
At a pH > 4, generation of hydroxyl radical in solution is inhibited due to precipitation of Fe(OH)3,
and thus the concentration of dissolved Fe3* decreased. As the amount of catalysts in the Fenton
reaction decreased, the oxidation efficiency of the Fenton process was also reduced [20,21].
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Figure 1. The pH profile (A) and removal of chemical oxygen demand (COD) (B) by the Fenton reaction
at different pH for the ratio of [H,O;] to [COD] = 0.12 (g/g) and the ratio of [H,O5] to [Ee3+] =50 (g/g)-

An acidic condition is needed for the Fenton reaction to produce the hydroxyl radicals. Figure 1B
shows that a rapid degradation rate of COD was observed at a pH of 3.8 and three experiments, during
1 h reaction time, indicating production of hydroxyl radicals (*OH) within a short time. However,
when the pH is too low than its optimum value, Fe3", is difficult to be reduced to Fe?*. As stated by
Duesterberg, the redox cycling of iron species between Fe(IlI) to Fe(Il) is enhanced at a pH around
4.0 [22]. This condition caused the degradation rate of COD to decrease since the production of *OH
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was reduced. In addition, a low pH solution has a high concentration of H* which tends to consume
*OH and form water according to the following reaction [13,23,24]:

eOH+H" 4 e~ — H,O )

As a consequence, the oxidation rate decreased and the degradation rate of organic matter for a pH
of 3 was slower than a pH of 3.8. This result is in agreement with the findings from a previous report
by Varma [18]. Varma conducted research on using Fenton oxidation to treat distillery wastewater
(COD =160 g/L diluted 100 times into 1.6 g/L) in the pH range of 2 to 7. This study determined that an
optimum pH for the Fenton reaction is 4 with COD removal efficiency reaching 92%. Hence, a pH of
3.8, which was the uncontrolled pH of raw sugarcane vinasse, was recommended as the optimum
operating pH in this work.

2.2. Effect of the [H,O,] to [COD] Ratio

Determination of the favorable amount of the Fenton reagent is highly important because
excess HyO, could scavenge hydroxyl radical and would increase the cost of wastewater treatment.
Meanwhile, an inadequate amount of HyO, could not provide enough hydroxyl radical needed for the
Fenton process [25]. The H,O, dosage depends heavily on the initial COD value. Generally, a higher
initial COD requires more H,O, and, due to the cost of H,O,, the optimum concentration of HyO,
should be determined. The effect of the [H,O5] to [COD] ratio on COD removal, ranged from 0.12 to
0.62 at a pH of 3.8 and the ratio of [H,O;] to [Fe3*] = 50, was investigated. The results are presented in
Figure 2A,B.
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Figure 2. The pH profile (A) and removal of COD (B) by the Fenton reaction at different [H,O,] to
[COD] ratios for pH = 3.8 (without adjustment) and the ratio of [H,O,] to [Fe3*] =50 (g/g)-

As shown in Figure 2B, the removal efficiency of the COD value increased as a consequence of
increasing the [HyO,] to [COD] ratio. The highest removal efficiency occurred at the highest ratio
(0.62) with a removal percentage of 49.2%. At ratios of 0.12, 0.31, and 0.47 the removal efficiencies
were lower as they obtained 20.2%, 30.6%, and 40.4%, respectively. This resulted because the higher
the concentration of hydrogen peroxide, the faster the formation of hydroxyl radical (*OH) would be
produced. At a higher ratio, an abundant amount of *OH would react with more organic substances
and increase degradation rate. This statement is consistent with an earlier study conducted by de
Heredia [26] which observed the effect of the Fenton reaction as a treatment in the wine distillery
industry with less organic matter (COD = 15-16.5 g/L, pH = 3.76). Various ratios of [H,O,] to [COD],
ranging from 0.05 to 4.5 (g/g) have been studied. A similar trend of results was obtained, and it was
stated that greater doses of hydrogen peroxide led to higher removals of COD. From de Heredia’s study,
the Fenton reaction with the highest ratio of [H,O,] to [COD] demonstrated a COD removal of 77%.
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The COD degradation during the Fenton process indicated rapid removal during the first 15 min,
followed by slower degradation until 60 min. In this experiment, first, Equation (2) would happen,
followed by Equation (1) to produce *OH in fast reaction and reduce the concentration of H,O, in the
solution. After being generated, almost all *OH would react with organic substances and degrade them,
however, the excessive amount of *OH could react with HyO; in solution, as stated in Equation (5),
to produce HO,* which had a weaker ability than hydroxyl radical. It also caused H,O5, as the provider
of *OH, to be depleted [16,20]. Therefore, the production of *OH was ceased and the degradation rate
of organics gradually decreased.

For the range of [H,O,] to [COD] ratio values used in this experiment, which were 0.12 to 0.62,
it is found that the optimal H,O, concentration is 0.62, which was the highest [H,O,] to [COD] ratio,
however, since this ratio reached only 49.2% of COD removal efficiency, it is suggested that the ratio
can still be increased to obtain higher removal efficiency.

2.3. Effect of the [H,O; to [Fe>*] Ratio

The concentration of ferric ion (Fe3*) dosage is also important because of its role as a catalyst
during the Fenton reaction. In this study, iron dosage is presented as the ratio of [HyO,] to [Fe3*].
To study the effect of this parameter, the investigation was carried out in the range of [H,O,] to [Fe3*]
ratio = 50, 37.5, and 25 at a pH condition of 3.8 and the ratio of [H,O5] to [COD] was kept constant at
0.62. A lower value of the [H,O,] to [Fe3*] ratio means a higher concentration of iron was added in
solution. Results from this investigation are shown in Figure 3A for the pH profile and Figure 3B for
the COD removal. From Figure 3B, the obtained results show that, after 60 min of Fenton reaction,
the value of the COD removal increased only slightly, as higher amounts of ferric ion were added into
the solution. The COD removal for the [H,O,] to [Fe3*] ratio = 25, which is the lowest ratio, is 51.66%.
This value is only slightly above the ratio of 37.5 (48.33%) and the ratio of 50 (48.10%). Thus, the use of
extra ferric ion, in this study, had a negligible effect on the COD removal of sugarcane vinasse.

Despite the insignificant effect, a higher iron salt concentration in the system increased the
degradation rate of sugarcane vinasse, because ferric ion plays a role as catalysts during the Fenton
reaction. According to Equation (2), during the Fenton reaction, first, Fe3* is converted to FeZ*, and, then,
Fe?* reacts with hydrogen peroxide to generate *OH, as shown by Equation (1). Therefore, a high amount
of ferricion (Fe>*) would also increase the amount of ferrous ion (Fe?*) converted and eventually enhanced
the production of *OH. Similar results have also been obtained by Hadavifar [27] and Rodrigues [28]
who studied the effect of iron dosage in the degradation of distillery effluent (COD = 12-39 g/L) using
Fenton oxidation and stated that the removal efficiency is higher with increasing iron dosage, which
is attributed to the availability of more oxidants. However, an excessive amount of Fe?* could bring
a negative impact because this ion also reacts with hydroxyl radical based on Equation (4), causing
hydroxyl radicals to be scavenged and reducing the degradation rate of the COD [29].
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Figure 3. The pH profile (A) and removal of COD (B) by the Fenton reaction at different [H,O,] to
[Fe3*] ratios for pH = 3.8 (without adjustment) and the ratio of [HyO,] to [COD] = 0.62 (g/g).



Catalysts 2019, 9, 881 6 of 12

The dosage of iron salt concentration is also an important parameter for a large-scale Fenton
treatment due to the application costs of iron salt. In addition, if the iron concentration is high, there
is production of sludge from iron complex which increases the total dissolved solid (TDS) value of
the wastewater, and therefore further treatment is required for iron removal at the end of the process.
Consequently, the optimum ratio of [H,O;] to [Fe3*] should be selected carefully. It is preferable to
choose a smaller but sufficient concentration of iron which can achieve high COD removal. In this
study, the ratio of [H,O5] to [Fe3*] = 50 is considered as the optimum value for iron concentration as it
successfully reduced 48.10% of the COD of sugarcane vinasse.

2.4. Biodegradability Enhancement

The ratio of BODs to COD is commonly used to show the biodegradability index of wastewater.
The biodegradability index can help to indicate the ability of wastewater to go through biodegradation.
If the value of the BOD5 to COD ratio is in the range between 0.4 and 0.8, wastewater can be taken into
consideration as readily biodegradable [30,31]. In this study, the initial value of the measured BODs
to COD ratio of raw sugarcane vinasse was equal to 0.29, indicating that raw sugarcane vinasse is
non-biodegradable since the value is lower than 0.4. This could be caused by the complex composition
of sugarcane vinasse, which is composed of biorecalcitrant organic components [32].

After the Fenton process, the biodegradability index of sugarcane vinasse increased, as presented
in Figure 4. The values of the BOD to COD ratio of treated vinasse after the Fenton process for ratios
of 0.31, 0.47, and 0.62 were higher than 0.4, except for the ratio 0.12 where the BOD5 to COD ratio
was still below 0.4. The obtained value of the BODs to COD ratios 0.12, 0.31, 0.47, and 0.62 were
0.344, 0.401, 0.422, and 0.477, respectively. Thus, based on the ability of the Fenton reaction to enhance
vinasse’s biodegradability, we suggest that the Fenton process could be used to treat sugarcane vinasse.
This result is in accordance with findings reported by Guerreiro [17], Rodrigues [28], and Pouran [33].
Their studies demonstrated that the Fenton treatment successfully and significantly improved the
biodegradability of vinasse and recalcitrant wastewaters, by about 60% to 70%. From these results, it is
also proposed that treated sugarcane vinasse can be further degraded by a biological treatment, such
as anaerobic digestion, to be converted into biogas. By increasing the biodegradability, production of
biogas could also be enhanced.

0.6
0.5
0.4
0.3
0.2

0.1

Biodegradability Index
(BOD/COD)

0.0

Raw  Ratio 0.12 Ratio 0.31 Ratio 0.47 Ratio 0.62

Figure 4. BOD5 to COD ratio of initial and treated sugarcane vinasse at different [H,O,] to [COD] ratios.

2.5. Kinetic of COD Degradation

During the Fenton reaction, the degradation of organic matter in sugarcane vinasse could be
described quantitatively by reaction kinetics. In this study, the calculation of reaction kinetics used
various [HyO;] to [COD] ratios to explain the effect of H,O, dosage as the *OH provider on degradation
kinetics of organic matter in sugarcane vinasse. The degradation of the organic matter was represented
in terms of the COD considering that this parameter reflects the overall concentration of organic
matter [29,32]. From the results, as presented in Figure 2B, it is shown that the degradation rates were
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dependent on the dosage of H,O, because higher COD removal was achieved with increasing [H,O;]
to [COD] ratios due to increased generation of hydroxyl radical.

Data obtained from the experiment were tested using three kinetic models, first order, second order,
and BMG kinetic model. Some researchers have reported that the BMG model has effectively predicted
degradation of the Fenton process [20,24,34]. By applying the equations in Table 1 below, the three
kinetic models at different [H,O,] to [COD] ratios during the 15 min Fenton reaction were calculated.
The kinetics were calculated only based on the 15 min reaction because fast oxidation occurred in that
range of time followed by slower oxidation in the last 45 min. The results are represented in Table 2
and Figure 5.

Table 1. Linear form of the kinetic models.

Kinetic Model Equation
First order lng—‘: = kyt (10)
Second order Cl, - %0 =kyt (11)
BMG model Toygy =mtbt 12)

For Equations (10)—(12), Cy and Ct are showing COD concentration (mg/L) of sugarcane vinasse
at initial (¢ = 0) and time t (min), respectively; k; is first order kinetic parameter (min~1); k; is second
order kinetic parameter (L-mg~'-min~'); m (min) and b are two characteristic constants of BMG kinetic
model which represent the relation between oxidation capacity and reaction kinetics.

Table 2. Comparison of first order, second order, and BMG kinetic models for COD degradation at
different [H,O;] to [COD] ratios.

Ratio of [H,O,] to [COD]

Kinetic Model
0.12 0.31 0.47 0.62
First order kinetic
kq (min™1) 0.0158 0.0262 0.0385 0.0487
R? 0.8221 0.7804 0.7964 0.8272

Second order kinetic
ky (L-mg~l-min~1) x 107° 0.160 0.286 0.448 0.591

R2 0.8390 0.8058 0.8230 0.8403
BMG kinetic model
1/m (min‘l) 0.0650 0.1428 0.2015 0.3511
1/b 0.2225 0.3224 0.4345 0.5129
R? 0.9809 0.9957 0.9919 0.9912
0.8 7 ——Ratio 0.12 (Model) ~ ——Ratio 0.31 (Model)
——Ratio 0.47 (Model) ~ ——Ratio 0.62 (Model)
0.7 A + Ratio 0.12 (Data) = Ratio 0.31 (Data)
4 Ratio 0.47 (Data) e Ratio 0.62 (Data)
0.6 1
. 05
Q
O 04 ]
a 0.3 4
0.2 4 *
0.1
0.0 €

Reaction time (min)

(A)

Figure 5. Cont.
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Figure 5. Kinetic models for COD degradation at different [H,O,] to [COD] ratios: (A) first order,
(B) second order, and (C) BMG.

The results show that as the ratio of [H,O,] to [COD] increased, most of the kinetic values for
every kinetic model also increased linearly with the [H,O5] to [COD] ratio. For instance, the value of
k; for the first order kinetic increased from 0. 0158 to 0.0487 (Figure 5A), while the value of k; for the
second order reaction kinetic increased from 0.160 x 10~ to 0.591 x 10~° (Figure 5B) as the ratio went
up from 0.12 to 0.62. For the BMG model, the same case also happened, i.e., by increasing the ratio of
[H,O,] to [COD], the value of two constants (1/m and 1/b) also increased from 0.1695 to 0.3511 and
0.1481 to 0.4496, respectively. The meaning of 1/m in this model is related to initial reaction rate, while
the value of 1/b represents the maximum theoretical conversion that could have been achieved after
infinite reaction time, namely, the maximum oxidation capacity. Hence, the higher value of 1/m means
the initial degradation rate is faster. If the value of 1/b is high, it means that higher removal is achieved.
These results indicated that the degradation rate during the the Fenton reaction was faster at higher
[H,0O,] to [COD] ratios because of more generation of *OH.

The oxidation of organic compounds in sugarcane vinasse by the Fenton reaction, in this study,
can be divided into two phases. The first phase is attributed to the rapid reaction that occurs for the
first 15 min and represents fast generation of *OH from the catalytic reaction of HyO, and Fe?* which
is more available during the initial stages of the reaction, and, afterwards, it directly degrades organic
substances. The second phase is the slower reaction when ¢ = 15 to 60 min and indicates a lower rate of
generation of *OH. In previous studies related to the degradation of wastewater by the Fenton reaction,
similar behavior was also observed, such as works by Zhang [20] and Santana [35]. The reaction profile
of their experimental data showed a very fast reaction followed by a slower one and they suggested,
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based on this behavior, that degradation of organics by Fenton oxidation is not suitable to be modeled
by first order or second order kinetics because the fitting of experimental data with those models
would not be good. Thus, the BMG model was proposed by some authors because it was the best
model to describe the Fenton oxidation process at different reaction conditions [24,36,37].

In this study, the kinetics calculation was done for the first 15 min reaction which represents the
fast phase. From Table 2, it is shown that the values of 1/m as constants that indicate the reaction rate
from the BMG model are higher than the rate constants for both first order (k1) and second order (k)
kinetics. For this reason, the BMG model gives a better correlation related to faster reaction rate as
compared with first and second order kinetics. This may explain the behavior of the Fenton reaction
in which an abundant amount of *OH oxidized organic matters. As a result, the COD significantly
decreased in a short time. Furthermore, the fitting of experimental data to the first order and second
order kinetic models was not good enough since the values of R?, which show correlation coefficient
for both models, were slightly low. Meanwhile, the experimental data of COD degradation fitted well
to the BMG kinetic model, as the value of R?> was very high and close to 1, ranging from 0.9809 to
0.9957. Accordingly, we concluded that the COD degradation of sugarcane vinasse by the Fenton
process, in this study, was best explained by the BMG kinetic model.

3. Materials and Methods

3.1. Materials and Reagents

The raw sugarcane vinasse used in this study was collected from PS Madukismo, a bioethanol
industry of molasses located in Yogyakarta, Indonesia. The characteristics of this wastewater are
presented in Table 3.

Table 3. Chemical properties of raw vinasse.

Parameters Unit Value
COD mg/L 132,250
BODsg mg/L 31,250

pH - 3.80
Iron mg/L 128.10
Sulfate mg/L 3275.53
Phenol mg/L 4.64
Appearance - Dark brown

Hydrogen peroxide (H,O,) with a concentration of 30% wt was obtained from PT Peroksida
Indonesia Pratama (PIP), and ferric nitrate nonahydrate (Fe(NO3)3-9H,0), as the source of ferric ion,
was provided by Merck. Nitric acid (HNOs3) and sodium hydroxide (NaOH) used for pH adjustment
were at analytical grade.

3.2. Experimental Setup

In each experiment, raw sugarcane vinasse was treated to the Fenton treatment at an ambient
temperature (29 + 1 °C) in batch mode with varying pH (3, 3.8, and 5) dosages of H,O, and iron.
Due to the fluctuating amount of the COD value of raw sugarcane vinasse, the HyO, dosage was
presented as a ratio of [HyO,] to [COD] (0.12, 0.31, 0.47, and 0.62 g/g) while the ratio of [H,O,] to [Fe3*]
was 50, 37.5, and 25 (g/g). Low values of initial iron concentration were used in this work because iron
already exists in raw sugarcane vinasse. Moreover, a higher concentration of iron is suggested to be
avoided as it can lead to complications caused by precipitation of ferric iron species. To evaluate the
influence of pH, the concentrations of H;O, and iron salt were maintained constant, vice versa.

Raw sugarcane vinasse was put in a beaker and stirred by a magnetic stirrer. The pH was adjusted
using HNOj (for pH 3), without adjustment (pH 3.8), and NaOH (pH 5). Subsequently, the required
quantities of source of iron/Fe3* (as Fe(NOj3)3-9H,0) was, first, added into the sugarcane vinasse
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solution, followed by H,O,. Reaction time was started by the addition of hydrogen peroxide with
constant stirring (200 rpm) until 60 min and then stopped. Every ten minutes, following the start
of each reaction, a sample was withdrawn for analysis. The pH of treated sample was adjusted to 7
by NaOH 1 M to interrupt the reactions. The COD values of sugarcane vinasse, before and after the
Fenton treatment, were measured by closed reflux colorimetric method with a spectrophotometer,
whereas BODs5 value was identified and quantified using standard methods. The value of pH was
measured using a pH meter.

3.3. Kinetic Modeling

The results of COD degradation were tested using three kinetic models, first order, second order
and Behnajady—Modirshahla-Ghanbery (BMG) model which were derived from Behnajady et al. [38].
The mathematical model of the BMG kinetic model is shown in Equation (13) [39], and the linear form
of the three kinetic models is as indicated in Table 1 in Section 2.5.

£_ _
Co_ m + bt

(13)

To evaluate the linear model, the value of the coefficient of determination (R?) for each model
is compared.

4. Conclusions

The Fenton process was investigated to treat sugarcane vinasse and it was revealed that the Fenton
reaction was efficient for reduction of COD and enhancement of biodegradability of sugarcane vinasse.
It was observed that in the evaluations performed, reaction medium with pH = 3.8, the ratio of [H,0O5]
to [COD] = 0.62, and the ratio of [H,O5] to [Fe3*] = 50 obtained more promising results, as it reached
an efficiency of 48.10% in COD removal. The BMG kinetic model fitted well to experimental data
for COD reduction and it was the best model to explain the kinetic reaction of the Fenton process as
compared with first and second order kinetic models. The results of this study show that the Fenton
reaction has the potential to be used as a sugarcane vinasse treatment method in order to remediate
organic compounds into simple components and increase its biodegradability. It is also suggested that
the Fenton process could be used as a pretreatment method of sugarcane vinasse to be followed by a
biological treatment such as anaerobic digestion to produce biogas, because, based on biodegradability
index value, its biodegradability was improved. The Fenton reaction can also be applied as one of
alternative method for sugarcane vinasse pretreatment in order to increase biogas production.

Author Contributions: Conceptualization, S.S.; methodology, S.S., AM., M.H., D.C.H,; validation, S.S., A.M. and
M.H.; investigation, D.C.H.; writing—original draft preparation, D.C.H.; writing—review and editing, S.S., AM.,
M.H.; visualization, D.C.H.; supervision, S.S., A M., M.H.; funding acquisition, S.S.

Funding: This research was funded by the Direktorat Penelitian Universitas Gadjah Mada through “Rekognisi
Tugas Akhir (RTA) 2019” Program under grant number: 3342/UN1/DITLIT/DIT-LIT/LT/2019. The APC was funded
by the Direktorat Penelitian Universitas Gadjah Mada.

Acknowledgments: The authors would like to thank Direktorat Penelitian Universitas Gadjah Mada for the
research funding through “Rekognisi Tugas Akhir (RTA) 2019” Program, and PS Madukismo Yogyakarta who
kindly provides the sugarcane vinasse for this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Espafia-Gamboa, E.; Mijangos-Cortes, ], Barahona-Perez, L., Dominguez-Maldonado, ].;
Hernandez-Zarate, G.; Alzate-Gaviria, L. Vinasses: Characterization and treatments. Waste Manag. Res.
2011, 29, 1235-1250. [CrossRef] [PubMed]


http://dx.doi.org/10.1177/0734242X10387313
http://www.ncbi.nlm.nih.gov/pubmed/21242176

Catalysts 2019, 9, 881 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Beltran de Heredia, J.; Torregrosa, J.; Dominguez, J.R.; Partido, E. Degradation of wine distillery wastewaters
by the combination of aerobic biological treatment with chemical oxidation by fenton’ s reagent. Water Sci.
Technol. 2005, 51, 167-174. [CrossRef]

Wilkie, A.C.; Riedesel, K.].; Owens, ].M. Stillage characterization and anaerobic treatment of ethanol stillage
from conventional and cellulosic feedstocks. Biomass Bioenergy 2000, 19, 63-102. [CrossRef]

Kharayat, Y. Distillery wastewater: Bioremediation approaches. J. Integr. Environ. Sci. 2012, 9, 69-91.
[CrossRef]

Rodrigues Reis, C.E.; Hu, B. Vinasse from Sugarcane Ethanol Production: Better treatment or better utilization?
Front. Energy Res. 2017, 5, 1-7. [CrossRef]

Pontes, R.EF,; Moraes, ].E.F.,; Machulek, A.; Pinto, ].M. A mechanistic kinetic model for phenol degradation
by the Fenton process. J. Hazard. Mater. 2010, 176, 402—413. [CrossRef]

Tarr, M.A. Chemical degradation methods for wastes and pollutants: Environmental and industrial
applications. In Environmental Science & Pollution; Taylor & Francis: Boca Raton, FL, USA, 2003;
ISBN 9780824756475.

Gogate, P.R.; Pandit, A.B. A review of imperative technologies for wastewater treatment I: Oxidation
technologies at ambient conditions. Adv. Environ. Res. 2004, 8, 501-551. [CrossRef]

Ibafiez, G.R. Assessment of Solar Photo-Fenton in Raceway Pond Reactors for Micropollutant Removal in Secondary
Effluents From Agro-Food Industry and Municipal WWWTPs; Tesis Doctorales; Editorial Universidad de Almeria:
Almeria, Spain, 2017; ISBN 9788416642793.

Davarnejad, R.; Hosseinitabar, P. Application of iron electrode in textile industry wastewater treatment using
electro-fenton technique: Experimental and statistical study. Int. J. Eng. Trans. A Basics 2016, 29, 887-897.
De Laat, J.; Gallard, H. Catalytic decomposition of hydrogen peroxide by Fe (III) in homogeneous aqueous
solution: Mechanism and kinetic modeling. Environ. Sci. Technol. 1999, 33, 2726-2732. [CrossRef]

Ameta, R.; Chohadia, A.K,; Jain, A.; Punjabi, P.B. Fenton and photo-fenton process. In Advanced Oxidation
Processes for Wastewater Treatment: Emerging Green Chemical Technology; Ameta, S., Ameta, R., Eds.; Academic
Press: Cambridge, MA, USA, 2018; pp. 49-87.

Lucas, M.S.; Peres, ].A. Decolorization of the azo dye Reactive Black 5 by Fenton and photo-Fenton oxidation.
Dyes Pigment. 2006, 71, 236-244. [CrossRef]

Bautista, P.; Mohedano, A.F; Casas, ].A.; Zazo, ].A.; Rodriguez, ].]. An overview of the application of Fenton
oxidation to industrial wastewaters treatment. J. Chem. Technol. Biotechnol. 2008, 83, 1323-1338. [CrossRef]
Domingues, E.; Quina, M.].; Quinta-ferreira, R.M.; Martins, R.C. Detoxification of olive mill wastewaters by
fenton’ s process. Catalysts 2018, 8, 662. [CrossRef]

Sarto, S.; Paesal, P.; Tanyong, 1.B.; Laksmana, W.T.; Prasetya, A.; Ariyanto, T. Catalytic degradation of textile
wastewater effluent by peroxide oxidation assisted by uv light irradiation. Catalysts 2019, 9, 509. [CrossRef]
Guerreiro, L.F; Rodrigues, C.5.D.; Duda, R M.; de Oliveira, R A.; Boaventura, R.A.R.; Madeira, L.M. Treatment
of sugarcane vinasse by combination of coagulation/fl occulation and Fenton ’ s oxidation. J. Environ. Manag.
2016, 181, 237-248. [CrossRef]

Varma, A K. Removal of COD & Colour from Distillery Wastewater Using Fenton Oxidation; Indian Institute of
Technology Roorkee: Roorkee, India, 2010.

Noor, M.; Hassan, A.; Noor, Z.; Aris, A. Performance of fenton oxidation towards sulfide removal for spent
caustic remediation. In Proceedings of the 2011 National Postgraduate Conference, Kuala Lumpur, Malaysia,
19-20 September 2011; pp. 1-6.

Zhang, Q.; Wang, C.; Lei, Y. Fenton’s oxidation kinetics, pathway, and toxicity evaluation of diethyl phthalate
in aqueous solution. J. Adv. Oxid. Technol. 2016, 19, 125-133. [CrossRef]

Yosofi, Y.; Almasi, A.; Mousavi, S.A.; Mizzouri, N.S. Decolorization of Methylene blue from aqueous solution
using ultrasonic/fenton like process. Int. J. Eng. Trans. B Appl. 2016, 29, 1582-1586.

Duesterberg, C.K.; Mylon, S.E.; Waite, T.D. pH Effects on iron-catalyzed oxidation using fenton” s reagent.
Environ. Sci. Technol. 2008, 42, 8522-8527. [CrossRef]

Chiou, C.; Chen, Y.; Chang, C.; Chang, C.; Shie, J.; Li, Y. Photochemical mineralization of di-n-butyl phthalate
with HyO,/Fes+. J. Hazard. Matter 2006, 135, 344-349. [CrossRef]

Tung, S.; Giirkan, T.; Duman, O. On-line spectrophotometric method for the determination of optimum
operation parameters on the decolorization of Acid Red 66 and Direct Blue 71 from aqueous solution by
Fenton process. Chem. Eng. ]. 2012, 181, 431-442. [CrossRef]


http://dx.doi.org/10.2166/wst.2005.0021
http://dx.doi.org/10.1016/S0961-9534(00)00017-9
http://dx.doi.org/10.1080/1943815X.2012.688056
http://dx.doi.org/10.3389/fenrg.2017.00007
http://dx.doi.org/10.1016/j.jhazmat.2009.11.044
http://dx.doi.org/10.1016/S1093-0191(03)00032-7
http://dx.doi.org/10.1021/es981171v
http://dx.doi.org/10.1016/j.dyepig.2005.07.007
http://dx.doi.org/10.1002/jctb.1988
http://dx.doi.org/10.3390/catal8120662
http://dx.doi.org/10.3390/catal9060509
http://dx.doi.org/10.1016/j.jenvman.2016.06.027
http://dx.doi.org/10.1515/jaots-2016-0117
http://dx.doi.org/10.1021/es801720d
http://dx.doi.org/10.1016/j.jhazmat.2005.11.072
http://dx.doi.org/10.1016/j.cej.2011.11.109

Catalysts 2019, 9, 881 12 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Trovo, A.G.; Hassan, A.K,; Sillanpaa, M.; Tang, W.Z. Degradation of Acid Blue 161 by Fenton and photo-Fenton
processes. Int. J. Environ. Sci. Technol. 2016, 13, 147-158. [CrossRef]

De Heredia, ].B.; Dominguez, ].R.; Partido, E. Physico-chemical treatment for the depuration of wine distillery
wastewaters (vinasses). Water Sci. Technol. 2005, 51, 159-166. [CrossRef] [PubMed]

Hadavifar, M.; Zinatizadeh, A.A.; Younesi, H.; Galehdar, M. Fenton and photo-Fenton treatment of distillery
effluent and optimization of treatment conditions with response surface methodology. Asia Pac. J. Chem. Eng.
2010, 5, 454-464. [CrossRef]

Rodrigues, C.S.D.; Neto, A.R.; Duda, RM.; de Oliveira, R.A.; Boaventura, R.A.R.; Madeira, L.M. Combination
of chemical coagulation, photo-Fenton oxidation and biodegradation for the treatment of vinasse from sugar
cane ethanol distillery. J. Clean. Prod. 2017, 142, 3634-3644. [CrossRef]

Lucas, M.S,; Peres, J.A. Removal of COD from olive mill wastewater by Fenton” s reagent: Kinetic study.
J. Hazard. Mate. 2009, 168, 1253-1259. [CrossRef]

Tchobanoglous, G.; Burton, FL. Metcalf & Eddy Wastewater Engineering: Treatment, Disposal, and Reuse, 3rd ed.;
McGraw-Hill Inc.: New York, NY, USA, 1991; ISBN 9780070416901.

Al-momani, F,; Touraud, E.; Degorce-dumas, J.R.; Roussy, ].; Thomas, O. Biodegradability enhancement of
textile dyes and textile wastewater by VUV photolysis. J. Photochem. Photobiol. A Chem. 2002, 153, 191-197.
[CrossRef]

De Souza, D.R.; Duarte, E.T.EM.; de Souza Girardi, G.; Velani, V.; da Hora Machado, A.E.; Sattler, C.;
de Oliveira, L.; de Miranda, J.A. Study of kinetic parameters related to the degradation of an industrial
effluent using Fenton-like reactions. J. Photochem. Photobiol. A Chem. 2006, 179, 269-275. [CrossRef]
Pouran, S.R.; Aziz, AR.A.; Mohd, W.; Wan, A. Review on the main advances in photo—Fenton oxidation
system for recalcitrant wastewaters. J. Ind. Eng. Chem. 2015, 21, 53-69. [CrossRef]

Xu, H.; Yu, T.; Wang, J.; Li, M.; Liu, Y. Online monitoring of Fenton-mediated reactive red 6B oxidation
kinetics. Environ. Prog. Sustain. Energy 2015, 34, 1019-1027. [CrossRef]

Santana, C.S.; Ramos, M.D.N.; Velloso, C.C.V.; Aguiar, A. Kinetic evaluation of dye decolorization by fenton
processes in the presence of 3-hydroxyanthranilic acid. Int. J. Environ. Res. Public Health 2019, 16, 1602.
[CrossRef]

Palas, B.; Ersoz, G.; Atalay, S. Green catalysts for Fenton-like oxidation of Procion Red MX-5B: Influence
of the activation method and the reaction parameters on dye removal. Sep. Sci. Technol. 2016, 52, 404—420.
[CrossRef]

Xu, H.Y; Shi, T.N.; Wu, L.C.; Qi, S.Y. Discoloration of methyl orange in the presence of schorl and H,O;:
Kinetics and mechanism. Water Air Soil Pollut. 2013, 224, 1740. [CrossRef]

Behnajady, M.; Modirshahla, N.; Ghanbary, F. A kinetic model for the decolorization of C.I. Acid Yellow 23
by Fenton process. J. Hazard. Mater. 2007, 148, 98-102. [CrossRef] [PubMed]

Naseem, Z.; Bhatti, H.N.; Igbal, M. Photocatalytic Decomposition of Organic Dyes. Organic Pollutants in
Wastewater I: Methods of Analysis, Removal and Treatment; Materials Research Forum LLC: Millersville, PA,
USA, 2018.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s13762-015-0854-6
http://dx.doi.org/10.2166/wst.2005.0020
http://www.ncbi.nlm.nih.gov/pubmed/15771112
http://dx.doi.org/10.1002/apj.313
http://dx.doi.org/10.1016/j.jclepro.2016.10.104
http://dx.doi.org/10.1016/j.jhazmat.2009.03.002
http://dx.doi.org/10.1016/S1010-6030(02)00298-8
http://dx.doi.org/10.1016/j.jphotochem.2005.08.025
http://dx.doi.org/10.1016/j.jiec.2014.05.005
http://dx.doi.org/10.1002/ep.12093
http://dx.doi.org/10.3390/ijerph16091602
http://dx.doi.org/10.1080/01496395.2016.1252399
http://dx.doi.org/10.1007/s11270-013-1740-9
http://dx.doi.org/10.1016/j.jhazmat.2007.02.003
http://www.ncbi.nlm.nih.gov/pubmed/17367926
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Effect of Initial pH 
	Effect of the [H2O2] to [COD] Ratio 
	Effect of the [H2O2 to [Fe3+] Ratio 
	Biodegradability Enhancement 
	Kinetic of COD Degradation 

	Materials and Methods 
	Materials and Reagents 
	Experimental Setup 
	Kinetic Modeling 

	Conclusions 
	References

