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Abstract 
Photocatalytic degradation performance is highly related to optimized operating parameters such as initial concentration, 
pH value, and catalyst dosage. In this study, the impact of various parameters on the photocatalytic degradation of anaerobi‑
cally digested vinasse (AnVE) has been determined through decolourization and chemical oxygen demand (COD) reduction 
efficiency using zinc oxide (ZnO) photocatalyst. In this context, the application of photocatalytic degradation in treating 
sugarcane vinasse using ZnO is yet to be explored. The COD reduction efficiency and decolourization achieved 83.40% and 
99.29%, respectively, under the conditions of 250 mg/L initial COD concentration, pH 10, and 2.0 g/L catalyst dosage. The 
phytotoxicity assessment was also conducted to determine the toxicity of AnVE before and after treatment using mung bean 
(Vigna radiata). The reduction of root length and the weight of mung bean indicated that the sugarcane vinasse contains 
enormous amounts of organic substances that affect the plant's growth. The toxicity reduction in the AnVE solution can be 
proved by UV–Vis absorption spectra. Furthermore, the catalyst recovery achieved 93% in the reusability test. However, 
the COD reduction efficiency and decolourization were reduced every cycle. It was due to the depletion of the active sites 
in the catalyst with the adsorption of organic molecules. Thus, it can be concluded that the photocatalytic degradation in 
the treatment of AnVE was effective in organic degradation, decolorization, toxicity reduction and can be reused after the 
recovery process.
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Article Highlights

•	 Photocatalytic degradation of AnVE was determined by using ZnO photocatalyst
•	 The operating parameters included initial COD concentration, pH and catalyst dosage
•	 The performance was determined through COD reduction efficiency and decolourization
•	 Phytotoxicity assessment was conducted by using mung bean (Vigna radiata)
•	 Reduction efficiency and catalyst recovery was determined in the reusability test
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Introduction

In this coronavirus disease pandemic, the production of 
bioethanol was stimulated with the increasing usage of 
disinfectants. However, the increment of bioethanol pro‑
duction generates large quantities of wastewater, which 
is vinasse. Vinasse is characterized by dark brown col‑
our, acidic pH, and high content of organic compounds 
that are presented by biochemical oxygen demand (BOD) 
and chemical oxygen demand (COD) (Rulli et al. 2020). 
Biorecalcitrant compounds in vinasse can cause pollution 
to the aquatic ecosystem. Furthermore, the light is cut off 
because of its intense brown colour, and the inhibition of 
photosynthesis occurs. The effluent from these distilleries 
is the most troublesome as it contains many organic com‑
pounds like ethanol, acetic acid, carbohydrates, ketones, 
and some inorganic compounds (Vineetha et al. 2013). 
In addition, the presence of phenolic compounds in the 

vinasse also inhibits the degradation of organic com‑
pounds (Santana and Fernandes Machado 2008).

To overcome the wastewater pollution, vinasse has 
been reused as fertilizer in sugarcane crops, but excessive 
use can cause minor organic contamination in soil and 
groundwater (daSilva et al. 2021). Thus, various types of 
wastewater treatments have been applied in the treatment 
of vinasse, which involves biological treatment (Petta et al. 
2017; Estrada-Arriaga et al. 2021), physical treatment 
(Lebron et al. 2020), chemical treatment (Prazeres et al. 
2019), and advanced oxidation process (Otieno and Apollo 
2021). Among all these treatment processes, anaerobic 
digestion is commonly applied as the primary treatment 
of vinasse to remove the organic compounds and gener‑
ate methane production (Janke et al. 2015). However, the 
anaerobically digested vinasse still contains recalcitrant 
compounds that are not biodegradable. Thus, it is neces‑
sary to implement further treatment processes to produce 
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effluent that fulfils the discharge standard. As vinasse is 
characterized by dark brown colour, a post-treatment to 
improve the decolourization is required. In this perspec‑
tive, photocatalytic degradation seems to be a good option 
to treat the anaerobically digested vinasse. The generation 
of hydroxyl radicals from photocatalytic degradation is 
highly oxidative that is able to degrade the melanoidin and 
form intermediate products (Navgire et al. 2012). The total 
mineralization of anaerobically digested vinasse can be 
achieved and obtains a high decolourization rate. Hence, 
tremendous efforts have been invested in enhancing the 
performance of photocatalytic degradation in the treatment 
of vinasse. Among various types of photocatalyst, zinc 
oxide (ZnO) is known as a suitable catalyst to carry out 
photocatalytic degradation because of its cost-effective‑
ness and high photocatalytic activity (Ong et al. 2020).

However, there are still many challenges in this research 
field, particularly in determining the influence of different 
parameters on the performance of photocatalytic degrada‑
tion, which include initial concentration, pH, and dosage 
of catalyst. Initial concentration is crucial in photocatalytic 
degradation, as it is one of the main parameters affecting 
treatment efficiency. The number of pollutants adsorbed on 
the surface of the photocatalyst can affect the rate of pho‑
tocatalytic degradation while the amount of the catalyst is 
fixed (Reza et al. 2017). Besides that, the pH in the medium 
can influence the charge of the catalyst, pollutant, and the 
position of the conduction band (Elbadawy et al. 2021). 
Furthermore, the solution pH also affects the pollutant 
hydrolysis, the ionization degree of pollutant and oxidants, 
the surface characteristics of the catalyst, the activity rate of 
the oxidant and reactive species, and the route of degrada‑
tion (Hassani et al. 2018). The optimum catalyst dosage can 
enhance the operation performance and also avoid the waste 
of catalysts. The degradation rate was directly proportional 
to the amount of catalyst until a certain limit of catalyst 
amount (Ra et al. 2021). Thus, these operational parameters 
must be employed and optimized for the photocatalytic deg‑
radation of vinasse.

Phytotoxicity assessments by plants have been widely 
used to monitor the toxicity towards the environment due 
to their low maintenance cost. They are usually determined 
through germination rate, biomass weight, and root elonga‑
tion (Rizzo 2011). The root is the main part of a plant affects 
by the absorption and accumulation of toxicants. The reduc‑
tion of root length can indicate the presence of toxicants in 
the soil or water bodies. According to Valerio et al. (2007), 
the soil toxicity was determined using lettuce through root 
necrosis, root elongation, and seed germination rate under 
different concentrations of soluble elements. The design of 
photocatalytic degradation in conducting combined pro‑
cesses with biological treatment can be determined through 
the toxicity of the intermediates products. Photocatalytic 

degradation can be selected as the pre-treatment if the biore‑
calcitrant components can be degraded into more biodegrad‑
able intermediates. In other words, photocatalytic degrada‑
tion can be employed as a post-treatment method to remove 
the remaining biorecalcitrant compounds after the biological 
treatment.

In this present work, zinc oxide (ZnO) was selected as the 
photocatalyst. The operating parameters were investigated, 
including initial COD concentration, pH, and catalyst dos‑
age on the COD reduction efficiency and decolourization 
on the photocatalytic degradation of AnVE. In this context, 
the study regarding the photocatalytic process of alcoholic-
based wastewater through ZnO photocatalyst was rarely 
reported. Besides that, the phytotoxicity assessments were 
conducted using mung bean (Vigna radiata), and this can 
be a novel study to identify the toxicity of AnVE before and 
after the photocatalytic treatment. Reusability test was also 
carried out through three cumulative cycles of photocatalytic 
process, and the results can be determined in COD reduc‑
tion efficiency, decolorization, and the catalyst remained in 
the system.

Materials and Methods

Material and Wastewater Preparation

Zinc oxide (ZnO) powder (HmbG Chemicals) was used 
in this research with a purity of 98%. Sodium hydroxide 
(NaOH) and sulphuric acid (H2SO4) with 98% purity from 
Merck and Fisher Scientific, respectively were used for the 
pH adjustment of AnVE. The anaerobically digested vinasse 
(AnVE) was collected from the final pond in Fermpro Sdn. 
Bhd, Perlis. The sample was collected at the surface of 
the final pond and stored at a temperature of 4 ± 1 °C. It 
presented dark brown coloration, COD concentration of 
7954 ± 202 mg/L, colour concentration of 42,260 ± 1070 
PtCo, and pH value of 8.13 ± 0.19.

Photocatalytic Degradation Experiments

The setup of the photocatalytic reactor is shown in Fig. 1. 
The photodegradation experiments were conducted in a 1 
L Pyrex beaker and the working volume was 500 mL. An 
ultraviolet A (UVA) lamp (Philips, 7.7 W, 350–400 nm) was 
used as the light source in the photoreactor. The beaker was 
placed 5.0 cm away from the light source. The photocata‑
lytic tests were carried out with a specific amount of catalyst 
dispersed in 500 mL of vinasse (diluted or pre-adjusted pH) 
and they lasted 10 h. Before the light source is switched on, 
adsorption was carried out for 30 min by stirring to ensure 
maximum adsorption–desorption equilibrium. The aeration 
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was supplied in the experiment with the room temperature 
of 25 ± 2 °C.

Evaluation of the Photodegradation Performance

The sampling of the AnVE was collected in the reaction 
times of 1, 2, 3, 4, 5, 7.5, and 10 h. The COD concen‑
tration (mg/L) was measured using dichromate reactor 
digestion method of wastewater analysis, while the colour 
(PtCo) was measured using a Hach DR/2010 spectropho‑
tometer at the wavelength of 455 nm. Samples were fil‑
tered with 0.45 µm membrane filters, and the performance 
of the reactor was determined through COD and colour 
reduction efficiency using Eq. (1).

where C0 is the COD concentration (mg/L) or colour (PtCo) 
of influent and C1 is the COD concentration (mg/L) or col‑
our (PtCo) of effluent at reaction time (t) in hours.

The material characterization of ZnO photocatalyst 
was carried out by X-ray diffraction (XRD) from Bruker 
(Model: D2 Phaser). X-ray tube is copper (Cu) type (wave‑
length of Kα1 = 1.5406 Å) and generated at 30 kV and 
10 mA. The scan range of the XRD data was between 20° 
and 80° (2θ) with a scan rate of 5°/min. UV–Vis spectro‑
photometer (ME-UV1300PC Mesulab, China) was used 
to conduct the wavelength scan in the samples, while the 
pH and temperature were measured using Methrom 826 
portable pH meter. Each experiment was carried out three 
times to obtain the average results. The effectiveness of 
photodegradation under various parameters such as initial 
concentration, pH, and dosage of catalyst on COD and col‑
our reduction efficiencies was determined. Langmuir–Hin‑
shelwood kinetics model was applied to determine the 
COD and colour reduction rate. It can be simplified to an 
apparent first-order expression as shown in Eq. (2).

(1)Reductioneff iciency(%) =

(

C0 − C1

C0

)

× 100%,

where the Co and C represent the initial concentration and 
concentration at time t (mg/L), respectively, and t repre‑
sents the irradiation time, and k is the pseudo-first-order 
rate constant.

Toxicity Estimation

The phytotoxicity assessments were carried out in the petri 
dishes with filter paper, which is simple and cost-friendly. 
Mung bean (V. radiata) was selected to use in the toxic‑
ity test. The phytotoxicity assessments were operated with 
control (distilled water only), raw AnVE, diluted AnVE, and 
treated effluent by dispensing 4 mL of solutions onto filter 
paper in the 90 mm diameter petri dishes using the mung 
bean. Each petri dish was placed with twenty seeds on the 
filter paper, which was sealed with parafilm to avoid the 
evaporation process in the petri dish. The seeds were incu‑
bated at room temperature, each with three times replicates. 
The germinated seeds were harvested after 5 days incubation 
period. The root length and wet weight were measured to 
determine the toxicity of the wastewater.

Reusability

The reusability test was carried out through three cumulative 
cycles of the photocatalytic process at optimized conditions. 
The supernatant of the AnVE wastewater was drawn after 
1 h of settling process to determine the COD reduction effi‑
ciency and decolourization. The remained mixture was dried 
in the oven for 24 h to measure the remained ZnO catalyst 
in the beaker. The dried ZnO powder was kept and used for 
the next cycles.

(2)ln
C0

C
= kt,

Fig. 1   The set-up of photo‑
catalytic reactor under UVA 
irradiation
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Result and Discussion

Effect of Initial Concentration

The effect of initial concentration was evaluated in different 
initial COD concentrations (250, 500, 750, and 1000 mg/L). 
The photocatalytic tests were carried out with a constant 
amount of catalyst (1.0 g/L) dispersed in 500 mL of vinasse 
(pH 8). The COD reduction efficiency under different initial 
COD concentrations was shown in Fig. 2a. The highest COD 
degradation (42.85%) was achieved in the initial COD con‑
centration of 250 mg/L. It was found that the COD reduction 
efficiency kept decreasing when the initial COD concentra‑
tion increased. The catalyst surface was adsorbed by exces‑
sive organic molecules as increasing the COD concentration. 
Hence, limited hydroxyl was produced due to the less active 
site of catalyst is available (Mohammadzadeh et al. 2015). 
Figure 2b shows the Langmuir–Hinshelwood (L–H) kinetic 
model with different COD concentrations. The pseudo-first-
order rate constant was significantly affected by the initial 
COD concentrations. The highest rate constant (0.0528 h−1) 
was achieved at the lowest initial COD concentration, which 
was 250 mg/L of AnVE. When increased the initial COD 

concentration to 1000 mg/L, the rate constant was reduced 
to 0.0109 h−1. The production of ·OH radical on the catalyst 
surface was negatively affected by the high initial COD con‑
centration. Since the production of hydroxyl radical remains 
consistently when the other operational parameters were 
same, thus the possibility of dye molecules reacting with 
hydroxyl radical decreases at high initial COD concentration 
(Kumar et al. 2016).

Figure 2c demonstrates the decolourization of different 
COD concentrations. The highest decolourization achieved 
was 92.79% for the initial COD concentration of 250 mg/L. 
The photocatalyst surface can receive more photons when 
the colour concentration decreased over irradiation time. 
Thus, the remaining organic molecules can be degraded 
effectively by more active sites on the catalyst (Ong et al. 
2020). Meanwhile, Fig. 2d demonstrated decolourization 
under different COD concentrations followed pseudo-
first-order kinetics. A similar trend was obtained in the 
decolourization when compared to COD reduction in 
AnVE. The colour reduction rate constant decreased from 
0.2177 to 0.0348 h−1 when the initial COD concentration 
increased from 250 to 1000 mg/L. The raising of the COD 
concentration can lead to the increment of the colour con‑
centration, and hence, the number of organic molecules 

Fig. 2   The performance of a COD reduction efficiency, b kinetic in terms of COD reduction efficiency, c colour reduction efficiency, and d 
kinetic in terms of colour reduction efficiency under various initial COD concentrations of AnVE with catalyst dosage of 1.0 g/L and pH 8
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react with hydroxyl radical decreases. It was because the 
increment of colour concentration reduced the path length 
of photon entering into the solution (Subash et al. 2013a). 
The kinetic rate constant can be related to the light trans‑
mittance of the solution. At higher initial dye concentra‑
tion, the light transmittance was low, which reduced the 
light energy to excite the active electrons and holes for 
photocatalyst (Deng et al. 2018). Similar result was also 
obtained by Li et al. (2018) that less electron–hole pairs 
were generated in high initial concentration, and led to 
inhibition of the hydroxyl formation.

The proposed mechanism of photocatalytic degradation 
under UV irradiation using ZnO was investigated. When 
ZnO is illuminated by light that photon energy equal or 
exceeds its band gap energy (hv ≥ Eg = 3.37 eV), the posi‑
tive holes (h+

VB) are produced in the valence band when 
the electrons (e−

CB) from the valence band transfer to the 
conduction band across the band gap (Eq. 3) (Ong et al. 
2019). h+

VB and e−
CB are captured by the zinc vacancy 

near the valence band and the oxygen vacancy near the 
conduction band, respectively. This can lead to the redox 
reactions occur at the surface of ZnO photocatalysts. 
Hydroxyl radicals (·OH) are generated through the reac‑
tion between the holes with either hydroxyl ions (OH−) 
or water (H2O) (Eqs. 4, 5). The high oxidation potential 
of holes or hydroxyl radicals could oxidize and degrade 
the AnVE (Eqs. 6, 7). When the concentration of AnVE 
increased, the organic molecules adsorbed incident pho‑
tons before they can reach the catalyst surface, which led 
to the reduction of degradation rate (Ghaly et al. 2017).

However, excess electrons remain in the wastewater 
because the reaction of the electrons is slow when com‑
pared to the holes on the catalyst surface. Thus, the addi‑
tion of oxygen molecules is necessary through the aera‑
tion to prevent the recombination of electrons with holes. 
The superoxide radical anions ( ⋅O−

2
 ) and hydrogen perox‑

ide (H2O2) as strong oxidants are formed when the elec‑
trons reduce with the oxygen molecules (Eqs. 8, 9). ⋅O−

2
 

could be implicated in the generation of hydroxyl radical 
through the reaction with H+ (Eq. 10) or H2O molecules 

(3)ZnO + hv → ZnO
(

e−CB + h+VB
)

,

(4)ZnO
(

h+VB
)

+ H2O → ZnO + H+ + ⋅OH,

(5)ZnO
(

h+VB
)

+ OH−
→ ZnO + ⋅OH,

(6)
AnVE + ZnO

(

h+VB
)

→ ZnO + AnVE*(oxidationofAnVE),

(7)AnVE + ⋅OH → AnVE*−(degradationofAnVE).

(Eq. 11). Hydrogen superoxide in Eq. (10) could capture 
the electrons and further delay the recombination process. 
Besides that, the generated H2O2 could further react with 
the electron to produce hydroxyl radicals and hydroxyl 
ions (Eq. 12). ⋅O−

2
 could oxidize and degrade the AnVE 

(Eq. 13), while the reduction of AnVE also is included in 
the removal mechanisms by the electron in the conduction 
band (Eq. 14):

Effect of pH

The effect of pH was significant to be illuminated in the 
study on photocatalytic degradation, as different pH values 
can contribute to various effects in the wastewater treatment. 
In this study, the pH value was fixed in the range of pH 3–pH 
12 with COD concentration of 250 mg/L and catalyst dosage 
of 1.0 g/L to evaluate the influence of pH on the treatment 
performances of photocatalytic reactor. The COD reduc‑
tion efficiency of different pH in the photocatalytic reactor 
was shown in Fig. 3a. The increment of pH from 3 to 10 
led to an increase in the COD degradation from 17.42 to 
69.26%. The ability of photocatalytic process to accelerate 
hydroxyl radical formation at alkaline conditions improved 
the COD reduction efficiency (Ranjbari and Mokhtarani 
2018). The results can be related to the highest rate constant 
(k = 0.1028 h−1) achieved at pH 10, as shown in Fig. 3b. 
The electrostatic interactions of catalyst are occurred more 
rapidly in the alkaline solution (Sarafraz et al. 2020). In 
addition, the hydroxyl radicals were produced more rap‑
idly at high pH condition, as indicated in Eq. (5). However, 
the COD reduction efficiency reduced to 28.29% when the 
pH value further increased to 12. The complexes such as 
Zn(OH)4

2− can be formed in the dissolution of ZnO under 
high alkaline condition (Eq. (15)).

(8)ZnO(e−CB) + O2 → ⋅O−
2
,

(9)O2 + 2ZnO(e−CB) + 2H+
→ H2O2,

(10)⋅O−
2
+ H+

→ HOO⋅ → HO⋅,

(11)⋅O−
2
+ H2O → ⋅OH + OH−

,

(12)H2O2 + ZnO(e−CB) → ⋅OH + OH−

(13)⋅O−
2
+ AnVE → AnVE*(oxidationofAnVE),

(14)AnVE + ZnO(e−CB) → AnVE*(reductionofAnVE).
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The anion would be repelled by the negatively charged 
ZnO and impedes the oxidation process at the photocata‑
lyst (Khalik et al. 2017). The ZnO surface was absorbed by 
OH− and h+ at a very alkaline pH, which could form the 
surface hydroxyl radicals (% OHs). The surface hydroxyl 
radicals were hardly desorbed and reduced the removal effi‑
ciency (Chen et al. 2020).

The decolourization of different pH in the photocata‑
lytic reactor was shown in Fig. 3c. The decolourization 
increased from pH 3 to pH 10 (39.36–93.59%) which was 
similar to the trend of COD removal. The enhancement 
of decolourization can be illustrated as the production of 
oxygen radicals from the Lewis acid positions created the 
·OH radicals in the presence of water under the alkaline 
condition (Alamgholiloo et al. 2019). When the solution 
further increased to pH 12, the decolourization rate was 
still maintained at 93.46%. The results revealed that at a 
very high pH value, the COD removal was affected nega‑
tively but a high decolourization rate was maintained. As 
illustrated in Fig. 3d, the pseudo-first-order rate constant 
achieved the highest at pH 12 (k = 0.3127 h−1) instead of 

(15)ZnO + 2OH− + H2O → Zn(OH)2−
4
. pH 10 (k = 0.2986 h−1). It is believed that at alkaline pH 

conditions, the indirect reaction between organic mole‑
cules and ·OH radicals improves the treatment efficiency 
(Asgari et al. 2021). The lowest COD removal and decol‑
ourization efficiency of AnVE at low pH (pH 3) might 
be ascribed to the reaction between ZnO and the acids to 
form Zn2+ (Eq. 16) (Wu 2008). Thus, the photocatalytic 
properties of ZnO were limited under acidic conditions 
(Subash et al. 2013b).

Effect of Dosage of Catalyst

Performance of Photocatalytic Reactor Under Various 
Catalyst Dosage

The photocatalytic degradation was carried out under COD 
concentration of 250 mg/L and optimum pH 10 with differ‑
ent catalyst dosages from 0.5 to 2.0 g/L. The catalyst dos‑
age was known as having a significant effect on the COD 
reduction efficiency and decolourization of photocatalytic 

(16)ZnO + 2H+
→ Zn2+ + H2O.

Fig. 3   The performance of a COD reduction efficiency, b kinetic in 
terms of COD reduction efficiency, c colour reduction efficiency, and 
d kinetic in terms of colour reduction efficiency under various pH 

values of AnVE with COD concentration of 250  mg/L and catalyst 
dosage of 1.0 g/L



	 Int J Environ Res (2022) 16:3

1 3

3  Page 8 of 13

degradation. The effectiveness of photocatalytic degradation 
in terms of COD reduction increased from catalyst dosage 
of 0.5 g/L (30.38%) to 2.0 g/L (83.40%) as shown in Fig. 4a. 
When the catalyst dosage increased, there were many active 
sites generated in the catalyst. It provided a larger adsorp‑
tion area and more active radicals for the removal of COD 
(Ahmed et al. 2010). The rate constant achieved the highest 
(k = 0.1421 h−1) at a catalyst dosage of 2.0 g/L, as illustrated 
in Fig. 4b. The increment of catalyst dosage can promote 
the production of active radicals from a larger surface area 
(Asgari et al. 2021). Thus, the larger surface area of the zinc 
oxide was excited by the abundant and active radicals when 

the catalyst dosage was increased, which ultimately improve 
the treatment efficiency (Chen et al. 2011).

Figure 4c indicates that the decolourization increased 
from catalyst dosage of 0.5  g/L (90.81%) to 2.0  g/L 
(99.29%). A similar result was obtained from Fig. 4d as the 
increment of catalyst dosage improved the rate constant from 
0.2176 (0.5 g/L) to 0.4982 h−1 (2.0 g/L). The catalyst dos‑
age was usually related to the nature of photocatalyst and 
the irradiation light source (Rao et al. 2009). A sufficient 
amount of ZnO catalyst provided in the photocatalytic deg‑
radation can maximize the degradation effect with the appro‑
priate light irradiation. However, excessive catalyst dosage 

Fig. 4   The performance of a COD reduction efficiency, b kinetic in terms of COD reduction efficiency, c colour reduction efficiency, and d 
kinetic in terms of colour reduction efficiency under various initial catalyst dosages of AnVE with COD concentration of 250 mg/L and pH 10

Table 1   COD reduction efficiency, colour reduction efficiency, and rate constant before and after optimization under various COD concentration

Initial COD 
concentration 
(mg/L)

Before optimization After optimization

COD 
reduction 
(%)

Rate constant for 
COD reduction 
(h−1)

Colour 
reduction 
(%)

Rate constant for 
colour reduction 
(h−1)

COD 
reduction 
(%)

Rate constant for 
COD reduction 
(h−1)

Colour 
reduction 
(%)

Rate constant for 
colour reduction 
(h−1)

250 42.86 0.0528 92.79 0.2177 83.40 0.1421 99.29 0.4982
500 22.78 0.0309 85.14 0.1287 45.09 0.0491 85.48 0.2017
750 12.59 0.0177 41.69 0.0509 32.21 0.0442 59.09 0.1095
1000 8.92 0.0109 24.43 0.0348 13.05 0.0186 25.24 0.0392
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can generate adverse effects to photocatalytic degradation 
due to the large amount of particle aggregation accumulated 
in the solution, which reduced the surface active sites of 
catalyst (Rajamanickam and Shanthi 2014). In other words, 
when the catalyst dosage beyond the limit, the turbidity of 
the dye solution increased and prevented the transmission of 
light irradiation to the solution, which led to the light scat‑
tering effect (Daneshvar et al. 2007).

The effectiveness of photocatalytic degradation in terms 
of COD reduction efficiency and decolourization before and 
after the optimization of pH and catalyst dosage was indi‑
cated in Table 1. The result showed that at the initial COD 
concentration of 250 mg/L, the COD removal increased 
from 42.86 to 83.40% while the decolourization increased 
from 92.79 to 99.29% in the optimum conditions. The COD 
reduction efficiency for the initial concentration of 500 mg/L 
showed a great enhancement from 22.78 to 45.09%, but the 
decolourization remained consistent at 85.48%. At the initial 
COD concentration of 750 mg/L, a significant improvement 
was obtained after optimization which the COD reduction 
efficiency increased from 12.59 to 32.21% and the decol‑
ourization increased from 41.69 to 59.09%. However, it 
indicated a minor enhancement in terms of COD and col‑
our removal at an initial COD concentration of 1000 mg/L. 
The enhancement of performance after optimization can be 
proved through the increment of rate constant in Table 2. 
The overall kinetic rate constant in various initial COD con‑
centration showed a great improvement except in the initial 
COD concentration of 1000 mg/L. It can be explained by 
the intensive dark colour that the UV light hard to penetrate 
through the AnVE for the production of hydroxyl radicals.

Photocatalyst Characterization

The material characterization of purchased ZnO powder 
was analyzed through XRD analysis. The XRD patterns of 
the ZnO photocatalyst are presented in Fig. 5. The diffrac‑
tion peaks located at 31.90°, 34.55°, 36.37°,47.65°, 56.70°, 
62.95°, 66.47°, 68.05°, 69.18°, 72.65°, and 77.24°. Thus, 
it could be indexed as hexagonal wurtzite structure of ZnO 

(ICSD 98-006-5188). No impurity was detected, which indi‑
cated the presence of ZnO only in the photocatalysts.

UV–Vis Spectra Analysis

The result of UV–Vis absorption spectra from 200 to 600 nm 
at various irradiation times was shown in Fig. 6 under the 
optimum conditions of 250 mg/L COD concentration, pH 
10, and 2.0 g/L of catalyst dosage. The result shows that the 
absorbance bands reduced over the irradiation time in pho‑
tocatalytic degradation in 10 h of irradiation. Hence, a peak 
(λmax) observed in the UV–vis spectra of 203 nm could relate 
to the presence of ethanol in the vinasse. The absorbance at 
203 nm decreased from 1.922 to 0.510 after 10 h of irradia‑
tion time. Besides that, a λmax (280 nm) has been related 
to the presence of organic compounds and the compounds 
were completely degraded after the photocatalytic process 
(Arreola et al. 2020). This result can be proved through the 
mineralization of total organic carbon (TOC). The average 
TOC was obtained based on the Eqs. (17) and (18) in the 

Table 2   COD reduction efficiency and colour reduction efficiency 
under various operational conditions

No Operational conditions COD reduction 
(%)

Colour 
reduction 
(%)

1 ZnO only – –
2 ZnO + aeration – –
3 UV only 5.7 2.9
4 UV + aeration 9.3 9.2
5 ZnO + UV 35.7 91.4
6 ZnO + UV + aeration 38.7 92.9

Fig. 5   XRD patterns of ZnO photocatalyst

Fig. 6   UV–vis absorption spectra of AnVE under the optimum condi‑
tions of 250 mg/L COD concentration, pH 10 and 2.0 g/L of catalyst 
dosage
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study of Dubber and Gray (2010). The mineralization of 
TOC achieved 93.8%, which was similar to the result in the 
UV–vis spectra of 280 nm (95.8%). The results revealed that 
the complete removal of organic compounds was achieved 
after the photocatalytic process. The majority of organic 
carbon was degraded when compared to inorganic carbon, 
since the COD reduction was only 83.40%. In this study, the 
absorbance reduction achieved 94.98% at 10 h of irradiation 
time when considering the wavelength of 270 nm as the 
reference point. Compared to this study, the photocatalytic 
degradation of pre-treated vinasse (coagulation/flocculation) 
only showed 67.1% of reduction in absorbance at 270 nm 
(Padilha et al. 2013).

Effect of operational conditions

In the present study, the photocatalytic reactor was car‑
ried out with various operational conditions (ZnO only, 
ZnO + aeration, UV only, UV + aeration, ZnO + UV, 
ZnO + UV + aeration) under the optimum condition 
(250 mg/L of initial COD concentration, pH 10 and 2.0 g/L). 
The impact of every parameter independently or in com‑
bination were investigated and the results were shown in 
Table 2. The solution was stirred for 30 min with the cata‑
lyst in the dark environment before starting the photocata‑
lytic process, and it showed a negligible adsorption effect. 
Besides that, the results indicated that the presence of ZnO 
only and ZnO + aeration had no effect on the COD reduc‑
tion efficiency and decolourization of AnVE since both 
reduction efficiency was considered negligible in the listed 
conditions. It can be attributed to the absence of UV light 
and thus the generation of hydroxyl radicals was adversely 
affected. According to Sheikhmohammadi et al. (2020), the 
removal of pollutants using ZnO catalyst through the adsorp‑
tion was not significant. The photolysis experiment under 
the optimum conditions (UV only) obtained 5.7% of COD 
reduction efficiency and 2.9% of decolourization. Further‑
more, the addition of aeration in the photolysis experiment 
(UV + aeration) obtained 9.3% of COD reduction efficiency 
and 9.2% of decolourization, which was better than UV only.

On the other hand, the operational conditions of 
ZnO + UV and ZnO + UV + aeration showed excellent COD 
reduction efficiency (35.7% and 38.7%) and decolourization 
(91.4% and 92.9%), respectively in 5 h of UV irradiation. 
The photocatalytic process with the existence of UV and 

(17)TOC =
COD − 49.2

3
,

(18)TOC =
COD − 7.25

2.99
.

photocatalyst led to redox reactions, thus the electron–hole 
pairs were created and produced hydroxyl radicals (Asgari 
et al. 2021). These findings indicated that the production of 
hydroxyl radicals can only be successful with the presence 
of UV radiation and photocatalyst (Moussavi et al. 2014). 
The addition of aeration in the photocatalytic degradation 
showed a positive effect on both COD and colour removal 
because oxygen molecules as electron acceptors formed 
superoxide radical anions with existing electrons to remove 
the organic molecules in AnVE (Eq. 8).

Toxicity Assessment

A higher concentration of molasses-based wastewater could 
cause phytotoxic effect on the plants because it consists of 
multiple types of constituents. However, the development 
and growth of plants were enhanced by the treated molasses-
based wastewater, which in lower concentration (Pandey and 
Soni 1994). The root length and fresh weight of the mung 
bean (V. radiata) were shown in Fig. 7. The root length and 
fresh weight were achieved lowest in the raw AnVE, which 
indicated that raw AnVE consisted of the highest toxicity 
among all the wastewater. The result showed that the growth 
of root was significantly affected in higher wastewater con‑
centrations. The reduction of the shoot and root length could 
occur when the exposure of root in a higher concentration of 
effluent affects the cell growth (Kannan and Upreti 2008). 
After the treatment through photocatalytic degradation, the 
effluent showed lower toxicity when compared to the influ‑
ent. The toxicity reduction can be observed from UV–Vis 
absorption spectra in Fig. 6. The organic compounds existed 
in the effluent were gradually reduced after the treatment. 
Santal et al. (2011) observed that treated effluent was not 
inhibited the growth of seeds compared to the influent since 
the toxicity of effluent decreases after treatment (Santal et al. 
2011). The lower toxicity in effluent also can be justified 
through the higher fresh weight of the mung bean obtained 
using effluent when compared to influent. The effects on 
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fresh biomass implied the seedling’s water uptake and trans‑
port which is an important mechanism for their stimulation 
(Sun et al. 2020). The control (distilled water) indicated 
that a similar result was obtained when compared to treated 
AnVE (effluent) and thus it revealed that the water quality of 
treated effluent was approximately similar to distilled water.

Reusability

The reusability of ZnO was determined in terms of COD 
reduction efficiency, decolourization, and the remained 
catalyst for three cycles at optimized conditions (Fig. 8). 
Approximately 7% of catalyst was lost in each cycle, which 
revealed that 93% of catalyst recovery was achieved. How‑
ever, the COD reduction efficiency decreased from 50.0% to 
22.2% while the decolorization reduced from 97.1 to 22.7% 
after three cycles of operation. The reduction of COD reduc‑
tion efficiency and decolourization can be related to the mass 
loss during catalyst recovery and the depletion of the active 
sites in the catalyst with the adsorption of organic molecules 
in each cycle (Lops et al. 2019). Thus, the reusability of ZnO 
in this study can become a future scope to explore the reuse 
potential through modification of the catalyst surface.

Comparison on the Effectiveness 
of Photodegradation of AnVE in COD and Colour 
Removal with Past Studies

The comparison of the photocatalytic degradation perfor‑
mance of vinasse/molasses-based wastewater was conducted 
between past reported studies and this study with different 
types of photocatalysts. The heterogeneous photocatalysis 
in the study of Poblete et al. (2020) achieved COD (58%) 
and colour (40%) removal in treating pisco vinasse using 
TiO2 as photocatalyst. In the study of Apollo et al. (2013), 
UV photodegradation achieved colour removal of 54% 
and 69% for the real distillery effluent and raw molasses, 

respectively, with a COD reduction of < 20%. The study by 
Navgire et al. (2012) also achieved effective photodegrada‑
tion of the molasses in removing COD (90%) and colour 
(70%) using MoO3–TiO2 nanocrystalline composite catalyst. 
Indium yttrium oxide (InYO3) photocatalyst was prepared 
and calcined at 700 °C in the study of Qin et al. (2011), and 
it showed higher photocatalytic activity in the photodeg‑
radation of molasses fermentation wastewater (93% COD 
removal and 98% decolorization). Hence, the calcination of 
ZnO at a high temperature was recommended and could be 
applied to improve photocatalytic activity. To the best of 
the authors’ knowledge, there was rarely reported regard‑
ing the photocatalytic process of molasses-based wastewater 
through ZnO photocatalyst. This study achieved excellent 
COD reduction efficiency (83.40%) and decolourization 
(99%) in the photocatalytic treatment of vinasse using ZnO. 
It showed that ZnO had great potential in the treatment of 
molasses-based wastewater and the performance of the 
ZnO can be enhanced through the modification in terms of 
dye sensitization, metal-ion doping, and composite photo‑
catalysts (Long et al. 2020). Thus, ZnO can be modified to 
composite catalyst with another semiconductor material to 
enhance the photocatalytic activity, accelerate the transfer 
of photogenerated electron holes, and prolong the lifetime 
of the photogenerated holes (Nasir et al. 2020). Besides that, 
the photocatalytic degradation in the treatment of distillery 
effluent and vinasse under solar radiation revealed the poten‑
tial of the photocatalytic process in the treatment of molas‑
ses-based wastewater using ZnO under sunlight could be 
applied in further studies (Santana and Fernandes Machado 
2008; Vineetha et al. 2013).

Conclusion

Photocatalytic degradation is an advanced oxidation process 
that utilizes photocatalyst to treat wastewater in the presence 
of UV light and can be deemed to be eco-friendly. Sugar‑
cane vinasse is a dark brown colour and high organic waste‑
water, which was treated using photocatalytic degradation 
under various parameters such as initial concentration, pH 
value and catalyst dosage. The results revealed that the COD 
reduction efficiency and decolourization kept decreasing 
when the initial COD concentration increased. Furthermore, 
photocatalytic degradation achieved the most outstanding 
performance at the alkaline condition (pH 10), which can be 
explained by the rapid electrostatic interactions of catalysts 
in the alkaline condition. When the catalyst dosage increased 
from 0.5 to 2.0 g/L, the decolorization and COD reduction 
efficiency also increased due to larger active sites gener‑
ated in the solution. The phytotoxicity assessment using 
mung bean (V. radiata) indicated that the toxicity of AnVE 
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solution could be reduced effectively through the photocata‑
lytic degradation process. Besides that, the catalyst recovery 
achieved 93% in the reusability test, but the COD reduction 
efficiency and decolourization were reduced in every cycle. 
Thus, it can be concluded that the effective COD reduction 
efficiency and decolourization of AnVE were achieved using 
photocatalytic degradation under the optimum conditions.
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