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Abstract 
Wastewater management and purification remain one of the greatest prob-
lems of mankind. The biological wastewater treatment technique uses a bio-
film media carrier where microorganisms attach themselves to the surface. 
This biofilter is usually made from virgin plastic pellets and can also be pro-
duced from recycled waste plastic and used in wastewater treatment. The 
need to treat water using low-cost carrier media has led to finding alternative 
sources of materials for biofilter manufacturing. Therefore, this work is cen-
tered on the recycling of waste plastic to make filaments which are then used 
for 3D printing of a high specific surface area (SSA) less clogging biofilm car-
rier through the parametric redesign. In the current study, the polypropylene 
material was recycled to make a 2.85 mm diameter filament compatible with 
the Ultimaker S3. Moreover, analytical models and governing equations were 
developed for the design of the K3 Kaldnes and MB3 media. Empirical sur-
face area (SA), specific surface area, and volume of the respective carriers 
were determined using the model developed. SolidWorks was used to design 
and evaluate the same parameters which were then compared to model re-
sults. The errors in SSA obtained from the model with respect to the Solid-
Works results for both the K3 Kaldnes and MB3 media were 0.34% and 0.76% 
respectively. With these small error margins, the model can serve as a tool 
and guideline for the designing of cylindrically shaped carriers. By transform-
ing plastics into biofilters, waste plastics are mopped up reducing pollutions. 
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Consequently, the deployment of such biofilters will enhance efficient waste-
water treatment for a cleaner environment and the wellbeing of human race. 
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Specific Surface Area, Recycling, Cylindrically Shaped Carriers, Clogging, 
Passage Diameter 

 

1. Introduction 

Pollution remains one of the world’s critical problems major sources of water 
contamination which leads to water pollution are oil pollution, atmospheric de-
position, global warming, radioactive waste, underground storage leakage, in-
dustrial waste, marine dumping, sewage and wastewater [1]. If appropriate and 
efficient methods are not used in mitigating these pollutions, it could result in 
illnesses, death of mankind, and other marine habitats. Physical, mechanical, 
chemical, and biological methods are used in wastewater treatment. The biolog-
ical technique is achieved by using biofilm media carriers produced from virgin 
plastic pellets. These pellets are extruded to make standard filaments for the 3D 
printing of biofilters. Therefore, in the recycling of plastics, the plastic wastes are 
collected, processed, then ground to make pellets [2]. Although most plastics can 
be recycled, not all recycled plastics can be used to make filaments. There are 
generally seven categories of plastic generally recycled which include low-density 
polyethylene (LDPE), polyethylene terephthalate (PET), primarily polycarbonate 
(PC), high-density polyethylene (HDPE), polyvinyl chloride (PVC), polypropy-
lene, and polystyrene (PS) [3] [4]. 

In order to achieve efficient wastewater treatment, two factors are considered. 
These include factors during the design phase and those during the treatment 
process. The specific surface area (SSA) is one of the key parameters which 
should be considered in the design of any carrier media. Besides, several other 
factors such as porosity, clogging, toxicity, void ratio, dynamics, density, surface 
roughness, passage diameter are considered in the design process to make sure 
the biofilters have a higher SSA but are less susceptible to clogging. Various re-
searchers have tried to optimize the design of these carrier media with respect to 
the aforementioned factors, but most biofilters manufactured undergo clogging 
during operation and this reduces the efficiency of the wastewater treatment 
system [5] [6].  

The primary plastic materials used for fused deposition include polypropylene 
(PP), polycarbonate, acrylonitrile butadiene styrene (ABS), polyamide, and po-
lyethylene (PE) [5] [6] [7] [8]. Most materials in existence can act as biofilm car-
rier media. In the selection of the best material, the chemical properties of the 
material should not compromise and hinder the growth of the microorganisms. 
In their study, Martinez-Huerta, et al. [9] concluded that thermoplastic poly-
mers like polyethylene (PE), polypropylene (PP) or polystyrene (PS) can be used 
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to manufacture biofilm carriers since they offer the best mechanical, physical 
and chemical properties during wastewater treatment. Moreover, the lifespan 
and usage of PE and PP are between 10 - 15 years and are preferred to be used as 
carrier media since they are also relatively cheaper [10]. Even though high den-
sity polyethylene (HDPE) is extremely resistant to corrosion, PP despite having a 
lower density is most rigid and maintains the shape of the carrier at tempera-
tures even more than 100˚C [9]. Most biofilters manufactured are from virgin 
pellets and there is still an opportunity to explore biofilter materials manufac-
tured using recycled plastic materials. 3D printing filaments can be fabricated 
from these recycled plastic pellets. In this research work, recycled PP plastic is 
used to make pellets. These pellets are then extruded to make a 2.85 mm stan-
dard filament diameter for 3D printing of carrier media.  

The SSA is the most critical factor in the design of biofilm carrier media be-
cause this factor is associated with clogging when the SSA is very high SSA. The 
SSA is the most important factor that determines the performance of the biofilm 
carrier in the MBBR (Moving Bed Biofilm Reactor) system and it is expressed as 
the ratio of the total surface area to the bulk volume [9] [10] [11] [12]. A higher 
SSA is favorable because it enables more microorganisms to attach themselves to 
the surface for enhanced bio decomposition of the wastewater. Gabriel, et al. [5] 
suggested that, the efficiency and performances of the available commercial car-
rier media can be increased by altering the media design through topology opti-
mization thereby improving the SSA.  

Since the SSA is directly proportional to clogging, the aspect of clogging 
should be considered in the design phase. This is basically the blockage of the 
pore spacing of the biofilm carrier media which reduces the efficiency during the 
wastewater treatment process. Usually, if the spacings of the interior cavities are 
less than the passage diameter (d), clogging will occur. This phenomenon is 
mainly influenced by the growth of biofilm and solids particles present in the 
wastewater. In the presence of excess biofilm growth, the internal cavity pores 
will be filled with biofilm leading to clogging [8] [13]. In addition, lack of pri-
mary treatment on the wastewater to remove initial suspended solid particles 
leads to blockage of the internal cavities resulting in clogging. Research has been 
conducted to find ways of minimizing this phenomenon which is always com-
mon during the MBBR treatment process. Elliot et al. [6] considered the clog-
ging of the spherical gyroid and estimated that the minimum hole or passage 
diameter should be 1500 µm. The minimum passage diameter that results in mi-
nimized clogging should be 2.5 mm for cylindrical carriers [9]. From this basis, a 
mathematical model can be developed for the design of cylindrical carriers. In 
the current study mathematical models and governing equations were developed 
for the design of both the MB3 and K3 Kaldnes carrier media.  

The dynamics and buoyancy of the carrier media are another factor to be con-
sidered. It should be able to maneuver and rotate easily throughout the entire 
MBBR tank. This will allow ease of rotation in all directions in the tank. The 
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flow velocities in the inner face of the carrier media is dynamically altered by the 
geometry and orientation [14]. Generally, smaller biofilters are more efficient 
than bigger biofilters as the interaction volume is higher in small sized biofilters. 
Studies have shown that bacteria can attach on porous and non-porous media 
characterized by unique shapes, cylindrical with hollow duct, spherical, granular, 
flat chip, disc-shaped, star-shaped, fibrous, ellipsoid shaped, parabolic shape, 
cubic, hollow square spiral, spindle shape, and O ring. Most of these shapes have 
a hollow duct to increase active mass transport area [15] [16]. It is commonly 
known that two carrier media of different sizes can have the same SSA, but the 
one with the small size is preferred for the wastewater treatment exercise. This is 
because, the smaller the size of the carrier media, the higher the surface area and 
the higher the interaction volume during the wastewater treatment process. 
Since the size and shape affect the dynamics of the media, these two factors do 
not seem to be significant as long as the effective surface area is the same [10] 
[15]. 

The technique used in the manufacture of the carriers is a critical factor and 
should be taken into consideration. Most carriers are manufactured using injec-
tion molding or extrusion of plastics because of their fastest and lower cost of 
production. Even though these methods are considerably cheaper and faster, 
they are most efficient for carriers with less complex shapes like the K1 Kaldnes 
and MB3 media. When it comes to carriers with more complex shapes and smaller 
sizes, injection molding is preferred since it provides a good surface finish, saves 
time and can manufacture more biofilters within a shorter period of time [7] 
[13]. Since material texture, roughness, and pore spacing affects the performance 
of the MBBR system, analysis of surface traces and these parameters are impor-
tant [11] [14] [17]. Different bacteria exist and the value of their average sizes 
must be less than the value of the surface roughness of the biofilter in order to 
ensure proper attachment to the surface. The average diameters of spherical and 
rod-shaped bacteria are 0.5 - 2.0 µm and 0.25 - 1.0 µm respectively [18]. Powder 
metallurgy is also used in the fabrication of carriers but the dynamic properties 
of the carriers will be hindered and this cannot be used in the MBBR system 
[19]. In this research, additive manufacturing of the biofilm carrier media 
through fused deposition modelling (FDM) technique is adopted. This method 
is chosen for the manufacture of biofilters because it is the most feasible additive 
manufacturing technique [20]. Authors in, [9] [11] [17] used 3D printing for the 
manufacture of their carrier media. Likewise, the computer-aided design (CAD) 
data obtained from the drawing allows modifications of the geometry and size to 
obtain carriers with different SSA which is one of the key reasons why FDM is 
preferred. Furthermore, the designed carrier media should have a void ratio of 
60% - 90% which is expressed as the ratio of the volume of voids to the volume 
of the solid biofilter [21]. In this study, PP pellets were extruded to make stan-
dard 3D printing filaments of 2.85 mm in diameter. These filaments were then 
used to make the biofilm carrier media through 3D printing technique which 
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produces a high surface roughness on the carriers as compared to other manu-
facturing techniques like injection molding, powder metallurgy, and extrusion. 
This high surface roughness will enhance the microorganisms to easily attach 
themselves to the surface of the carriers.  

Although research has been conducted in the design of biofilters, less work 
has been done in developing a mathematical model and governing equations for 
the design of the K3 Kaldnes and MB3 media. Moreover, determining parame-
ters like the SSA, SA, and the volume of a biofilter empirically is difficult, and 
most manufacturers use computer software to design carriers and obtain these 
parameters directly from the software. From this developed model, manufactur-
ers will be able to determine the SSA of a cylindrically shaped carrier media be-
fore designing it in the software. The model will assist in optimizing and de-
signing a biofilm carrier of any size and shape. Moreover, a mathematical model 
and governing equations were developed which can be used to calculate the SSA 
of any cylindrically shaped carrier. Governing equations were also obtained for 
these carrier media. The developed model for these media will help the designer 
and manufacturer to predetermine the SSA of any hand-sketched carrier draw-
ing before using the available software for designing and determining the re-
spective SSA.  

2. Materials and Methods 

Figure 1 shows the flowchart of the overall methodology. First is the selection of 
the best plastic material which was done with the aid of CES Edupack 2019 soft-
ware. Recycling of these plastics to produce pellets was done by Mr. Green Afri-
ca located in Nairobi, Kenya. The production of the 2.85 mm diameter filament 
was achieved using the single-screw extruder. The model development compris-
es mathematical and analytical formulas used in determining the SSA, SA and 
volume of the biofilter empirically. With the developed model, the design of 
these biofilm carriers was done using SolidWorks. Finally, the CAD data ob-
tained from the software was transferred to the Ultimaker S3 for 3D printing of 
these biofilters. 
 

 

Figure 1. The flowchart of the overall methodology. 
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2.1. Selection of the Best Plastic Material 

CES EduPack was used in analyzing the various material properties. The materi-
al selected in this research was based on several factors including recyclability, 
density, acidity, melt flow rate, and chemical properties in wastewater. These 
properties are found in CES EduPack software and the material which fulfilled 
all these conditions was selected. The physical, mechanical, and chemical prop-
erties of PET, PP, LDPE, PVC, PS, ABS, and HDPE were examined. The density 
was considered as the most critical parameter and the plastic with a density of 
10% lower than that of wastewater (1000 - 1050 kg/m3) should be selected. In 
addition, the chemical properties of the material to be selected like toxicity, acid-
ity, and reactivity the material should be conducive for biofilm growth. The melt 
flow rate and filament deposition of the plastics during printing should also be 
considered. In order to choose which material was suitable for this research, the 
elimination criteria method together with CES EduPack were adopted.  

2.2. Filament Production 

The single-screw extruder (SJ35, Zhangjiagang, China) that feeds the raw ma-
terial into the three different controlled heating zones with a die nozzle of 2.85 
mm diameter was used for filament production. PP pellets were extruded to 
make filaments of 2.85 mm diameter. The automatic metering unit sensor con-
trols the speed of the hauling-stepping motor and filament winding control unit 
to give a 2.85 mm standard diameter filament. By using the manual means, ran-
dom starting speeds for the screw extrusion speed, filament roller and winding 
speeds were chosen. Figure 2 below shows the SJ35 filament production line. 
First, the nozzle, barrel and feed cooling sections were first preheated to a set 
temperature of 180˚C, 170˚C, and 60˚C respectively. These temperatures were 
selected based on the manufacturer’s manual for the extrusion of PP pellets [4]. 
The machine was initially preheated so as to reduce blockage and to speed up the 
input material to melting process. In order to push the melted material up to  
 

 

Figure 2. The SJ35 filament extruder. (A): Hopper; (B): SJ35 filament extruder control 
unit; (C): Barrel; (D): Mold; (E) and (F): Water cooling system; (G): Hauling-stepping 
motor control; (H): Automatic metering unit; (I): Winding reel; (J): Filament winding 
control unit; (K): Filament temporarily storage unit. 
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the die nozzle the barrel screw speed was set at 10 rpm forward rotation. For 
each feeding time, a pre-weighed 200 g of granulated PP or HDPE pellets was 
fed into the barrel through the hopper when the preset temperatures were 
reached for the fabrication of these pellets. The water-cooling bath cools the 
temperature of the hot extruded filament which was then pulled off by the fila-
ment reducers at a speed of 200 mm/s. Finally, the extruded filament was wound 
up and spooled on the spooler rotating at a speed of 100 mm/s with the help of 
filament storage rollers. In order to obtain acceptable diameter ranges, the fila-
ment extrusion processing parameters were adjusted manually by changing the 
rotation speeds and temperatures and automatically by using the metering unit. 

2.3. Model Development and SSA Calculation for MB3 Media 

In deriving the governing equations for the MB3 media and K3 Kaldnes, the re-
lation between radius and the rest of the internal geometries and cavities were 
determined. The developed model parameters include feature thickness, nozzle 
size, and the passage diameter which were considered in setting up the models. 
The most common available divisions and geometries of the internal cavities are 
those in which the internal walls form a cross or alveolar structure. The external 
walls are sometimes covered with fins to reduce friction between the carrier and 
the walls of the reactor [7] [15] [16] [21] [22]. The 3D printed carrier media 
were used in the derivation of the model with the help of dimensions obtained 
from SolidWorks. In order to determine the SA, the media was subdivided into 
several sections then their respective SA was calculated. These SA were then 
summed up to give the overall total SA of the media. 

2.4. Design of Carrier Media 

From the group of cylindrically shaped carriers, the MB media and K families 
are widely known. It is easier to derive mathematical relations and governing 
equations for these shapes due to their simple design. Analytical models for 
complex designs carriers can also be developed based on their geometry. Thus, 
the MB3 media and the K3 Kaldnes designs were selected. These were designed 
based on the existing commercial media carriers. From the developed model, a 
2D hand sketch of these carriers was done with respect to the constraints like the 
passage diameter which must be more than 2.5 mm, the thickness of the nozzle 
which should be more than 0.1 mm based on the smallest printer nozzle availa-
ble [23]. The SSA of these carriers were then calculated based on the model re-
sults. These drawings were then designed using SolidWorks 2020 software and 
saved in STL (Standard Tessellation Language or Stereolithography) format. 
Their SSA, volume, and surface areas were also determined directly from the 
software.  

2.5. 3D Printing of Biofilm Carrier Media 

The dual extruder Ultimaker S3 (Zaltbommel, Netherlands) was used for the 3D 
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printing of the carrier media. The printing parameters like the infill density, 
layer height, printing temperatures were adjusted using the Ultimaker Cura 4.8.0 
open-source software. Recommended process parameters were obtained from 
the user’s manual [24]. These included the temperature, infill density, and others 
which were adjusted to suit the processing conditions for the PP material [4] 
[25] [26] [27]. Packing tape (sumo tape) was used to ensure sufficient adhesion 
of the printed material onto the printing bed during the process. Smaller nozzle 
diameters are preferred for the printing of small objects as they ensure adequate 
infill percentage, thus 0.4 mm which was the smallest available diameter was 
used during the printing process. In order to analyze the surface traces and sur-
face roughness of the biofilter, the Phase II SRG-4000 surface roughness tester 
(Penn Tool Co, USA) was used. The values were determined using the centre 
line average method to give Ra values, which is known as the arithmetic average 
roughness. In order to achieve this, the biofilter was divided into four different 
sections, the cross-section, the lateral view, the outermost feature crest, and the 
outermost feature trough.  

3. Results and Discussion 
3.1. Selection of Best Plastic Material 

Table 1 shows the properties of various materials used in the selection criteria. 
The material which fulfilled all the four conditions was selected. The recyclabili-
ty of these thermoplastics showed that they could all be recycled. Additionally, 
their durability in wastewater was excellent. Although PP, HDPE, and PVC had 
excellent chemical resistance and durability in wastewater, PVC was not selected 
due to extremely high density which would result in continuously sinking biofil-
ters. Clearly, only PP and HDPE were selected based the selection criteria and 
with emphasis on density. 

In order to select between PP and HDPE, granulated pellets of recycled PP 
and HDPE (supplied by Mr. Green Africa, Nairobi, Kenya) were further ana-
lyzed. Table 2 shows material properties of these pellets. 
 
Table 1. Selection criteria and material properties for thermoplastics. 

Material Density 
Chemical Resistance 

in wastewater 
Conclusion 

PP 900 - 909 Excellent Selected 

PET 1290 - 1390 Good Not selected 

HDPE 952 - 965 Excellent Selected 

ABS 1020 - 1080 Poor Not selected 

LDPE 917 - 932 Good Not selected 

PVC 1450 - 1560 Excellent Not selected 

PS 1040 - 1050 Good Not selected 
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Table 2. Material properties of PP and HDPE used in the study. 

Material 

Bulk density (g/cm3) 
Humidity 

(%) 

Pellet 
diameter 

(mm) 

Pellet 
width 
(mm) 

Melt 
flow rate 

(g/10min) AS-Man 
Lab 

Results 

Recycled 
PP 

0.574 0.590 0.137 5.036 2.016 
33.8 with 500 g 
weight at 230˚C 

Recycled 
HDPE 

0.618 0.621 0.143 4.54 3.21 
1.53 with 500 g 
weight at 230˚C 

 
In order to choose the best material between PP and HDPE, filaments of these 

two materials were manufactured and used for 3D printing. It was noticed that 
the melt flow rate of the HDPE was lower than that of PP. With this low level of 
the melt flow rate, the deposition of HDPE material during 3D printing was dif-
ficult. With this reason, PP was selected as the best plastic material. 

3.2. Filament Production Using Recycled PP 

In order to fabricate filaments within this acceptable range of 2.85 mm (±0.05), 
the automatic or manual techniques were adopted. The automatic metering unit 
sensor was used to control the speed of the hauling-stepper motor and filament 
winding control unit to give a 2.85 mm standard diameter filament which was 
used for the additive manufacturing process. By using the manual means, ran-
dom starting speeds for the screw extrusion speed, filament roller and winding 
speeds were chosen. The diameter of the filaments fabricated was within the ac-
ceptable standard diameter with tolerance of 2.85 mm (±0.05) [4]. This is also 
necessary as uniform filament feeding during the 3D printing process with the 
Ultimaker S3 is key to the printing process. As the filament was being extruded, 
it was passed through the cooling system, to the hauling-stepping motor, to the 
winding reel, then finally to the temporarily filament storage unit. The screw ex-
trusion speed was set and varied from 18 to 20 rpm to provide a uniform fila-
ment diameter of 2.85 mm. After the extrusion process, the fabricated filament 
was channeled through the filament storage rollers and wound up on a spooler 
at a controlled speed of 160 mm/s. In order to confirm the uniform 2.85 mm 
diameter, a vernier caliper was used as shown in Figure 3. 

3.3. Model Development and SSA Determination 
3.3.1. Mathematical Model and SSA Calculations for the MB3 Media 
In deriving the general equation to calculate the SSA and volume of the media, 
the biofilm carrier was subdivided into several sections, see Figure 4 and their 
individual surface areas were calculated.  

Considering the shape of the MB3 media to be cylindrical and where: 
The top features surface area: tfA , biofilter top surface gap area: tsgoA , biofil-

ter top surface gap area: tsgiA , side surface area for circle: csA , main polygon 
outer surface determination: poA , semicircular feature surface area: fcA , main  
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Figure 3. Verification of the filament diameter. 
 

 

Figure 4. 2D annotations for the derivation of the general equation for the MB3 media. 
 
polygon face surface: psA , semi-circle feature face area: cfA , short support 
surface area LsA , long support surface area LlA , main polygon inner surface 
areas piA , center polygon supports inside surface area pcisA , center polygon 
supports side area pcssA , center polygon outer surface area pcoA , center polygon 
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inner surface area pciA , center polygon side surface area pcsaA , center polygon 
inner features surface area rectangular pcirA , center polygon inner features 
surface semicircle pcirA , center polygon inner features surface side area of se-
micircle pcicA , center polygon inner features side surface areas rectangular: 

pcisrA . 
The biofilter total surface area is given by summing up all the above areas. 

Thus, 

T tf pcir tsgi tsgo cs po fc ps cf Ls Ll

pcis pcss pcis pci pco pcsa pcir pcic pcisr

A A A A A A A A A A A A

A A A A A A A A A

= + + + + + + + + + +

+ ++ + + + + + +
   (1) 

Volume is given by face surface area of media multiplied by its height (h)  

3MB TFSAV A h= × . 

The SSA is given by 

3
3

3

MB
MB

MB

SA
SSA

V
=                         (2) 

Moreover, the void ratio is given by 

3
3

S MB
RMB

S

V V
V

V
−

=                        (3) 

Volume of a cylinder 
2

SV r h= π                            (4) 

where SV  and 3MBV  represent the volume of the solid cylinder and volume of 
the MB3 media respectively.  

Considering the aspect of clogging, the minimum passage diameter should be 
more than 2.5 mm. Thus, the values of ( )1 2 0, , ,d s i cs s f L L L+ +  must be more 
than 2.5 mm to minimize clogging. 

3.3.2. Model Development and SSA Calculation for K3 Kaldnes Media 
Similarly, in deriving the general equation to calculate the SSA and volume of 
the K3 Kaldnes media, the biofilm carrier was also subdivided into several sec-
tions as shown in Figure 5 and their individual surface areas calculated.  

The top feature surface area: tfA , bio-filter top surface gap area: tsgoA , bio-
filter inner surface gap area: tsgiA , side Surface Area for circle: csA , main poly-
gon outer surface area determination poA , semicircular feature surface area: 

fcA , main polygon face surface psA , semi-circle feature face area cfA , the joint 
isosceles triangle surface area: JITA , short support surface area LsA , long Sup-
port surface area LlA , main polygon inner surface areas piA , center polygon 
supports inside surface area pcisA , center polygon supports side area pcssA , cen-
ter polygon outer surface area pcoA , center polygon inner surface area pciA , 
center polygon side surface area pcsaA , center shape joint isosceles side area 

pctA . 
The K3 Kaldnes total surface area is obtained by summing up all the individu-

al areas and is given by 
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Figure 5. 2D annotations for the derivation of the general equation for the K3 Kaldnes 
media. 
 

T tf tsgo tsgi cs po fc ps cf JIT Ls

Ll pi pcis pcss pco pci pcsa pct

A A A A A A A A A A A

A A A A A A A A

= + + + + + + + +

+

+

+ + + + + + +
       (5) 

Volume is given by face surface area of the K3 Kaldnes multiplied by the 
height (h). 

Bv TFSAV A h= ×                            (6) 

Moreover, the void ratio is given by 

3
3

S K
RK

S

V V
V

V
−

=                           (7) 

Volume of a cylinder 
2

SV r h= π                             (8) 

where SV  and 3KV  represent the Volume of the solid cylinder and volume of 
the K3 Kaldnes media. 

Likewise, considering the aspect of clogging, the minimum passage diameter 
should be more than 2.5 mm. Thus, the values of ( )1 2 , ,d s is s f L L+ +  and 0cL  
must be more than 2.5 mm to minimize clogging.  

In order to determine the accuracy of the model, the errors in SSA of the 
model result were calculated with respect to those obtained from the Solid-
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Works.  
The % error 

SSA from SolidWorks SSA from Model 100
SSA from SolidWorks

E −
= ×           (9) 

Table 3 shows the SA, diameter, volume, void ratio, height, and the minimum 
passage diameter for the MB3 and K3 Kaldnes media as guided by SolidWorks.  

The K3 Kaldnes had a void ratio of 66.39% and the MB3 media had a void ra-
tio of 67.14%. Generally, void ratios for these carriers should be between 60% - 
90%. These void ratios are within the acceptable range of the design of carrier 
media as reported by Bengston [21]. In the selection of the best plastic material, 
recycled PP pellets were selected for the fabrication of 2.85 mm diameter fila-
ments based on their physical, chemical, mechanical properties, and melt flow 
rate during the printing process. The density of the printed PP media was meas-
ured using the Archimedean immersion method and found to be 0.590/cm3. 
Two different designs, the MB3 media and K3 Kaldnes were both printed using 
Ultimaker S3. The SSA of MB3 media was higher compared to the K3 Kaldnes 
because the inner feature of MB3 is octagonal whereas the latter is hexagonal. 
The volume was calculated by multiplying the SSA with the height. The SSA ob-
tained from model development was compared to that obtained from Solid-
Works. Using Equation 9, the errors obtained were 0.34% for the K3 Kaldnes 
and 0.76% for the MB3 media, see Table 4. 

3.4. 3D Printed Carrier Media and Surface Characterization 

The two biofilm carriers MB3 and K3 Kaldnes were printed with the Ultimaker 
S3 from the 2.85 mm diameter recycled PP filament. The MB3 media took 32 
minutes to complete printing while the K3 Kaldnes took 25 minutes. This is 
mainly due to feature differences in the two designs. The printed K3 Kaldnes 
and MB3 media showed a high level of surface roughness which is important in  
 
Table 3. Specifications of the K3 Kaldnes and MB3 media adopted for 3D printing. 

Type of media 
Diameter 

(mm) 
Height 
(mm) 

Volume 
(cm3) 

Surface 
Area 
(cm2) 

Void 
Ratio 
(%) 

Minimum 
passage 

diameter (mm) 

MB3 media 25.00 12.00 1.835 66.654 67.14 3.63 

K3 Kaldnes 25.00 12.00 2.049 61.139 66.398 3.60 

 
Table 4. SSA of the MB3 media and K3 Kaldnes from both the software and model re-
sults. 

Type of carrier 
SSA from 

SolidWorks m2/m3 
SSA from 

model developed 
Error 
(%) 

K3 Kaldnes 2994.04 2983.84 0.34 

MB3 Media 3632.37 3660.19 0.76 
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the design phase of the biofilter [11] [14] [17]. From the several primary printing 
parameters, the infill density was set to 100% to obtain a fine and more denser 
media carrier (Figure 6).  

The values for the surface roughness (Ra) were determined using the centre 
line average method. Figures 7(A)-(C) show the Ra values for various sections 
in MB3 carrier media.  

The cross-section view shows the inner features and the average value for Ra 
was obtained to be 16.01 µm. The outermost feature crest and trough had the 
same Ra value of 13.00 µm. The lateral or horizontal Ra value was obtained to be 
3.90 µm. Table 5 shows the Ra values for the different sections of MB3 carrier 
media. 
 

 

Figure 6. 3D printed biofilm carrier media (A) and (B) are the top views of the K3 
Kaldnes and MB3 media respectively, (C) and (D) shows the corresponding side views of 
the same carrier media in that order. 
 

 

Figure 7. (A): Ra value of the outermost features; (B): Ra value of the lateral view section; 
(C): Ra value of the cross-section; (D): Bottom view of the SRG-4000 surface roughness 
tester. 
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Table 5. Surface roughness values for different sections of the biofilter. 

S/N Section of biofilter Ra value (µm) 

1 Cross section 16.01 

2 Lateral view section 3.90 

3 Outermost feature crest 13.00 

4 Outermost feature trough 13.00 

4. Conclusions 

This study shows that analytical models can be developed for cylindrically shaped 
carriers. Moreover, plastics can be recycled to make filaments for the printing of 
biofilm carrier media. The following conclusions can be drawn from this study: 

1) A mathematical model was developed for the derivation and calculation of 
the surface area, volume and SSA for both the MB3 and K3 Kaldnes media. The 
model developed will help the designer and manufacturer in geometry altera-
tions to obtain several shapes, sizes and different dimensions before designing it 
in the available software. 

2) The recycling of plastics will help reduce the level of plastic pollution and 
this recycling of plastic to produce filaments for 3D printing of biofilm carrier 
will additionally help in the efficient treatment of wastewater.  

3) The minimum value for the surface roughness was 3.90 µm for the MB3 
carrier media which was higher than the average size of the bacteria (0.5 - 1.0 
µm), thus the microorganisms can easily attach themselves to the surface of the 
media.  
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