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ABSTRACT: Constructed wetlands (CWs) offer a low-cost and sustainable treatment option.
However, their performance strongly depends on hydraulic retention time (HRT), which also
influences land use and construction requirements. This study aimed to determine the minimum
HRT required for treating wastewater from rice noodle handicraft villages after the biogas
process to meet the National Technical Regulation on Industrial Wastewater (QCVN
40:2025/BTNMT), Column B. The CW system was set up in a glass tank (50 x 30 x 50 cm)
with a 40 cm substrate layer consisting of yellow sand mixed with crushed stone, limestone (1
x 2 cm), and gravel (3 X 5 cm), and was planted with Cyperus alternifolius at a density of 18
plants per CW unit. The system was operated for 70 days with daily sampling. Results showed
that effluent quality met QCVN 40:2025/BTNMT, Column B standards after 4 days, with
average treatment efficiencies of 89.2% for total suspended solids (TSS), 82.4% for chemical
oxygen demand (COD), 54.7% for total nitrogen (TN), and 78.1% for total phosphorus (TP).
Although longer HRTs improved treatment efficiencies, removal rates plateaued after the
fourth day. Therefore, a 4-day HRT is recommended as an optimal balance between treatment
performance and construction cost. These findings provide practical implications for scaling
up CW systems to improve wastewater management in Vietnamese handicraft villages.

KEYWORDS: Constructed wetland; rice noodle handicraft village wastewater; hydraulic
retention time, nutrient removal, sustainable sanitation.

1. Introduction

The processing of rice-based products provides greater economic benefits for farmers. In
addition, traditional craft villages offer substantial cultural and historical value. However, due
to small-scale operations and limited or absent funding for environmental protection,
environmental problems, particularly wastewater pollution, are becoming increasingly severe
in rice noodle handicraft villages in Vietnam [1]. It is estimated that the production of one ton
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of finished rice noodles generates approximately 8.5 cubic meters of wastewater. This
wastewater is characterized by a high concentration of organic matter and nutrients, as it is
often mixed with other waste streams from the craft village. Currently, the most commonly
used treatment technology is anaerobic digestion (biogas tanks). However, the quality of the
treated effluent still exceeds the permissible limits set by QCVN 40:2011/BTNMT, Column B
[2, 3]. Therefore, it is necessary to adopt alternative or supplementary treatment technologies
to ensure that the wastewater meets the required standards, while maintaining low cost, ease of
operation, and suitability for application in rice noodle handicraft villages.

CW technology has demonstrated effective treatment capabilities for wastewater rich in
organic matter and nutrients, similar to the effluent from rice noodle handicraft villages after
biogas tank treatment [4, 5]. It is low-cost and environmentally friendly, as its treatment
mechanism is based on natural transformation processes [6, 7]. For example, nitrogen in the
wastewater undergoes nitrification and ammonification to form NOs~ and NHa4", which are
subsequently assimilated into the biomass of plants and microorganisms [8]. Hydraulic
retention time (HRT) is a critical factor influencing treatment performance in CW systems. A
longer HRT allows for greater contact between the wastewater, microorganisms, and filter
media, thereby enhancing biochemical processes such as nitrification and denitrification.
Depending on the characteristics of the wastewater and treatment requirements, CW systems
are designed with varying retention times [9]. The study by Shruthi and Shivashankara (2021)
demonstrated that an optimal HRT of approximately 6 days is effective for rural wastewater
treatment [10]. For dairy processing wastewater, a retention time of more than 2 days resulted
in nitrogen removal efficiency exceeding 80% [11]. For wastewater similar to that generated
in rice noodle handicraft villages, but with higher pollutant concentrations as in the present
study, an HRT of 6 days is required to meet the discharge standards specified in QCVN
40:2011/BTNMT, Column B [2].

Although increasing HRT generally enhances treatment performance, it must be balanced
with hydraulic loading and system stability to avoid clogging and long-term performance
degradation. A study on piggery wastewater found that treatment efficiency was optimal after
3 days; extending the retention time to 4 days did not result in significant improvement, as the
system had reached a saturation point where longer retention no longer contributed to
additional pollutant removal [5]. On the other hand, extending HRT increases construction
costs. Therefore, it is essential to determine an appropriate retention time that ensures both
economic and environmental efficiency. Studies related to wastewater from rice noodle
handicraft villages after the biogas process are still limited in Vietnam.

In this study, a laboratory-scale CW system was designed, and wastewater samples were
collected at different time intervals. The results provide data on the variation in pollutant
concentrations and treatment efficiency over time. Based on these findings, a suitable retention
time is proposed for CW design to treat effluent from rice noodle handicraft villages after
biogas treatment, ensuring compliance with discharge standards. The experiment was
conducted under Vietnamese climatic conditions, and the quality of the treated effluent met the
requirements of the new QCVN 40:2025/BTNMT, Column B standard.
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2. Materials and Methods

2.1. Materials.

The wastewater was collected at the outlet of a biogas tank in a rice noodle handicraft village
located in Da Mai Ward, Bac Ninh Province, Vietnam (21°16'49.23"N, 106°9'26.56"E).
Among the analyzed parameters, pH was within the permissible range, whereas the
concentrations of TSS, COD, TN, and TP exceeded the QCVN 40:2025/BTNMT, Column B
standards by factors of 1.7 to 5.1 (Table 1).

Table 1. Characteristics of biogas effluent from the rice noodle handicraft craft village in Da Mai, Bac Ninh.

Parameter Unit Value (mean £ SD) QCVN 40:2025/ BTNMT Column B
pH - 6.8+0.3 6-9
COD mg/1 457.1+23.6 90
TSS mg/1 249.6 +7.5 80
TN mg/1 67.6+2.4 40
TP mg/1 120+0.6 6

Note: QCVN 40:2025/BTNMT, Column B refers to the national technical regulation on
industrial wastewater, applied to wastewater discharged into receiving water bodies that are
not intended for domestic water supply.

2.2. Methods
2.2.1. Experimental setup.

The experiment was conducted on a laboratory scale. The CW system used is a vertical
subsurface flow constructed wetland, which was installed in a rectangular glass tank with
dimensions of 50 x 30 x 50 cm (length x width x height) (Figure 1). The 40 cm substrate layer
was vertically arranged from top to bottom as follows: the top layer consisted of a 10 cm
mixture of yellow sand and crushed stone, which has small, porous particles favorable for plant
growth; the middle layer was 10 cm of limestone (1 % 2 cm), capable of neutralizing acidity in
the wastewater; and the bottom layer was 20 cm of gravel (3 x 5 cm), a highly porous material
that helps minimize clogging risks. Cyperus alternifolius was used, as it has been proven to
grow well in rice noodle handicraft village wastewater and demonstrates high efficiency in
removing organic matter and nutrients [3]. The plants were pre-cultivated on the substrate for
two months before the experiment to allow for stable development, with a planting density of
18 plants per experimental unit. The environmental conditions included temperatures from 28
- 34 °C, humidity from 81 — 87 %, and average sunlight hours from 12.8 to 13.2 hours per day.
The experiment was conducted in batch mode, with wastewater added to completely submerge
the substrate layers (32 1). Samples of 100 mL were collected at different time intervals (1, 2,
3,4, 5, 6,and 7 days) to analyze changes in the concentrations of TSS, COD, TN, and TP. The
daily water loss due to evaporation and sampling was replenished using distilled water. The
experimental setup was maintained for 100 days. During the 30-day startup phase, wastewater
was added with gradually increasing concentrations of 0, 25, 50, and 75% of the actual
wastewater in order to allow the plants to adapt and grow. The operational and sampling phase
lasted for 70 days, corresponding to 10 cycles, with each cycle lasting 7 days, and samples
were collected once per day.
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Figure 1. Experimental design of the constructed wetland.
2.2.2. Data analysis.
Treatment efficiency was calculated using the following formula:
C,—-C.
H ==t ——x100% (1)

0

where H is the treatment efficiency on day i, Co is the initial pollutant concentration (mg/L),
and C; is the effluent concentration on day 1 (mg/1).

Removal rate, representing the amount of pollutant removed per unit area of the CW per day,
was calculated using the following formula:
G, —C)xV,

(

R = 2
; S 2)
where R; is removal rate on day i (g m™ d!), Ci-1 and C; are the pollutant concentrations on day
i~1 and i, respectively (mg/l); V, is the daily treatment flow rate (32 1.d'), and S is the fixed

surface area of the CW (0.015 m?).

Experimental data were compiled and analyzed using Microsoft Excel 2016 for Windows.
SPSS 20 (Windows) software was used to perform one-way ANOVA, with p-values < 0.05
considered statistically significant. The average values of pollutant indicators in the treated
effluent were compared with the corresponding limits in QCVN 40:2025/BTNMT, Column B
(TSS: 80 mg/l; COD: 90 mg/l; TN: 40 mg/l; TP: 6 mg/l).

2.2.3. Water quality analysis.

To assess water quality, the following wastewater parameters were analyzed using standard
methods for water and wastewater testing in Vietnam. COD was determined by the colorimetric
method using potassium dichromate [12], and TSS were measured by filtration through a glass
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fiber filter [13]. TN was analyzed using the catalytic digestion method after reduction with
Devarda's alloy [14]. TP was determined by spectrophotometry using the ammonium
molybdate method [15].

2.2.4. Linear regression analysis.

The relationship between removal rate and HRT was evaluated using linear regression analysis.
Experimental data points representing removal rate (g m> d') at different retention times
(days) were plotted, and a linear regression model was fitted to the data. The regression
equation was expressed in the form y= ax+b, where a is the slope and b is the intercept. The
coefficient of determination (R?) was calculated to quantify the proportion of variance in the
removal rate explained by retention time. A higher R? value indicates a stronger correlation
between the two variables. This approach allows for the identification of trends in removal
performance over time and supports the determination of optimal HRT for the CW system.

3. Results and Discussion

3.1. TSS removal.

The removal mechanism of TSS primarily relies on sedimentation and filtration within the
substrate layer [16]. The rate and efficiency of filtration depend on the properties of the
substrate (e.g., particle size, shape, and adsorption capacity) [4, 16]. In the CW system used in
this study, the filtration media were arranged to simulate a vertical filter column with increasing
particle size along the flow path, thereby significantly enhancing filtration performance.
Experimental results revealed distinct changes during different phases of the study. The TSS
removal efficiency and daily TSS removal load increased markedly during the first 1-2 days;

after just one day of operation, the TSS concentration already met the Column B standard of
QCVN 40:2025/BTNMT (Figure 2).
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Figure 2. TSS removal efficiency (a) and removal rate (b) over time.

The CW achieved a TSS removal efficiency of up to 92% after seven days. Previous
studies have reported an increase in TSS removal efficiency from 80.2% to 98.8% when the
HRT was extended from 1 to 4 days [11]. Sirianuntapiboon et al. observed a sharp increase in
TSS removal efficiency between 0.75 and 1.5 days of HRT, followed by a decline when HRT
was extended to 3 days [17]. Similarly, Lee et al. suggested that longer retention times could

117



Sustainable Environmental Insight 2(2), 2025, 113-123

enhance sedimentation but should be optimized to prevent system overload [18]. In the present
study, the coefficient of determination (R? = 0.52) indicated a moderate correlation between
treatment duration and removal rate, suggesting that HRT was not a critical determinant of TSS
removal efficiency. Therefore, extending the retention time did not yield substantial
performance gains. The TSS removal rate showed no significant difference from the third day
onwards (p > 0.05). For wastewater from rice noodle handicraft villages, an HRT of one day
was sufficient to meet regulatory standards, with corresponding removal efficiency and
removal rate values of 70.7% and 37.6 g m™2 d', respectively.

3.2. COD removal.

Extending the HRT in CWs enhances COD removal efficiency by providing optimal conditions
for biological, chemical, and physical processes. A longer HRT allows microorganisms more
time to degrade organic matter, thereby improving treatment performance. The experimental
results also demonstrated a gradual decrease in COD concentration over time, accompanied by
a progressive increase in removal efficiency (Figure 3).
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Figure 3. COD removal efficiency (a) and removal rate (b) over time.

Initially, COD removal occurred predominantly through filtration, resulting in a high
removal rate of 26.9 g m2 d'!; however, the removal efficiency after one day was only 27.6%.
In the subsequent days, natural transformation processes mediated by microorganisms and
plants became the primary mechanisms for COD removal, leading to a gradual decline in
removal rate, while removal efficiency continued to increase (p < 0.05). Ghosh et al. (2010)
similarly reported low COD removal efficiency on the first day (30.8%), which increased to
85% by the third day [11]. The coefficient of determination (R?> = 0.8617) and the slope of the
correlation equation (-4.84) indicate a negative correlation between COD removal load and
experimental duration. This finding demonstrates that, although COD removal efficiency
increases over time, the amount of COD removed per day tends to decrease. Therefore, it is
essential to determine an optimal removal threshold to maximize COD treatment efficiency in
CWs. The results showed that, after 4 days, the COD concentration was 80.4 = 4.3 mg/L,
meeting the Column B standard of QCVN 40:2025/BTNMT, with a corresponding removal
efficiency of 82.4%. Previous studies have reported shorter HRTs of only 30 - 36 hour to
achieve removal efficiencies of 61.4 - 82%. However, the influent in those studies was
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domestic wastewater with significantly lower COD concentrations than in the present study
[17, 19]. Another report indicated that with influent COD concentrations ranging from 725.8
to 882.4 mg/L, an HRT of six days was required to meet the Column B standard of QCVN
40:2011/BTNMT, with a COD removal efficiency of 86% [2]. Clearly, COD removal
efficiency and hydraulic retention time depend on the characteristics of the wastewater. To
achieve the permissible discharge standard, the required HRT for COD removal in the
wastewater examined in this study was 4 days.

3.3. TN removal.

The removal of TN in CWs depends significantly on treatment duration. During the first four
days, TN concentration decreased rapidly, with removal efficiency reaching 54.7%. In the
initial stage, nitrogen compounds may be retained through adsorption onto the substrate and
subsequently released into the water for microbial utilization - a process that generally occurs
quickly. Consequently, a substantial amount of TN is removed within a short period. In the
following days, nitrogen transformation processes such as nitrification and denitrification take
place, and a considerable portion of bioavailable nitrogen is taken up by plants as a nutrient
source, thereby removing nitrogen from the wastewater. However, these processes require a
longer retention time [8]. Prolonging the treatment period led to continued improvement in
removal efficiency. From the fourth day onwards, the efficiency increased more slowly but still
showed a statistically significant difference (p < 0.05). Nevertheless, the coefficient of
determination (R? = 0.8351) indicated a clear correlation between retention time and removal
rate (Figure 4). The results demonstrated that a longer retention time was associated with a
lower removal rate. Therefore, determining the optimal HRT is essential to reduce construction
costs. Previous studies have reported TN removal efficiencies of 84% after three days for
domestic wastewater [17]; an increase from 35.4% to 94.6% when HRT was extended from
one to four days for dairy-processing wastewater [11]; and 56.5% after three days for swine
wastewater [5]. Depending on influent TN concentration and the discharge requirements
specified in Column B of QCVN 40:2025/BTNMT, for post-biogas effluent from rice noodle
handicraft villages, an HRT of 2—-3 days is considered necessary for CWs to achieve optimal
TN removal efficiency.
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Figure 4. TN removal efficiency (a) and removal rate (b) over time.
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3.4. TP removal.

Phosphorus removal can occur rapidly through precipitation or over longer periods via natural
transformation processes. Similar to nitrogen, phosphorus in wastewater can also serve as a
nutrient source for plants and microorganisms [8], therefore prolonged treatment times can lead
to increased phosphorus removal. In addition, precipitation reactions between phosphorus and
filter media, particularly carbonate-based materials such as limestone, play an important role
[4]. In the present study, HRT was not a determining factor for TP removal efficiency in the
CW. The coefficient of determination (R*> = 0.4159) indicated a low to moderate correlation
between treatment time and removal rate, suggesting that factors other than HRT also influence
TP removal performance. TP removal efficiency increased rapidly during the first four days,
reaching 78.1%, while the removal rate rose during the first three days from 0.26 to 0.74 g m™
d™'. Thereafter, efficiency continued to increase but at a slower pace, and the removal rate
began to decline from day 4 onward, yet the difference remained statistically significant (p <
0.05) (Figure 5). After 7 days, the removal rate had dropped to only 0.04 g m™ d'. These
findings suggest that the optimal period for TP removal from post-biogas effluent of rice noodle
handicraft villages in the CW system is within the first 3—4 days. When retention time is
extended, phosphorus removal slows as the filter media gradually become saturated and
phosphorus concentrations decrease, which reduces the rates of biological processes such as
assimilation and precipitation [8]. G. Baskar et al. (2014) reported that increasing HRT from 2
to 8 days enhanced TP removal efficiency from 25% to 75%, with a recommended HRT of six
days [20]. Another study showed that TP removal efficiency reached 77% with an HRT of
three days [21]. In the present study, TP concentrations met the Column B standard of QCVN
40:2025/BTNMT after three days of treatment, with a corresponding removal efficiency of
64.7%.
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Figure 5. TP removal efficiency (a) and removal rate (b) over time.

HRT is a parameter that can be easily adjusted in CW design to modify treatment
efficiency [22]. This study demonstrated the influence of retention time on the treatment
performance of CWs. The general trend observed was a decrease in pollutant concentrations
and an increase in removal efficiency over time. Therefore, it can be concluded that a longer
HRT is a viable approach to improving the treatment efficiency of post-biogas wastewater from
rice noodle handicraft villages. However, extending HRT requires increasing the construction
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area, which raises the overall cost of the technology and may not be affordable for village-scale
operations. Thus, it is necessary to determine an appropriate HRT that ensures compliance with
discharge standards while optimizing costs. This can be established by considering the
differences in the removal patterns of individual pollutants. The results showed that TSS met
the regulatory limit after only one day, whereas other pollutant parameters reached the standard
after 3 - 4 days. In addition, the removal rate tended to decrease, particularly from the fourth
day onward, indicating a gradual decline in treatment performance. To ensure that the treated
wastewater meets the Column B standard of QCVN 40:2025/BTNMT while minimizing
construction costs, the recommended HRT was 4 days. At this retention time, the removal
efficiencies of TSS, COD, TN, and TP were 89.2%, 82.4%, 54.7%, and 78.1%, respectively,
and the corresponding removal rates were 47.5 gm>2d ', 804 gm=2d"', 7.9 gm2d™"’, and 2.0
gm2d. A previous study using CWs reported comparable removal efficiencies for TSS and
COD, at 81.2% and 86.0%, respectively, but with an HRT of up to 6 days and a lower TP
removal efficiency [2]. Another study reported a TN removal efficiency as high as 84% in low-
strength wastewater [17]. Overall, in addition to HRT, the influent pollutant concentration also
affects the treatment efficiency of CW systems. Furthermore, in practical applications, plant
growth and weather conditions significantly influence the performance of the technology.

4. Conclusions

Hydraulic retention time has a decisive influence on the treatment performance of CWs. While
TSS met the regulatory standard after one day, COD, TN, and TP required 3 - 4 days. Extending
the retention time beyond this point further improved removal efficiency but resulted in a
decline in removal rate, particularly from the fourth day onward. Based on these findings, an
HRT of 4 days is recommended as the optimal balance for CWs treating post-biogas
wastewater from rice noodle handicraft villages to comply with the Column B standard of
QCVN 40:2025/BTNMT. At this retention time, removal efficiencies for TSS, COD, TN, and
TP were 89.2%, 82.4%, 54.7%, and 78.1%, respectively. These results demonstrate the
potential of CWs as a cost-effective and sustainable approach for improving wastewater
management in Vietnamese handicraft villages.
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