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INTRODUCTION

Fresh water is a valuable asset that every liv-
ing thing needs. Global challenges caused by ex-
treme weather likes climate change have led to a 
decrease in the availability of fresh water on earth 
even though 70% of the earth’s surface is water, 
but of all the water on earth, only 2.5% of clean 
water can be used and only 1% can be accessed 
(Mishra, 2023). From 1984 to 2015, climate 
change and pollution of nature especially in wa-
ter ecosystem by human caused the loss of over 
90,000 km2 of freshwater surface area (Scanlon 

et al., 2023). Specifically for water pollution, one 
of which is due to industrial wastewater. Indus-
trial commercial activities that produce wastewa-
ter will mixed with rivers and stream if disposed 
without treatment (Yaashikaa et al., 2024). One 
form of water pollution that has a significant im-
pact on reducing the quality and availability of 
fresh water is industrial wastewater, including 
waste from household industries such as the tofu 
industry. The tofu industry generates wastewater 
with high organic content due to the continued 
use of simple production technologies, resulting 
in low resource utilization efficiency, particularly 
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for raw materials and water, and substantial waste 
generation (Pamungkas et al., 2023). The liquid 
waste from tofu production has a chemical oxy-
gen demand (COD) value ranging from 7.000 
to 12,000 mg/L, which significantly exceeds the 
regulatory maximum COD limit of 300 mg/L 
for soybean processing, as stipulated in Indone-
sian Regulation PermenLHK No. 5 of 2014. This 
waste has the potential to pollute aquatic environ-
ments if discharged directly without proper treat-
ment (Sayow et al., 2020). Moreover, the high 
total nitrogen (Total-N) and phosphate content 
in tofu wastewater can contribute to eutrophica-
tion (Siswoyo and Hermana, 2017). Biological 
methods can be used to treat tofu wastewater, 
such as anaerobic or aerobic processes using bac-
teria (Wahyu and Slamet, 2017). However, bio-
logical methods have limitations such as requir-
ing large areas of land and long treatment times 
(Rosariawari et al., 2012), while physical and 
chemical methods require high operational costs 
and specifically for chemical methods will pro-
duce sludge which is classified as B3 waste and 
requires further treatment (Rahman et al., 2012). 
The photocatalysis method offers an alternative 
solution for treating tofu wastewater. Photoca-
talysis is an environmentally friendly and sus-
tainable technology that utilizes energy to trigger 
chemical reactions efficiently (Sun et al., 2023). 
The basic principle of photocatalysis is a method 
that utilizes light energy which can be in the form 
of visible or ultraviolet light used to activate cata-
lysts that function to accelerate the rate of chemi-
cal reactions. In the process, photocatalytic reac-
tions usually involve three main processes: CO₂ 
reduction, water splitting, and organic compound 
release. Starting from the initial stage of the pho-
tocatalysis process, the photocatalyst molecules 
are first exposed to light and will lead to the for-
mation of corresponding positive holes (h⁺) in the 
valence band (VB) and photoexcited electrons in 
the conduction band (CB) (Chakravorty and Roy, 
2024). Some nanomaterials, such as ZnO and 
TiO₂, are considered attractive for photocatalytic 
processes, but in particular ZnO shows higher 
photocatalytic efficiency and greater compound 
adsorption capacity than TiO₂ because ZnO has a 
larger surface area (Murti et al., 2025). ZnO has 
characterizations such as; large exciton binding 
energy (60 meV); wide band gap (3.7 eV); easily 
binds holes (hþ) and electrons (e-) generated from 
photogeneration; and has low toxicity. ZnO was 
shown to exhibit higher photocatalytic efficiency 

mainly for organic pollutants due to its nature 
as an n-type semiconductor (Sun et al., 2023). 
ZnO can degrade COD and BOD into CO₂ and 
H₂O through a photocatalytic oxidation mecha-
nism activated by UV light (Adnan et al., 2022). 
However, the direct use of photocatalyst powders 
presents challenges, including difficulties in sepa-
rating catalyst particles from the treated effluent 
(Pachwarya and Meena, 2011) and low adsorption 
capacity (Rosariawari et al., 2012). To address 
these limitations, ZnO photocatalysts can be im-
mobilized in resins, forming resin-immobilized 
photocatalyst-ZnO (RIP-ZnO), which enhances 
photocatalytic activity and simplifies the sepa-
ration process. RIP-ZnO has effectively reduced 
COD and BOD concentrations in tofu wastewa-
ter by using the main components of resin and 
ZnO (Lavyatra and Hidayah, 2022). Factors such 
as the mass of catalyst in the reactor and the dis-
tance between the UV lamp and water are known 
to affect the efficiency of the photocatalysis pro-
cess. Although increasing the amount of catalyst 
can enhance the degradation of pollutants, ex-
cessive catalyst mass will cause agglomeration 
and decrease the efficiency of sewage treatment 
(Asrori et al., 2022). Optimal UV lamp spacing 
is also very important to ensure sufficient energy 
input for the photocatalytic reaction (Hermawan, 
2019). Previous research conducted by Lavyatra 
and Hidayah (2022) is known to show the effec-
tiveness of RIP-ZnO in a batch system to reduce 
COD in tofu wastewater. In this study, a continu-
ous photocatalytic reactor was used to investigate 
the effects of RIP-ZnO mass variation and UV 
lamp spacing on the degradation of COD, total 
nitrogen (Total-N), and phosphate. Determination 
of the optimum reactor conditions is expected to 
support the initial step of large-scale application 
to be applied in treating tofu industry wastewater.

METHODS

This research was conducted with the main 
object using tofu industry wastewater with a con-
tinuous scale reactor. Tofu industry wastewater 
was collected directly from the source as a re-
search sample. Before the experiment, the waste-
water was filtered to remove coarse particles. The 
resin was modified with ZnO photocatalyst, form-
ing resin-immobilized photocatalyst-ZnO (RIP-
ZnO), which was synthesized by impregnation 
method and incorporated into the resin then dried 
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before use. The impregnation process begins with 
preparing the materials, including distilled water, 
resin, and ZnO catalyst, with a ratio of 1000 mL: 
30 gr: 30 g. ZnO catalyst was then mixed with 
resin and distilled water in a glass beaker. For 
three days, the mixture was continuously stirred 
in the dark using a magnetic stirrer to ensure thor-
ough homogenization. The mixture was filtered 
after 3 days to separate the solids from the solu-
tion, and the resulting material was washed with 
distilled water to obtain RIP-ZnO (Figure 1).

ZnO is known to have a wide band gap (3.37 
eV). The wide band gap can create opportuni-
ties for UV-induced electron-hole pair forma-
tion (Ong et al., 2018). The activity of ZnO as 
a photocatalyst is also enhanced by electrostatic 
interaction with negatively charged pollutants 
and physical adsorption (Uribe-López et al., 
2021). However, embedding ZnO in the insu-
lating resin matrix could potentially inhibit the 
electron transport pathway, thereby increasing 
its specific resistance. Previous research has 
shown that when immobilizing ZnO in an in-
sulating polymer matrix, such as in low-density 
polyethylene (LDPE) can increase the specific 
electrical resistance of the resulting composite 
due to the insulating nature of the resin that lim-
its the mobility of charge carriers (Benabid et 
al., 2024). Meanwhile, the incorporation of ZnO 
with conducting polymers such as polyaniline 
(PANI) has been shown to increase the electrical 
conductivity and improve the charge separation 
efficiency of ZnO-based composites (Sahu et al., 
2019). In addition to incorporation with conduc-
tor or insulator composites, treatment by encap-
sulating ZnO polymers can affect its electronic 
and optical properties by introducing an inter-
facial barrier. However, radical formation and 
photocatalytic surface area interactions, such as 
adsorption, can still proceed effectively (Gilja 
et al., 2018). Although this may reduce charge 

mobility, degradation of pollutants can still oc-
cur through these surface-based mechanisms.

Wastewater was introduced into the continu-
ous photocatalytic reactor during the process, and 
the mass of RIP-ZnO was added based on pre-
determined treatment variations. In accordance 
with the experimental design, the UV lamp was 
positioned at a certain distance from the water 
surface. This study used several tools, including a 
continuous photocatalytic reactor, UV lamp, and 
supporting equipment. The photocatalytic reac-
tor is specifically designed to treat wastewater, as 
well as the UV lamp with a wavelength specifica-
tion of 365 nm which is used to activate the pho-
tocatalyst. Other supporting equipment such as a 
peristaltic pump to regulate wastewater flow, and 
a spectrophotometer to analyze Total-N concen-
tration and phosphate concentration, follow the 
method referring to the SNI 6989.11:2019 stan-
dard. A pH measurement was also used to moni-
tor the environmental conditions inside the reac-
tor, with measurements based on the same stan-
dard. In the phosphate concentration and Total-N 
concentration tests, there are several additional 
reagents used such as ascorbic acid (C₆H₈O₆) for 
the phosphate concentration test, and potassium 
nitrate (KNO₃) for the Total-N concentration test.

The effluent was treated in the reactor with 
different residence times or sampling times. Dur-
ing the catalytic process, effluent samples were 
collected and sampled at 4-hour intervals (0 hour, 
4 hours, 8 hours, and 12 hours) to assess the treat-
ment effectiveness. The flow rate parameter of the 
tofu wastewater was set at 30 mL/min. The reactor 
was configured as a system of three tubes, each 
with a diameter of 3.1 cm and a height of 50 cm. 

The mass of RIP-ZnO was varied (25, 37.5, 
and 50 g), as well as the distance between the UV 
lamp and the water surface (0, 10, and 20 cm). 
The experimental matrix is shown in Table 1.

Figure 1. RIP-ZnO preparation process scheme
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After conducting the experiments based on 
the planned research matrix, the results will be 
analyzed statistically using one-way analysis 
of variance (ANOVA) to determine the average 
effect on the removal efficiency of Total-N and 
phosphate. Statistical analysis will be performed 
using Minitab 17, a free version of the software.

RESULTS AND DISCUSSION

Total-N removal

The initial Total-N concentration in the tofu 
wastewater was measured in the range of 59.5 
to 70.35 mg/L. The analysis showed that both 
resin and RIP-ZnO effectively reduced Total-
N concentration in the early stages of opera-
tion. However, when residual concentration was 
monitored across increasing contact times (0, 4, 
8, and 12 hours), a clear trend of increasing re-
sidual Total-N concentration was observed in all 
variations of RIP-ZnO mass and UV lamp dis-
tances, as shown in Figure 2.

This trend indicates that as the reactor oper-
ates longer, the RIP-ZnO media becomes pro-
gressively saturated, reducing its capacity to 

retain or degrade nitrogen-based compounds. For 
instance, in the 37.5 g RIP-ZnO treatment with a 
0 cm UV lamp distance, the residual concentra-
tion increased from 18.3 mg/L at the initial time 
to 30.45 mg/L at 12 hours. Similar trends were 
observed for other mass and distance combina-
tions. This increase in residual Total-N concen-
tration over time suggests a decrease in the deg-
radation or adsorption capacity of RIP-ZnO due 
to surface saturation. The saturation is caused by 
the accumulation of Total-N on the active sites 
of the photocatalyst, resulting in reduced inter-
actions between the UV-activated RIP-ZnO and 
the pollutants. As operation continues, residual 
concentrations rise due to limited photocatalytic 
reaction sites and possible formation of a product 
layer that hinders further degradation (Luhur et 
al., 2020). This phenomenon has been supported 
by previous studies indicating that radiation leads 
to catalyst fouling and reduced photocatalytic ac-
tivity (Vifta and Suyanta, 2016; Abbas, 2021).

In addition to the effect of saturation, phy-
todegradation activity will decreases as the pho-
tocatalyst becomes saturated with as long as ra-
diation time (Vifta and Suyanta, 2016). Further-
more, the UV lamp distance also played a role in 
determine the effectiveness of the photocatalytic 

Figure 2. RIP-ZnO reactor design
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process. The closer length of the lamp to the wa-
ter surface (0 cm) makes effective the photon 
transfer to the surface of catalyst and resulting 
lower initial residual concentrations. At greater 
distances, the UV intensity reaching the RIP-
ZnO is lower and makes a less effective photore-
action and thus higher residual Total-N concen-
tration. This observation supports the finding that 
after 40 minutes, no additional ionic substances 
are removed from the wastewater (Abbas, 2021). 

The study also found that the optimal distance 
between the UV lamp and the water for effec-
tive Total-N degradation is 0 cm. Although the 
optimal condition was observed at 37.5 g RIP-
ZnO and a 0 cm lamp distance, further operation 
beyond the 4 hour led to residual concentrations 
that exceeded the quality standard threshold. 
Therefore, while the reactor setup is initially ef-
fective, operational time must be carefully con-
trolled to maintain treatment performance.

Table 1. Research variable matrix
RIP-ZnO mass (g) Distance between liquid and lamp (cm) Sampling time (hour) Code

25

0

0

A
4

8

12

10

0

B
4

8

12

20

0

C
4

8

12

37.5

0

0

D
4

8

12

10

0

E
4

8

12

20

0

F
4

8

12

50

0

0

G
4

8

12

10

0

H
4

8

12

20

0

I
4

8

12
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To better understand the effect of UV lamp 
placement setting, it is important to consider the 
principle of radiative flux. The power radiated 
over a given area results in a flux density or power 
density per unit area. As the distance from the ra-
diation source increases, the flux density decreas-
es. The flux density of radiation (irradiance) is 
directly proportional to the intensity of radiation 
emitted from a source. Radiation is the amount of 
light power received per unit surface area which is 
closely related to parameters such as the direction 
of light and light intensity (Zavafer et al., 2023). 
The greater the decrease in Total-N removal ef-
ficiency is proportional to the closer the distance 
between the UV lamp and the water. This is due 
to the shorter distance between the lamps, which 
triggers photochemical reactions which then in-
crease the photocatalytic activity of RIP-ZnO, as 
electron pairs are generated faster (Sativa et al., 
2021). The experimental results show that the op-
timal RIP-ZnO mass for Total-N removal in the 
photocatalytic reactor is 37.5 g as shown by the 
graph in Figure 3 (a) which has the smallest To-
tal-N residual among other mass variations. This 
result shows that increasing the mass of RIP-ZnO 
does not necessarily lead to a proportional increase 
in Total-N removal efficiency. umotherseesmass 

of Increasing the mass of RIP-ZnO can increase 
the percentage of Total-N removal by providing 
more electron holes available to degrade Total-N. 
However, adding a larger mass of RIP-ZnO may 
lead to a decrease in removal efficiency due to 
the potential agglomeration of the photocatalyst, 
which reduces the active surface area and, conse-
quently, the photocatalysis activity. This decrease 
in surface area may reduce the overall pollutant 
removal efficiency (Ridho, 2021). The percentage 
of total-N removal was interpreted to be inversely 
proportional to the total residual total-N. Figure 3 
explains that the total residual-N increased as the 
sampling time increased. However, this indicates 
that the greater the percentage of total-N removal 
will result in a smaller total residual. The optimal 
operating conditions in the continuous photocata-
lytic reactor for Total-N reduction were found 
to be achieved using a RIP-ZnO mass of 37.5 g 
and a UV lamp distance of 0 cm. These condi-
tions allowed adequate contact between RIP-ZnO 
and tofu wastewater without clumping, and the 0 
cm lamp spacing promoted better electron hole 
formation. The best removal efficiency was ob-
served in the sampling time range of 0 to 4 hours, 
where the final Total-N concentration met the 
quality standard of 19.60 mg/L.

Figure 3. Total-N residual concentration (mg/L) of tofu wastewater using RIP-ZnO 25 g, a) RIP-ZnO 37.5 g, 
b) and RIP-ZnO 50 g, c) in a photocatalytic reactor
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However, at the 4-hour sampling time, the 
Total-N level approached the quality standard 
with a value of total-N residual 30.45 mg/L. 
These findings are consistent with the study by 
Lavyatra and Hidayah (2022), which showed 
that ZnO-based resin-immobilized photocata-
lysts were highly effective in reducing BOD in 
tofu wastewater, particularly during the early 
stages of treatment. However, their batch reac-
tor system also exhibited a decline in removal 
efficiency over time, attributed to the saturation 
of active sites on the photocatalyst. Similarly, 
in our continuous system, the highest removal 
performance for both Total-N and phosphate oc-
curred at the 4 hour sampling point, followed by 
a gradual increase in residual concentrations at 8 
and 12 hours. This comparison supports the con-
clusion that surface saturation is a limiting factor 
in prolonged photocatalytic operation, regardless 
of the reactor configuration.

Phosphate removal

Phosphate levels in raw tofu wastewater 
ranged from 27.22 to 36.85 mg/L. The use of 
RIP-ZnO and resin media was effective in lower-
ing phosphate concentrations during the early op-
eration stage. However, similar to the Total-N re-
sults, phosphate residual concentrations increased 
over time with continued reactor operation, as 
shown in Figure 4.

Phosphate levels in raw tofu wastewater 
ranged from 27.22 to 36.85 mg/L. The use of RIP-
ZnO and resin media was effective in lowering 
phosphate concentrations during the early opera-
tion stage. However, similar to the Total-N results, 
phosphate residual concentrations increased over 
time with continued reactor operation, as shown 
in Figure 4. In the case of 37.5 g RIP-ZnO and a 0 
cm UV lamp distance, the residual phosphate con-
centration rose from 6.4 mg/L at the initial time 
to 16.9 mg/L at 12 hours. This pattern was also 
found in the 25 g and 50 g RIP-ZnO mass varia-
tions, indicating that prolonged exposure does not 
continue to degrade phosphate effectively. The in-
crease in phosphate residual is attributed to the 
surface saturation of the RIP-ZnO media, caus-
ing an equilibrium between adsorption and de-
sorption. Once the active sites become saturated, 
phosphate is no longer effectively removed, re-
sulting in increased residual levels (Aryanto and 
Nugraha, 2015). The UV lamp distance also in-
fluenced phosphate degradation; shorter distances 

led to more efficient UV activation of ZnO and 
lower residuals. The optimal result with residual 
16.9 mg/L was obtained with 37.5 g RIP-ZnO and 
0 cm lamp distance at the 4-hour sampling time.

However, as time progresses when RIP-ZnO 
become saturated, their reducing degradation ca-
pability and leading to an increase in the concen-
tration of phosphate contaminants in the waste-
water compared to earlier sampling times, result-
ing in a decrease total-N concentration (Luhur 
et al., 2020). The operating time of the reactor is 
directly related to the duration of photocatalyst 
irradiation. As the operating time increases, the 
length of irradiation also increases, leading to a 
greater accumulation of adsorbed products on 
the photocatalyst. The accumulation of adsorbed 
products on the photocatalyst surface can obstruct 
the interaction between UV light, the photocata-
lyst, and the pollutants that remain undegraded. 
This obstruction leads to progressively less ef-
fective photodegradation. Additionally, it is hy-
pothesized that as the irradiation time increases, 
the photocatalyst becomes saturated, resulting in 
a decrease in its photodegradation activity (Vifta 
and Suyanta, 2016). The decline in degrada-
tion efficiency is likely due to the saturation of 
the active sites on the RIP-ZnO and native resin 
by phosphate and other pollutants from the tofu 
wastewater, which leads to the establishment of 
an adsorption-desorption equilibrium on the sur-
faces of both the RIP-ZnO and the native resin 
(Aryanto and Nugraha, 2015). Phosphate removal 
consistently exhibited a decreasing trend from the 
0-hour to the 12-hour sampling time. It is estimat-
ed that the saturation time of the RIP-ZnO media 
for phosphate removal occurs at approximately 
40 minutes. After this period, the photocatalytic 
degradation of ionic substances reaches its maxi-
mum capacity and remains stable, even with fur-
ther extension of contact time. This suggests that 
no additional ionic substances are being removed 
from the wastewater beyond this point. The pow-
er radiated over a specific area will have a corre-
sponding flux density, or power density, per unit 
area. Consequently, when the UV lamp is closer 
to the water, the percentage of phosphate reduc-
tion is higher. This is because a shorter distance 
between the lamp and the water enhances the ini-
tiation of the photochemical reaction, leading to 
a higher photocatalytic activity of RIP-ZnO, as 
electron pairs are generated more rapidly (Sativa 
et al., 2021). Increasing the RIP-ZnO mass can 
improve phosphate removal by providing more 
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electron holes for degradation, excessive mass 
may lead agglomeration of the photocatalyst, re-
ducing its effective surface area and decreasing 
the pollutant removal efficiency (Ridho, 2021).

The optimal operating condition for phos-
phate removal in the continuous photocatalytic 
reactor was achieved by using a RIP-ZnO mass of 
37.5 g and a UV lamp distance of 0 cm. This set-
up ensures that the RIP-ZnO maintains effective 
contact with tofu wastewater, minimizing clump-
ing. A UV lamp positioned 0 cm from the water 
surface facilitates better electron-hole formation. 
The best removal efficiency was observed in the 
range of 0 to 4-hour sampling times. However, 
even under these optimal conditions, the final 
phosphate concentration did not meet the quality 
standard of 6.12–11.23 mg/L. 

Statistical analysis and operational 
implications

One-way ANOVA analysis confirmed that 
variation in sampling time significantly affect-
ed the residual concentrations of both Total-N 
and phosphate, with p-values below 0.05. In 
contrast, variations in UV lamp distance did 
not yield statistically significant differences, 

though trends still indicated that shorter dis-
tances favor lower residual concentrations.

This study highlights the importance of opera-
tional timing in continuous photocatalytic systems. 
While RIP-ZnO demonstrates effective pollutant 
removal in early operation, efficiency diminishes 
over time due to surface saturation, which reflects 
in the increasing residual concentrations. Continu-
ous systems must therefore be optimized not only 
for catalyst quantity and UV exposure but also for 
effective cycling or regeneration of the photocata-
lyst to sustain long-term performance.

CONCLUSIONS

This study demonstrated that a continuous 
photocatalytic reactor employing Resin-Immobi-
lized Photocatalyst-ZnO (RIP-ZnO) effectively 
reduced Total-N and phosphate concentrations 
in tofu industry wastewater. The optimal condi-
tion was observed using 37.5 g of RIP-ZnO and 
a UV lamp distance of 0 cm, evaluated at the 
4-hour sampling time, where the lowest residual 
concentrations were achieved for both pollutants 
(Total-N: 19.60 mg/L, phosphate: 16.9 mg/L). 
However, the system’s performance declined 

Figure 4. Phosphate residual concentration (mg/L) of tofu wastewater using RIP-ZnO 25 g, a) RIP-ZnO 37.5 g, 
b) and RIP-ZnO 50 g, c) in photocatalytic reactor
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with extended operation due to catalyst satura-
tion, as indicated by rising residual concentra-
tions at 8 and 12 hours.

Statistical analysis confirmed that variation 
in sampling time significantly affected pollutant 
levels (p < 0.05), whereas lamp distance had a 
less significant effect. Increasing RIP-ZnO mass 
beyond the optimal point did not consistently 
improve results, likely due to photocatalyst ag-
glomeration. Future studies should investigate 
regeneration strategies or periodic replacement of 
RIP-ZnO to maintain high removal efficiencies in 
longer operations.
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