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a b s t r a c t
The performance of activated carbon–coated cosmoball against non-coated cosmoball regarding 
organic matter and nutrients removal at different loadings in a biofilm process was investigated. 
The pilot-scale reactor was successfully designed, constructed and installed at the hostel 10 waste-
water treatment plant to facilitate the pumping of a continuous flow from the equalisation tank 
to the reactor. The flow rates examined included 15, 30 and 60 L/h for the pilot scale, in which 
the pilot-scale reactor had a useful volume of 90 L. Activated carbon-coated cosmoballs as plas-
tic carriers biofilm reactor were developed for this purpose. Following a monitoring period of 
92 d for the coated reactor and 123 d for the non-coated reactor, the results showed BOD5, COD, 
total suspended solids (TSS), volatile suspended solids (VSS), turbidity, TP and NH3–N for non-
coated media concentration in effluent were 9.98 mg/L, 31.83 mg/L, 8 mg/L, 5.75 mg/L, 4.29 NTU, 
2.80 mg/L and 5.59 mg/L, respectively. While the corresponding concentration for coated media 
were 3 mg/L, 23.50 mg/L, 2.83 mg/L, 2.44 mg/L, 3.10 NTU, 0.51 mg/L and 2.08 mg/L, respectively 
at the optimum hydraulic retention time (6 h). Improvements in removal efficiency at the flow rate 
of 15 L/h (HRT = 6 h) were 6%, 14%, 6%, 4%, 2%, 42% and 18.8% for BOD5, COD, TSS, VSS, tur-
bidity, TP and NH3–N, respectively, and improvements of 9%, 13%, 9%, 8%, 6%, 52% and 44.4% 
at a flow rate of 30 L/h (HRT = 3 h) when coated media was applied. Even at a short retention 
time in the coated cosmoball reactor (1.5 h), the system showed high potential for removal, almost 
falling under the Malaysian Standard (A) when coated media was used. In essence, the results of 
this study indicate that coated cosmoballs are considered to be favourable media for improving 
biological treatment performance. Given this enhancement, coated cosmoballs may practically be 
employed to facilitate compact treatment or modernise weak-performing treatment plants.
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1. Introduction

The construction of traditional sewage treatment facili-
ties and operations tends to be quite expensive and require 
a large open space to operate efficiently. In addressing 
this challenge, attempts have been made to construct and 
enhance traditional treatment plants, offering alternate 

options along with fewer requirements regarding land, 
operations, and assembly costs.

From a global perspective, water quality continues to 
attract significant interest since people require water in 
carrying out activities on a day-to-day basis. However, to 
sustain this need, water needs to be treated to make it safe 
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for human consumption and other living organisms, such 
as animals and other forms of wildlife. As such, a com-
pact and efficient system in the treatment of wastewater 
is needed. Moreover, the availability of land and costs in 
conjunction with the introduction of ancillary treatment 
requirements and standards has given rise to the demand 
and establishment of wastewater treatment facilities in pro-
ducing high-standard effluent while simultaneously fulfill-
ing the requirements for waste minimisation [1]. Increasing 
the surface area of the carrier media in a biofilm reactor is 
just one of many options that could help reduce the neces-
sity and capacity needed for this unit in justifying the costs 
and other outlays.

Over the last few decades, new technologies have 
emerged in the form of oxidation ponds, aerated lagoons, 
package systems, and various types of mechanical plants 
[2]. One of the current treatment methods uses activated 
carbon (AC) to remove wastewater pollutants. In 1965, 
for the first time, a comprehensive innovative (tertiary) 
plant facility to treat wastewater that incorporated granu-
lar AC commenced operating in California at South Lake 
Tahoe. Granular AC embedded has since been used as a 
unit process in tertiary treatment systems [3]. Granular AC 
has also been utilised in reusing effluent from civic plant 
facilities in the treatment of wastewater for various pur-
poses, such as the use of cooling water in manufacturing 
and engineering plants, watering of parks, and more. In 
addition, adsorption with AC has effectively been utilised 
to advance the treatment of civic and wastewater of various 
industry sectors such as manufacturing and engineering 
[4–7]. Numerous studies have tested the application and 
use of AC against inorganic pollutants such as cadmium 
[8,9], lead, copper [10,11], methylene blue [12,13], dis-
solved organic carbon [14], and natural contaminants such 
as phenol and its by-products [15–18]. Numerous kinds of 
materials have been examined, believed to be appropri-
ate media to enhance nutrients and other organic matter, 
such as plastic, fibres, ceramic, sponge and AC [19–22].

Accordingly, the application and use of AC as a coat-
ing on plastic media such as cosmoballs as a biofilm media 
can offer an alternative design for compact treatment plants 
that tend to be more effective than conventional wastewater 
treatment systems. Cosmoball is a commercial media with 
relatively low weight, remains buoyant in water, and is eas-
ily removed and cleaned as needed. It has also been proven 
to remove acceptable levels of organic matter and nutrient 
successfully. The unique characteristics underlying these 
systems are mainly attributed to the permeability of AC, 
which is relatively high, and its high surface area of 426 m2/g.

These properties can increase the efficiency of treat-
ment processes by adsorption of contaminants by AC and 
increasing the number of bacteria on their surface that can 
thrive. Although, the prolonged or lengthy time of these 
bacteria on organic surface areas in the treatment of con-
taminated wastewater may give rise to economic prob-
lems regarding fiscal outlay needed to construct a basin 
of a sizeable volume as well as the large space required 
for its construction. Therefore, new, rougher materials are 
required to enhance the effectiveness of wastewater treat-
ment from an operational perspective by enhancing the 
retention of solids in various areas and more affordable 

by reducing large land areas presently required to operate 
wastewater treatment plants.

Nevertheless, the main reason for choosing AC as a 
coating material for high-density polyethylene (HDPE) 
substrate in this research is due to the material’s vast sur-
face area in proportion to its capacity [23,24], which could 
result in the roughness of the surface area when the sub-
strate is coated. Surface roughness is an important factor 
in determining the adhesion of bacteria since the surface 
roughness typically contributes to the adhesion of bacte-
ria, thereby increasing the development of biofilm. Several 
studies have shown that aerobic microorganisms survive 
mainly on the surface of carbon particles, with relatively 
few surviving in carbon pores [25–27]. Some researchers 
have discovered that surface irregularities offer large sur-
face area for the bacterial cells to shelter by stimulating 
their adhesion [28]. Similarly, several studies have also 
shown that bacterial adhesion increases with an increase in 
the roughness of substratum surfaces. Therefore, this study 
compares AC-coated cosmoballs against non-coated cos-
moballs regarding organic matter and nutrient removal at 
different loadings.

2. Materials and methods

2.1. Materials

2.1.1. Characterisation of granular activated carbon

The coating material used in this study, granular 
activated carbon (GAC) was produced from the shell of 
coconuts. The size of the tiniest particle was 100 μm, and 
the biggest particle was around 800 μm. The size of the 
majority of particles was around 363 μm. Particle size anal-
yses for D10, D50 and D90 were 253.1, 443.9 and 748.3 μm,  
respectively.

2.1.2. Characteristics of the wastewater

The study was performed using wastewater collected 
from the boarding house at the Engineering Faculty of 
University Putra Malaysia (UPM) as seeding material for 
the reactor. The hostel provides accommodation for 340 
students, along with a large central kitchen. The main 
characteristics of raw sewage collected are depicted in 
Table 1.

2.1.3. Carrier for microbes

The cosmoballs sourced from Putra University (Serdang, 
Malaysia) were hollow and spherical, produced from tough 
HDPE plastic with a density of 75 kg/m3, lower than the 
density of water and immersed in an aeration tank. The 
cosmoballs were shaped similar to a ball with eight holes; 
each hole was around 1 cm in diameter, with each ball hav-
ing a nominal diameter of 10 cm with cross and lengthwise 
fins both inside and outside the balls. The cosmoball car-
riers had a particular biofilm shielded surface area with a 
bulk volume of 160 m2/m3 and a 65% filling ratio suggested 
by the manufacturer (trademarked by Pakar Management 
Technology/Malaysia). Fig. 1 illustrates the shape of the 
cosmoball biofilm carrier.
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2.1.4. Laboratory-scale reactor

The laboratory-scale biofilm cosmoball reactor had 
been installed in the real wastewater treatment plant 
(WWTP) at the hostel, earlier highlighted, and was pro-
duced of translucent PVC, consisting of various units, as 
shown in Fig. 2.

2.1.4.1. Feeding tank

The feeding tank was a 700-L circular plastic tank 
fabricated from HDPE, used to receive wastewater from 
the raw point of the wastewater treatment station before 
transferring to the reactor. Mixing inside the feeding tank 
was performed using a mechanical stirrer to produce 
homogenous sewage.

2.1.4.2. Peristaltic pump

A peristaltic pump (Heidolph Pumpdrive 5206) was uti-
lised in pumping the influent originating out of the feed-
ing tank into the reactor where the inlet was located in 
the anoxic zone. The pump with the flow rate of 5, 10 and 
20 L/h, and a plastic tube of 4 mm in diameter were used to 
supply the influent. The same type of peristaltic pump was 
used to recycle the flow from the top of the settling tank 
to the anoxic zone. The flow rate of this pump was 10, 20 
and 40 L/h.

2.1.4.3. Anoxic tank

In order to prevent algae growth, the reactor was 
wrapped in aluminium foil. The anoxic tank was fabricated 
from an acrylic sheet. The tank’s size and volume had the fol-
lowing dimensions; length, width, and depth of 26, 20 and 
50 cm (26 L net capacity), respectively, and a hydraulic reten-
tion time (HRT) at 1.5 h. During the denitrification process, 
which was carried out to achieve an anoxic environment, 
no oxygen was supplied to this zone.

2.1.4.4. Aerobic reactor

The aeration tank was fabricated using a 70 × 50 × 26 cm 
acrylic sheet with a working volume of 90 L and operated 

Table 1
Characteristics of raw sewage (average ± standard deviation)

Parameter Value

Biochemical oxygen demand (BOD), mg/L 150 ± 20
Chemical oxygen demand (COD), mg/L 290 ± 40
Total suspended solid (TSS), mg/L 120 ± 30
Volatile suspended solid (VSS), mg/L 84 ± 20
Turbidity, NTU 120 ± 40
Ammonium (NH3–N), mg/L 20 ± 3
Total phosphate, mg/L 6 ± 1.5
Temperature, °C 30 ± 3
pH 7 ± 0.2
Nitrite (NO2), mg/L 0
Nitrate (NO3), mg/L 0.4–0.9

Fig. 1. Cosmoball biofilm carrier.

Fig. 2. Illustration of the laboratory-scale cosmoball system.
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to follow three retention times of 6, 3 and 1.5 h. The reactor 
was filled with a 65% standard filling ratio of the cosmoball 
media for non-coated and coated media. At the bottom of 
the aeration tank, five air diffusers were installed to sup-
ply oxygen for the microorganisms. The dissolved oxy-
gen (DO) concentration was maintained above 2 mg/L 
inside the aeration tank to conserve the biofilm, thereby 
maintaining an optimal condition. The reactor used a fil-
tering system with an up-flow system in which influent 
was pumped to the top from the bottom of the reactor.

2.1.4.5. Settling tank

The settling tank made of plastic was used to collect 
the treated sewage. The dimensions of this tank varied 
depending on the flow with an HRT of 1.5 h.

2.2. Methods

2.2.1. Paint-spray-dry method

The cosmoballs were coated with GAC, sized between 
100 and 800 μm. Before applying the coating, the AC was 
thoroughly rinsed with purified water to remove any 
signs of ash that might obstruct their pores, followed by 
drying the AC at room temperature for 1 d. The epoxy 
method was used to synthesise the AC coating, which 
was performed by brushing the epoxy onto the HDPE as 
a foundation layer for the AC to adhere to before spray-
ing the AC onto the substrate (cosmoball). It was then left 
to dry for 3 h at room temperature. At last, a layer of AC 
having a thickness of 0.76 mm was applied to the surface. 
Fig. 3 shows the cosmoball before and after coating.

2.2.2. Start up of the laboratory scale

The non-coated cosmoballs were positioned in the 
aeration tank, with the lab-scale operating pump at a 
flow rate of 5 L/h; the same process for coated cosmob-
alls. Given that actual civic wastewater was utilised for 
this experiment, the variability in the wastewater qual-
ity was anticipated, although what was not expected was 
the efficiency of the fixed removal process. Therefore,1 

week was given to enable the bacteria the chance to grow. 
The data collected concerning the performance in running 
the experiment performance was successfully performed 
following this period. The steady state was attained 
approximately after 25 d for the non-coated cosmoballs 
and 15 d for the coated cosmoballs.

2.2.3. Experimental plan

After the plant (i.e., unit) was stabilised, 2 to 3 exper-
iments each week were successfully conducted. Suja and 
Donnelly [29] gathered data following 14 days begin-
ning with the flow, which had altered to confirm stabil-
isation and acclimatisation of the biofilm under its new 
condition. Pedros et al. [30] for similar reasons, paused 
for 21 d. Both utilised the same attributes of wastewa-
ter. In another study, variable civic wastewater was used 
by Hameed et al. [31], with a waiting period of 10 d to 
compensate for any changes that might occur in biofilm 
behaviour. In this study, the variability of civic wastewater 
was used, although maintaining the static organic load was 
not justifiable. As such, the constant or static state condi-
tion of biofilm following each alteration of flow was not 
foreseen. This was similar to work by Hameed et al. [31]. 
However, despite that, a 7-d waiting period was used.

2.2.4. Analytical methods

The analysis was conducted once the samples arrived 
at the laboratory. The samples were collected in 2-L plas-
tic containers and immediately analysed for BOD, COD, 
total suspended solids (TSS), NH3–N, NO3, TP, VSS, pH, 
temperature, and turbidity at three locations, namely influ-
ent, anoxic, and effluent, in accordance with the standard 
method (5210) as articulated by the American Public Health 
Association (APHA) in determining BOD5, (5220 C) for 
COD, (2540 D) for TSS, (2540 B) for VSS (4500–NH–3 C) for 
ammonia nitrogen, (4500–P C) for the determination of TP 
following absorption [32].  Nitrate according to 4500 NO3, 
and DO concentration and pH, was also used in the deter-
mination utilising an O2 electrode in addition to a pH elec-
trode, respectively. In this experiment, the oxygen level 
that was dissolved (DO) was kept above 2 mg/L by contin-
uously supplying air to the aeration tank as recommended 
by several other researchers [33,34]. pH of the wastewa-
ter before treatment in the present research remained at 
approximately 7.2 ± 0.2.

The experiments were conducted to determine the 
impact of three different HRTs regarding the ability of the 
non-coated and coated media to remove organic matter 
and nutrients. The recommended HRT for the experimen-
tal setup was 6, 3 and 1.5 h, respectively, with a filling ratio  
of 65%.

3. Results and discussion

3.1. Removal of organic matter

3.1.1. Effect of HRT on BOD5 removal by non-coated and 
coated cosmoballs

The removal of organic matter is typically carried out in 
a secondary treatment plant and is one of the main targets 

Fig. 3. Cosmoball before and after coating.
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to achieve domestic effluent treatment [35]. This process 
is evaluated regarding the reduction of BOD5 and COD. 
The wastewater treatment using non-coated and coated 
cosmoballs was executed continuously for 123 and 92 d, 
respectively. Three HRTs were evaluated: 6, 3 and 1.5 h with 
a 65% filling ratio. Fig. 4 displays (a) the BOD5 concentration 
for non-coated cosmoball and (b) coated cosmoball.

The initial run (1) was operated for 102 and 46 d for 
the non-coated and coated balls, respectively, with an HRT 
of 6 h until steady conditions were attained. The steady-
state condition was assumed when the BOD5 concentra-
tion for 7–10 consecutive effluents did not vary by more 
than 10% [36].

The recorded average values of the BOD5 concentration 
for the influent were 118.3 and 134.6 mg/L for non-coated 
and coated balls, respectively. The average effluent BOD5 
concentration for the non-coated and coated balls with an 
HRT of 6 h reached 9.9 and 3 mg/L, respectively. The second 
run (2) was established when the flow was increased to 30 L/h 
(HRT = 3 h) and was operated for approximately 3 weeks for 
both non-coated and coated cosmoballs. During this period, 
the effluent concentration was increased to 19.2 mg/L for the 
non-coated balls and 8.08 mg/L for the coated balls due to 
the decrease in HRT (3 h) and 11.88 mg/L at a flow rate of 
60 L/h (HRT = 1.5 h) for the coated media, as shown in Fig. 
4b. The removal efficiencies for the non-coated and coated 
cosmoballs were 91.6% and 97.9% at the flow rate of 15 L/h, 
respectively, with a sufficient HRT of 6 h. Meanwhile, 
at a flow rate of 30 L/h, the BOD5 removal was reduced 
to 84% for non-coated balls and 92.9% for coated balls.

Here, the coated media attained a 91% removal effi-
ciency at the flow rate of 60 L/h (HRT = 1.5 h); the non-
coated media was not studied under a flow rate of 60 L/h 
(HRT = 1.5 h) since the effluent concentration at the flow 
rate of 30 L/h was almost similar to that of the Malaysian 
Standard (20 mg/L). Also, significant deterioration was 
evident given the short HRT of 1.5 h. On the other hand, 
the enhancement of cosmoball performance was evident 
when AC coated the media. Here, an improvement of 6.17% 
and 8.9% at a flow rate of 15 and 30 L/h, respectively, was 
achieved when coated media were applied in the aeration 
tank, as depicted in Table 2.

According to Chrispim and Nolasco [37], they used a 
moving bed biofilm reactor to treat grey water. The oper-
ating condition applied an HRT of 4 h, the ratio of fill-
ing was 14%, and the biofilm surface area was 490 m2/m3. 
The average BOD5 effluent concentration of 44.37 mg/L along 
with the consequent removal efficiency was 59%. Similarly, 
Valipour et al. [38] conducted a study to treat domestic 
wastewater using a miniature plastic packing matrix referred 
to as “Bio-cache”, which provides a surface area of 300 m2/
m3 with 100% filling ratio and at an optimum HRT of 2 h 
where approximately 88% BOD5 removal was achieved. 
However, based on the present study and the research 
conducted by other researchers, it can be concluded that 
using coated cosmoballs is a highly efficient system for the 
removal of BOD5 in which the removal efficiency between 
95% and almost 98% can be achieved for a BOD5 concentra-
tion up to 200 mg/L when the system is operated with an 
HRT of 6 h, and a removal efficiency up to 93% when the 
system is operated with an HRT of 3 h. Therefore, the coated 
cosmoballs justified that the percentage removal of BOD5 
was higher than that achieved by Chrispim and Nolasco 
[37], and Valipour et al. [38], given the roughness of the 
surface caused by the AC leading to the higher surface area.

From the discussion above, the removal efficiency 
fell as the HRT reduced, despite the extremely short time 
(HRT = 1.5 h) in the case of the flow rate at 60 L/h, the 
removal efficiency, which was significant, was observed 
when applying the coated media.

3.1.2. Effect of HRT on COD removal by non-coated and 
coated cosmoballs

As shown in Figs. 5a and b, the COD behaviour is sim-
ilar to that of BOD5 behaviour and displays the plots for 
COD concentration with the time depicted in the feeding, 
anoxic and effluent stage for both non-coated and coated 
balls. COD concentration in the feeding tank was recorded 
at 263 and 295 mg/L for non-coated and coated balls, respec-
tively. The COD concentrations for the effluent were 31.8 and 
23.5 mg/L at a flow rate of 15 L/h (HRT = 6 h) for the non-
coated and coated balls, respectively, and at a flow rate 
of 30 L/h (HRT = 3 h), the effluent concentration was 

 

(a) (b) 

Fig. 4. BOD5 concentration vs. time for (a) non-coated cosmoball and (b) coated cosmoball.
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increased to 56.6 mg/L for the non-coated balls and 
31 mg/L for the coated balls. At the flow rate of 60 L/h 
(HRT = 1.5 h), a slight declination of COD concentration 
was observed for the coated balls, recording 40.9 mg/L, 
which is still below the Malaysian Standard (A = 120 mg/L).

Table 3 presents the COD removal efficiency for the 
non-coated and coated cosmoballs. The overall efficiency 
of removal was established on the final effluent of the 
reactor. It was found that the average efficiency of COD 
removal was 88% and 92% for the non-coated and coated 
balls, respectively, for an HRT of 6 h, while at a flow rate of 
30 L/h (HRT = 3), a slight declination was observed for the 
non-coated balls with the efficiency decreasing to 76%; thus, 
exceeding the standard level due to the low HRT of 3 h. 
The high removal efficiency of 89% was observed with the 
same flow in which 86% removal efficiency was recorded 
for the coated media at a flow rate of 60 L/h (HRT = 1.5 h), 
maintained below the Malaysian Standard A.

It was also observed that the removal efficiency was 
high in the reactor containing coated cosmoballs and sta-
ble over 10 d compared with the reactor containing non-
coated cosmoballs reported to be stable over 30 d. As such, 
this suggests that the heterotrophic bacteria responsible for 
degrading the carbonaceous components were enriched 
in the coated part of the reactor given the vast area and 
roughness of the surface [39].

Several studies regarding the removal of COD from 
civic wastewater using attached media were recently con-
ducted. Zinatizadeh and Ghaytooli [40] examined two types 

of media, namely, Ring form and Kaldnes–3. The packing 
media used in the study was similar to the specific surface 
area of 500 m2/m3 with a 50% filling ratio; the experiments 
were performed with an HRT of 12 h in two parallel reactors. 
The highest COD removal efficiency was recorded at 85% 
and 88%, respectively.

Zhang et al. [41] in their study compared natural venti-
lation trickling filters and a range of carriers, namely, ceram-
site, zeolite and sponge, to treat civic wastewater. The filling 
ratios were 85%, 50% and 65%, with a specific surface area 
of 1,000; 300 and 700 m2/m3, respectively. The effectiveness 
of COD removal was recorded in the range of sponge > cer-
amsite > zeolite, associated with the particular surface 
area of these biofilm carriers. A COD removal efficiency of 
90% was achieved when using a suspended carrier biofilm 
reactor in treating synthetic civic wastewater with an HRT  
of 4 h [42].

Accordingly, by comparing this study on coated vs. non-
coated media and the studies reported by the other research-
ers, it can be concluded that the reactors with coated media 
provide an extremely efficient system for removing COD 
with a removal efficiency of 92% and 89% with an HRT of 6 
and 3 h, respectively. Likewise, 4% enhancement in perfor-
mance was recorded with an HRT of 6 h and an enhance-
ment in performance of 13% with an HRT of 3 h. This was 
better due to the effect of the coated balls on removing COD. 
Moreover, despite the extremely short HRT in the case of a 
flow rate of 60 L/h, the significant removal efficiency of 86% 
was achieved when coated balls were introduced.

Table 2
Average BOD5 effluent and removal efficiency

Hydraulic 
retention time (h)

Flow 
(L/h)

BOD5

Non-coated media Coated media Improvement (%)

Effluent (mg/L) Removal (%) Effluent (mg/L) Removal (%)

6 15 9.9 91.6 3 97.7 6.17% better
3 30 19.2 84 8.08 92.9 8.9% better
1.5 60 – – 11.88 91 –

 

(a) (b)

Fig. 5. COD concentration vs. time for (a) non-coated cosmoball and (b) coated cosmoball.
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3.1.3. Effect of HRT on TSS and VSS removal by coated and 
non-coated cosmoballs

Given the sloughing of biofilm in these affixed sys-
tems, causing frequent uncertainty or irregularity, the TSS 
was quantified as indicators of the system’s stability. Since 
TSS and VSS follow a similar trend, and VSS is almost 
80% of TSS, the results are combined. The concentration 
of TSS against the running time is illustrated in Figs. 6a 
and b for non-coated and coated cosmoballs, respectively. 
The average influent concentrations of TSS for non-coated 
and coated media were 121 and 144.5 mg/L, respectively. 
In contrast, the effluent concentrations of TSS were 8 and 
2.83 mg/L with an HRT of 6 h, and 17.4 and 7.21 mg/L with 
an HRT of 3 h for non-coated and coated media, respec-
tively, and recorded 9.6 mg/L when coated media was used 
with an HRT of 1.5 h.

As observed in the figures, the results are relatively 
stable from the first day of the process when the coated 
media was applied, though taking quite a while for the 
process when non-coated cosmoballs were used. There is 
no doubt that the roughness of the surface plays a key role 
in TSS removal since the TSS adhered more robustly to the 
coated surface compared with the smooth surface given the 
roughness of the AC coating.

Table 4 below shows the average TSS effluent and RE 
for the non-coated and coated cosmoballs, showing 92% 
and 98%, respectively, with an HRT of 6 h. This indicates 
an improvement of 6%, resulting in 86% and 95% efficiency, 
with an HRT of 3 h, 9% better removal. The improvement in 

TSS removal was due to the application of the AC coating, 
which can be seen even at an extremely short HRT (1.5 h), 
recording efficiency of 93%, using an HRT of 6 h in the 
non-coated media process.

In the biofilm system, biomass was attached to the car-
rier, where bacteria growing the biofilm expanded in thick-
ness, and consequently, flocs of bacteria began to disengage 
from the biofilm mainly due to the hydrodynamics. The flocs 
that had disengaged (VSS) then remained in the secondary 
clarifier generating secondary sludge.

Figs. 7a and b show VSS concentration, in which 
the average VSS concentration of influent was 84.2 and 
103 mg/L for the non-coated and coated media, respec-
tively. The VSS concentration of effluent for the non-coated 
and coated media was 5.75 and 2.44 mg/L, respectively; not 
a significant difference for an HRT of 6 h (flow = 15 L/h). 
The corresponding concentration for an HRT of 3 h 
(flow = 30 L/h) was 11.7 and 5.16 mg/L, resulting in a bet-
ter RE of 8% when coated media was introduced. Table 5 
summarises the average VSS effluent and RE of VSS by 
the non-coated and coated media. As mentioned earlier, 
94% and 98% removal was achieved, respectively, with an 
HRT of 6 h, recording a 4% improvement when the coated 
media was applied, and 87% and 95% improvement for an 
HRT of 3 h; achieving an improvement of 8% for the coated 
media. Even at an extremely low HRT of 1.5 h (flow = 60 L/h), 
92% removal could be achieved by the coated media.

According to El-Shafai and Zahid [43], they employed 
an up-flow biofilm reactor that was submerged comprised 

Table 3
Average COD effluent and removal efficiency

Hydraulic 
retention time (h)

Flow 
(L/h)

COD

Non-coated media Coated media Improvement (%)

Effluent (mg/L) Removal (%) Effluent (mg/L) Removal (%)

6 15 31.8 88 23.5 92 4% better
3 30 56.6 76 31 89 13% better
1.5 60 – – 40.9 86 –

 

(a) (b) 

Fig. 6. TSS concentration vs. time for (a) non-coated cosmoball and (b) coated cosmoball.
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of scoria at a 70% filling ratio to treat municipal wastewa-
ter. The hydraulic loading rate was varied between 3.5 and 
5.2 L/d while the TSS concentration was 175 ± 31 mg/L. The 
results of their work indicated that the effluent was 9 mg/L 
with a corresponding RE of 95%. Indeed, this was slightly 
higher and comparable with the TSS RE of 92% achieved 
in the current study when using non-coated media, though 
it was slightly lower than the TSS RE of 98% when coated 
media was used. In another study, where domestic waste-
water was treated in an Moving Bed Biofilm Reactor, a 
TSS RE of 76.5% was reported by Andreottola et al. [44].

The TSS and VSS removal mechanism when using a 
coated surface is considered a natural process. In this situ-
ation, particles bond or adhere to the coated surface given 
the high surface roughness compared with the smoother sur-
face of the non-coated surface media.

Nevertheless, based on the results of using media non-
coated and coated media, it can be concluded that the 
TSS and VSS RE from 4% to 9% was better when coated 
media was used compared with non-coated media and 
of previous studies cited in the literature. This could be 
attributed to the high surface area in addition to higher 
surface roughness.

3.2. Removal of nutrients

3.2.1. Effect of HRT on ammonia removal by coated and 
non-coated cosmoballs

Concerning nitrogen removal, in this experiment, the 
influent NH3–N concentration ranged between 14 and 
26 mg/L for both coated and non-coated media, with a mean 

Table 4
Average TSS effluent and removal efficiency

Hydraulic 
retention time (h)

Flow 
(L/h)

TSS

Non-coated media Coated media Improvement (%)

Effluent (mg/L) Removal (%) Effluent (mg/L) Removal (%)

6 15 8 92 2.8 98 6% better
3 30 17.4 86 7.21 95 9% better
1.5 60 – – 9.6 93 –

 

(a) (b)  

Fig. 7. VSS concentration vs. time for (a) non-coated cosmoball and (b) coated cosmoball.

Table 5
Average VSS effluent and removal efficiency

Hydraulic 
retention time (h)

Flow 
(L/h)

VSS

Non-coated media Coated media Improvement (%)

Effluent (mg/L) Removal (%) Effluent (mg/L) Removal (%)

6 15 5.75 94 2.44 98 4% better
3 30 11.7 87 5.16 95 8% better
1.5 60 – – 6.83 92 –
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effluent concentration of 5.6 mg/L and an HRT of 6 h, which 
dramatically increased with an HRT of 3 h (flow 30 L/h), 
recording 15.2 mg/L when non-coated media was used 
(Fig. 8a). However, when coated media was introduced at 
a flow rate of 15 L/h, the effluent was recorded at 2.1 mg/L 
with a slight decline observed at a flow rate of 30 L/h 
(HRT = 3 h), in which the concentration of 5.4 mg/L was 
observed to be slightly higher than the Malaysian Standard 
(A = 5 mg/L). However, significant deterioration was 
observed using a flow rate of 60 L/h, given the extremely 
brief HRT of 1.5 h, as shown in Fig. 8b.

For non-coated media, during the initial stage, including 
the following 20 d, the recycle flow from the top of the clari-
fier tank to the anoxic zone was 50% (half that) of the in-flow 
rate. However, a surprising reaction then occurred, and the 
ammonia concentration of the effluent was higher than that 
in the influent. The removal recorded was less than zero 
(0), as reflected in Fig. 5a. Following 20 d, the recycle flow 
increased from 50% to 100% for 25 d, and the RE improved 
slightly to around 15%, which is considered quite low. The 
recycle flow was then increased to 200% of the influent, and 
the improvement in RE resultantly became much higher at 
69% with an HRT of 6 h and 23% with an HRT of 3 h, as 
shown in Fig. 9a.

Indeed, this issue was avoided when coated media was 
used by making the recycled flow from the top of the clari-
fier to the anoxic tank 200% of the in-flow rate to achieve the 
denitrification process. Fig. 9b shows that the RE achieved 
was much higher compared with non-coated media was 
used, which recorded 88%, 67% and 36% with an HRT of 
6, 3 and 1.5 h, respectively.

As mentioned earlier, regarding Figs. 8a and b, the 
ammonia concentration in the final treated wastewater in 
the aerobic zone was shown to be the lowest compared with 
the concentration in the anoxic effluent. This was due to the 
nitrification process, which occurred in the aerobic zone. 
Thus, ammonia nitrogen was oxidised to nitrate over nitrites, 
and complete nitrification occurred. Here, ammonia and 
nitrites nitrogen were removed, producing nitrate.

Table 6 summarises the average ammonia effluent and 
RE. Here, an improvement of 18.8% and 44.4% at 6 and 3 h 
retention time was achieved when coated media was used. 
Throughout the experiment, it can be seen that the reactor 
performed significantly better when using coated media 
than non-coated media.

Fig. 10 depicts the nitrate concentration for the treat-
ment plant when coated and non-coated media were used. 
It clearly shows that the nitrate concentration decreased 

(a) (b)  

Fig. 8. Ammonia nitrogen concentration vs. time for (a) non-coated cosmoball and (b) for coated cosmoball.

 

(a) (b)  

Fig. 9. Ammonia nitrogen removal by (a) non-coated cosmoball and (b) coated cosmoball.
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in the anoxic zone and increased in the aerobic zone. 
The nitrate concentration was twofold higher in the aero-
bic zone than in the anoxic zone. This was due to the trans-
formation to nitrate from ammonia in addition to nitrite to 
nitrate, which occurred during the denitrification process, 
reducing nitrate to nitrogen gas. Similarly, recirculation 
played a key part in carrying mixed liquid between the 
aerobic and anoxic zones. The results show that the high-
est amount of nitrate in the aerobic zone was due to the 
production of nitrate in the nitrification process.

Furthermore, with an HRT of 6 h, the concentration of 
NO3–N increased from the anoxic to the aerobic zone from 
3.65 to 7.1 mg/L and from 3.49 to 5.95 mg/L for the non-coated 
and coated media, respectively. The percentage of ammonia 
removal was 67% and 88% for the non-coated and coated 
media, respectively. For an HRT of 3 h, the nitrate concen-
tration increased from the anoxic to the aerobic zone from 
0.57 to 2.16 mg/L and from 1.4 to 3.36 mg/L for non-coated 
and coated media, respectively. This clearly shows that a 
decrease in HRT will decrease nitrate concentration given 
the decrease in ammonia removal. In contrast, 85% and 80% 
NH4–N removal were obtained by Ahmed et al. [45] with an 
HRT of 24 and 18 h when using cosmoballs to treat textile 
wastewater. They concluded that for any further decrease 
in the HRT, it would result in a gradual reduction in RE.

Likewise, several other researchers mentioned that nitri-
fication would never reach 100% since the aeration time 
would be exceedingly short to allow nitrification [45–47]. 
The reason given may support the result obtained in the cur-
rent study, in which the highest percentage of nitrification 
achieved was 69% and 88% for non-coated and coated media, 

respectively. Therefore, the highest nitrification efficiency 
achieved with coated media was related to the high HRT, 
which was conducive to good growth of nitrifying bacteria 
given the high surface area and high surface roughness.

3.2.2. Effect of HRT on total phosphorus (TP) removal by 
coated and non-coated cosmoballs

Fig. 11a shows the concentration of phosphorus vs. 
time for a monitoring period of 4 months when non-coated 
media was used. Fig. 11b shows the concentration of phos-
phorus vs. time (92 d) when coated media was used. The 
average influent concentrations were 5.17 and 5.01 mg/L 
for non-coated and coated media, respectively. In the 
anoxic part of the reactor where non-coated media with 
an HRT of 6 h (flow = 15 L/h) and 3 h (30 L/h) was used: 
the average TP concentrations for each respective HRT 
were 3.10 and 3.55, while for coated media it was 1.03 and 
0.91 and 1.62 mg/L with an HRT of 1.5 h.

Moreover, the effluent concentrations when non-coated 
media was used were 2.73 and 3.01 mg/L for an HRT of 6 
and 3 h, respectively. However, there was a noticeable drop 
in these values when coated media was introduced in the 
aeration tank; the values were 0.52 and 0.59 mg/L, respec-
tively. Therefore, it is evident that AC plays a significant part 
in improving the reactor’s performance, even at a low HRT 
of 1.5 h (flow = 60 L/h) when the concentration fell below 
the Malaysian Standard (A = 1 mg/L), achieving 0.92 mg/L.

Table 7 shows the average TP effluent and RE. Here, 
phosphate removal efficiencies were exceptionally low, at 
around 47% and 36% at a flow rate of 15 L/h (HRT = 6 h) and 
30 L/h (HRT = 3 h), respectively, using non-coated media. 
This low percentage was anticipated given no chemicals 
were added to the system, and no alternative methods were 
used, such as biological treatment for phosphorus removal. 
However, as suspended solids in wastewater contain 
phosphates, similar to body waste and food deposits [31], 
it is anticipated that low removal of phosphate would be 
obtained by eliminating those solids from the wastewater. 
Although the removal rate was beyond expectation, 89% 
and 88% at a flow rate of 15 L/h (HRT = 6 h) and 30 L/h 
(HRT = 3 h), respectively. Even at a high flow rate of 60 L/h, 
this removal only slightly decreased to 82%, given the 
short HRT of 1.5 h when coated media was used without 
adding any chemicals.

Even though a significant improvement of 42% and 
52% can be seen in Table 3 with a HRT of 6 and 3 h due to 
the coated media application being extremely poor, Boki  

Table 6
Average ammonia effluent and removal efficiency

Hydraulic 
retention time (h)

Flow 
(L/h)

Ammonia removal

Non-coated media Coated media Improvement (%)

Effluent (mg/L) Removal (%) Effluent (mg/L) Removal%

6 15 5.6 69.2% 2.08 88% 18.8% better
3 30 15.1 22.6% 5.43 67% 44.4% better
1.5 60 – – 12.3 37% –

 
Fig. 10. Nitrate concentration under feeding, anoxic and aero-
bic conditions when coated and non-coated media were used at 
HRT of 6 and 3 h.
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et al. [48] stated that the rate of phosphate adsorption on 
AC increases with increasing pore volume. There is no 
doubt that this high removal percentage is due to AC, which 
serves as an adsorbent via the adsorption process resulting 
from the higher surface area and pore volume.

3.3. Effect of HRT on turbidity removal by coated and 
non-coated cosmoballs

The results of the turbidity removal for all exper-
iments are presented in Table 8, showing that the aver-
age turbidity concentration for the influent is 114.3 and 
126.7 NTU for non-coated and coated media, respectively. 
On the other hand, the effluent concentration varied 
depending on the HRT. Here, the turbidity concentration 
for the effluent is 4.29 and 3.10 NTU for the flow rate of 
15 L/h (HRT = 6 h) for non-coated and coated balls, respec-
tively. For the flow rate of 30 L/h (HRT = 3 h), the concen-
tration was recorded at 9.7 and 3.74 NTU for non-coated 
and coated balls, respectively.

As shown in the table, the intensity of turbidity at the 
coated media remains better for coated media at an HR of 
3 h than 6 h for the non-coated media, thereby confirming 
that AC can adsorb the cloudy colour in wastewater. For 
a flow rate of 60 L/h, the turbidity increased from 3.7 to 
7.76 NTU for the coated media, given the low HRT of 1.5 h. 
The overall RE was determined according to the final efflu-
ent of the reactor. It was found that the average efficiency 

of turbidity removal was 96% and 98% for the non-coated 
and coated balls, respectively, with an HRT of 6 h, while 
with an HRT of 3 h, the respective efficiency was 91% and 
97%. The lowest removal percentage was recorded at a flow 
rate of 60 L/h given the short HRT of 1.5 h, which was 94% 
for the coated media. Therefore, an improvement of 2% and 
6%, respectively, was shown when coated cosmoballs were 
introduced. Hameed et al. [31] achieved a 60% RE increasing 
to a flow rate of 18 L/min when a tannin-based agent was 
introduced as a coagulation and flocculation process.

3.4. Effect of temperature, pH and DO on water quality

As with all bacterial activities, nitrification and denitri-
fication are profoundly affected by temperature, pH, and 
dissolved oxygen (DO) concentration. The ambient tempera-
ture in this research was set at 30°C ± 3°C. Yan and Hu [49] 
observed accelerated nitrification at a temperature between 
15°C and 35°C, while Shahot et al. [50] observed the quality 
of effluent of the activated sludge process at two different 
temperature ranges, 10°C–15°C and 25°C–30°C and found 
that higher efficiency was recorded during the high-tempera-
ture season. Other researchers likewise reported observing 
an enhanced nitrification process at a higher temperature 
[36–51].

Sensitive organisms, such as nitrifying bacteria, are 
exceedingly vulnerable to a broad range of inhibitors. For 
instance, DO is one of the main factors affecting bacterial 

 

(a) (b)  

Fig. 11. TP concentration vs. time for (a) non-coated cosmoball and (b) coated cosmoball.

Table 7
Average TP effluent and removal efficiency

Hydraulic 
retention time (h)

Flow 
(L/h)

TP

Non-coated media Coated media Improvement 
(%)Effluent (mg/L) Removal (%) Effluent (mg/L) Removal (%)

6 15 2.73 47% 0.52 89.6% 42% better
3 30 3.01 36% 0.59 88% 52% better
1.5 60 – – 0.92 82% –
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activities. The use of non-coated and coated media in the aer-
ation tank resulted in a DO concentration ranging between 
2.16 and 4 mg/L for non-coated media and between 2.5 
and 5 mg/L for coated media. While in the anoxic zone, the 
concentration varied from 0 to 0.39 mg/L. The variation in 
DO in this study is illustrated in Figs. 12a and b for non-
coated and coated media, respectively.

Accordingly. based on this study and studies carried 
out by other researchers [33,34], one can conclude that 
DO concentration is an important parameter affecting 

nitrogen removal. For instance, a concentration between 2 
and 4 mg/L is required to achieve nitrification and to avoid 
the possibility of oxygen limitation.

Figs. 13a and b show the pH reading in the feed, anoxic, 
and aeration tanks of wastewater. The average pH in the 
influent, anoxic and aerobic tanks when non-coated media 
was used was 7.20, 6.93 and 6.81, respectively. In contrast, 
when coated media was used, the average pH was 7.13, 
6.96 and 6.82 for influent, anoxic, and aerobic tanks, respec-
tively. It is evident that for both non-coated and coated 

Table 8
Average turbidity concentration and its removal

Hydraulic 
retention time (h)

Flow 
(L/h)

Turbidity (NTU)

Non-coated media Coated media Improvement

Effluent (NTU) Removal (%) Effluent (NTU) Removal (%)

6 15 4.29 96 3.10 98 2% better
3 30 9.7 91 3.74 97 6% better
1.5 60 – – 7.76 94 –
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Fig. 12. DO concentration for (a) non-coated and (b) coated media.

 

5

5.5

6

6.5

7

7.5

8

0 20 40 60 80 100 120 140

pH
 v

al
ue

Running time (d)

Influent Anoxic Aerobic

5

5.5

6

6.5

7

7.5

8

0 20 40 60 80 100 120

pH
 v

al
ue

Running time (d)

Influent Anoxic Aerobic(a) (b)  

Fig. 13. Variation of pH with time for (a) non-coated and (b) coated media.



167K. Shahot et al. / Desalination and Water Treatment 230 (2021) 155–168

media, the pH is higher than the feeding tank. However, 
the net decrease in pH in this study might be due to the 
removal of acidic compounds.

Nevertheless, as with other biological processes, 
nitrification is strongly affected by the pH of the system. 
Numerous studies have shown that the concentration 
of hydrogen ion is an important factor in nitrification. 
Nitrification typically decreases as the pH decreases and 
stops completely when the pH is less than 5. An investi-
gation carried out by Qasim [34] found that the optimum 
pH for both nitrosomonas and nitrobacter organisms was 
between 7.2 and 8.5, and nitrification practically stopped 
when the pH was less than 6.3.

However, the results of this study indicate that the fin-
ishing pH of effluent under variable operational conditions 
was not more than the allowable threshold for standard A 
according to the discharge standards for Malaysian inland 
waters where the pH value needs to reside between 6 and 9.

4. Conclusion

The improvement of the biofilm reactor due to AC coat-
ing on the cosmoballs was evident. The highest removal 
of TP was achieved with the coated cosmoball reactor 
achieved over 90% removal, while non-coated cosmoballs 
only removed 54.6% of TP. For organic removal, the coated 
cosmoballs achieved 97.6% BOD, 92.2% COD, 98% turbid-
ity and 98.3% TSS compared with non-coated cosmoballs 
that achieved 91% BOD, 87.8% COD, 96% turbidity and 
92.47% TSS. Notably, ammonia removal was found to be 
significantly higher for coated cosmoballs, 88.1% NH3–N, 
in contrast to non-coated cosmoballs, 69.2% at an optimal 
HRT. However, even at the short retention period of the 
coated cosmoballs reactor (1.5 h), the system showed a rel-
atively high potential to remove 91% BOD, 86% COD, 93% 
TSS, 92% VSS, 94% turbidity, 82% TP and only 37% for  
NH3–N.

Therefore, in conclusion, the results of this study 
suggest that coated cosmoballs are promising media to 
improve the performance of biological treatment. Although 
given this enhancement, coated cosmoballs could enhance 
the weak-performance of treatment facilities for wastewa-
ter or achieve compact treatment. The performance with an 
HRT of 3 h when coated media is applied is similar to the 
performance with an HRT of 6 h when non-coated media 
is used.
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