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Performance Of A Coconut Fiber-packed Down-flow Hanging Filter For
Lower-strength Swine Wastewater Treatment
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Swine farming generates large volumes of wastewater requiring treatment before discharge. In small-scale
Vietnamese farms, barn flushing dilutes biogas digester effluents, producing lower-strength wastewater that
still exceeds discharge standards. This study evaluated a down-flow hanging filter (DHF) reactor packed with
coconut fiber for the treatment of such lower-strength swine wastewater (chemical oxygen demand (COD):
741.90+25.98 mg/L; biochemical oxygen demand (BOD5): 127.93+4.01 mg/L; total nitrogen (TN): 44.67+2.92
mg N/L; total phosphorus (TP): 35.77+2.21 mg P/L). Two parallel reactors were operated: a coconut fiber-
packed reactor (DHF1) and an unpacked control (DHFO). During stable operation (days 15-44), DHF1 achieved
removal efficiencies of 77.05+10.03% for COD, 79.30+7.06% for BODs, 56.05+8.38% for TN, and 63.82+7.44%
for TP, significantly higher than those of DHF0 (54.45+7.11%, 39.83+13.16%, 35.07+7.76%, and 35.53+8.53%,
respectively). The improved treatment performance of DHF1 was associated with enhanced biomass retention
within the coconut fiber matrix. First-order kinetic analysis further confirmed that coconut fiber packing
enhanced apparent first-order rate constants (k) by 1.9-3.1-fold across all parameters compared to the unpacked
control, providing concentration-independent evidence of enhanced reactor performance applicable to system
design and scale-up. These results indicate that coconut fiber is a sustainable and biodegradable alternative for
decentralized post-treatment of lower-strength swine wastewater from small-scale farms with diluted effluents.
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1. Introduction

Swine farming is a major component of Vietnam’s agri-
cultural sector. However, its rapid expansion has resulted
in the generation of large volumes of wastewater charac-
terized by high organic and nutrient loads, posing signifi-
cant risks to soil and aquatic environments if inadequately
treated [1-3]. Several physicochemical and biological tech-
nologies have been applied for swine wastewater treatment,
including electrocoagulation, electrochemical processes,
anaerobic digestion (AD), constructed wetlands (CWs),

and membrane bioreactors (MBRs) [4, 5]. Despite their
demonstrated effectiveness under controlled conditions,
these technologies are often constrained by high capital and
operational costs, complex operational requirements, and
limited nutrient removal efficiency when treating compo-
sitionally variable wastewaters generated under different
farm management conditions.

In Vietnam, anaerobic digestion remains the predomi-
nant treatment option due to its operational simplicity and
potential for energy recovery. However, biogas effluents
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typically retain residual organic matter and nutrients that
exceed permissible discharge limits, underscoring the need
for effective post-treatment processes [6, 7]. It is impor-
tant to recognize that swine wastewater strength varies
considerably depending on farm scale, animal stocking
density, management practices, and the extent of water use
for barn cleaning. In small-scale swine farms, which are
predominant in rural areas of Vietnam, routine flushing of
swine houses for hygiene purposes introduces substantial
volumes of cleaning water into the effluent stream, signifi-
cantly diluting organic matter and nutrient concentrations
relative to those reported for intensive large-scale opera-
tions [3, 4]. Although such lower-strength effluents are
widespread at the community level and representative of a
large fraction of small-farm wastewater in Vietnam, they
remain comparatively understudied with respect to appro-
priate post-treatment technologies [8, 9]. The development
of simple, low-cost, and decentralized treatment systems
specifically suited to the lower-strength wastewater gener-
ated by small-scale farms, therefore, represents a relevant
and practical research priority.

In attached-growth biological treatment systems, the
characteristics of carrier media are fundamental to pro-
cess efficiency, as they directly influence biofilm formation,
biomass retention, and mass transfer processes [10]. The
physicochemical properties of the media, such as surface
area, porosity, and material composition, govern microbial
attachment and biofilm stability, thereby determining treat-
ment performance [11]. Conventional carriers, including
polyurethane sponge and synthetic plastics, are widely ap-
plied due to their high durability and well-developed pore
structures [10]. However, these materials present several
limitations, including high cost, poor biodegradability, and
environmental concerns associated with their long-term
use and disposal. Recent studies have therefore empha-
sized the development of sustainable alternatives, partic-
ularly natural and waste-derived materials (e.g., biochar,
lignocellulosic biomass, and mineral-based media), which
offer comparable biofilm support while improving environ-
mental compatibility and reducing operational costs [11].
Among these alternatives, lignocellulosic materials have
attracted particular attention due to their porous structure
and abundant surface functional groups, which facilitate
microbial attachment and substrate retention. Neverthe-
less, the performance and functional role of specific natural
fibers as carrier media under decentralized, lower-strength
wastewater treatment conditions remain insufficiently char-
acterized, and their application in engineered biofilm reac-
tors requires further systematic investigation [10].

The down-flow hanging filter (DHF) reactor has at-

tracted increasing attention as a decentralized biological
treatment technology suited to resource-limited settings.
The DHEF concept is derived from the down-flow hanging
sponge (DHS) process, which enables wastewater treat-
ment through passive air diffusion without mechanical
aeration [11, 12]. Similar to DHS, DHF reactors promote
the development of stratified microbial microenvironments,
with aerobic conditions near the carrier surface and anoxic
or anaerobic zones within the carrier matrix, thereby fa-
cilitating simultaneous organic matter oxidation and ni-
trogen transformation [8, 13]. These characteristics make
DHEF a particularly suitable platform for evaluating the
performance of different carrier materials under attached-
growth conditions in decentralized applications. Never-
theless, most reported DHF and DHS configurations rely
on synthetic polyurethane sponge as the primary packing
material [14]. which is associated with relatively high cost,
limited biodegradability, and increasing concerns regard-
ing long-term environmental sustainability.

To address these limitations, the present study inves-
tigates the feasibility of using natural coconut fiber as a
carrier in a DHF reactor for lower-strength swine wastew-
ater treatment. Coconut fiber is an abundant agricultural
by-product in Vietnam and possesses a highly porous struc-
ture, large specific surface area, and strong water-retention
capacity, which are favorable for microbial attachment and
biofilm development [15, 16]. In addition, its lignocellu-
losic composition and fibrous morphology may enhance
the retention of particulate organic matter and provide
a sustained carbon source through gradual hydrolysis,
thereby potentially supporting biological nutrient removal
processes. Among various natural materials, coconut fiber
represents a promising yet underexplored candidate for
use as an attached-growth medium in engineered wastew-
ater treatment systems. Previous studies have explored co-
conut fiber in filtration systems and constructed wetlands.
However, its role as a carrier medium in engineered biofilm
reactors for decentralized swine wastewater post-treatment
has not been systematically investigated [17].

Accordingly, this study aimed to evaluate the treatment
performance of a coconut fiber-packed DHF reactor treating
lower-strength swine wastewater under continuous opera-
tion. Reactor performance was assessed in terms of organic
matter and nutrient removal (chemical oxygen demand,
COD; biochemical oxygen demand, BODs; total nitrogen,
TN; and total phosphorus, TP), and first-order kinetic anal-
ysis was applied to provide concentration-independent,
quantitative comparisons of treatment performance. The
findings are expected to provide practical insights into the
development of cost-effective, low-energy, and sustainable
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post-treatment technologies for small-scale swine farms,
with broader implications for decentralized wastewater
management in Vietnam and similar developing country

contexts.

2. Materials and methods

2.1. Reactor configuration and packing material

Two laboratory-scale down-flow hanging filter (DHF) reac-
tors were constructed from transparent glass to allow visual
observation of flow distribution and biofilm development.
Each reactor had external dimensions of 150x150x1000 mm
and an effective volume of 6 L. The reactor comprised two
functional zones: (i) a biological treatment zone (600 mm
height) containing the hanging packing material, and (ii) a
sludge collection zone (200 mm height) with a 45° sloped
bottom to facilitate solids settling and sludge withdrawal.
Sampling ports were installed at the effluent outlet and
at the bottom of the reactor. A schematic diagram of the

reactor configuration is shown in Fig. 1.
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Fig. 1. Schematic diagram of two down-flow hanging filter
(DHEF) reactors in the laboratory.

Two identical reactors were operated in parallel. The
experimental reactor (DHF1) was packed with coconut
fiber media as a carrier, while the control reactor (DHFO)
was operated without packing material. Coconut fiber was
selected due to its low cost, high porosity, biodegradability,
and wide availability in Vietnam.

A total of 88 cubic coconut fiber pieces (3.3x3.3x3.3 cm)
were used in DHF1. Before installation, the coconut fiber
media were pretreated to remove soluble impurities, resid-
ual pigments, and fine particles that could interfere with
water quality analyses. The media were soaked in warm
water (40-50°C) for 24 h, followed by repeated rinsing with
clean tap water until the rinse water became completely
colorless. After washing, the coconut fiber cubes were
drained and air-dried in the shade at ambient temperature
to maintain their physical structure and prevent thermal

degradation. The pretreated media were then stored in

clean sealed containers until use.

2.2. Operating conditions

To promote microbial attachment and initial biofilm forma-
tion, the pretreated coconut fiber media were immersed
in activated sludge obtained from a swine biogas digester
(Mo Cay commune, Vinh Long province, Vietnam) for 7
days. During this period, 100-200 mL of swine wastewater
was added daily to sustain microbial activity.

Subsequently, both reactors were inoculated with a 1:1
(v/v) mixture of swine wastewater and activated sludge
and operated in batch mode for 7 days as an acclimation
phase. Effluent samples were collected daily to monitor
COD removal. Acclimation was considered complete when
COD removal efficiencies stabilized, defined as variations
of less than 5% over consecutive days. Following acclima-
tion, both reactors were operated continuously. Influent
swine wastewater was collected from the same biogas di-
gester and homogenized before use to minimize fluctua-
tions in the actual wastewater. The influent characteristics
during operation were as follows: COD 741.90+25.98 mg/L,
BODs 127.93+4.01 mg/L, TN 44.67+2.92 mg N/L, and TP
35.77+2.21 mg P/L. The influent was supplied using a peri-
staltic pump and evenly distributed at the top of each reac-
tor using a perforated distribution plate, allowing down-
ward flow in a dripping mode through the reactor column.
In DHF1, wastewater passed through the coconut fiber
packing, whereas in DHFO, it flowed through the empty
column. The observed TN and TP concentrations are repre-
sentative of lower-strength effluents commonly generated
at small-scale farms in Vietham. At this farm, wastewa-
ter from the biogas digester undergoes further dilution
by water routinely used for barn flushing and equipment
cleaning, a practice that is widespread among smallholder
pig farmers in the region. Consequently, the influent in
this study characterizes a lower-strength swine wastewa-
ter, which nonetheless requires effective treatment to meet
discharge standards. Despite their reduced pollutant loads,
such effluents represent a prevalent and environmentally
significant treatment challenge in rural agricultural con-
texts.

The influent flow rate was set to 0.75 L/h, with a hy-
draulic retention time (HRT) of 8 h. The organic loading
rate (OLR) ranged from 2.15 to 2.31 kgCOD/ma3.day, based
on the influent COD concentration. The temperature was
maintained at 28-32°C, and the pH was adjusted to 6.5-7.5
using NaHCO3 and HCI. The total experimental duration
was 44 days, including reactor adaptation and stable oper-
ation. The performance evaluation was conducted using
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data collected during stable operation (days 15-44) to assess
the removal of COD, BODs, TN, and TP. Kinetic behavior
was analyzed employing an apparent first-order model.
Process stability was appraised based on the temporal vari-
ations in removal efficiency observed during continuous
operation.

2.3. Analytical methods

Water quality parameters, including COD, BODs, TN, and
TP, were analyzed according to Standard Methods [18]. Ef-
fluent samples were collected once daily from each reactor,
stored at 4°C, and analyzed within 24 h to minimize sample
degradation. COD was determined using the closed reflux
dichromate method, while BOD5 was measured using the
5-day incubation method at 20°C. TN was analyzed using a
high-temperature combustion chemiluminescence method
with a TOC/TN analyzer, providing direct measurement
of total nitrogen. TP was determined by the ascorbic acid
colorimetric method, with absorbance measured at 880 nm
using a UV-Vis spectrophotometer. All analyses were per-
formed in triplicate to ensure accuracy and reproducibility.

2.4. Statistical analysis

All results are reported as mean + standard deviation (SD).
Statistical differences between DHF1 and DHF0 were eval-
uated using a one-way analysis of variance (ANOVA) in
RStudio. Differences were considered statistically signifi-
cant at p-value <0.05.

2.5. Kinetic analysis

To further quantify treatment performance, removal ki-
netics of COD, BODs, TN, and TP were evaluated using
an apparent first-order kinetic model, which is widely ap-
plied for attached-growth biofilm reactors. The model is
expressed as:

C, = Coe X 1)

where Cp and C,(mg/L) are influent and effluent con-
centrations, respectively, t( h) is the hydraulic retention
time (HRT), and k ( h71> is the apparent first-order re-
moval rate constant. The value of k was calculated as:

In(Ce/Co)
t

k= @)

Kinetic coefficients were calculated using average in-
fluent and effluent concentrations during the stable oper-
ational period (days 15-44). The calculated k values were
compared between DHF1 and DHFO to evaluate the effect
of coconut fiber packing on removal rates [19].

3. Results and discussion

3.1. Organic matter removal characteristics of the DHF
reactors

The organic matter removal performance of the two DHF
reactors treating swine wastewater was evaluated under
continuous operation at an HRT of 8 h. During the sta-
ble operational period (days 15-44), the influent exhibited
relatively high and consistent organic strength, with aver-
age COD and BODs concentrations of 741.90+25.98 mg/L
and 127.93+4.01 mg/L, respectively (Fig. 2). The resulting
BODs5/COD ratio of 0.17+0.01 indicates that a substantial
fraction of organic matter was slowly biodegradable or
refractory, a characteristic commonly reported for swine
wastewater following anaerobic digestion [9, 20]. This
wastewater poses considerable challenges for biological
post-treatment processes, as efficient removal requires effec-
tive biomass retention, prolonged substrate-microorganism
contact, and the capacity to transform complex organic
compounds [21]1].

In Fig. 2, both reactors reached stable performance after
the acclimation phase; however, substantial differences in
organic matter removal were observed between the two
configurations. The DHF1 consistently outperformed the
control DHFO reactor in terms of both COD and BODs
removal throughout the monitoring period. The average
COD removal efficiency in DHF1 was 77.05+10.03%, which
was significantly higher than the 54.45+7.11% achieved by
DHEFOQ. One-way ANOVA confirmed that the difference in
COD removal performance between the two reactors was
statistically significant (p-value <0.0001). Similarly, DHF1
achieved a markedly higher average BOD5 removal effi-
ciency of 79.30+7.06%, compared to only 39.83+13.16% in
DHFO, with the difference again being highly significant
(p-value <0.0001). In addition to achieving higher average
removal efficiencies, the effluent COD and BODs of DHF1
were lower than those of DHFO0, which were 170.50+75.08
and 337.90+53.57 mg/L, and 26.47+8.95 and 76.93+16.70
mg/L, respectively. Although the temporal variability of ef-
fluent COD in DHF1 was comparable to or slightly higher
than that observed in DHFO, the substantially lower ef-
fluent concentrations indicate a higher effective organic
loading tolerance in the packed DHF reactor. For BODs,
DHF1 showed lower effluent concentrations and reduced
variability, indicating improved process robustness.

The superior organic matter removal observed in DHF1
reflects the functional role of coconut fiber as a structured
support medium, facilitating enhanced contact between
wastewater constituents and active microbial sites. The ob-
served organic matter removal in DHF1 can be attributed



Journal of Applied Science and Engineering 34 (2026) 26034023 5

primarily to the combined physical retention and biolog-
ical degradation mechanisms of the coconut fiber media
[22]. The fibrous, highly porous structure of coconut fiber
provides a large specific surface area, facilitating the in-
terception and temporary retention of suspended solids
and particulate organic matter. This retention promotes
a more gradual release and conversion of complex sub-
strates, thereby improving substrate accessibility for mi-
crobial degradation [23]. Besides, improvements in COD
and BODs5 removal have been reported for other porous
bio-carriers employed in attached-growth systems treating
high-strength agricultural wastewater [24]].

In addition, coconut fiber served as a structurally sta-
ble matrix supporting the accumulation of active microbial
communities [25]]. Their rough surface morphology and
heterogeneous microstructure enhanced the distribution
and persistence of microbial populations within the reactor,
thereby reducing the risk of biomass washout compared
to the unfilled DHFO reactor, which relied primarily on
suspended biomass [26]. Within the coconut fiber matrix,
oxygen transfer limitations and localized substrate gradi-
ents likely created functionally diverse zones for sequential
organic matter degradation [25]. These stratified biofilm
structures facilitate the oxidation of readily biodegradable
organic matter in aerobic regions while enabling further
transformation of slowly biodegradable and refractory com-
pounds in deeper anoxic zones. These microenvironmental
conditions are particularly advantageous under the low
influent BOD5/COD ratios observed and contribute to im-
proved carbon utilization efficiency [26]. Therefore, the en-
hanced and stable organic matter removal achieved by the
coconut fiber-based DHF reactor established favorable con-
ditions for subsequent nutrient transformation processes.
High biomass retention, well-developed biofilms, and the
formation of aerobic-anoxic microenvironments provided
a functional basis for coupled nitrogen and phosphorus
removal, as discussed in the following sections.

Taken together, these findings highlight that coconut
fiber functions not only as a physical filtration medium but
also as an effective biofilm carrier that fundamentally al-
ters reactor behavior. The combination of its high porosity,
rough surface morphology, and lignocellulosic composi-
tion enables simultaneous enhancement of solids retention,
microbial attachment, and internal carbon availability [25,
26]]. These properties collectively contribute to the de-
velopment of stratified biofilm structures with coexisting
aerobic and anoxic microenvironments, which are essential
for efficient organic matter degradation, particularly under
low BODs5/COD conditions [27, 28]. Unlike conventional
inert synthetic media, coconut fiber may also retain and

gradually release organic substrates, thereby sustaining
microbial activity when readily biodegradable carbon is
limited. This multifunctional role provides a mechanistic
basis for the enhanced COD and BODs5 removal observed
in the packed DHF reactor.

(@) (b)

.
. * 7. . .
* 4o TR . . .
~125 [o % e0* 0000t o * e 044 .. .,
. * 80 R TIRRCC IR AL R M IRRIPRN ¢ B

ney (%)

Removal efficier

50

BOD concentration

P effi
« Inffluent
® Effluent DHF |

Fig. 2. Removal performance of (a) BOD5 and (b) COD in
the DHFO and DHF1 reactors during stable operation
(days 15-44).

3.2. Effect of coconut fiber media on total nitrogen re-
moval

The incorporation of coconut fiber media resulted in a pro-
nounced enhancement of TN removal in the DHF reactor.
During the stable operational period (days 15-44), DHF1
consistently outperformed DHFO, achieving an average re-
moval efficiency of 56.05+8.38% compared to 35.07+7.76%
in DHFO (Fig. 3). One-way ANOVA confirmed that the
difference in TN removal efficiency between the two con-
figurations was statistically significant (p-value <0.0001),
indicating a robust and systematic effect of the coconut fiber
packing on nitrogen transformation performance. This im-
provement highlights the functional role of coconut fiber as
an effective attached-growth medium in the DHF reactor,
particularly in enhancing biomass retention and promoting
biofilm development.

Temporal profiles further revealed that DHF1 not only
achieved higher average TN removal but also improved
operational stability. As shown in Fig. 3, effluent TN con-
centrations in DHF1 decreased progressively over time
and remained consistently lower than those in DHFO, with
an average value of 19.60+3.72 mg N/L and 28.97+3.61
mg N/L, respectively. The difference between the two
reactors could be attributed to operating under identical
hydraulic conditions and receiving the same external in-
fluences; the observed performance enhancement can pri-
marily be attributed to the coconut fiber media, which
influenced biomass retention and the internal reactor mi-
croenvironment rather than external operational factors.
The improved TN removal in DHF1 can be reasonably as-
sociated with the formation of attached biofilms on the
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coconut fiber media and the resulting development of het-
erogeneous redox conditions within the biofilm matrix [27,
28]. Under down-flow operation, dissolved oxygen pen-
etration was likely restricted to the outer biofilm layers,
while oxygen depletion toward the interior promoted the
formation of oxygen-limited or anoxic microzones [29],
which could be spatially separated from oxic zones. This
spatial separation is widely recognized as conducive to cou-
pled nitrification-denitrification pathways in biofilm-based
treatment systems [12, 21].

Biomass retention and effective SRT were also likely key
factors in enhancing nitrogen removal. Nitrifying microor-
ganisms are slow-growing and particularly susceptible to
washout under short SRT conditions [30, 31]. In the ab-
sence of attachment surfaces, as in DHFO, biomass reten-
tion depends largely on suspended solids, which limits the
accumulation and persistence of nitrifying populations. In
contrast, the coconut fiber matrix in DHF1 provided exten-
sive attachment sites, effectively decoupling SRT from HRT
and facilitating the enrichment and long-term stability of
nitrogen-transforming microbial communities [27, 31]. The
progressive improvement in TN removal observed in DHF1
over the operational period is consistent with the matura-
tion of an attached biofilm capable of sustained nitrogen
conversion.

Despite the relatively low influent BODs/COD ratio,
DHF1 maintained stable TN removal performance. This
indicates that TN removal was not solely dependent on
readily biodegradable dissolved organic carbon. Instead,
the physical retention of particulate and slowly biodegrad-
able organic matter within the coconut fiber matrix likely
supplied a sustained internal carbon source through grad-
ual hydrolysis, thereby supporting nitrogen reduction pro-
cesses in anoxic microzones [32-34]. In contrast, the lim-
ited retention of particulate organics in DHF0O reduced
electron donor availability, constraining nitrogen removal
efficiency under continuous-flow conditions. Therefore,
the statistically significant enhancement of TN removal
in DHF1 can be attributed to the combined effects of im-
proved biomass retention, biofilm-associated redox hetero-
geneity, and sustained internal carbon availability. These
features collectively underscore the suitability of coconut
fiber-packed DHF reactors for stable nitrogen removal from
lower-strength, compositionally variable swine wastewa-
ter representative of small-scale farms. Collectively, these
results further highlight the role of coconut fiber as an effec-
tive biofilm carrier, facilitating nitrogen removal through
integrated mechanisms of biomass retention, internal car-
bon supply, and the development of redox-stratified mi-
croenvironments.
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Fig. 3. Total nitrogen (TN) removal in (a) DHF0 and (b)
DHF1 reactors during stable operation (days 15-44).

3.3. Phosphorus uptake and removal behavior of the
DHF reactors

In addition to improving organic matter and nitrogen re-
moval, the incorporation of coconut fiber media substan-
tially enhanced TP removal in the DHF reactor. During the
stable operational period (days 15-44), DHF1 achieved an
average TP removal efficiency of 63.82+7.44%, which was
markedly higher than that of DHFO (35.53+8.53%) (Fig. 4).
One-way ANOVA confirmed that the difference in TP re-
moval performance between the two reactors was statisti-
cally significant (p-value <0.0001), indicating a systematic
and reproducible effect of the coconut fiber media on phos-
phorus removal.

Influent TP concentrations remained relatively constant
throughout the experiment period (35.77+2.21 mg P/L),
reflecting the characteristic nutrient-rich nature of swine
wastewater. As shown in Fig. 4, effluent TP concentrations
in DHF1 gradually decreased with operational time and
stabilized after approximately 35 days at 9.89+0.78 mg P/L.
This stabilization indicates that the microbial community
and biofilm structure in DHF1 had adapted effectively to
the prevailing operational conditions and phosphorus load-
ing [35]. In contrast, DHFO exhibited substantially higher
concentrations (20.00+1.32 mg P/L) and greater temporal
fluctuations, reflecting limited phosphorus retention capac-
ity and reduced operational robustness in the absence of
carrier media [36].

The enhanced TP removal in DHF1 can be attributed
to the increased capacity for phosphorus capture and
storage within the coconut fiber matrix. The high spe-
cific surface area and porous, fibrous structure provided
favorable conditions for the formation of thick, well-
developed biofilms, thereby supporting the enrichment
of phosphorus-accumulating microorganisms [37, 38]. The
extended SRT in DHF1 further facilitated intracellular
polyphosphate storage, thereby sustaining biological phos-
phorus uptake. In contrast, biomass washout in DHFO
constrained microbial phosphorus assimilation and limited
long-term phosphorus retention [39]. In addition to biolog-
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ical uptake, the coconut fiber matrix likely enhanced the
retention and recycling of phosphorus within the reactor
system. Aerobic regions near the biofilm surface likely fa-
vored phosphorus uptake, while deeper anoxic zones may
have supported transient phosphorus release followed by
re-uptake, a phenomenon commonly observed in biofilm-
based systems [38, 40]. Although phosphorus speciation
was not directly quantified in this study, the consistently
high TP removal efficiency observed in DHF1 provides
indirect evidence for the functional importance of such
micro-scale redox heterogeneity [41].

Physical retention of particulate-associated phosphorus
also contributed to TP removal in DHF1. The interwoven
coconut fiber matrix acted as an effective biofiltration layer,
capturing suspended solids and particulate phosphorus,
which could subsequently be incorporated into the biofilm
or removed with accumulated sludge [42]. This mecha-
nism is particularly relevant under stable operation, when
biofilm thickness and solids retention increase over time. In
contrast, the lack of a filtration medium in DHFO facilitated
the washout of particulate phosphorus, thereby limiting
overall TP removal efficiency [43]

The improved phosphorus removal performance of
DHF1 is closely linked to the enhanced organic matter
and nitrogen removal discussed. Efficient COD and BOD
removal reduced competition for dissolved oxygen, while
stable biomass retention supported coordinated organic
degradation and phosphorus uptake processes [44—46]].
Collectively, these synergistic effects highlight the multi-
functional role of coconut fiber media in strengthening
nutrient removal pathways. The statistically significant
and stable TP removal achieved by the coconut fiber-based
DHEF reactor underscores its potential as a robust treatment
option for nutrient-rich swine wastewater under increas-
ingly stringent discharge standards. Overall, these results
reinforce the multifunctional role of coconut fiber as a biofil-
ter medium, contributing to phosphorus removal through
biofilm-mediated uptake, solids retention, and micro-scale
redox interactions.
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3.4. Kinetic evaluation of pollutant removal

Table 1. Apparent first-order kinetic coefficients (k) for
pollutant removal in DHF reactors during the stable
operational period (days 15-44).

Parameter k(h~1)inDHF0 k(h~1)in DHFI
COD 0.100  0.021 0.196 £ 0.057
BODs 0.067 £ 0.029 0.205 & 0.046
TN 0.055 £ 0.015 0.105+0.024
TP 0.056 4+ 0.017 0.130 4+ 0.027

To more clearly quantify the improvement in treatment
performance achieved by incorporating coconut fiber as a
packing medium, apparent first-order kinetic coefficients
(k) were determined for COD, BODs, TN, and TP during
the stable operational period (days 15-44). Compared with
evaluating treatment performance solely based on removal
efficiency (%), the kinetic coefficient k reflects the reaction
rate and therefore enables a more rigorous assessment of
the intrinsic treatment capacity of the DHF system under a
constant hydraulic retention time (HRT). The use of first-
order kinetic models to describe the removal of organic mat-
ter and nutrients in biological treatment systems, including
constructed wetlands, has been widely adopted and serves
as an important basis for design and performance evalu-
ation. The importance of this kinetic approach is further
amplified in the context of lower-strength wastewater treat-
ment, when influent pollutant concentrations are relatively
low. Percentage removal efficiencies alone may underesti-
mate differences in reactor performance, as small absolute
differences in effluent concentrations can produce large
relative differences in removal rates. The rate constant
k, being concentration-independent, provides a more re-
liable measure of reaction intensity and biofilm activity,
enabling direct performance comparison across studies
treating wastewaters of varying strength. Furthermore, k
values calculated under defined HRT conditions serve as
fundamental design parameters for sizing DHF reactors to
meet target effluent quality, which is critical for practical
implementation at small-scale farms where engineering
resources are limited [19, 47].

The results presented in Table 1 indicate that DHF1 con-
sistently exhibited higher k values than DHFO for all in-
vestigated parameters. Specifically, the COD removal ki-
netic coefficient in DHF1 was approximately 2 times higher
than that in DHF0, while the BODjs kinetic coefficient in-
creased by approximately 3 times. This finding suggests
that coconut fiber significantly enhanced the biodegrada-
tion rate of organic compounds, likely by improving sub-
strate-microorganism interactions and facilitating more
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efficient utilization of retained organic matter within the
reactor matrix. For nutrient removal, kinetic enhancement
was also evident. The k value for TN removal in DHF1 was
approximately 1.9-fold higher than that in the unpacked
system, whereas the TP kinetic coefficient increased by ap-
proximately 2.3-fold. These results indicate that coconut
fiber packing improved nitrogen and phosphorus removal
capacity in the DHF system, reflecting an overall intensifi-
cation of biological conversion processes rather than solely
an increase in removal efficiency. Similar improvements
in first-order kinetic coefficients through optimization of
system configuration and operational conditions have also
been reported in wetland kinetic modeling studies for COD,
BOD:s, and nitrogen removal [48]. Overall, the kinetic eval-
uation provides quantitative evidence that coconut fiber is
an effective attached-growth medium that enhances pol-
lutant removal rates in the DHF system by increasing the
effective reaction efficiency under identical hydraulic con-
ditions, supporting its potential application as a low-cost,
environmentally friendly solution for post-treatment of
swine wastewater.

3.5. Limitations and future perspectives

The present study was conducted over a relatively short
operational period at a single hydraulic retention time;
therefore, long-term operation under varying hydraulic
conditions is required to fully assess carrier durability and
process stability. Regarding physicochemical characteri-
zation, this study did not perform SEM imaging and BET
surface area analysis to elucidate surface properties rele-
vant to biofilm attachment. In addition, nitrogen and phos-
phorus species were not differentiated, limiting the quan-
titative interpretation of specific nutrient transformation
pathways. Microbial community structure and functional
activity were also not examined. Future studies should in-
tegrate extended reactor operation with detailed analysis of
physicochemical characterization, nutrient speciation, and
microbial analyses to further elucidate removal processes
and support reactor optimization.

4. Conclusions

This study demonstrated that incorporating coconut fiber
as a packing material significantly enhanced the perfor-
mance of a down-flow hanging filter (DHF) reactor treat-
ing swine wastewater. Compared with the unpacked
control reactor, the coconut fiber-packed DHF achieved
higher and more stable removal efficiencies for COD
(77.05+10.03%), BOD5 (79.30£7.06%), TN (56.05+8.38%),
and TP (63.82+7.44%) under continuous operation.

This enhancement was further corroborated by in-

creased apparent first-order kinetic coefficients (k), affirm-
ing an improved reaction rate in coconut fiber-packed
DHE. The superior treatment performance was chiefly at-
tributable to improved biomass and solids retention within
the reactor. Overall, these results indicate that coconut fiber
represents a low-cost and biodegradable alternative to syn-
thetic carriers, offering a practical and sustainable option
for decentralized post-treatment of lower-strength swine
wastewater generated by small-scale farms in resource-
limited agricultural settings.
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