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Abstract—Distillery effluent leads to extensive surface water
and groundwater pollution. Removal of various contaminants
and color from this type of effluent has attracted great attention
from environmental and aesthetic point of view. Distillery
Wastewater (DWW) is hard to dispose due to its dark brown
color, high ash content, low pH, undesirable viscosity,
hydrophilicity, and high levels of Total Suspended Solids (TSS),
Biochemical Oxygen Demand (BOD) and Chemical Oxygen
Demand (COD). The treatment of DWW has become
challenging with conventional treatment methods. With this, a
unique hybrid treatment method utilizing a dual coagulation
process followed by photo-Fenton oxidation under UV-C light
irradiation was investigated for their combined treatment
capabilities on the removal of COD, TSS, turbidity, and color
from bioethanol DWW. The experimental design used a
sequential experimentation approach based on the optimum
result on the following sequence of optimizations: i) dual
coagulant dosage using Aluminum Chlorohydrate (ACH) and
Polydiallyldimethylammonium Chloride (PolyDADMAC); ii)
dual coagulation settling time; iii) photo-Fenton H:0>
concentration; and iv) photo-Fenton UV-C exposure time. The
optimum dosage for the dual coagulation process is 90%
ACH:10% PolyDADMAC with 5 h of settling yielding color and
COD removal of 47.75% and 92.56%, respectively.
Subsequently, 245 x 10 mol/L of H:20: concentration with a
UV-C exposure time of 5 hours is optimum for the photo-Fenton
process, yielding an overall color and COD removal of 94.25%
and 99.81%, respectively.

Keywords—color removal, dual coagulation, Fenton reaction,
molasses distillery wastewater, photo-Fenton, sequential,
wastewater treatment

I. INTRODUCTION

The growing environmental concerns about fossil fuels
drive strong interest in the production of biofuels, with
bioethanol being the most used and commercialized. Their
effluent has a strong odor, High Chemical Oxygen Demand
(COD), high Biochemical Oxygen Demand (BOD),
melanoidin, low pH, and temperatures around 600 °C with
high total suspended solids. Since the 2011 mandate by the
Department of Energy (DOE) to increase bioethanol blend,
12 bioethanol distillery plants using sugarcane or molasses as
feedstocks have already been established. Following the
bioethanol blend mandate by DOE, bioethanol demand is
expected to increase in the following years, with a projected
demand of 2616.38 million Liters in 2040 [1]. A liter of
ethanol generates about 10—15 L of distillery wastewater [1]
and contains high Chemical Oxygen Demand (COD) ranging
from 100,000 to 150,000 mg/L [2]. An example of these
distilleries in the Philippines is the Roxel bioethanol plant in
La Carlota, Negros Occidental. The Distillery Wastewater
(DWW) they produce has a BOD of 6,000 to 9,000 mg/L in

doi: 10.18178/ijesd.2024.15.4.1484

this production plant, treated by anaerobic digestion. Despite
lowering BOD levels to an acceptable level (50 mg/L), the
problem arises such that anaerobic digestion cannot remove
color. When introduced to bodies of water, melanoidin
reduces sunlight penetration, decreasing dissolved oxygen
within affected waters. While on land, it reduces soil
alkalinity, which hinders seed germination [3]. Aside from
melanoidin, plant polyphenols and caramels have a high
chance of appearing in these wastewaters [4]. Alarmingly
enough, 2% of the wastewater discharged is melanoidin,
adding that for sugarcane molasses-based distilleries, only 6-
8% ethanol is produced. To attest, Central Azucarera de
Tarlac can make and recover ethanol by approximately 8%
alcohol by volume while the remaining becomes DWW. The
conventional DWW treatment via physicochemical and
biological processes utilized in the country was already
proven effective in removing high-content pollutants.
However, these methods are ineffective in eliminating
recalcitrant compounds due to their highly complex structure
[5].

Recently, dual coagulant systems using organic and
inorganic coagulant systems have been gaining attention for
eco-friendly and cost-efficient wastewater treatment. At the
same time, they are reducing the need for post-treatment as
much as possible, with varying removal efficiency results.
Combinations of coagulation and flocculation with different
technologies, such as anaerobic digestion [6], aerobic [7],
advanced oxidation [8], and electrochemical oxidation [9],
have been extensively studied. Advanced Oxidation
Processes (AOPs) are recent advancements in the research
and development of wastewater treatment technologies
brought about by increasing environmental concerns about
various contaminants. AOPs generate strong oxidants such as
hydroxyl radicals (-OH) to degrade recalcitrant organic
pollutants [10]. The -OH radicals generated are known for
their high oxidation capability in wastewater treatment.
Various AOPs have already been studied, but Fenton and
photo-Fenton were the most effective, cost-efficient, and less-
tedious methods for wastewater treatment when used alone or
with other conventional methods [11]. Fenton reaction is
known for its fast reaction rate, cost-efficient, and easy
generation of -OH radicals [12].

The application of the dual coagulation system using
inorganic Aluminum Chlorohydrate (ACH) and organic
Polydiallyldimethylammonium Chloride (PolyDADMAC)
coagulants with UV photo-Fenton oxidation to treat real
molasses-based DWW from the industry has not been
documented.

The novelty of the current work focuses on the utilization
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of the combination of ACH and PolyDADMAC with
different coagulant ratio followed by UV-assisted photo-
Fenton oxidation for the treatment of real DWW from an
actual distillery plant in the Philippines.

Hence, this study aims to remove various parameters such
as COD, TSS, turbidity, and color from bioethanol DWW via
sequential dual ACH-PolyDADMAC coagulation and photo-
Fenton oxidation under UV-C light irradiation. The results of
the study will help in developing better alternatives for DWW
treatment by utilizing the combined system of dual
coagulation using inorganic and organic coagulants with
photo-Fenton oxidation. Therefore, this will benefit distillery
industries for a safer and cleaner DWW discharge that meets
the scope of the general effluent standards.

II. LITERATURE REVIEW

Conventionally, wastewater treatment has always used
single coagulants to treat wastewater and utilized the jar test
to evaluate the optimal pH conditions and dosage of the
coagulants to bring out the most optimal removal efficiencies.
Coagulants can be divided into two categories which are
inorganic and organic coagulants. Using inorganic coagulants
in high doses decreases the water’s pH which is considered
as a problem to be solved [13]. The water is added with acid
to reach the optimum pH for the inorganic coagulant to
perform at its peak. Excessive lowering of the pH may result
in post-treatment for the water to lessen the inorganic
coagulants in the system and raise the pH. The pH decrease
is due to the formation of hydrogen ions that react with the
wastewater's alkalinity examined. On the other hand, recent
studies have shown that organic coagulants are more effective
for wastewater treatment. Organic Polymer Flocculants
(OPFs) have overcome the drawbacks of inorganic polymeric
flocculants because OPFs are less affected by pH,
temperature, contaminant salts, better water treatment
efficiency, and less sludge yield [14]. For this reason, organic
coagulants are, in certain aspects, a better alternative because
they do not affect the water’s alkalinity and pH. However, the
effectiveness of these coagulants and determining which is
better is still debatable. A study comparing unconventional
organic coagulants, Cofloc, C29510 Kemipol, and Sedifloc
575, to conventional inorganic coagulant, PIX113 with
polymer A110 dosing showed the capabilities of organic
coagulants to match the convention in terms of removal
efficiency for COD as well as Total Suspended Solids (TSS)
[14]. However, it is inefficient in removing color in DWW as
it often requires a high dosage of coagulants depending on the
effluent being treated [14].

Inorganic ACH and organic PolyDADMAC coagulants
have found to be effective in the remediation of different
contaminants in water and wastewater. According to the
study of Verma et al., ACH can reach 91% decolorization
efficiency in the treatment of silk dyebath effluent [15]. In
addition, the turbidity of Greater-Zab river water was reduced
from 2000 NTU to 3.3 NTU using 1.6 pL/L of ACH under
pH 7.36 and 30 min of sedimentation time [16]. Furthermore,
ACH was used to remove different pharmaceuticals such as
Amoxicillin (AMO), Colistin (COL), Diclofenac (DIC),
Ethynylestradiol (EE), Erythromycin (ERY), and Fluoxetine
(FLX) and Total Organic Carbon (TOC) from various river
water samples in Poland. The removal efficiencies of AMO,

COL, DIC, EE, ERY, FLX, and TOC achieved 29.0%,
25.5%, 30.4%, 35.4%, 36.4%, 24.7%, and 88.7%,
respectively. Additionally, 96.2%, 98.0%, and 97.8% of
turbidity, color, and TSS were removed from these samples,
respectively. These were reached under pH 6.5, 0.35 mL/L of
ACH dose and 30 min operating time [17]. In the study
conducted by Teguh et al., 12 mg/L of ACH led to a decrease
in turbidity in the river water from 45 NTU to 0.73 NTU
under pH approximately equal to 7.0 [18]. By using ACH to
treat brewery wastewater, turbidity and COD were reduced
by 54% and 34%, respectively [19]. Nevertheless, organic
PolyDADMAC also presents efficiency in water and
wastewater remediation. This was affirmed by Lopez-
Maldonado et al. in treating semiconductor wastewater
reducing the COD content from 1432 mg/L to 122 mg/L [20].
Zahrim et al. also achieved 48% color removal using 1000
mg/L of PolyDADMAC to treat palm oil mill biogas plant
wastewater (POMBPW) [21]. In the remediation of a
biologically  treated  yeast  processing effluent,
PolyDADMAC coagulation resulted into 68.25%, 63.63%,
and 88.51% color, COD, and turbidity removal, respectively,
under pH 6.0 [22]. These display the potential of ACH and
PolyDADMAC coagulants to treat different types of water
and wastewater streams.

The utilization of dual coagulants (inorganic coagulant and
polymer-based coagulant) has advantages compared with the
use of sole inorganic or polymer coagulants. These include
inorganic coagulant dosage reduction and the production of
denser, larger, and stronger flocs [23]. The use of dual
coagulants (FeCls + PolyDADMAC) led to the enhancement
of the coagulation-flocculation process (80% color removal)
compared to the usage of sole FeCls coagulant which only led
to 60.1% color removal [24]. The efficiency of dual
coagulation was also affirmed by Ariffin er al using
polyacrylamide-PolyDADMAC coagulant which led to 80%,
96.8%, and 98% turbidity, TSS, and COD removal
efficiencies, respectively [25]. The addition of polyamine to
ACH also improved its efficiency in terms of turbidity and
COD removal by about 30% in the treatment of brewery
wastewater [19].

Olive mill wastewater was treated by single
PolyDADMAC coagulation followed by Fenton oxidation
reducing the COD content by 45% which is higher than single
coagulation achieving only 12.5% COD removal [26]. This
shows that sequential coagulation and Fenton oxidation is
effective in wastewater remediation.

III. MATERIALS AND METHODS

A. Distillery Wastewater Sampling

The DWW used in this study was obtained from Absolut
Distillery Inc., a sugarcane mill and ethanol distillery located
in Barangay Malaruhatan, Lian, Batangas, Philippines. The
initial characteristics of the DWW are shown in Table 1.

Table 1. Initial distillery wastewater characteristics

Parameter Units Values
COD mg/L 130,000
TSS mg/L 15,000

Turbidity NTU 121
Color - Dark Brown
pH - 4-5
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B. Dual Coagulation
1) Effect of dual coagulant dosage

The inorganic coagulant used in this study is Aluminum
Chlorohydrate, while the organic coagulant is
Polydiallyldimethylammonium Chloride, both having a
concentration of 23% w/v. The inorganic and organic
coagulant concentrations were optimized in five batches. A
jar test apparatus will perform the dual coagulation and
flocculation process. Five 250-mL beakers for each batch will
be prepared. Each beaker contained 200 mL of DWW with a
concentration of 10 ppm. 5 M NaOH was used to adjust the
pH of the sample to a pH of 8 [27]. Different dual coagulant
concentrations were prepared based on the following %w/v
ACH: %w/v PolyDADMAC ratios: 95:5, 90:10, 80:20, 70:30,
and 60:40. The different dual coagulant concentrations were
added to their corresponding beakers. Each beaker with the
different coagulant concentrations was then subjected to rapid
stirring (150 rpm) for 5 mins and slow stirring (60 rpm) for
15 mins [28]. After the coagulation and flocculation, the
mixture was allowed to settle for 4 h. Supernatants of the
settled DWW were obtained to determine turbidity and color
removal of the mixtures. The color removal quantified the
absorbance of the sample solution by scanning the different
wavelengths of the sample solution and determining the peak
absorbance.

2) Effect of settling time

The sample that provided the highest turbidity and color
removal efficiency was used to determine the settling time
effect. Similarly, five 250-mL beakers containing 200-mL of
DWW were prepared for each run, and the optimum dual
coagulation dosage was added. The five beakers containing
the mixture were performed simultaneously and were
subjected to rapid stirring (150 rpm) for 5 minutes, followed
by slow stirring (60 rpm) for 15 minutes [28]. After the
coagulation and flocculation process, the different mixtures
were allowed to settle from 60 to 300 minutes. For every 60
minutes, the turbidity and color were determined. In addition
to turbidity, the pH, COD, and TSS were also determined for
the sample that provided the best results.

C. Photo-Fenton Oxidation

The optimum dual coagulant concentration was used for
the next stage of the hybrid treatment process, which is the
photo-Fenton oxidation process. This process combines two
AOPs: Fenton oxidation reaction and photocatalysis using
UV light irradiation. The reagents used were 30% w/v lab-
grade Hydrogen Peroxide (H202, Fluka) and Iron (III)
Chloride Hexahydrate ((FeCls - 6H20), which acts as a
catalyst to promote the oxidation of organic contaminants.
The optimal Fenton reagent and exposure time were used to
create a control sample. Fig. 1 shows the experimental setup
of the UV Photo-Fenton reaction. The samples were placed
directly below the 150 W UV lamp and were constantly
stirred at 100 rpm using a hotplate and a magnetic stirrer.

1) Effect of H20: concentration

Varying H>O: concentration at constant Fe** concentration
was made to determine the optimum H2O: concentration. The
time of exposure and the intensity of UV radiation were held
constant. Five batches of treated DWW by dual coagulation
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were first prepared. After settling the initial treated DWW
samples, the different H2O> concentrations were added to
each batch, respectively. The H20: concentrations varied
from 49 x 10 mol/L to 245 x 10° mol/L. The beakers
containing the mixture with Fenton reagents were exposed to
UV radiation for 80 minutes at a UV intensity of 150W with
constant stirring at 100 rpm. The COD and color removal
efficiencies for each batch were determined. Furthermore, the
TSS and turbidity for the sample that provided the highest
COD and color removal efficiencies were then determined.

2) Effect of UV-C light irradiation

The optimum H202 concentration was used to determine
the optimum UV-C exposure time. Likewise, five batches of
treated DWW using the optimum dual coagulants and settling
time were first prepared. After the dual coagulation treatment,
the Fenton reagents were then added. The UV-C intensity and
stirring speed follow the same conditions as stated previously.
The UV-C exposure time was varied from 60 to 300 mins.
For every 60 mins, the turbidity and color removal were
determined. The TSS and COD of the sample that provided
the best results were then determined.

D. Chemical Analysis
1) Turbidity determination procedure

For turbidity determination, Eutech ECTN100IR was used
to quantify the initial conditions and changes in the turbidity
of the sample after treatment. The turbidity meter was first
calibrated using the calibration standards available with the
equipment, which are 800 NTU, 100 NTU, 20 NTU, and 0.2
NTU. The sample vial was rinsed using the sample of interest,
inverted several times, and discarded. The vial was then filled
with the sample until it reached the indicated markings on the
vial. The vial containing the sample was placed in the
turbidity meter testing. Afterward, the sample vial was
cleaned and wiped. This process was repeated until all the
samples of interest are tested.

2) Color removal determination procedure

The color removal data were quantified by scanning for the
peak absorbance of the sample with a concentration of 0.25%
v/v; it was then compared to the change in absorbance of the
treated samples. PerkinElmer Lambda 35 UV-Vis
Spectrophotometer was used for data collection. In the
PerkElemer UV Winlab tab found on the desktop, the
wavelength-quant method was selected. Autozero was then
performed by filling two cuvettes with distilled water and
scanning it at wavelengths ranging from 200-900 nm. One
cuvette was then removed and refilled with the prepared
DWW sample to determine the wavelength at peak
absorbance. The peak absorbance value was 2.77 measured at
the maximum wavelength of 280 nm. This wavelength was
then used to determine the absorbance of the samples in all
runs. From the obtained peak absorbance data and the
absorbance of each sample, the color removal efficiency was
determined using Eq. (1).

M

s >><100 (1)

04) = 7
Color Removal (%) (1 AbsT

where Abs™ The treated samples' average absorbance value
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at the maximum absorbance wavelength. AbsY and Abs™
are the absorbance values measured before and after the
treatment, respectively.

3) Chemical Oxygen Demand Determination Procedure

Treated chemical oxygen demand data samples were
determined using the Hach COD mid-range digestion vials.
The instruments used in this procedure are the Lovibond ET-
108 COD reactor and Lovibond PC CheckIT photometer. The
COD reactor was turned on and set to 120 °C, and a blank
sample was prepared using deionized water. Since the DWW
samples are extremely dark in color, the photometer won’t be
able to read them. Hence, the samples were diluted. 2-mL of
the diluted samples were then pipetted to the digestion vials.
The vials were then placed in the COD reactor for 2 h at
120 °C. After 2 h, the vials were cooled for 20 mins until it
reached room temperature. After cooling the vials, the blank
sample was first placed in the photometer for calibration,
followed by the vials with the diluted DWW samples. The
values obtained on the photometer were then recorded, and
the COD removal efficiency was calculated using Eq. (2).

cop,
cob,

COD Removal (%) = (1 - ) x 100 2)

where COD, and COD, corresponds to the chemical oxygen
demand in ppm, before and after the treatment, respectively.

E. TSS Determination Procedure

Total suspended solids were examined to ensure the
concentration of sludge or waste that may generate due to the
wastewater treatment process. The materials needed are a
250-mL suction flask, desiccator, filter paper, vacuum pump,
and filter holder. First, the sample volume was measured,
after which the suction flask was attached to the vacuum
pump. The filter holder with the filter paper was placed on
top of the suction flask; then, the vacuum pump was attached
and opened, allowing the sample to drain completely. After
filtration, the filter paper was placed in an oven and heated to
104 °C for an hour. Afterward, it was placed in a desiccator
until wholly cooled. Finally, the dried filter paper was
weighed, and the TSS was calculated using Eq. (3).

W, — W,
TSS, ppm = (%) x 1,000,000 3)
S

where Wy and W; are the final and initial weight of the filter

in grams, respectively while V; is the sample volume
measured in mL.

IV. RESULT AND DISCUSSION

A. Dual Coagulation Analysis

Initial adjustment of the pH was conducted before the
application of the dual coagulation compositions.

The measurement of the data shown below is gathered after
the allotted settling time of 4 h for the varying composition,
while every subsequent hour for the measure of the best
settling time using the best arrangement for dual coagulation.

The implication of the varying compositions used in Fig.
1(a) provides the best possible removal efficiency while
minimizing the cost of the coagulants. In this section, 10 ppm
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was used to treat the distillery wastewater. The pH of the raw
DWW was adjusted to pH 8 for optimum reaction conditions.
The data gathered shows that the 70:30 composition provides
the best results. However, given that organic coagulants are
more costly than inorganic ones, a one-way ANOVA was
conducted, and it is here that it was determined that there was
no significant difference between the compositions. As such,
the 90:10 was chosen given that the composition had a higher
removal efficiency while low use of organic coagulants. In
addition, based on the current prices of the coagulants used,
it was observed that the 90:10 composition is estimated to be
81.60% lower than the 70:30 composition, which is $0.017/
(L-yr) and $0.088/(L-yr), respectively. From this, the settling
time is then examined, which resulted in the 5 h settling time
being the best result which has color, COD, and turbidity
removal to be 47.75%, 30.05%, and 92.56%, respectively,
which supports the claim of previous pieces of literature [29].
However, further analysis showed that there were no
significant differences between the settling times. It indicates
that there only be a minimal increase in effectively increasing
the settling time. Upon testing of the TSS (20,897 ppm), it
was found that it became higher than the initial parameters of
the sample. It is due to the re-stabilization of the particles for
the coagulants to destabilize the particles within the sample,
while flocculation is the agglomeration of these particles [30].
Because of this, the coagulation-flocculation process was
hampered. Hence, it could be claimed that overdosing may
have affected the turbidity removal of the sample such that it
could be higher. In addition, the cost of this coagulation
treatment could be lower while providing lower than or
similar to the results presented here. Lowering the
concentration used for the sample will be more cost-efficient
and prevent this effect from occurring during the treatment
process.

M Turbidity Removal ® Color Removal
100
80
60 -
40
20

0

=

Removal Efficiency, %

95:5 90:10 80:20 70:30 60:40

ACH % : PolyDADMAC %
Dosage

(a)

M Turbidity Removal # Color Removal

100

80

60 |

40

Removal Efficiency, %

20

60 120
Settling Time, min

180 240 300

(b)
Fig. 1. Effect of (a) different coagulant concentrations and (b) effect of
settling time on turbidity and color removal efficiencies.
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Similarly, the settling time was also examined by ANOVA.
It was then found that there was no significant difference, but
5 h was still chosen for this study. Thus, it can be claimed that
1 h of settling time with a lower concentration with a 90:10
composition may be able to neutralize the surface charge and
will be able to reduce the contaminants, and may be able to
filter or remove them after treatment [31]. At the best-set
conditions, the dual coagulation process obtained high
turbidity removal but was scarce in color and COD removal.
In contrast, one study using a standalone photo-Fenton
process technology for vinasse treatment reported a 73%
COD removal achieved at pH 5.5 [32]. Hence, a post-
treatment using the photo-Fenton process of the treated
DWW by dual coagulation was done to improve or reach
better removal efficiencies.

B. Photo-Fenton Analysis

mCOD = Color
105
100 |
T;:
E 95 J I
& 90
X
85
80
49 98 147 196 245
H20: Dosage, 107 mol/ L
(a)
6.6
64 |
62 | {\-.

PR

5.4

0 100 200 300
H20:2 Dosage, 10 mol/ L

(b)

Fig. 2. (a) Effect of H2O2 concentration on COD and color removal and (b)
pH change on H20: concentration.

In the photo-Fenton oxidation process, the H20:2
concentration is critical for the generation of -OH radicals
which are responsible for the degradation of recalcitrant
organic compounds found in DWW [33]. By applying this
process to the treated DWW using dual coagulation, higher
COD and color removal were observed. Fig. 2 investigated
the effect of varying H202 concentrations ranging from 49 x
1072 mol/L to 245 x 107> mol/L on COD and color removal.
At this range, it was found that high COD and color removal
were observed for all concentrations, with only slight
differences between them. The best concentration is 245 x
1073 mol/L of H»O: since it obtained the highest COD and
color removal of 98.8% and 95.84%, respectively. The
increase in removal efficiencies can be attributed to the
increased generation of -OH radicals as the concentration of
H20: increase. In addition, high-intensity UV radiation at 150

W and constant stirring at 100 rpm also contribute to the
increase of -OH radical generation, leading to more
degradation of recalcitrant compounds. UV radiation makes
the dark Fenton process more efficient since it regenerates the
Fe?* used to react with HO» and generate -OH radicals.
Constant stirring of the samples also helps generate more -OH
radicals as it increases the contact between the reactants and
catalysts [34].

Despite the high efficiencies mentioned earlier, upon
observation of other factors such as TSS and Turbidity, it
resulted in higher than the initial parameters of the
wastewater since an increase to 918 NTU and 23,333 ppm,
respectively, were observed. These changes can be attributed
to a side reaction during the photo-Fenton reaction. At a pH
of greater than 3.5, Fe3* precipitation of FeCls-6H>0 occurs,
forming ferric hydroxide precipitates [35]. This precipitation
leads to an increase in turbidity, resulting in less light
precipitation. In conjunction with this, a study indicated that
the precipitation of these compounds leads to a decrease in
the efficiency of the Photo-Fenton process [35].

Further data analysis showed no significant differences in
the COD and color removal efficiencies. Despite this, it can
be observed that as the pH of the sample decreases, the
efficiency increases; therefore, it indicates that the hydroxyl
radicals have a higher oxidation potential at lower pH [36].
Hence, 245 x 1072 mol/L of H20: can achieve high COD and
color removal for a lower cost or amount of Fenton reagents.
Based on the current pricing of H2O», is $1.81/L.

750
§ 700 T
o
S 650
Z
2 600
g
$ 550
500
60 120 180 240 300
UV Exposure Time, min
(a)
—— UV Exposure Time pH
97 5
=965
o -
5 9% | 9
2955 | 148~
5 95 147 %
5945 |
S 94t 146
93.5 : : . L 4.5
60 120 180 240 300
UV Exposure Time
(b)

Fig. 3. Effect of UV exposure time on (a) turbidity removal and (b) pH, and
color removal.

The effect of the photo-Fenton process under UV-C
exposure time on pH, turbidity, and color removal is shown
in Figs. 3a and 3b. UV radiation improves the rate of -OH
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radical generation, leading to more degradation of recalcitrant
organic compounds. This study determined the effect of UV-
C exposure time using the same operating conditions earlier
but with the best H2O2 concentration, 245 x 10~ mol/L. An
upward trend in the color removal efficiency and turbidity
was observed as the UV-C exposure time increased. The
highest color removal was observed at 300 min of exposure:
96.35% color removal and 669.42% turbidity increase.
Furthermore, 99.81% COD removal efficiency and a TSS of
112,667 ppm were observed at this time. Only slight
differences in color removal and turbidity were observed
between exposure times. Using ANOVA, it was determined
that there were no significant differences between the
parameters. Hence, 60 min of UV-C exposure is preferable to
save time while also getting high color removal (94.25%) and
lower turbidity (910 NTU).

As discussed previously, the increased turbidity is
associated with the formation of ferric hydroxide precipitates
at a pH greater than 3.5. Since the pH 7.2 of the dual
coagulation treated DWW was not adjusted, ferric hydroxide
precipitates were formed during the photo-Fenton process.
Consequently, turbidity increases with UV-C exposure time
since more ferric hydroxide precipitates are produced. In
conjunction with this, the intensity of the UV light may have
varied due to the distance that the bulb was placed such that
as the distance increases, the intensity of the light decreases,

which may have affected the effectivity of the AOP treatment.

According to one study, the pH is typically between 2.0 to 4.0
to maximize the generation of -OH radicals in the photo-
Fenton process [37]. Another study reported that pH 2.8 is
optimum to prevent the iron catalyst from precipitating [13].
Therefore, adjusting the pH to acidic conditions before the
photo-Fenton process is recommended to increase its removal
efficiencies and degradation of more organic compounds.
Several studies have shown that application of chelating
agents can reduce the formation of ferric hydroxide with the
use of EDDS, oxalate, EDTA, NTA, and citrate with varying
efficiencies with EDDS having the highest to be 95% for
EDSS [38]. However, it is important to note that many of
these studies have different samples from municipal
wastewater, streams with aromatic solutions, and herbicides.
In conjunction with this, a study indicated that the
precipitation of these compounds leads to a decrease in the
efficiency of the Photo-Fenton process [31].

Furthermore, due to this, the Photo-Fenton reaction was
able to occur, an example of which is EDDS, which was more
efficient than citrate at a neutral pH for treating the municipal
wastewater treatment plant containing pharmaceuticals [39].
However, it is essential to note that many of these studies
have different samples from municipal wastewater, streams
with aromatic solutions, and herbicides, to name a few. For
this reason, it is recommended that the optimization of these
chelating agents and their effects on the distillery wastewater
can be studied to minimize the formation of ferric hydroxide
to reduce the cost of pH adjustment during treatment.

C. Summary and Comparison of Results

In the study conducted by Domingues et al. single
PolyDADMAC coagulation followed by Fenton oxidation in
the treatment of olive mill wastewater achieved a COD
removal of 45% [26]. With the addition of ACH in the present
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study, the COD removal was improved to 92.56% which is
more than a 100% increase. Subsequently, further treatment
via UV-C photo-Fenton process increased the COD removal
to almost complete removal. Furthermore, only 66% COD
removal was reached by Vlotman et al. in the remediation of
winery wastewater using ACH-PolyDADMAC coagulants
[40]. This displays that the sequential dual coagulation and
photo-Fenton oxidation utilized in this current work is better
in terms of COD removal performance.

V. CONCLUSION

The main purpose of this study was to remove various
parameters including COD, TSS, turbidity, and color from
bioethanol DWW via sequential dual ACH-PolyDADMAC
coagulation and photo-Fenton oxidation under UV-C light
irradiation. The optimum coagulant dosage for the dual
coagulation process is 90% ACH:10% PolyDADMAC under
5 h of settling time resulting to color and COD removal
efficiencies of 47.75% and 92.56%, respectively.
Additionally, the optimum H202 dosage is 245 x 10 mol/L
within UV-C exposure time of 5 hours for the photo-Fenton
process yielding color and COD removal of 94.25% and
99.81%, respectively. Sequential dual ACH-PolyDADMAC
coagulation and photo-Fenton oxidation under UV-C light
irradiation was found to be effective in treating real distillery
wastewater. In this context, this approach should constitute
an interesting option for the full-scale molasses-based DWW
treatment.
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