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A B S T R A C T

In this lab-scale study, the feasibility of using kenaf fibers as moving bed biofilm carriers in hybrid microalgal
membrane photobioreactors (HMPBR) in organic matter and atrazine elimination from real secondary effluent
was evaluated. For evaluating the kinetics of biofilm substrate consumption, an experimental model was pro-
posed. Inoculation of wastewater samples with free carriers resulted in the greater removal of target pollutants.
Removal efficiency of atrazine and chemical oxygen demand (COD) increased to 27% and 16%, with respect to
the control, respectively. The total biomass accumulation in HMPBR exceeded 5 g/L, and the microalgae tended
to aggregate and attached to biofilm carriers. The removal efficiency of HMPBR improved significantly via
inoculation of kenaf fiber carriers with bioremediation microalgal strains (p< 0.01). A lower stabilization ratio
(VSS/TSS) was also recorded. The biomass in HMPBR included more lipids and carbohydrates. The results re-
vealed that kenaf fibers could improve and upgrade the biological activity of different wastewater treatment
applications, considering the great potential of biofilm carriers and their effluent quality.

1. Introduction

The increase in population has resulted in production of a large
amount of wastewater and the release of uncontrolled pollutants into
the environment leading to a gradual decline in the quality of water
resources. In this regard, the growing social concerns for conservation
of natural water resources have led to development of strict rules re-
garding the necessary treatment before discharging of wastewater in
the environment and the development of various types of treatment
methods (Derakhshan et al., 2017a, 2017b; Kumar et al., 2015). Among
different recent approaches, microalgal membrane photobioreactor
(MPBR) has been successfully applied in wastewater treatment.

Microalgae have been used in large ponds for the treatment of waste-
water since long ago. (Luo et al., 2017; Praveen and Loh, 2016a; Torres
et al., 2017). One of the most important limitations of microalgae
systems application during the treatment processes is recovery and
separation of microalgae from treated effluent streams. Among the so-
lutions to deal with this problem, the technique of microalgae im-
mobilization has been predominantly considered. One of the benefits of
this method is providing a suitable medium for maintenance of active
cells in the treatment process, which in turn leads to an increase in cell
retention time within the bioreactor (Luo et al., 2017; Novoveská et al.,
2016). Algal biomass accumulated in photobioreactors can also be used
for producing methane, compost, animal feed, and liquid biofuels. In
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these systems, discharge of the evacuated effluent into the environment
is expected, without separation of microalgae from the aqueous en-
vironment. Since microalgal-based wastewater treatment systems re-
quire extensive land and space, efforts have been taken to advance
these systems by resorting to ultra-compact systems (Boonchai and Seo,
2015; Praveen and Loh, 2016b; Thomas et al., 2015). The biofilm sys-
tems and increase in microalgae attached growth enable them to keep
biomass in abundance during short periods of hydraulic retention times
(HRTs). Since mixing is not required during these processes, energy
consumption and costs are going to be reduced (Luo et al., 2017).
Biological wastewater treatment is usually performed by aerobic and
anaerobic processes as their discharged effluent still contains inorganic
compounds, such as nitrate, ammonium, and phosphate ions that can
contaminate water resources. This causes algal blooming, non-ionized
ammonia toxicity for fish and other aquatic organisms, and an inter-
ference with the disinfection process when free residual chlorine is
needed (Grady Jr et al., 2011; Kesaano and Sims, 2014). Based on
previous studies, P and N are key factors causing occurrence of eu-
trophication, therefore, further treatment would be necessary to pre-
vent this incidence in aquatic environments (Conley et al., 2009). Since
microalgae are able to absorb phosphorus and nitrogen in very low
concentrations, they have this potential to regenerate phosphorus and
nitrogen. For this reason, it is one of the most suitable and sustainable
alternatives to post-treatment systems (Kesaano and Sims, 2014;
Novoveská et al., 2016). Several materials have been tested as carriers
in photobioreactor (Zhang et al., 2017). It is believed that cultivation
and biomass production in algal biofilm systems depend on algal strains
and environmental conditions, as well as the features of materials used
as media for attached growth. It should be noted that materials for algal
cell attachment should be durable, inexpensive, accessible, and non-
toxic to algal cells, and so on. It is advisable that materials which have
the ability to produce biofilms are used (Luo et al., 2017; Zhang et al.,
2017). A summary of the performance of the algal photobioreactors,
found in the previous literature and this study, is presented in Table 1S
in the Supplementary data. As it can be seen from the Table 1S, most
materials used as carriers were either costly (e.g., membrane and glass
filtration fabric) or had major construction costs (e.g., metal meshes).
Moreover, most of these materials were not disposable or durable;
therefore, they were unsuitable for full-scale application. Therefore, we
aimed to develop a novel biofilm technology with kenaf fibers as bio-
film carriers, which are both environmentally friendly and cost-effec-
tive with a global distribution (Gao et al., 2015; Kesaano and Sims,
2014; Zhang et al., 2017). Therefore, this study aimed to develop a
novel biofilm technology with kenaf fibers as biofilm carriers, which are
both environmentally friendly and cost-effective with a global dis-
tribution. Kenaf, with a high annual production rate, is able to act as a
natural carrier for algal cell attachment and promote the formation of
algal biofilms in attached growth systems. Following cultivation, algal
biomass is harvested with kenaf via scrapping. The harvested blend
(containing algal biomass and kenaf) can be applied directly for bioe-
nergy conversion as a feedstock (Akil et al., 2011; Nishino et al., 2003).

The aim of the present study was to explore the feasibility of kenaf
fibers as biofilm carriers in hybrid microalgal membrane photo-
bioreactor in elimination of xenobiotics from wastewater. We con-
centrated on the removal of COD and atrazine (as a model of chlori-
nated herbicide compounds widely used in agriculture) from aquatic

environments. Furthermore, special attention has been paid to the ca-
pacity of such system for the aforementioned parameters and the in-
volved factors in its application in different operational conditions have
been explored. Attempts were taken in order to obtain the final effluent
concentration.

2. Material and methods

2.1. Preparing and start-up of the photobioreactor

Two reactors, MPBR and control (the reactor without carriers was
blank control), were used for parallel operation under the same con-
ditions in order to determine the effectiveness of kenaf fibers as biofilm
carriers for biological removal of target pollutants from the aquatic
environments. As illustrated in Fig. 1S, two cylindrical MPBR reactors
made of plexiglas (diameter = 20 cm, height = 30 cm, freeboard =
5 cm) were used. Total and working volumes of the reactor were 9.4
and 5 L, respectively. Solid carriers were put into the main reactor for
microalgae to attach on. 60% of the reactor's volume was filled with the
prepared media. The properties of the biofilm carriers included: size of
the carriers: 3 cm × 0.5 cm, weight of each carrier/g: 0.17, and shapes
of the carriers: tied to be bowknot. The solid–liquid separator was a
polyvinylidene fluoride (PVDF), hollow-fiber, microfilter membrane
(MF) module, submerged in the middle of reactors; PVDF membrane
(average pore size, 0.1 µm) was also used. The effective surface area
was 0.043 m2, and the maximum flux from the membrane was equal to
20 L/m2 h. Suction pumps, operating in a 3 min on/12 min off cycle,
were used to withdraw the membrane permeate. Lighting was provided
by 2 red/blue LED lamps (ratio, 1/4; power, 9 w). During the experi-
ments, the highest light intensity was nearly 100 µmol photons/m2/s on
the reactor surface. These lamps were located on the side walls (at a
distance of 5 cm) of the photobioreactors and were used 12:12 light:
dark cycle. An air compressor was used to provide aeration and mixing
effects (0.04% of the used air contained CO2 for aeration). A diffuser
was installed on the bottom of the bioreactors. Aeration rate was 4–5 L/
h. Peristaltic pump was applied for injection of influent flow. The
transmembrane pressure (TMP) was continuously monitored when the
membrane flow was set at a maximum level and whenever the amount
of TMP exceeded the recommended maximum permissible levels
(30 kpa), the membrane module was removed from the systems for
physical washing and cleaning. The membrane module was washed
using distilled water for 30 min and was submerged again in the pho-
tobioreactors. Initial MPBRs seeding was prepared by the microalgal
seed collected from the facultative lagoon located in Foladshahr, Is-
fahan Province, Iran, with the initial biomass concentration of
53.74±6.28 mg/L (dry weight), which was used for more than 100
days at ambient temperatures (i.e. 26± 3 °C). The methods of con-
tinuous cultivation in MPBRs were also applied according to a study by
Zhuang et al. (2014). The MPBRs reactor was also fed and tested with
real effluent secondary wastewater (Table 1). Before entering the real
secondary effluent into the system, pre-treatment was performed on it,
that is, the secondary effluent was allowed to settle during the night and
then, the upper layer of the liquid was used as an influent to the system.
Characteristics of the real effluent secondary wastewater and the pre-
treated wastewater are presented in Table 1. Although the influent
wastewater was completely homogenous, a small submerged pump was

Nomenclature

BATZ Volumetric atrazine loading (gATZ/Ld).
Ce Atrazine concentrations in the effluent (g/L).
Ci Atrazine concentrations in the influent (g/L).
HRT Hydraulic retention time (day or hour).
K Half saturation constant (gATZ/Ld).

Q Inflow rate (L/d).
rATZ Volumetric atrazine removal (gATZ/Ld).
rmax Maximum substrate removal rate (gATZ/Ld).
S Effluent substrate concentration (g/L).
S0 Influent substrate concentration (g/L).
V Reactor volume (L).
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