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INTR ODUCTION

Treatment of wastewater is an important 
environmental safeguard that protects human 
health and helps preserve waterways. It includes 
successive physical, chemical, and biologi-
cal operations designed to reduce contaminant 
loads before discharge or reuse. The first treat-
ment stage is dominated by mechanical unit pro-
cesses such as screening, grit and oil removal, 
and primary sedimentation to eliminate sus-
pended solids and floating debris (Morgan-Sa-
gastume, 2018). Dissolved and colloidal organic 
matter and BOD is targeted in the subsequent 

biological or secondary treatment stage, which, 
however, involves high aeration energy demand 
and is susceptible to organic and hydraulic 
shock loads. One of the earliest and widely used 
biological process is activated sludge process 
(ASP), wherein the aerobic or anaerobic active 
biomass suspended in mixed liquor degradates 
pollutants to carbon-di-oxide, water and new mi-
crobial cells (Solon et al., 2019). Nevertheless, 
the stability and performance of ASP systems in 
long-term periods are usually limited by opera-
tional problems dealing with low sludge settling 
velocity and high aeration energy requirements, 
and also organic or hydraulic shocks.
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ABSTRACT
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efficiency and promote sustainable water reuse in agricultural and landscape irrigation applications.
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In order to overcome these drawbacks, bio-
film-based or attached-growth systems have re-
ceived significant attention in the last decades. 
At such treatment, microorganisms develop as 
a thin layer (or film) on the surface of solids 
which are used for growth called bio-carriers, 
while wastewater passes through or flows over 
them. The biofilm growth regime contributes 
to the stability of such a process and further to 
versatile microbial complexes, which can re-
move combined carbon and nutrients (Nhut et 
al., 2020). The cyclic events of formation and 
sloughing of biofilm mechanism provide the 
possibility of continuous operation, and efficient 
way to pollute degradation (Nema et al., 2023). 
The profile performance of the biofilm reactors 
is strongly dependent on the shape and media 
properties of carrier. High-surface-area carriers 
with higher porosity and more hydrophily are 
beneficial to the adhesion of microbes attach-
ment and pollutant removal rate. Conventional 
materials like PE, PP and PU, ceramics or com-
posite polymers have been studied by Ødegaard 
(2006) and Andreottola et al. (2000). The hydro-
dynamic regime and oxygen mass transfer are 
directly related to the biofilm thickness and ef-
ficiency in ring, spherical or fibrous carriers.

A number of biofilm-based processes have 
been developed to combine the advantages of at-
tached and suspended growth systems. The mov-
ing bed biofilm reactor (MBBR) and the integrat-
ed fixed-film activated sludge (IFAS) are two well 
established technologies that enhance organic 
and nutrient removal in compact reactor volumes 
(Wanner et al., 2004; Rusten et al., 2006; Tianzhi 
et al., 2021). Although these systems are widely 
used, issues such as uneven biofilm growth, carri-
er clogging, and the cost or durability of synthetic 
media continue to present challenges. It is well 
documented that the type and morphology of car-
rier material have a critical influence on pollut-
ant removal. Yang et al. (2022) demonstrated that 
PE and PU carriers perform better in nitrogen and 
COD removal in hybrid reactors. Zeolite-embed-
ded carriers provide ion-exchange sites for am-
monium adsorption, promoting nitrification under 
different load conditions (Morgan-Sagastume, 
2018). Wang et al. (2021) observed that polyester 
fiber carriers achieved more than 95% removal 
of COD, TN, and NH₄–N due to their micropo-
rous and hydrophilic characteristics. Similarly, 
Metcalf and Eddy (2013) and Nhut et al. (2020) 
reported that ceramic and iron-based carriers not 

only supported microbial growth but also aided in 
phosphorus precipitation and removal. Yu et al. 
(2024) used rice husk-based biochar as a carrier, 
achieving significant COD removal efficiencies, 
demonstrating its potential as a sustainable and 
low-cost material. These findings indicate that re-
actor kinetics, microbial adhesion, and pollutant 
removal efficiency are strongly governed by both 
material composition and geometry.

Hybrid biofilm processes are now being ex-
plored to further improve performance. Al Hos-
ani et al. (2022) and Boavida-Dias et al. (2022) 
reported that modified configurations such as the 
anoxic-oxic MBBR, sequential batch biofilm re-
actor (SBBR), and anaerobic–aerobic integrated 
biofilm systems have achieved simultaneous 
nitrification, denitrification, and phosphorus re-
moval. According to Jagaba et al. (2024) rough, 
irregular carriers promote turbulence and prevent 
excessive biofilm thickness, thereby maintaining 
consistent oxygen and nutrient transfer. However, 
various limitations of bio-carriers such as low 
microbial compatibility at temperatures below 
4 °C, high cost, and poor surface characteristics 
have motivated the pursuit of experimental and 
sustainable substitutes. While individual carrier 
types have been well studied, there is a lack of 
comparative studies between commercial and 
novel bio-carrier media under identical operat-
ing conditions. Most previous investigations have 
focused mainly on pollutant removal efficiencies 
without exploring the correlation between car-
rier surface properties, microbial morphology, 
and reactor performance. Furthermore, limited 
efforts have been made to identify cost-effective 
polymeric materials that offer comparable perfor-
mance to engineered synthetic carriers, especially 
under variable influent conditions.

The originality of the current investigation 
lies in a systematic comparative assessment of 
commercial and laboratory-fabricated bio-carri-
ers specifically polypropylene (PP), high-density 
polyethylene (HDPE), and virgin HDPE operated 
under identical conditions. The study highlights 
biomass characteristics, microbial attachment 
patterns, and performance indicators such as 
BOD, COD, and TSS removal. It aims to identify 
performance–property correlations that can guide 
the future design of new carrier media based on 
material properties and treatment efficiency. Ad-
ditionally, the research incorporates sustainabil-
ity aspects by evaluating cost and energy con-
siderations, offering insights that can inform the 



300

Ecological Engineering & Environmental Technology 2025, 26(11), 298–311

development of efficient, low-cost, and scalable 
biofilm-based wastewater treatment technologies 
suitable for both on-site and industrial applica-
tions. By comparing these aspects, this study con-
tributes to a better understanding of how media 
properties influence biofilm behavior and pollut-
ant removal efficiency. The findings are expected 
to provide a strong foundation for optimizing hy-
brid bioreactors and advancing sustainable prac-
tices in wastewater treatment.

MATERIALS AND METHODS

The experimental study was carried out at 
the Delhi jal board, sewage treatment plant 45 
MGD phase four, Delhi, India, where pilot-scale 
systems were established to examine the rela-
tive performance of various bio-carrier media for 
enhanced biological wastewater treatment. The 
objective of the investigation was to evaluate the 
influence of carrier geometry, material type, and 
surface properties on microbial colonization, bio-
film formation, and pollutant removal efficiency 
under controlled environmental and hydraulic 
conditions. Two identical pilot-plant facilities 
were constructed and installed adjacent to the full 
scale treatment works to enable continuous op-
eration with real wastewater under process con-
trolled conditions. Each pilot unit consisted of 
three rectangular aerobic bio-reactors arranged in 
series, followed by a settling tank. The first and 

second reactors had internal dimensions of 150 × 
150 × 500 mm, while the third reactor measured 
200 × 200 × 500 mm, designed to process a daily 
flow rate of approximately 100 liters of settled 
wastewater. All tanks were stainless steel sheets 
to allow visual observation of biofilm growth, 
flow patterns, and aeration performance. A sim-
plified schematic of the internal arrangement and 
flow sequence is shown in Figure 1 and Figure 2.

Aeration was provided through medium bub-
ble diffusers placed at the bottom of each reactor 
to ensure uniform oxygen transfer and adequate 
mixing. The airflow rate was adjusted to maintain 
the dissolved oxygen (DO) concentration between 
1.5 and 2.0 mg·L⁻¹, monitored in situ using a por-
table DO meter (HACH, USA). This DO range 
represented a compromise between efficient aero-
bic biofilm development and minimizing shear 
stress that could detach the attached biomass. 
The pilot system was designed to operate under 
fluctuating DO levels, simulating the natural vari-
ability in oxygen availability typical of full scale 
systems. Both air and wastewater flow rates were 
normalized based on the protected surface area of 
the bio-carrier media to achieve uniform organic 
and nutrient loading across all trials.

The influent wastewater introduced into the 
first aeration stage was the effluent drawn from 
the primary sedimentation clarifier of the exist-
ing sewage treatment plant (STP) operated by the 
Delhi Jal Board. To facilitate the establishment of 
an active microbial consortium and ensure stable 

Figure 1. Process flow adopted for wastewater treatment
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biofilm development, the reactors were inocu-
lated with return activated sludge (RAS) sourced 
from the final clarifier of the same treatment facil-
ity. The mixed liquor suspended solids (MLSS) 
concentration was maintained at approximately 
3000 mg/L, similar to that of conventional ac-
tivated sludge systems. The influent to the pilot 
reactors was drawn from the primary clarifier ef-
fluent of the same plant, and dilution water was 
added as needed to obtain wastewater character-
istics representative of typical domestic sewage. 
A recycle pump was installed upstream of the first 
bio-reactor to return 25–50% of the clarifier efflu-
ent back to the aeration basin at settling tank. 

This recirculation minimized short-circuiting, 
improved solids retention, and supported continu-
ous microbial activity and stable operation. To re-
duce hydraulic short-circuiting and enhance flow 
distribution, two vertical baffles were installed in 
the settling tank one near the inlet and the other 
near the outlet ensuring efficient sedimentation 
and uniform flow across the tank section. The 
hydraulic retention time (HRT) in the reactors 

was maintained at approximately 7–8 hours, de-
pending on daily fluctuations in inflow. The pilot 
plants operated under ambient temperature con-
ditions typical of Delhi, with liquid temperatures 
ranging between 20.7 °C and 23.2 °C throughout 
the experimental period.

The current study utilized five types of bio-
media: Media 1 (Biochip), consisting of circular 
polypropylene (PP) disks with an average diam-
eter of 32 mm and thickness of 1.25 mm, offering 
a high specific surface area of 5500 m²/m³; Me-
dia 2 (White 12 × 25 mm), a cylindrical PP carri-
er with a specific surface area of 350 m²/m³; Me-
dia 3 (White 16×22 mm), a cylindrical PP carrier 
providing a surface area of 400 m²/m³; Media 4 
(Black 16 × 22 mm), a cylindrical HDPE carrier 
of identical dimensions to Media 3 with a surface 
area of 400 m²/m³; and Media 5 (M-Media-1), 
a cubical carrier (20 × 20 × 20 mm) made from 
virgin HDPE, offering a specific surface area of 
950 m²/m³ (Table 1).

These media included both commercial-
ly available and experimentally developed 

Figure 2. Schematic flow diagram of the pilot-scale wastewater treatment process
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alternatives, selected to provide a broad compar-
ison of performance under identical operating 
conditions. Prior to use, all carriers were thor-
oughly rinsed with tap water to remove any sur-
face contaminants or loosely attached particles. 
The media filling ratio in each reactor was main-
tained at 30% of the working volume, as recom-
mended by Metcalf & Eddy (2013), to promote 
uniform biofilm growth and efficient mass trans-
fer. All of the five media were run for 45 days 
each, and the total experimental time was rough-
ly 130 days. The clean media were filled directly 
into the reactors at the beginning of each experi-
ment and aerated stepwise for natural microbial 
colonization. No foam or scum was formed, sug-
gesting the successful acclimatization and stable 
biofilm development. pH, temperature, DO and 
flow rate were measured daily for all the experi-
mental runs to control the process in a uniform 
manner. DO was controlled by altering the aera-
tion rate and hydraulic load. Periodic backwash-
ing and diffuser cleaning were conducted to 
minimize plugging and maintain uniform oxy-
gen transfer during operation.

Sampling and analytical procedures

Influent and effluent samples were taken dai-
ly in both the startup and steady state periods to 
evaluate the efficiency of each bio-carrier system. 
Analyses were performed in accordance with the 
Standard Methods for Examination of Water and 
Wastewater (Gzar et al., 2021). The essential pa-
rameters evaluated were BOD₅, COD, and TSS as 
the key parameters for determining effluent treat-
ment performances in removal of organic com-
pounds and suspended solids. Moreover, in-site 
pH, temperature and DO were recorded with the 
aid of calibrated portable meters (HACH UK). 
All samples were analyzed in duplicate so that the 
results are reliable, and mean values were includ-
ed in result interpretation. Influent wastewater 

demonstrated the typical variability expected 
with domestic sewage characterized by COD lev-
els of 294–540 mg/L, BOD levels were deter-
mined as 98–193 mg/L, and TSS levels varied 
between 103–376 mg/L. The bio-carrier media 
were assessed by pollutant removal performance 
(COD, BOD and TSS) biofilm growth rate and 
operational long-term aspect. The relationship 
between media shape and microporous structure 
in terms of specific surface area, and therefore the 
potential for microbial attachment were consid-
ered to be important determinants of reactor per-
formance. The study observed the time to start, 
steady-state stability, oxygen-transfer efficiency 
and biofilm morphology of membranes in the five 
media. In summary, this systematic optimizing 
established a relationship between the kinetics in 
reactors and the carrier design but also its mate-
rial properties paving the way for identifying op-
timum configurations for large scale application. 
The results of the present pilot-scale study further 
enhance the development of low-cost and energy-
effective biofilm technology for decentralized/in-
dustrial wastewater treatment.

RESULTS AND DISCUSSIONS

Operational environment and 		
influent characteristics

Wastewater temperature remained under 
natural atmospheric conditions during the opera-
tion of the pilot-scale biofilm reactor, with liq-
uid temperatures ranging from 20.7 °C to 23.2 
°C for all five tested media. These temperature 
fluctuations, due to seasonal changes, also af-
fected microbial kinetics and biochemical reac-
tion rates. Mohammed et al. (2021) reported a 
similar trend in pilot-scale biofilm reactors, with 
optimal microbial activity observed at 20–25 °C 
for sustainable organic removal. The pH values 

Table 1. Characteristics of five typed of media used for the biological treatment of wastewater

S.No. Media Total
surface (m2/m3) Shape

Dimensions
Material Density(g/cm3)

Length (mm) Diameter (mm)

1. Biochip 5500 Circular 1.25 32 PP 0.92

2. White 1 350 Cylindrical 25 12 PP 0.92

3. White 2 400 Cylindrical 22 16 PP 0.92

4. Black 400 Cylindrical 22 16 HDPE 0.97

5. M-Media-1 950 Cube 20 20 Virgin HDPE 0.94
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of the medium, which remained near neutral 
(7.07–7.43), provided favorable conditions for 
microbial growth and enzymatic activity. This 
agrees with Nhut et al. (2020), who stated that 
most heterotrophic bacteria are efficient within a 
pH range of 6.5–8.0. The characteristics of the 
influent wastewater (Table 2) showed COD val-
ues ranging from 241 to 540 mg/L, BOD values 
from 98 to 193 mg/L, and influent TSS ranging 
between 103 and 376 mg/L, indicating moder-
ately high-strength domestic sewage. Changes 
in the influent quality resulted from variations in 
domestic discharge patterns and irregular organic 
loading. A similar degree of variability has been 
reported by Bassin et al. (2016) and Di Capua et 
al. (2022), who emphasized the impact of popu-
lation density and water usage behavior on influ-
ent characteristics in small-scale treatment units.

The temporal behavior of influent COD and 
BOD is shown in Figures 3(a) and 3(b) for the 
reactor start-up period. The average influent COD 
for Media 1 to Media 5 was 419, 334, 337, 419, 
and 416 mg/L, respectively, whereas the corre-
sponding average BOD values were found to be 
142 mg/L and 141 mg/L. These variations corre-
sponded to natural fluctuations in feed composi-
tion rather than process upsets. Similar patterns of 
influent variation were also recorded by McQuar-
rie et al. (2011) during the adaptation period of 
a hybrid biofilm process, where daily variations 
were correlated with differences in organic loads 
and diurnal flow cycles. The type and shape of the 
carrier media were found to be important param-
eters that significantly influenced system stability 
and microbial acclimatization. The variation in 
COD and BOD for Media 1 (Biochip) and Media 
5 (M-Media-1) was smoother due to their higher 
specific surface areas (5500 m²/m³ and 950 m²/
m³), which enhanced microbial colonization and 
provided strong buffering capacity. High-surface-
area carriers are known to promote rapid biofilm 
development and greater operational resilience 
against organic shock loads. Yu et al. (2024) 
and Prasad et al. (2021) found, that media with 

enhanced surface morphology allow higher mi-
crobial retention, greater metabolic diversity, and 
more stable start-up performance. 

Overall, the results of influent monitoring in-
dicated a stable operational environment within 
the pilot reactor. Stabilization of temperature, pH, 
and organic load in the combined system created 
favorable conditions for biofilm growth and ac-
climatization. Comparable start-up stabilization 
periods were observed by Prasad et al. )2023) 
and Falletti et al. (2014) in MBBRs operated as 
packed-bed reactors, highlighting that a well-
balanced influent composition is a key factor in 
maintaining sustainable treatment efficiency.

Biofilm development and attachment 
dynamics on different carrier media

Formation and development of biofilms on 
carriers are key aspects in knowing how micro-
organisms attach and system stability in attached-
growth waste water treatment processes. As ob-
served in the results reported from this study, bio-
film was accumulated at a time-dependent manner 
and even among the carriers different carrier me-
dia were distinguished like Biochip, White 12 × 
25, White 16 × 22, Black 16 × 22 and M-Media1 
(Figure 4). The findings of comparative analysis 
indicate that the physicochemical properties such 
as surface texture, porosity, hydrophilicity etc., 
have an attack being indispensable to microbial 
adhesion and growth stabilization. In this context, 
the results are in harmony with a widely acknowl-
edged reality that biofilm formation proceeds 
generally in three phases: lag phase (the earliest 
response to adherence surface), slower accumula-
tion or colonization phase of bacterial cells and 
maturation or stabilization phase.

In this study, Biochip media had relatively 
low attachment rate and affinity in the early op-
eration. A clear absence of attachment was evi-
denced in the first 20 d with the attached biomass 
being low (ca. 0.072 g/m²). On the contrary, 
accumulation ( ) was greater at d 25 and then 

Table 2. Characterization of the influent wastewater fed to the pilot plant operated with different media 	
during start up

Parameter Unit Media 1 Media 2 Media 3 Media 4 Media 5

pH range 7.18–7.28 7.2–7.31 7.07–7.18 7.08–7.18 7.08–7.43

COD range mg/l 308–540 294–406 241–390 296–508 294–414

BOD range mg/l 99.4–193 98–133 99–135 112–191 110–187

TSS range mg/l 103–308 156–212 159–376 103–299 120–296
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accelerated toward a plateau of 1.085 g/m² at d 
30 that reached to 1.70 g/m² by d 36 when the 
experiment ended. The delayed colonization of 
the polymer may be ascribed to the smooth sur-
face and low surface energy of biochip, which of-
fers less adhesive sites. Here, similar trends were 
found as well by Xu et al. (2025) and Abdelfattah 
et al. (2020), which described slower microbial 
adhesion and global biomass accumulation for 
smoother polyethylene-based carriers leading 
to a delayed biofilm appearance at the surface. 
This indicates that although the Biochip medium 
is suitable for steady biofilm formation, the low 
surface roughness of the medium contributes to 
slower start-up kinetics in operating bioreactor 
systems by retarding microorganisms to adhere.

In marked contrast, White 12 × 25 dem-
onstrated a steep increase in biofilm formation 
when compared to the non-porous, geometrically 
simple material. This carrier further supported a 
fast stage of attached growth which was observed 
during the first 20 days, allowing the biomass to 
reach about 2.324 g/m². This was followed by a 
robust exponential phase with Day 30 being the 
time to a sharp rise (6.97 g/m²) and accumulation 
after this period reached an average of ∼14.048 
g/m². The high colonization rate of White 12 × 
25 might relate to its texture (housing micro-
environments that could enhance bacterial adhe-
sion, hells and EPS production). These observa-
tion was in line with report by Xu et al. (2025) 
and Ødegaard (2006), who reported that media 
with more surface area and microspore density 
resulted in greater microbial attachment and 
nitrification performance. Also, there were re-
ports that polymeric supports grafted to generate 
rougher surface lead to shear protected biological 
niches with the development of thick biofilm and 

reduction in detachment 4, 5 – a possible reason 
for the better performance shown by White 12 × 
25 in this study.

The White 16 × 22 and Black 16 × 22 carri-
ers exhibited similar temporal growth patterns but 
differed in total biomass accumulation. Initially, 
biofilm formation on White 16 × 22 was moder-
ate, with biomass reaching 3.454 g/m² at Day 20. 
A sharp increase followed, reaching 8.940 g/m² 
at day 30, before leveling off at 9.570 g/m². The 
results for Black 16 × 22 were slightly lower, with 
3.295 g/m² at day 20, 5.539 g/m² at day 30, and 
a final plateau at 7.405 g/m². Although the differ-
ences between the carriers were modest, they in-
dicate that polymer composition and color influ-
ence microbial attachment behavior. The darker 
carrier likely absorbed more heat, influencing lo-
calized temperature gradients and enhancing mi-
crobial metabolic rates, but its smoother surface 
may have reduced adhesion strength. 

Similar observations were made by Madan 
et al. (2022) and Mohammed et al. (2021), who 
reported that surface chemistry and optical prop-
erties of biofilm carriers control the spatial distri-
bution and metabolic activity of attached micro-
organisms. Additionally, black carbon–infused 
polymers are more hydrophobic, which can deter 
initial bacterial adhesion, especially for hydro-
philic microbial communities commonly found 
in domestic wastewater systems. A particularly 
noteworthy observation emerged for M-Media-1, 
a carrier developed specifically for this study. 
Unlike conventional media, M-Media-1 demon-
strated a balanced biofilm growth pattern, charac-
terized by moderate and consistent biomass accu-
mulation. The attached biomass increased steadi-
ly from 1.424 g/m² at Day 10 to 1.523 g/m² at 
Day 20, indicating active microbial colonization. 

Figure 3. (a) COD and (b) BOD profile of sewage influent in pilot reactor
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When the system entered the stabilization phase 
after Day 30, the biofilm mass rose sharply to 
3.761 g/m² and eventually stabilized at 4.034 g/
m². These growth trends suggest that M-Media-1 
provides favorable physicochemical conditions 
for effective microbial adhesion while preventing 
excessive overgrowth. Such controlled biofilm 
formation is beneficial for maintaining stable re-
actor performance, as excessively thick biofilms 
can lead to clogging, limited oxygen diffusion, 
and sloughing under high shear stress. Similar 
advantages of regulated biofilm formation have 
been reported by (Zhuang et al., 2019), who em-
phasized that optimized carrier design should bal-
ance microbial retention with hydraulic stability.

The ranking order of the final attached bio-
mass across all tested media was: White 12 ×25 
> White 16 × 22 > Black 16 × 22 > M-Media-1 > 
Biochip. This hierarchy shows that both geometric 
arrangement and surface properties have signifi-
cant effects on the rate of microbial colonization. 
Better performance of White 12 × 25 could be a 
proof of the statement made by [5] that increas-
ing ESS/v volume leads to larger surface area for 
biofilm growth on carriers and enhanced reactor ef-
ficiency in MBBRs. But we should emphasize that 
such a large surface area also has its disadvantages 
as, for example, the potential to favour formation 
of biofilm of rather excessive thickness can ampli-
fy detachment on poor system design.

Figure 4. Biomass attachment profile of (a) Media-1 (Biochip) (b) Media-2 (White 12 × 25 mm) (c) Media-3 
(White- 16 × 22 mm) (d) Media-4 (Black 16 × 22 mm) (e) Media-5 (M-Media-1)
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In contrast, M-Media-1 showed a lower 
maximum biofilm density but an easily regu-
lated and more sustainable accumulation that is 
favourable for the stability of the reactor over 
time. Such balanced growth kinetics is particu-
larly important for the aerobic biofilm reactor 
design treating high strength organic wastewa-
ter, where shear stress and nutritional limitation 
are encountered to be significantly relevant op-
erating difficulties. Results of this study dem-
onstrate that the choice of carrier material is 
a key to control biofilm growing kinetics and 
reactor performance. Rougher surfaces, like 
those described in the XPS results in addition to 
our own XPS and AFM data, as well as hydro-
philic substrates induce faster microbial attach-
ment and thicker biofilms (Katsikogianni et al., 
2007) due predominantly to modes of action at 
the cellular level (fluctuations in surface energy 
due to roughness at dimensions similar to that 
of cells). Fifteen engineered surfaces, such as 
M-Media-1 appear to yield mediation of micro-
bial adhesion evident through more predictable 
and consistent development also stabilization. 
These findings play a key role in further im-
proving biofilm-based reactors, stressing that 
carrier design need to meet particular process 
goals and operation modes.

Evaluation of pollutant removal efficiencies 
across biofilm media

Five bio-carrier media had the performances 
compared in terms of identical operation (Fig-
ure 5), where treatment efficiency and colony 
growth showed significant variation. Values list-
ed in Table 3 indicate that both the structural and 
morphological properties of the media greatly 
affected COD (a), BOD (b) and TSS (c) removal 
efficiencies. For Biochip (Media-1), the average 
COD, BOD and TSS concentrations in effluent 
over 15 days were 26 mg/L, 6.7 mg/L and 10.3 
mg/L. The continuous biomass load was low 
(1.4–1.6 g/m²) and the microorganisms were 
loosely attached and poorly colonized to the sur-
face of tiles. These results corroborate Jagaba et 
al. (2024) and Dias et al. (2018), who also ob-
served poor biofilm formation on biochips with 
smooth surfaces, as these do not tend to confine 
microorganisms efficiently. Lower efficiency of 
Media-1 (Biochip) could be due to its low sur-
face area and less availability of nutrients, which 
resulted in poor development of biofilm and 
lesser organic matter degradation.
	• Media-2 (White 1) recorded the best treatment 

performance of the tested media, resulting in 
effluent concentrations of COD = 25 mg/L, 
BOD = 5.6 mg/L and TSS = 8.7 mg/L, with 
biomas formation of between 10.4 g/m² and 
14.5 g/m² which reflects excellent microbial 

Figure 5. Performance based analysis of treated effluent using media 1 to 5
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adaptability and a strong growing biofilm. 
This is indicative of the surface structure of 
Media-2 providing more points for microbial 
attachment and enough voids spaces for oxy-
gen transfer both important to aerobic biodeg-
radation. Comparable results were found as 
given in Regmi et al. (2011) and Dereli et al. 
(2021) that media with an irregular, porous and 
hydrophilic structure have high microbial bio-
mass density which will further increase the 
COD and BOD removal by microorganisms. 
Therefore, Media-2 was suitable to biofilm 
development and the oxidation of pollutants.

	• Media-3 (White 2) showed stable and effec-
tive pollutant removal performance, with 15-
day average effluent concentrations of 25.95 
mg/L COD, 6.52 mg/L BOD, and 10.2 mg/L 
TSS. Biomass stabilization ranged from 8.6–
9.5 g/m², slightly lower than Media-2 but still 
demonstrating high microbial retention. The 
consistent results confirm Media-3’s ability 
to maintain biological equilibrium under con-
tinuous loading. Boavida-Dias et al. (2022) 
and Prasad et al. (2023) reported that uniform-
pore bio-carriers foster stable microbial floc 
structures, enhancing process resilience under 
varying hydraulic and organic loads. The mod-
erate but stable pollutant removal by Media-3 
suggests that oxygen diffusion and microbial 
stratification were adequate for combined aer-
obic and facultative biodegradation processes.

	• Media-4 (Black) exhibited moderate perfor-
mance, with higher effluent concentrations 
(COD = 26.93 mg/L, BOD = 7.02 mg/L, TSS 
= 10.82 mg/L) and biomass stabilization be-
tween 6.27–7.57 g/m². This reflects limited 
microbial colonization, likely due to subopti-
mal surface heterogeneity or reduced pore ac-
cessibility. Although COD and BOD residuals 
were slightly higher, Media-4 demonstrated 

consistent results, indicating adaptability to 
fluctuating operational conditions. Accord-
ing to (Pratap et al., 2024), bio-carriers with 
moderate surface roughness and hydrophilic-
ity often sustain active microbial populations 
but restrict deeper biofilm penetration. Conse-
quently, Media-4 appears suitable for treating 
moderate organic loads but less effective for 
high-strength wastewater.

	• Media-5 (M-Media 1) showed comparatively 
lower performance, with average effluent con-
centrations of 26.43 mg/L COD, 6.1 mg/L 
BOD, and 9.6 mg/L TSS, and biomass stabili-
zation ranging from 3.63–5.71 g/m². Although 
the effluent range was narrower (COD: 18–26 
mg/L; BOD: 5–7 mg/L; TSS: 5–9 mg/L), over-
all treatment efficiency was inferior to Media-2 
and Media-3. The reduced biomass accumula-
tion suggests limited microbial affinity, pos-
sibly due to insufficient surface area or low 
wettability. Carriers with low surface energy 
inhibit microbial adhesion, resulting in thin 
and unstable biofilms consistent with the lower 
biomass retention and higher effluent concen-
trations observed.

The combined interpretation of Figure 5 sup-
ports these trends. Media-2 consistently achieved 
the lowest COD, BOD, and TSS levels, confirm-
ing its superior pollutant removal capacity. In 
contrast, Media-1 and Media-5 exhibited higher 
effluent values, reflecting weaker microbial sup-
port and limited mass transfer. The relationship 
between biomass stabilization and effluent qual-
ity aligns reported a positive correlation between 
biofilm thickness, stability, and organic load re-
moval efficiency. Overall, Media-2 proved to be 
the most efficient bio-carrier, achieving an opti-
mal balance between surface morphology, poros-
ity, and microbial colonization. Media-3 followed 

Table 3. Analytical summary of media based treatment performance

Media type COD range 
(mg/L)

BOD range 
(mg/L)

TSS range 
(mg/L)

Last day Avg 
COD

Last day Avg 
BOD

Last day 
Avg TSS

Biomass 
stabilization (g/m²)

Media-1 
(Biochip) 18–43 4–8 6–13 26.00 6.70 10.30 1.4–1.6

Media-2
(White 1) 18–30 4–9 6–14 25.00 5.60 8.70 10.4–14.5

Media-3
(White 2) 20–32 4–8 6–12 25.95 6.52 10.20 8.6–9.5

Media-4
(Black) 18–38 5–12 8–19 26.93 7.02 10.82 6.27–7.57

Media-5
(M-Media 1) 18–26 5–7 5–9 26.43 6.10 9.60 3.63–5.71
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closely, providing stable and reproducible treat-
ment performance. Media-1, Media-4, and Me-
dia-5, having lower surface area availability for 
biofilm support, demonstrated only moderate 
pollutant removal. These results emphasize the 
crucial role of carrier morphology and surface 
chemistry in determining biological treatment ef-
ficiency. Future studies should focus on improv-
ing long-term biofilm stability, hydraulic perfor-
mance, and resistance to detachment to ensure 
reliable operational outcomes.

Comparative evaluation of bio-media 
performance in biological wastewater 
treatment

The comparative study of the five bio-carrier 
media (Table 4) also shows the effects of geome-
try, surface area, and material on pollutant remov-
al and biofilm growth. Among the tested media, 
White 1 – 12×25 mm performed best overall, pro-
ducing lower effluent COD (25 mg/L) and BOD 
(5.6 mg/L) compared to other materials, with a 
biomass accumulation of 10.4–14.5 g/m². Such 
high efficiency can be attributed to its well-pro-
portioned surface area (350 m²/m³) and cylindri-
cal shape, which provided homogeneous biofilm 
growth and optimal oxygen transfer. The results 
are consistent with those of the Kaldnes K1-type 
MBBR process, which generally achieves COD 
removals in the range of 85–95% and demon-
strates robust nitrification due to favorable hy-
drodynamic characteristics and biofilm retention 
(Andreottola et al., 2000; McQuarrie et al., 2011).

Biochip media exhibited moderate perfor-
mance (COD: 26 mg/L, BOD: 6.7 mg/L) despite 

its high specific surface area (5500 m²/m³). The 
lower specific loading rates obtained for Biochip 
are consistent with data reported for trickling fil-
ter systems, where high surface area promotes 
biomass retention but may restrict substrate pen-
etration through thick biofilms (Di Capua et al., 
2022; Bassin et al., 2016). This behavior further 
emphasizes that increased surface area does not 
necessarily guarantee better treatment, particu-
larly when mass transfer resistance increases in 
mature biofilms.

The White 2 – 16 × 22 media (400 m²/m³) 
demonstrated steady COD (25.9 mg/L) and BOD 
(6.5 mg/L) removal, indicating effective organic 
matter decomposition. Its behavior is comparable 
to that of IFAS systems, where attached and sus-
pended microbial growths collectively contribute 
to both COD and nitrogen removal (Ødegaard et 
al., 1999; Boavida-Dias et al., 2022). This indi-
cates that moderate media porosity and geometry 
provided sufficient surface for microbial attach-
ment while maintaining adequate hydrodynamic 
mixing for substrate diffusion. The Black 16 × 22 
mm media, made of HDPE, showed slightly high-
er effluent COD (26.9 mg/L) and BOD (7.0 mg/L) 
compared to the polypropylene media. Similar 
results have been reported for sponge-reinforced 
or polymeric MBBR carriers, which exhibit good 
structural stability and maintain treatment per-
formance under fluctuating loadings but support 
slower biofilm growth compared to micro-car-
riers (Nhut et al., 2020). The greater density of 
HDPE could affect carrier buoyancy and mixing 
behavior, which may, in turn, influence total bio-
film thickness and oxygen penetration.

Table 4. Comparative performance of bio-media with literature based trickling filter and activated sludge systems

Media type Material / 
geometry

Surface area 
(m²/m³)

Observed COD/BOD 
removal (this study)

Comparable 
literature system

Literature 
performance Reference

Media 1- 
Biochip

PP Circular 
Disc 5500 COD: 26 mg/L, BOD: 

6.7 mg/L
Trickling Filter with 
PVC/HDPE rings

Moderate COD and 
NH₄⁺-N removal; 

stable biofilm 
formation

(H Ødegaard 
et al., 2000)

Media 2-
White 1- 
12 × 25 mm

PP Cylindrical 350
COD: 25 mg/L, BOD: 

5.6 mg/L (Highest 
removal)

MBBR using 
Kaldnes K1 

(HDPE)

COD removal 
85–95%; effective 

nitrification

(Rusten et 
al., 2006)

Media 3- 
White 2-
16 × 22 mm

PP Cylindrical 400 COD: 25.9 mg/L, 
BOD: 6.5 mg/L

IFAS (Integrated 
Fixed-Film 

Activated Sludge)

Enhanced biomass 
retention; improved 
COD & TN removal

(H Ødegaard 
et al., 2000)

Media 4-Black 
16 × 22 mm

HDPE 
Cylindrical 400 COD: 26.9 mg/L, 

BOD: 7.0 mg/L
Sponge-Based 
MBBR / SBBR

COD removal ~80–
90%; stable under 

shock loads

(Nhut et al., 
2020)

Media 5-Box 
20 × 20 × 20 
mm
(M-Media-1)

Virgin HDPE 
Cubical 950 COD: 26.4 mg/L, 

BOD: 6.1 mg/L

Hybrid MBBR 
(ceramic/zeolite 

carrier)

COD removal 
82–93%; 

moderate biofilm 
accumulation

(Di Capua et 
al., 2022)
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Finally, the 20 × 20 × 20 mm Box shape mate-
rial (M-Media-1) with cubic structure and moder-
ate surface area (950 m²/m³) also showed mod-
erate performance (COD: 26.4 mg/L; BOD: 6.1 
mg/L). The flat sheets had a slower response than 
the cylindrical PP media but still performed well 
and consistently, with controlled biofilm accumu-
lation (3.63–5.71 g/m²). This is advantageous for 
avoiding congestion and securing long-term sta-
bility of the reactor. This behaviour is consistent 
with the hybrid and zeolite biofilm reactors where 
surface roughness and porosity were moderate 
enough to allow optimal microbial adhesion with-
out a significant growth of the biofilm (Di Capua 
et al., 2022; Arabgol et al., 2020). Overall, the 
comparative analysis suggests that media struc-
ture/chemistry is a key determinant in biofilm 
development and pollutant removal performance. 
Tubular polypropylene media (White 1- 12 × 25 
and White 2- 16 × 22) were superior to media of 
cubical geometry and manufactured with HDPE 
which means that some curvature or sphericity is 
necessary for high mass transfer rates (effective 
colonization by microorganisms). These findings 
are in line with available literature, on MBBR 
and IFAS systems and demonstrate the potential 
of tailored bio-media design to improve treatment 
efficiency for sustainable water reuse.

CONCLUSIONS

The effluent quality evaluation across Media 
1 to 5 highlights distinct variations in pollutant 
removal efficacy, particularly in terms of average 
concentrations of COD, BOD, and TSS. Among 
the tested configurations, Media 2 consistently 
achieved the lowest mean values (COD: 25.00 
mg/L, BOD: 5.60 mg/L, TSS: 8.70 mg/L), indi-
cating superior treatment performance driven by 
effective biodegradation and particulate reten-
tion mechanisms. Conversely, Media 4 recorded 
the highest pollutant levels (COD: 26.93 mg/L, 
BOD: 7.02 mg/L, TSS: 10.82 mg/L), reflecting 
diminished treatment efficiency and underscor-
ing the importance of optimal media selection for 
enhanced reactor performance. Media 5 demon-
strated intermediate performance, with average 
values of COD (26.43 mg/L), BOD (6.10 mg/L), 
and TSS (9.60 mg/L). This outcome aligns with 
its physical characteristics an active surface area 
of 950 m²/m³ supporting moderate biofilm attach-
ment, measured between 3.63 g/m² and 5.71 g/m². 

Notably, the progression toward optimum biofilm 
development contributes to reduced oxygen con-
sumption, offering a potential decrease in energy 
demand and operational costs.
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