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INTRODUCTION

Activated sludge process (ASP) has been playing an
important role in wastewater treatment to remediate organic
matters and other pollutants [1-3]. In this method, micro-
organisms metabolize organic compounds to derive energy
and synthesize new cells under aerobic conditions [4]. During
operation, most nutrients to feed micro-organisms are available
in wastewaters, so the main cost of ASP is relevant to the energy
consumption for aeration and oxygen supply. Therefore, ASP
is one of the most environmentally friendly water treatment
techniques, which is still paid much attention [5]. However,
this traditional biological process has a main disadvantage of
slow treatment rates that leads to long retention time of waste-
waters in treatment systems [6]. This inherent characteristic
limits the application of ASP in small areas due to its require-
ment of large construction spaces. To overcome this drawback,
ASP should be modified to increase the rate of pollutants treat-
ment. Recently, supporting materials have been used as biocar-
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riers, which can freely move in bioreactors under agitation
(aeration or mechanical mixing) [7,8]. In biological reactors,
biocarriers supply surface and space for microorganisms to
attach and accumulate [8]. That is the reason to name this process
as moving bed biofilm reactor (MBBR). It is reported that
MBBR has a considerable advantage over activated sludge
process such as high treatment rate and compact design [9,10].
Nowadays, a variety of biocarriers have been produced and
commercialized such as K1, K2, K3, Natrix, biofilm-chip from
AnoxKaldness (Sweden), Flocor RS and Flocor RM from
FLOCOR-Henderson Plastics Ltd (UK), BioSphere and Spira
from Seimens (USA) [11-13]. These products are mainly made
of plastics (PE, HDPE, PP). In Vietnam, a limited quantity of
these products is annualy imported and sold with high prices.
In order to reduce their cost, thereby enabling the wider appli-
cation of MBBR, this study aims at fabricating a novel biocarrier,
which was derived from wood-plastic composite and evalua-
ting its wastewater treatment performance in the lab-scale,
batch mode MBBR.
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EXPERIMENTAL

Preparation and characterization of wood-plastic
composite (WPC): In this study, WPC materials were manu-
factured from saw dust and high density polyethylene (HDPE).
The Oak saw dust was collected from Dai Mo carpentry village,
Tu Liem, Hanoi, Vietnam. The saw dust was grounded into
powder, screened through a 0.2 mm sieve and heated at 105
ºC until it was dried. HDPE (density = 0.97 g/cm3) was
collected from Minh Khai plastic village, Van Lam, Hung Yen,
Vietnam.

Composite samples were prepared using a single screw
extruder (from Industrial DILONG, China). The extruder was
set to work at mixing rates in the range of 85-90 rpm and
temperature of 160 ºC, which were considered as the best mixing
conditions via the screening experiments. Five different wood:
plastic mass ratios were investigated for WPC preparation as
presented in Table-1.

TABLE-1 
WOOD:PLASTIC RATIOS FOR COMPOSITE FABRICATION 

Sample name S30 S40 S50 S60 S70 
Wood powder, % by weight 30 40 50 60 70 
HDPE, % by weight 70 60 50 40 30 
 

The effect of wood:plastic ratios on the physico-chemical
properties of obtained composites was evaluated by measuring
tensile/flexural strengths, density and SEM.

Tensile/flexural strengths: After mixing, the materials
were compressed in flat form with a thickness of 3-4 mm (using
Carver CMG 30 H, compressing force = 5 tons, temperature =
150-160 ºC). The attained samples were cut into standard pieces
(L × W = 150 × 20 mm and L × W = 80 × 10 mm) for measure-
ment of tensile strength and flexural strengths, respectively.
The strengths were determined with Zwick Z2.5 machine
(Germany) at rate of 50 mm/min, whereas flexural strengths
were measured using ASTM DIN 53503 standard. Each measu-
rement was triplicated to get an average value.

Density measurement: Density of WPC was measured
using the water displacement method. Accordingly, a specimen
of WPC with a given weight (m = 20 g) was dipped into 100
mL volumetric cylinder containing 50 mL water. The volume
of the tested specimen was equivalent to the change of water
level in the cylinder. Then density (d) was calculated by follow-
ing equation:

2 1

m
d

V V
=

− (1)

where m is the weight of the tested specimen (g); V1 and V2

are water volumes in the cylinder before and after adding the
specimen (mL), respectively.

SEM: The microscopic morphology of composite samples
was observed with Tabletop Microscopes TM4000II, Hitachi,
Japan.

Moving bed biofilm reactor experiment

Biocarrier preparation: One of the most important
characteristics of a material for being used as a biocarrier is

the density. The density of the material should be lighter than
that of water to ensure the free movement of biocarriers in the
solution. This is the selection criterium of the optimum wood:
plastic ratio for the WPC production.

The HDPE biocarrier was also prepared for comparison
with WPC biocarrier. Both biocarriers were made using the
single screw extruder with a 2.5 mm round hole die. The formed
extrudate was then cut to form pellets with a diameter of 2.5
mm and a height of 3 mm (Fig. 1).

Fig. 1. Appearance of HDPE (A) and WPC (B) biocarriers

Bacteria source: To prepare for MBBR experiments, a
bacteria source was produced by raising bacterial germ (obtained
from Microtechnology and Environment Joint Stock Company,
Vietnam) in a 10 L reactor. A 100 g of germ was dissolved in
10 L of tap water and continuously aerated using a Hailea
ACO 208 aerator (25 W). The sludge solution was fed once
per day with a nutrient solution, which contained sugar, ammonia
and phosphate with the COD:N:P ratio of 100:5:1 and the initial
COD value of approximately 500 mg/L. Every day, soluble
COD and total COD values were analyzed. Subsequently,
bacteria concentration was calculated by the difference between
the total COD and soluble COD values. The sludge was trans-
ferred into moving bed biofilm reactors when the bacteria
concentration reached 3500 mg COD/L.

Kinetic experiment: The enhancement of wastewater
treatment in MBBR by using WPC as biocarriers was evaluated.
For comparison purpose, 02 lab-scale MBBRs were set up,
one MBBR was filled with WPC pellets, whereas the other
MBBR was filled with HDPE pellets. The volume of biocarriers
in one reactor accounted for 20% of its volume. The reactors
were made of transparent PVC tube with a diameter of 100
mm and a height of 400 mm. Oxygen was supplied using Hailea
ACO 208 aerator (25 W) with an air rate of 5 L/min. These
systems were run in the batch mode with bacteria concentration
of 3500 ± 150 mg COD/L. In the first 2 weeks, a nutrient solution
(COD:N:P ratio of about 100:5:1) was added to support the
adhesion and growth of bacteria on the surface of biocarriers.
This step was to maintain the constant bacteria concentration.

After starting period, the kinetics of COD, NH4
+, PO4

3-

removal were investigated. A mixture of nutrients was fed to
the bacteria in reactors before taking samples every day. In
the COD treatment experiment, the initial COD value was chosen
to be around 1000 mg/L. The pH of biological solution was
kept to be in the range of 7.0-7.5 by using 1 M sulfuric acid or
1 M sodium hydroxide. Organic treatment efficiency was eval-
uated by taking samples at time intervals of 20 min in 1 h after
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adding nutrients. Ammonia and phosphate are normally removed
at lower rates as compared to COD, hence their concentrations
were measured in every 2 h.

Analytical methods: To analyze the remaining concentra-
tions of organic, nitrogen and phosphorous in reactors, samples
were filtered through a 0.45 µm cellulose acetate membrane
filter (obtained from Advantec MFS) after collection. The COD
and NH4

+ concentrations were analyzed using 5220D and 4500
methods-Standard Methods for the Examination of Water and
Wastewater (20th edition). The phoshate ions was measured
using 365.3 method-USEPA. Each measurement was dupli-
cated to take average data. Bacteria concentration (expressed
by mg COD/L) was determined by subtracting dissolved COD
value from total COD value.

RESULTS AND DISCUSSION

Characterization of wood-plastic composite: Specimens
for determining tensile and flexural strengths are given in Fig. 2.
The obtained results of the strengths for different wood:plastic
ratios are presented in Fig. 3.

Fig. 2. Samples wood-HDPE composites for determining mechanical
strengths
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Fig. 3. Flexural/tensile strengths of WPC samples at different wood content

It is clear from Fig. 3 that both tensile and flexural strengths
decrease as increasing wood contents in the samples. Tensile
strength reduces 44% from 26.1 down to 14.5 MPa, flexural
strength reduces nearly the same size (45%) from 22.6 down
to 12.2 MPa. The impact of wood content on the strengths can

be explained by the incompatibility between wood and HDPE.
HDPE is a hydrophobic material, while wood has hydrophilic
property that causes weak adhesion between two components
[14]. However, theses strength values are good enough for using
WPC as a biocarrier, which is suspended and does not suffered
strong forces when moving in water.

Densities of composite samples with different ratios are
given in Table-2. It can be seen that the density is proportional
to wood content. The S30 and S40 samples were observed to
be lighter than HDPE. This result is due to the presence of air
bubbles inside these samples during mixing. The S50 sample
has nearly the same density with HDPE, d = 0.97 g/cm3. This
value meets requirement on density (d = 0.95-0.97 g/cm3) for
a material to be suspended in the biological solution. Hence,
wood:HDPE mass ratio of 1:1 (or 50%:50%) was chosen to
preparing WPC biocarrier.

TABLE-2 
DENSITY OF COMPOSITE SAMPLES  

WITH DIFFERENT WOOD CONTENTS 

Sample name S30 S40 S50 S60 S70 

Density 
(g/cm3) 

0.89 ± 
0.02 

0.94 ± 
0.02 

0.97 ± 
0.02 

1.10 ± 
0.03 

1.14 ± 
0.03 

 
Morphology of HDPE and WPC (50% wood) biocarriers

are presented in Fig. 4. While HDPE reveals a rather smooth
surface, WPC exhibited porous structure. This characteristic
can be considered as an advantage of WPC over HDPE as bio-
carriers since it favours the accumulation of bacteria in MBBRs.

MBBR treatment: Two reactors filled with HDPE and
WPC biocarriers were run in the same conditions as given in
Table-3. For each target pollutant, the kinetic experiments was
triplicated and the obtained data are presented as follows:

TABLE-3 
CONDITIONS FOR BIOLOGICAL EXPERIMENTS IN MBBRs 

Parameters Value 
Reaction volume (L) 2 
Bacteria concentration (mg COD/L) 3500 ± 150 
Biocarrier filling (vol. %) 20 
Aeration rate (L/min) 5 
pH  7.0-7.5 
Temperature (°C) 26 ± 1  
Initial COD (mg COD/L) for organic treatment 
experiment 

1000 ± 80 

Initial NH4
+ (mg N/L) for ammonia treatment 

experiment 
30 ± 1.5  

Initial PO4
3- (mg P/L) for phosphate treatment 

experiment 
5 ± 0.5 

 
Organic removal: The kinetics of organic removal was

investigated in 1 h after adding nutrients to the reacting reactors.
The variations of dissolved COD values versus time are
presented in Fig. 5a for HDPE biocarrier and Fig. 5b for WPC.
The obtained data confirm that the system worked stable in
triplicated experiments. A faster COD decrease was observed
in Fig. 5b. After 1 h, the COD treatment efficiency of WPC
based MBBR reached 86%, which was higher than that of HDPE
based MBBR (67%). Since two MBBRs were operated in the
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same conditions except for the biocarriers, the difference in
their COD reduction rates can be attributed to the character-
istics of biocarriers. Specifically, this can be explained by the
fact that the higher roughness/porosity of WPC as compared
to HDPE led to the better attachment of bacteria on the WPC
surface. Bacterial adhesion on the biomaterial surface plays
an important role in forming biofilms. It is reported that the
bacteria attachment is influenced by many properties of the
carrying materials, such as surface roughness, chemical comp-
osition, surface charge and hydrophobicity [15]. A rough surface
promotes the bacteria colonization and protects the biofilm
from the moving forces [15,16]. Moreover, the roughness
results in a large surface area for bacteria adhesion. Fig. 4 reveals
that WPC has a porous surface structure and higher roughness
degree as compared to HDPE. In respect of interaction, since
the heterotrophic bacteria, which are responsible for organic
treatment, are hydrophobic, they are favoured to interact with
non-polar surfaces [17]. In the WPC, HDPE was mixed well
with wood powder to create both hydrophobic (HDPE) and
hydrophilic (wood powder) surfaces. Hydrophobicity and
porosity made WPC to be a good material for heterotrophic
bacteria to adhere and develop.

To quantify the different between two tested biocarriers,
a simple kinetic model, the first-order kinetic law, was applied
to model COD removal:

0

C
ln kt

C

 
= −  

 
(2)

In which: 
0C andC are average COD values at initial

and time t; k is the first order rate constant.

The plots of 
0

C
ln

C

 
  
 

 versus t are presented in Fig. 6. The

obtained straight lines indicate that the first-order kinetic model
is appropriate for describing the COD treatment in this study.
The rate constants were slopes of these lines, which were 0.0343
and 0.0177 min-1 for WPC and HDPE biocarriers, respectively.
It means that the reaction rate of WPC was two-fold higher
than that of HDPE.

Ammonia removal: In aerobic conditions, ammonia is
not only utilized to build new biomass but also biologically
oxidized to nitrate. Nitrification occurs in 2 steps by ammonia
oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB)
[18]:

Fig. 4. SEM images of HDPE (a) and WPC (b) biocarriers
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Step-1:
 sp

4 2 2 22NH 3O 2NO 4H 2H O energy+ − ++ → + + +Nitrosomonas

Step-2:
 sp

2 2 32NO O 2NO energy− −+ → +Nitrobacter

The treatment of ammonia in MBBR is mainly contributed
by these kinds of bacteria. Unlike hydrophobic property of
organic oxidizing bacteria, both AOB and NOB were reported
to be hydrophilic [19]. Wood consists of cellulose, hemicellu-
lose and lignin, which contain many polar groups (–OH, –COOH)
in their molecular structures. Therefore, wood component is
expected to make WPC to be a good biocarrier for AOB and
NOB. To confirm this assumption, experiments with the two
prepared biocarriers (WPC and HDPE) were caried out in the
same conditions with initial NH4

+ concentration of about 30
mg N/L. Biomass concentration was kept to be stable (about
3500 mg COD/L). Sugar and phosphate concentrations were
adjusted to remain COD:N:P ratio of 100:5:1. In this experi-
ment, variation of ammonia concentration was observed in 2 h.
Kinetic data are showed in Fig. 7. It can be seen that a faster
treatment rate was obtained with WPC biocarrier. The average
NH4

+ removal efficiency of the WPC based MBBR after 2 h
was 60%, which was nearly two-fold higher than that of HDPE.

This clearly indicates the advantage of WPC over HDPE as
biocarriers.

The better NH4
+ treatment can be explained by the presence

of wood in the WPC biocarrier. Previous studies reported that
nitrification rate on the hydrophilic surface was higher than
that on the hydrophobic surface [19,20]. In another research,
Khan et al. [21] evaluated the effects of four different plastics
on ammonia oxidation to form nitrate. Their results showed a
positive correlation between surface hydrophilicity and total
biomass attachment. In present study, WPC was supposed to
have heterogeneous surface due to the mixture of two parent
components. Wood created the hydrophilic property to attach
ammonia oxidation bacteria. Moreover, the porosity of WPC
also gives a large surface area and space for bacterial coloni-
zation.

Phosphate removal: Phosphate treatment was tested in
the same conditions as ammonia. Fig. 8 presents the decrease
of phosphate concentrations in two parallel MBBRs. A similar
trend to the ammonia removal was obtained for phosphate
removal. When WPC was used as biocarriers, the phosphate
removal rate of the MBBR was higher. After 2 h of reaction,
the average phosphate removal efficiencies reached 60% and
20% for the WPC and HDPE based MBBRs, respectively.

As reported earlier [22,23], the phosphate was mostly
treated by phosphorous accumulating organisms (PAOs) in
biological processes. These organisms only grow in some certain
conditions. Therefore, traditional activated sludge systems
ineffectively remove phosphate from wastewater due to the
lack of PAOs. Recently, granular sludge was discovered to
accumulate phosphate well [24]. Bassin et al. [25] reported
that PAOs develop in anoxic zone with the granular structure.
In this study, it is supposed that anoxic zones were formed on
the biocarrier surface for PAOs growth as the result of WPC
porosity.

Conclusion

The wood-HDPE composite was fabricated and applied
as a biocarrier in moving bed biofilm reactors (MBBRs). To
begin with, the effect of wood:HDPE ratio on the physico-
chemical properties of the WPC was evaluated. When wood
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content was changed from 30% to 70%, the WPC density
increased from 0.89 to 1.14 g/cm3. The optimal wood content
of 50% resulted in the WPC density of 0.97 g/cm3, which is
suitable for being used as a biocarrier. This WPC revealed a
porous structure, whereas HDPE exhibited a non-porous surface.
In the batch mode and with 20% of the reactor volume filled
with biocarriers, the WPC based MBBR demonstrated almost
two-fold greater removal effiencies of COD, NH4

+ and PO4
3-

than the HDPE based MBBR. This can be attributed to the
heterogeneous and porous surface of WPC, which have both
hydrophobic and hydrophilic properties, thereby enabling
attachment of different bacteria responsible for the treatment
of various pollutants. Further researches should be conducted
on the optimization of the shape, configuration and size of
WPC biocarriers. Additionally, recycling of wood and plastic
wastes as the WPC biocarriers is expected to reduce the solid
waste disposal requirement while enhance wastewater deconta-
mination.
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Fig. 8. Phosphate removal in MBBRs using HDPE (a) and WPC (b) biocarriers
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