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Introduction

Abstract: Tofu industry wastewater contains high levels of organic matter
that can degrade environmental quality. This study examined the
effectiveness of ex situ remediation using water hyacinth (Eichhornia
crassipes) on wastewater BOD and pH. The experiment employed a 3x3
factorial Completely Randomized Design, testing the number of plants per
tank (0, 3, and 6 plants) and the duration in days (0, 7, and 14), with three
replicates. Plants aged 14 days with a height of £10 cm were collected from
their natural habitat, cleaned, and acclimatized in pond water before being
grown in 3 L of wastewater for 14 days. BOD and pH were measured on days
0, 7, and 14. Data were analyzed using two-way ANOVA and the DMRT
post-hoc test. The results showed that the number of plants and the duration
of remediation significantly influenced the reduction of BOD and the
increase in pH. The combinations (3-7), (6-7), (3-14), and (6-14) reduced
BOD by 18.64%, 25.36%, 39.29%, and 44.19%, respectively, and increased
pH by 29.68%, 27.32%, 36.08%, and 41.87%, respectively. These
combinations successfully reduced BOD below the quality standard (150
ppm) and raised the pH to >6.0.

Keywords: BOD; FEichhornia crassipes; pH; Phytoremediation; Tofu

wastewater.

Eichhornia crassipes (water hyacinth) has
adaptive advantages in the form of broad leaves

Phytoremediation is an implementation of
applied ecological principles that utilizes plant-
microorganism  interactions  to  restore
environmental quality. This technology is based
on the ability of hyperaccumulator plants to
absorb, degrade, and transform pollutants
through rhizofiltration and phytodegradation
mechanisms. Compared to physical-chemical
methods, phytoremediation is considered more
sustainable because it is low-cost, does not
produce secondary chemical sludge, and utilizes
natural biological processes (Dewi & Akbari,
2020; Listyaningrum, 2022).

The concept of phytoremediation
effectiveness is largely determined by two
biological factors: the biomass of the remediation
agent and contact time. Physiologically,

This article is licensed under a Creative Commons Attribution 4.0
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for transpiration, hollow stems (aerenchyma) as
a pathway for oxygen transfer to the rhizosphere,
and a dense root system as a habitat for biofilms
of decomposing bacteria. Growth phase, root
density, and root length determine the rate of
organic matter degradation. The selection of
water hyacinth aligns with the principles of
phytoremediation, which ideally does not use
food crops, thus not disrupting food security
(Novita & Pradana, 2022; Adi et al., 2024).

In the context of organic pollution, two
key interrelated parameters are Biochemical
Oxygen Demand (BOD) and Dissolved Oxygen
(DO). BOD represents the amount of oxygen
required by microorganisms to biologically
decompose organic matter, while DO is the
availability of dissolved oxygen for aquatic life.

© 2026 The Author(s). This article is open access
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An increase in BOD will suppress DO. Another
crucial parameter is pH, as acidic pH inhibits the
activity of aerobic decomposing bacteria and
disrupts the balance of aquatic ecosystems
(Safitri, 2025; Dzamiri et al., 2022).

The tofu industry is a strategic food sector
in Indonesia, but it produces liquid waste with a
high organic load from the soaking, grinding, and
especially the coagulation (whey) stages.
Physically and chemically, this waste is cloudy,
has a pungent odor, and tends to be acidic (pH 4-
5). Recent studies show that the BOD content of
small-scale tofu waste can reach 3,000-5,000
mg/L (Dewi & Akbari, 2020; Alifah et al., 2024;
Kamsul et al., 2025). If disposed of directly
without treatment, this organic material triggers
a bloom of decomposing microbes that deplete
DO, causing biota death and degradation of water
quality. This problem is massive in small-scale

industries that do not have Wastewater
Treatment Plants (WWTP).
Phytoremediation research with E.

crassipes has been extensively conducted, but
generally uses a single variable (only the number
of plants or only the duration) and focuses on
COD or heavy metals. Factorial studies that
simultaneously examine the interaction of plant
number and remediation duration on the BOD
and pH of diluted tofu waste are still limited,
particularly those aimed at determining the
minimum plant dosage capable of achieving
quality standards.

Therefore, this research is urgently needed
as an alternative waste treatment that is
applicable, affordable, and environmentally
friendly for small-scale industries. This study
aims to determine the most effective combination
of E. crassipes plant numbers and remediation
duration in reducing BOD and increasing pH of
tofu industrial wastewater, as well as projecting
the remediation's reach for varying initial BOD
and pH.

Materials and Methods

The study on the ex situ phytoremediation
of tofu industry wastewater using E. crassipes
was conducted in three main stages: preparation
comprising the design of the remediation
experiment and the acclimatization of F.
crassipes experiment execution, and data
analysis (Figure 1).
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Preparation
e Phytoremediation experimental design
e Acclimatization of E. crassipes plants

|

Ex situ phytoremediation of tofu wastewater
e Number of plants per tank: 0, 3, 6

e Duration (days): 0.7, 14

e Observed parameters: BOD and pH

}

Data analysis

Figure 1. Flowchart of ex situ phytoremediation
research on tofu waste using E. crassipes plants.

Experimental design

Ex situ phytoremediation using E.
crassipes to treat tofu wastewater was conducted
using a 3x3 factorial completely randomized
design (CRD)—involving plant quantity and
duration—with three replicates (r) (Figure 2).
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Figure 2. 3 x 3 factorial randomized block design
with 3 replications

Preparation and acclimatization of E.
crassipes plants

E. crassipes plants were collected from the
waters of the Jangkok River in Ampenan,
Mataram City. The river in this area is frequently
covered by masses of these plants, which thrive
and float freely on the water's surface. Specimens
were selected based on uniform criteria: an age
of 5-6 weeks (or approximately 14 days after the
separation of new offshoots), a height of 10-15
cm, a wet weight of 25-50 grams per clump, a
dense root system 10—15 c¢m in length, and 4-6
fresh green leaves. All parts of the plant,

especially the roots, were cleaned using running
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water to remove mud, debris, insect eggs,
pathogens, and organic matter, so as not to
interfere with the parameters under study, such as
pH and BOD (Herman et al., 2017; Hafidhin et
al. 2023). Each clump of water hyacinth was
separated into individual plantlets, which were
then acclimatized and grown in clean water
within acclimatization tanks under adequate
sunlight for seven days. Following
acclimatization, healthy plants—characterized
by dense root systems approximately 10 cm long
and fresh green leaves—that were uniform in size
(approximately 20 cm in height and 20 g in
weight) were selected for use in the experiment
(Borrong et al., 2023; Novita & Pradana, 2022).

Phytoremediation experiment

Tofu industry wastewater was collected
from the discharge outlet of a tofu factory in
Abian Tubuh, Mataram City. Abian Tubuh is
known as a hub for small-scale tofu industries in
Mataram City. Acclimatized E. crassipes plants
in specific quantities per experimental unit (0, 3,
and 6 plants per tank)—were grown in
remediation tanks containing 6 L of tofu industry
wastewater under adequate sunlight for 14 days.
Throughout the experiment, the wastewater level
in the tanks was maintained at a minimum of 14
cm. The BOD and pH of the experimental
wastewater were measured on days 0, 7, and 14.
BOD measurements were conducted in the
laboratory, whereas pH was measured directly at
the experimental site.

Data analysis

The BOD and pH data were analyzed
using two-way ANOVA followed by DMRT to
determine which treatment combination was
most effective in reducing BOD or increasing pH
to meet quality standards (<150 ppm for BOD
and >6 for pH). The reduction in BOD or increase
in pH (in %) was calculated using the following
formula (Equation 1).

c0—ci
c0

Ch =[ ]x100%

Where,

Ch = percentage change in parameter quantity (in
o)

C0 = parameter quantity in the control treatment
Ci = parameter quantity in treatment i

Results and Discussion

Changes in BOD and pH of tofu wastewater

Prior to remediation, tofu industry
wastewater exhibited BOD levels of 5.50-5.52
ppm and a pH of 3.86-3.96. The BOD levels met
the standard, as they were below the maximum
limit (<150 ppm). However, the pH values were
unsafe, falling below the minimum quality
standard limit (<6). Following a 14-day
remediation process using E. crassipes, BOD
levels decreased and pH increased in correlation
with the quantity of plants and the duration of
remediation (Table 1).

Table 1. BOD and pH values of tofu wastewater in ex situ remediation with E. crassipes for 14 Days

0 days, with the number

Parameter of individual plants per

7 days, with the number of
individual plants per tank

14 days, with the number
of individual plants per

tank tank

0 3 6 0 3 6 0 3 6
BOD (ppm) 552 548 5,06 53 448 411 513 3,53 3,0
5,5 5,4 5,1 5,27 4,4 4,03 5,19 3,24 3,02
5,5 5,56 5,15 5,28 4,56 4,19 5,14 3,26 3,11
pH 3,91 3,82 3,89 3,92 5,56 5,38 4,06 6,02 6,89
3,86 3,88 3,84 3,86 5,51 5,33 4,12 6,14 6,77
3,96 3,88 3,94 3,96 5,61 5,43 4,2 6,19 6,52

Wastewater BOD BOD over time was very gradual (blue line),

Following remediation, the BOD of the
wastewater (average of three replicates) tended to
decrease as the number of E. crassipes plants and
the duration of remediation increased (Figure 3).
In the control without plants, the decrease in
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whereas in the combinations using plants, the
decrease was sharp (red and black lines). The
ANOVA and DMRT results showed significant
differences in BOD among combinations that did
not involve 0 plants and 0 days (Table 2).
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Figure 3. BOD value of tofu waste resulting from
remediation with E. crassipes for 14 days.

Table 2. DMRT for BOD based on treatment
combinations of E. crassipes quantity per tank and
retention time

Duratio Number of plants per tank

n (days) 0 3 6

0 5,51 g 548 g 51 e
7 528 f 4,48 d 411 ¢
14 515 e 3,34 b 307 a

Based on Table 2 above, the reduction in
BOD (in %) increases significantly with the
number of plants and the duration of remediation
(Table 3).

Table 3. BOD reduction (%) in tofu wastewater by
plant quantity and remediation duration

Number of plants per tank

Duration (days)

0 3 6
0 0,00%  0,48%  7,32%
7 4,06% 18,64% 25,36%
14 6,42% 39,29% 44,19%

Table 3 shows that remediation using three
plants reduced BOD by 18.64% over 7 days, with
the reduction percentage increasing to 39.29% at
14 days. A similar pattern was observed with six
plants, showing a BOD reduction of 25.36% at 7
days and 44.19% at 14 days. The tofu waste
studied had an initial BOD concentration of
5.15-5.51 mg/L, well below the established
quality standard threshold of 150 mg/L.
Consequently, the effectiveness of remediation
in reducing organic content could not be directly
assessed. This low value constitutes a limitation
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(gap) in the study, as the normal BOD
characteristic of unprocessed tofu wastewater
typically ranges from 5,000 to 10,000 mg/L due
to the high protein, carbohydrate, and fat content
of soybean processing residues (Alifah et al.,
2024). The BOD value of around 5 mg/L at the
outlet is considered very low for raw wastewater,
even equivalent to the quality of clean river
water. This phenomenon is thought to occur due
to extreme dilution in the production area. Tofu
factories generally combine the process
wastewater (whey/acid) with water from
washing, soaking, or a continuous flow of clean
water, so that the massive volume of dilution
water drastically reduces the BOD concentration
when samples are taken at the outlet. Therefore,
wastewater samples should be taken from the
pressing stage because it produces the highest
BOD, with values reaching 8,000 to 10,000 ppm
(Al-Qohar & Rahmayanti, 2024).

However, the results of the reduction in
BOD percentage in this study can be implied for
similar waste with BOD above the quality
standard (>150 ppm). The combinations of plant
quantity and remediation duration—(3-7), (6-7),
(3-14), and (6-14)—reduced BOD by 18.64%,
25.36%, 39.29%, and 44.19%, respectively.
Based on these percentages, these combinations
are projected to be capable of reducing BOD to
below the standard for wastewater with
maximum initial BOD levels of 184.38, 200.97,
247.76, and 268.76 ppm, respectively (Table 4).

Table 4. Projection of maximum waste BOD level
reduction to achieve quality standards (<150 ppm)

Duration Number of plants per tank
(days) 3 6
7 184,38 200,97
14 247,06 268,76

The initial BOD in this study ranged from
5.15to 5.51 ppm, which is lower than the 1,000—
4,000 ppm reported in the literature. This
discrepancy is likely due to the samples being
collected from a final holding tank where dilution
by wash water and rainwater had occurred, and
where natural organic degradation had taken
place prior to treatment. Differences in the scale
of the home industry and the type of soybean
used also played a role. Despite the low absolute
values, the percentage reduction in BOD
achieved by E. crassipes remains a valid
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indicator of remediation effectiveness, allowing
the results to be projected for wastewater with
higher BOD loads.

The reduction in BOD values during
remediation indicates a process of organic matter
removal from the wastewater. E. crassipes plants
contribute to reducing the organic content of the
wastewater through their root systems, which are
in direct contact with the water. The plant roots
help absorb certain dissolved substances while
simultaneously providing a rhizosphere zone that
supports  microbial life. Microorganisms
inhabiting the root zone particularly heterotrophs
can utilize the organic matter in the wastewater
as a source of carbon and energy, thereby
facilitating its decomposition. Thus, the decrease
in BOD is not solely attributable to the plant's
uptake of organic matter but is the result of
interactions among the plant, its root system, and
microbial activity within the rhizosphere
(Oktorina & Achmad, 2019; Atma, 2022;
Hafidhin et al., 2023). During the decomposition
process, the organic matter originally present in
the waste is broken down into simpler
compounds. This process results in a reduction of
the amount of biodegradable organic matter,
thereby causing the BOD value to decrease
(Vigiak et al., 2019; Benedicta et al., 2025;
Pratama et al., 2026).

The duration of remediation determines
the success rate of the phytoremediation process.
The longer the contact time between the plants
and the waste, the greater the likelihood of
degradation, allowing organic matter to break
down more optimally. In addition to duration,
plant density also influences the process, as it is
closely linked to the extent of the root system.
Higher planting density results in a larger total
root surface area in contact with the wastewater,
thereby expanding the zone of microbial activity
around the roots (the rhizosphere) (Vidyawati &
Fitrihidajati, 2016; Ningrum et al., 2020).

Wastewater pH level

In contrast to BOD, the opposite pattern
was observed for pH. The pH value (mean of
three replicates) tended to increase with the
increase in the number of plants and the duration
of remediation (Figure 4). In the zero-plant
control, the increase in pH was gradual (blue
line), whereas in treatments with plants, the
increase was sharp (red and black lines).
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ANOVA and DMRT results also indicated
significant ~ differences in pH  among
combinations other than those involving zero
plants and zero days (Table 5).

7
6.5
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& w
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e () plants ~ ==3 plants 6 plants

Figure 4. pH values of tofu wastewater during ex
situ remediation, based on the number of E. crassipes
plants per tank and treatment duration.

Table 5. pH of lahu waste after E. crassipes

remediation
Duration Number of plants per tank
(Days) 0 3 .6
0 391 a 386 a 3,89 a
7 391 a 55 d 538 ¢
14 413 b 6,12 e 6,773 f

Table 5 shows that remediation treatments
using 3 and 6 plants with a duration of 14 days
(3-14) and (6-14) were effective in raising the
wastewater pH to meet the quality standard (pH
> 6). A 7-day remediation period resulting in a
pH increase was insufficient to immediately
restore the pH of the wastewater samples in this
study. However, based on the percentage
increase in pH observed over 7 days using either
3 or 6 plants, the method can be projected to
effectively raise the pH to meet quality standards
for wastewater with higher initial pH levels. For
instance, the treatment using 3 plants over 7 days
is projected to raise the pH to meet quality
standards for wastewater with an initial pH of at
least 4.63 (Tables 6 and 7).

Tofu wastewater is acidic (pH 4-5.5) due
to high levels of organic acids primarily acetic
and lactic acids resulting from protein
fermentation and the breakdown of soybean
carbohydrates. This acidic condition inhibits the
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activity of aerobic decomposer microorganisms,
necessitating neutralization. In this study,
remediation using E. crassipes significantly
raised the pH to above 6.0. The greatest increase
(41.87%) was achieved using a combination of
six plants over a l4-day period, effectively
neutralizing wastewater with an initial pH as low
as 4.30. The fact that the pH increase correlated
with the number of plants and the duration of the
treatment indicates the active role of the plants
rather than mere natural evaporation; this is
evidenced by the very slight increase observed in
the control group with zero plants (Figure 4).

Table 6. Increase in pH of tofu waste (%)

Duration Number of plants per tank
(days) 0 3 6
0 0,00% -1,30% -0,51%
7 0,09% 29,68% 27,32%
14 5,25% 36,08% 41,87%

Table 7. Proyeksi kenaikan pH minimum limbah
pencapaian baku mutu (>6)

Duration Number of plants per tank
(days) 3 6

7 4,63 4,71

14 4,41 4,23

The mechanism by which E. crassipes
raises pH operates through three pathways. First,
the roots absorb organic acids as a carbon source.
Second, photosynthesis consumes dissolved
CO,, thereby reducing carbonic acid (H.CO3) in
the water. Third, root exudates and rhizosphere
activity promote the growth of acid-degrading
bacteria that convert organic acids into CO, and
H>O. The more plants there are and the longer the
contact, the more optimal the process becomes.
These results align with Atma (2022), who
reported an increase in tofu wastewater pH from
4.2 to 6.8 after 12 days of phytoremediation using
water hyacinth, as well as Dira et al. (2025), who
noted a pH increase proportional to plant density.
Thus, a combination of six plants over a 14-day
period can be recommended as the most effective
treatment for restoring the pH of tofu wastewater.

Conclusion
The number of E. crassipes plants, the

duration of tofu wastewater remediation, and the
interaction between the two had a significant
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effect on reducing BOD and increasing pH. In the
control (0-0), the BOD was 5.51 ppm and the pH
was 3.91. Combinations (3-7), (6-7), (3-14), and
(6-14) reduced BOD by 18.64%, 25.36%,
39.29%, and 44.19%, respectively, and increased
pH by 29.68%, 27.32%, 36.08%, and 41.87%,
respectively. These combinations were capable
of reducing BOD to below the quality standard
(150 ppm) for initial BOD levels up to 184.38,
200.97, 247.76, and 268.76 ppm, and raising the
pH to >6.0 for initial pH levels as low as 4.63,
4.71, 4.41, and 4.30. This study utilized dilute
wastewater (initial BOD of 5.51 ppm). Further
testing on concentrated wastewater (pure whey
with BOD >3,000 ppm) and the measurement of
COD, TSS, and total nitrogen parameters are
required.
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