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Abstract

Non-suspended microalgae cultivation technology coupled with wastewater purification has

received more scientific attention in recent decades. Since the non-suspended microalgae

cultivation is quite different from the suspended ones, the following issues are compared in this

study such as advantages and disadvantages, pollutant removal mechanisms and regulations,
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influential factors, and microalgae biomass accumulation. The analysis aims to support the
further application of this technology. The median removal rates of COD, TN, TP, NH4*-N and
NO;5-N were 91.6%, 78.2%, 87.5%, 93.2% and 81.7%, respectively, by non-suspended
microalgae under the TN & TP load rates up to 150 mg-L-!-d"!. The main pathway for TN & TP
removal is microalgae cell absorbance. Light intensity, pollutant composition and microalgae
metabolic types are the major factors that influence pollutant removal and the lipid content of
microalgae. Meanwhile the mechanism concerning how macro-outer conditions influence the
micro-environment and further growth of non-suspended microalgae requires more investigation.
Keywords: attached microalgae cultivation; immobilized microalgae cultivation;

wastewater purification; extracellular polymeric substance; nitrogen and phosphorus transfer.

1 Introduction

Microalgae need to absorb nutrients (mainly nitrogen and phosphorus) from the ambient
environment for their cell component synthesis. Wastewater contains certain amounts of
nutrients and water, to make microalgae growth possible (Sawayama et al., 1998; Gupta &
Pawar, 2018). The cultivated microalgae biomass can be converted into animal feed, biodiesel,
bio-char, fertilizer, and other products (Bharti et al., 2017; Daneshvar et al., 2019; Farooq et al.,
2015). Therefore, microalgae biomass production technology coupled with wastewater
purification has been recently proposed (Bakonyi et al., 2018; Garbowski et al., 2017; Kube et
al., 2019; Orfanos & Manariotis, 2019). This technology has much potential due to the fast
growth rate of microalgae, fixation of greenhouse gas CO,, efficient removal of pollutants in
wastewater and pollutants being transformed into valuable biomass products (Liu et al., 2019b;

Shi et al., 2007; Yadavalli et al., 2014).



As microalgae cells are quite small and the achievable microalgae density is limited, it is
difficult and energy-intensive to recover microalgae biomass from culture broth during the
traditional suspended microalgae cultivation (Wang et al., 2018a; Yin et al., 2020). Hence, non-
suspended microalgae cultivation will accelerate the application of this microalgae biomass
production coupled with wastewater purification technology (Bharti et al., 2017; Ruiz-Marin &
Mendoza-Espinosa, 2008; Sukacova et al., 2015). Non-suspended microalgae cultivation can be
sub-divided into two types, i.e. immobilization cultivation and attached microalgae cultivation.
The former is realized by trapping microalgae in the middle of gels (e.g. chitosan or alginate)
(Eroglu et al., 2012), while the latter is realized by attaching microalgae on the surface of solid
material in the form of biofilm. Furthermore, the microalgae are surrounded by their own
extracellular polymeric substance (EPS) (Shukla et al., 2017). Given that the microalgae in non-
suspended cultivation are quite different from traditional suspended cultivation, the following
topics were compared here in this review to assess the viability of this technology: advantages
and disadvantages; pollutant removal mechanisms and regulations; influencing factors; and

dynamic process of pollutant removal during the non-suspended microalgae cultivation.

2 Advantages and disadvantages of non-suspended microalgae cultivation

Microalgae are immobilized in the gel balls or attached on the surface of substrate in non-
suspended microalgae cultivation, so microalgae grow as an aggregation. The obtained
microalgae biomass in non-suspended microalgae cultivation is denser than the suspended
microalgae cultivation (Katarzyna et al., 2015; Roostaei et al., 2018), making the harvesting and
dewatering process easier, saving more energy and cheaper (Miranda et al., 2017; Palma et al.,

2017). In the non-suspended microalgae cultivation system with well-organized structure, the



utilization of light source could be more efficient, enabling the footprint biomass productivity to
be better than the suspended ones (Lee et al., 2014; Wang et al., 2018b). As reported some years
ago, the attached microalgae cultivation achieved 2.8-times higher biomass productivity than the
suspended system (Lee et al., 2014).

From the perspective of wastewater treatment, non-suspended cultivation separates the
water retention time from the “sludge” (i.e. microalgae biomass) resistance time. Consequently,
this system could help the process of microalgae biomass recovery, and tolerate a relatively
higher pollutant load compared with the suspended microalgae cultivation system (Boelee et al.,
2012; Gross et al., 2015; Wang et al., 2018b). The self-excretion polymerics or exotic polymeric
materials (alginate) surrounding microalgae protect the microalgae from harm caused by exotic
toxic pollutants or bacteria, the over-high loaded nutrients or photo-inhibition caused by high
light intensity (Boelee et al., 2014b; Gurunathan et al., 2018; Kapdan & Aslan, 2008; Munoz et
al., 2009; Roostaei et al., 2018).

There are also disadvantages of non-suspended microalgae. The polymeric surrounding
microalgae inhibits the mass transfer and light transmission (Pathak et al., 2018; Ruiz-Gureca &
del Pilar Sanchez-Saavedra, 2016; Zeng et al., 2015). The over-shading between cells, and
COy/nutrient limitation both slow down the autotrophic growth of non-suspended microalgae,
especially the immobilized microalgae (Eroglu et al., 2015; Gurunathan et al., 2018; Mallick,
2006; Shukla et al., 2017; Zamani et al., 2012; Zeng et al., 2013). It should be noted that the
leakage of microalgae or chemicals applied for microalgae fixation in the immobilization
cultivation systems and the sloughing of microalgae biofilm in the attached cultivation systems

usually occur when operations take place for a long time (Shi et al., 2007; Zamora-Castro et al.,



2008). Based on the description above, the advantages and disadvantages of non-suspended
microalgae cultivation are summarized as Table 1 below.

There is no consistent conclusion about whether non-suspended microalgae are better at
removing pollutants compared to suspended microalgae according to various studies (Table 2).
In Ruiz et al.’s analysis, immobilized microalgae demonstrated worse phosphorus removal than
suspended microalgae, yet Wang et al. documented the opposite (Ruiz-Gureca & del Pilar
Sanchez-Saavedra, 2016; Wang et al., 2019). This kind of contradictions has been found with
other pollutant items (e.g. ammonia) in other research papers (Aguilar-May & del Pilar Sanchez-
Saavedra, 2009; Tam & Wong, 2000). Microalgae cultivation conditions varied from study to
study, which also had great influence on pollutant removal. That may explain the contradictions
in the pollutant removal rate.

Non-suspended microalgae showed different physicochemical properties with suspended
microalgae owing to the different growing environments. Lipid content is an important item that
evaluates the potential of biodiesel production. Attached microalgae could show a smaller lipid
content than suspended algae, and the carbon chain length and saturated degree also showed
diversity (Wu et al., 2019). However, the lipid contents in non-suspended microalgae and
suspended microalgae are comparable in one recent study (Tsolcha et al., 2018). Therefore, the
mechanism concerning how cultivation conditions influence the non-suspended microalgae

growth and the further wastewater pollutant removal needs more investigation.

3 Mechanism of pollutant removal by non-suspended microalgae

In the attached microalgae cultivation systems, microalgae cells are surrounded by their

released extracellular polymeric substance (EPS) (Palma et al., 2017; Shen et al., 2014). In the



immobilized cultivation systems, there are artificial polymers (e.g. alginate or chitosan) around
the microalgae besides EPS. EPS and exotic polymers function as glue, sticking microalgae cells
together, depriving the movability of cells. In some microalgae biofilms, filamentous
cyanobacteria could act as a matrix that captures other microalgae cells (Srinuanpan et al., 2018;
Stauch-White et al., 2017). Besides, authigenic (i.e. EPS) and exotic polymers function as buffer
media, forming a concentration gradient from the outside environment to the fixed microalgae
cells (Fig. 1). Pollutants firstly are absorbed and stored in this polymeric matrix, then transferred
and slow-released to microalgae (Lee et al., 2013; Zamora-Castro et al., 2008). Hence, the sharp
variance of pollutant concentration in the bulk liquid media will not influence the non-suspended
microalgae growth immediately. The microalgae response to the changes in the outside
environment is commonly delayed. It explains why pollutant removal is less efficient in non-
suspended microalgae cultivation according to some studies (Ruiz-Gureca & del Pilar Sanchez-
Saavedra, 2016). Non-suspended microalgae indicated less damage than suspended microalgae
when attacked by heavy metal ions (Wang et al., 2013). So, the robustness of non-suspended
microalgae cultivation for wastewater treatment emerges as superior to that involving suspended
ones.

Different pollutants showed a variety of pathways in the polymeric matrix. Referring to
nitrogen and phosphorus, these elements are adsorbed, transferred and finally absorbed by
microalgae. However, the form of existence and ion valence strongly influence the transport and
utilization rate of nutrients. Heavy metal ions were mainly adsorbed by the various sites (e.g.
OH-, SH-, COO") provided by porous polymer matrix other than stored in microalgae cells
(Eroglu et al., 2015; Rinanti et al., 2017; Shen et al., 2018; Travieso et al., 2002; Zeraatkar et al.,

2016). This explained why better heavy metal removal was very evident in non-suspended



microalgae cultivation (Kiran et al., 2007; Saeed & Igbal, 2006; Soltmann et al., 2010; Zamani et
al., 2012). However, in other researchers’ analyses, the pollutant removal function of the agent
could be ignored (Kumar et al., 2018). Some organic molecules may be degraded by the exo-
enzyme or degraded in cells (e.g. phenol, biophenol A, PAH) (Pathak et al., 2018; Zeng et al.,
2015).

The micro-environment (mass gradient, light intensity) of non-suspended microalgae
influences microalgae growth (the microalgae autotrophic/ heterotrophic type, cell division, EPS
release, cell components) directly (Stauch-White et al., 2017). The microalgae growth and EPS
release in turn influence the nutrient/light transport (Bharti et al., 2017; Liu et al., 2017). Hence,
non-suspended microalgae and wastewater have a complex interaction bonded by EPS (Osorio et
al., 2019; Shen et al., 2017b). In some studies, plant growth promoting rhizobacteria (PGPR) and
symbiotic bacteria were introduced in the non-suspended microalgae cultivation systems (Cruz et
al., 2013; de-Bashan et al., 2005; Safonova et al., 2004; Wang et al., 2019). PGPR and
microalgae could cooperate in aspects of gas exchange and phytohormones/vitamin supplement,
enhancing the pollutant removal process by non-suspended microalgae (Eroglu et al., 2015;

Wang et al., 2018b).

4 Wastewater pollutant removal properties by non-suspended microalgae cultivation

4.1 Overall removal of pollutants in wastewater by non-suspended microalgae cultivation

Wastewater pollutant removal properties by non-suspended microalgae cultivation are
investigated in this section. 120 groups of pollutant removal rate data from more than 60 papers
are summarized in Fig. 2. All pollutant removal rates ranged hugely from 0% to 100%, while the

distribution patterns were different as shown in Fig. 2. The medians of COD, TN, TP, NH4*-N



and NOj3 -N removal rates were 91.6%, 78.2%, 87.5%, 93.2% and 81.7%, respectively. COD,
TP, and NH,*-N revealed a centralized distribution around a high removal rate (90%-100%),.
This means it was easier to remove COD, TP, and NH4*-N, other than NO3 -N in most studies
and non-suspended microalgae had a predilection of different nitrogen. Thus, how to optimize
the NO;™ -N seems to be a key point for the further study.

Non-suspended microalgae can also removal heavy metal ions, other inorganic salts, dyes,
surface active substance, polycyclic aromatic hydrocarbons (PAHs), and endocrine disrupting
compounds (EDCs) (EI-Sheekh et al., 2017; Kesaano et al., 2015b; Pathak et al., 2018; Sole &
Matamoros, 2016). Information concerning pollutant initial concentration, removal performance,
and microalgae species is listed in Table 3. Adsorption, as the key heavy metal removal pathway,
is always a fast process, in which 60%-80% can be completed in less than one day (Shen et al.,
2019).

The variable performances of pollutant removal among different studies demonstrated that
the cultivation system configuration, the wastewater type (including the composition, chemical
properties), cultivation conditions (e.g. light, CO,), microalgae species and amount all influenced
pollutant removal process (Orandi et al., 2012; Palma et al., 2017)., which would be discussed in

section 4.2 - 4.5.

4.2 Influential factor of pollutant load rate on microalgae growth and wastewater

purification

The wastewater type influenced pollutant removal rate and pollutant removal efficiency by
non-suspended microalgae cultivation. More than 10 kinds of artificial or real wastewaters, i.e.
dairy wastewater (Castro-Cesena et al., 2016), raw/secondary effluent of wastewater treatment

plant (Posadas et al., 2014; Zhang et al., 2018b), winery wastewater (Danaee et al., 2018),



aquaculture wastewater (Ruiz-Marin et al., 2010), piggery wastewater (Tsolcha et al., 2018),
human urine (Liu et al., 2012), shrimp culture wastewater (Kumar et al., 2016; Ruiz-Gureca &
del Pilar Sanchez-Saavedra, 2016), mine tailing water (Zhang et al., 2018a), industrial
wastewater (Perez-Martinez et al., 2010), anaerobically digested mixed sludge (Posadas et al.,
2014), oilfield wastewater (Zamora-Castro et al., 2008; Zheng & Ke, 2017), were verified for
their availability to help the growth of non-suspended microalgae. The properties of various
kinds of wastewater had huge differences from the perspectives of pH value, high/low COD
content, high/low ammonia/phosphorus concentration, bacterial content, biotoxicity, or different
bio-availabilities. It could be concluded that non-suspended microalgae had a high robustness for
many kinds of wastewater, which highlighted a great potential for scaled-up application for
various kinds of wastewater purification and resource conversion.

Different wastewaters led to different nitrogen and phosphorus loads and N/P ratios, which
influenced the non-suspended microalgae growth and pollutant removal performance. Fig. 3
summarizes the relationship between TN & TP load and relative removal efficiency. It shows
that TN & TP load rates both ranged widely from 0.1 mg-L!-d"! to 150 mg-L-'-d"! (Kumar et al.,
2018; Lee et al., 2013; Perez-Martinez et al., 2010; Zamani et al., 2012), and specifically, the
maximum TN & TP removal efficiency did not show a decreasing trend along with the
increasing load rate. Even when TN or TP load rates were around 100 mg-L-'-d"!, the removal
efficiency could achieve above 90% in some studies (Rajendran et al., 2018; Shen et al., 2017b;
Zhang et al., 2008). It could be concluded that non-suspended microalgae could tolerate high
loaded nitrogen and phosphorus. However, the pollutant removal could be low with 20%
removal in some other studies under different culture conditions (Boelee et al., 2014a; Liu et al.,

2012; Liu et al., 2019a; Posadas et al., 2014). In Boelee’s study, microalgae were cultured



outdoor with a relative low temperature of 13-20 °C, which could inhibit microalgae growth
(Boelee et al., 2014a). In Posadas’s study, real wastewater was applied instead of the artificial
wastewater most studies used. Hence, the bacterial negative effects on microalgae growth should
be considered (Posadas et al., 2014). All these culture parameters varied with different studies,
forming the diversity of pollutant removal performance. Thus, to keep a high-level pollutant
removal, the culture condition, as a critical parameter, should be optimized. If the culture
condition and system were fixed in one study, the removal efficiency would no longer maintain
at a high level with the increasing of load rate, especially when the pollutant was over-loaded
(Kapdan & Aslan, 2008). As 150 mg-L!-d-! was the upper limit of TN or TP load according to
the existing reports, whether above 150 mg-L!-d"! is over-loaded for non-suspended microalgae

needed further investigation.

4.3 Influential factor of light intensity on microalgae growth and wastewater purification

Light intensity is a critical factor for microalgae autotrophic growth. According to Sukacova
et al.’s study, nitrate uptake rate increased with solar irradiance ranging from 5 to 23 MJ-m2-d-!
(Sukacova et al., 2017). As this foundation was obtained based on one non-suspended
microalgae cultivation system with a narrow light intensity range, the universality should by
testified for all kinds of non-suspended microalgae cultivation systems. Hence, the influence of
light intensity on wastewater purification by non-suspended microalgae was summarized based
on more than 60 papers and shown in Fig. 3. Points with blue color represented the non-
suspended microalgae cultured under high light intensity (more than 180 umol-m2-s-!), while the
points with green/red color represented the microalgae cultured under low light intensity (less
than 120 umol-m=-s!). As can be seen from the relative location of blue points to red points in

Fig. 3, it could be deduced that non-suspended microalgae tended to achieve better pollutant



removals in terms of TN and TP under high illumination other than low illumination, especially
with a moderate pollutant load rate (shown as the pink area in Fig. 3). As reported, strong
illumination could damage the surface microalgae cells (Wang et al., 2015) and slow down the
nitrogen and phosphorus absorbance. However, the pollutant removal efficiency kept positive
correlation with the increasing of illumination intensity according to the statistic results. At the
meanwhile, it was possible to obtain a high TN removal efficiency under a relative low
illumination less than 100 umol-m2-s-! (Osorio et al., 2019; Zhang et al., 2008) and achieve a
poor TN removal efficiency under high illumination (Boelee et al., 2014a; Palma et al., 2017).
The reasons were described as follows: 1) The light intensity provided was the external light
level, which could not represent the real light intensity microalgae biofilm received, especially
the bioreactors with complex structures (Shen et al., 2017b); 2) The process of wastewater
purification by non-suspended microalgae cultivation is a complex one and it is affected by many
other factors. The suitable setup of other parameters (e.g. relatively high temperature) could
make up for the shortage of illumination (Shi et al., 2007); while the unbefitting parameters (e.g.
too-high ammonia concentration) could inhibit the non-suspended microalgae growth and the
subsequent pollutant removal process (Wu et al., 2019). Therefore, it is an integrated function of
all the factors on non-suspended microalgae growth and pollutant removal.

Some microalgae have a heterotrophic metabolic ability. For some microalgae cells in the
biofilm’s deep layer, they may also absorb nitrogen and phosphorus for their heterotrophic
growth without light (Fica & Sims, 2016; Roostaei et al., 2018). Perez Garcia et al. proved that
immobilized Chlorella vulgaris removed ammonia better under heterotrophic cultivation
conditions with organic carbon added in comparison to autotrophic condition with light (Perez-

Garcia et al., 2010). Chlorella sorokiniana also performed better at removing both TN and TP



under dark conditions with heterotrophic growth in contrast to autotrophic growth (Liu et al.,
2012). However, very different results were reported by other researchers. The phosphorus or
nitrogen concentration in the media for non-suspended microalgae cultivation increased during
the night, which meant non-suspended microalgae absorbed nutrient under light, but released
some under dark conditions (Boelee et al., 2014a; Tsolcha et al., 2018). More investigations
should be carried out for how light/dark condition affects nutrient removal. To be noticed, for
microalgae of the mixotrophic metabolic types, Chlorella and Scenedesmus, these both showed

significantly double to ten-fold lipid content compared to autotrophic conditions (Roostaei et al.,

2018).

4.4 Influential factor of carbon/nitrogen sources on microalgae growth and wastewater

purification

Removing pollutants by non-suspended microalgae cultivation mainly depends on
microalgae growth. Hence, any factors that influence microalgae growth (e.g. the carbon sources,
nitrogen sources, C/N ratio, among others) will affect pollutants’ removal. The removal of
ammonia, phosphorus, and nitrate ions were all enhanced by the addition of bicarbonate during
the attached microalgae cultivation (Kesaano et al., 2015a). Besides inorganic carbon source, the
addition of organic matter (in terms of chemical oxygen demand, i.e. COD) also: firstly,
enhanced immobilized microalgae’s mixotrophy; and secondly, significantly improved the
removal rate of ammonia from 40% to about 90% with the original ammonia concentration of 30
mg/L (Liu et al., 2019a).

Nitrogen in wastewater takes different forms. Ammonia is the favorite for some microalgae,
e.g. Chlorella vulgaris, followed by nitrite and nitrate (Kumar et al., 2018; Wang et al., 2018b;

Zhang et al., 2018b), which could lead to different nitrogen sources having varied removal rates



(Castro-Cesena et al., 2016; Wu et al., 2019). In Kumar et al.’s study, the removal efficiency of
ammonia, nitrate and nitrite were 37.5%, 33.3% and 18.8%, respectively, after 4 h contact with
immobilized microalgae (Kumar et al., 2018). In Zhang et al.” study, attached microalgae
consumed 80% ammonia (from 19 mg/L to 4 mg/L) in two days, while only 15% nitrate (from
13 mg/L to 11 mg/L) were reduced in wastewater (Zhang et al., 2018b). However, nitrate
showed a better rate of removal than ammonia in one study. Nitrate concentration decreased
from 10 mg/L to 2 mg/L in three days, while ammonia just decreased from 30 mg/L to 24 mg/L.
during the batch cultivation of attached cyanobacteria (Singh & Thakur, 2015). Hence, the
feeding preference varies with algae species. Nevertheless, both nitrate or ammonia were utilized
by microalgae under conditions of limited nitrogen (Boelee et al., 2012). Nitrogen sources also
influence the removal of phosphorus. With a preferable nitrogen source, both nitrogen and
phosphorus were quickly and simultaneously removed (Zhu et al., 2018). Usually, an increase in
the nitrogen or phosphorus concentration would improve the other’s utilization. However, this
phenomenon was not apparent in a recent paper (Shen et al., 2019), so the mechanism of nutrient

interaction requires further research.

5 Dynamic process of non-suspended microalgae growth and pollutant removal

A series of mass balance calculation showed that 70%-90% nitrogen and above 90%
phosphorus removed from wastewater were transferred to the microalgae biomass during non-
suspended microalgae cultivation (Kapdan & Aslan, 2008; Piltz & Melkonian, 2018; Shi et al.,
2014; Zamalloa et al., 2013). This means that microalgae biomass accumulation is the major
pathway for nitrogen and phosphorus removal from wastewater. It is evident that the dynamic

process of non-suspended microalgae growth and pollutant removal is closely linked (Li et al.,



2016). The pollutant removal rate was reported to rise with the non-suspended microalgae
growth rate (Kesaano et al., 2015a). It is essential to acquire the non-suspended microalgae

growth regulations.

5.1 The dynamics of non-suspended microalgae growth

(1) Immobilized microalgae growth

Since the experimental periods for immobilized microalgae growth and wastewater
treatment were commonly short (less than 3 days) (Kumar et al., 2018; Tam & Wong, 2000), the
growth of immobilized microalgae has rarely been studied. In some research, the immobilized
microalgae beads were re-used for three batch experiment rounds. Due to limitations of space,
microalgae could not keep growing (Liu et al., 2012). Consequently, it is not possible to estimate
the efficiency or consistency of high pollutant removal (Chevalier & Delanoue, 1985; Shen et al.,
2017a).

(2) Attached microalgae growth

In this section, the attached microalgae growth and the influential factors are discussed.
Microalgae biofilm thickness affects microalgae growth. With the original microalgae biofilm
thickness increasing from 130 pm to 2000 um, the average biomass production rate rose from 4.5
g dry weight-m?2-d-! to 9.9 g dry weight-m=2-d-!. However, when the biofilm thickness achieving
a certain level, the relatively thick or thin biofilm would no longer influence the microalgae
biomass accumulation rate (Boelee et al., 2014b).

Microalgae cells have an initial N/P ratio of around 5.42 (according to the common
molecular formula of microalgae CH; 75N¢.1200.36P0.01) (Praveen & Loh, 2015), which changes
with microalgae species and culture conditions at a certain level (Boelee et al., 2012). The

wastewater fraction (e.g. N/P ratio) would also affect microalgae growth and their cell



composition. N/P ratio in non-suspended microalgae cell tended to be similar with the N/P ratio
in the wastewater (Whitton et al., 2016). That is, a non-appropriate ratio of N/P may lead to poor
microalgae growth and equally poor pollutant removal efficiency.

As microalgae biofilm, the growth properties of microalgae cells from the upper layer
would be different from the cells at the bottom layer. The upper layer microalgae cells prioritize
their search for exterior light, nitrogen and phosphorus. According to Boelee et al.’s calculations,
nitrate had a penetration depth of around 400 pm, and phosphorus could penetrate only 260 pm
(Boelee et al., 2014a; Boelee et al., 2014b). The maximum oxygen concentration was obtained at
around 200 um (Kesaano et al., 2015a). Therefore, only a layer of upper microalgae could absorb
nutrients and light for growth (Posadas et al., 2014). The microalgae cells under 400 pm in the
biofilm would have no chance to get the required nutrients from the bulk liquid media, so in
effect they could not remove pollutants. It explains why the over-thick biofilm could not achieve
a relatively faster growth rate and a faster pollutant removal rate subsequently.

As the EPS matrix could quickly absorb nutrients from wastewater and release them slowly
to the surrounding microalgae cell, the upper layer microalgae biofilm could be nutrient-
saturated after contact has been made with highly concentrated wastewater. Hence, scraping part
of upper layer biofilm at a 2 - 3 days interval may expose the deep layer starved biofilm and
enhance the removal of nutrients (Boelee et al., 2014b). This is a solution to the mass transfer

problem. Hence, the removal of pollutants would be accelerated.

5.2 The dynamics of pollutant removal

Many researchers have documented the dynamics of pollutant concentration in wastewater
along with the non-suspended microalgae cultivation. The main types of pollutant removal

curves are shown in Fig. 4 (a). Pollutant concentration in wastewater could go through a plateau



phase (type 1 in Fig. 4 (a)) or directly enter a fast-decline phase (type 2 in Fig. 4 (a)) once the
water contacts with non-suspended microalgae. For example, COD and phosphorus in dairy
wastewater went through a 3-day plateau phase before declining rapidly, while these two items
in the other groups simply entered the fast-decline phase (Tsolcha et al., 2018). The plateau
phase could be caused by the adjustment of non-suspended microalgae to a new environment. It
might be several days long or shorter than one day which can be ignored (Shi et al., 2007;
Tsolcha et al., 2018). The second reason for the plateau phase could be the small initial
inoculated amount of non-suspended microalgae, which made the pollutant removal trend not
obvious at the beginning. Subsequently, the fast-decline phase occurred with the fast growth of
non-suspended microalgae and the increasing number of microalgae. Another reason for the
plateau phase is that the non-suspended microalgae would choose their favorite nutrient source if
there are alternative choices. For example, the nitrate concentration indicated a plateau during
the fast-decline phase of ammonia in attached microalgae cultivation in one recent study (Zhang
etal., 2018D).

For attached microalgae cultivation, when the amount of microalgae is limited under a

certain level (biofilm depth, i.e. D, < the depth that a pollutant could transfer, i.e. D in Fig.4

(¢)), the pollutant removal rate would increase with the growth of attached microalgae owing to
rising amount of functional microalgae (Shi et al., 2007; Tsolcha et al., 2018). When the biofilm

depth Dy, > the depth of that pollutant could transfer Dy, the section thickness that implemented

pollutant removal, i.e. the upper layer with thickness of D;, would be constant. Hence, attached
microalgae would retain a fast rate of diminishing pollutants, which is in fact the fast-decline
phase. Commonly, Day 2-Day 7 represents the fast-decline phase for pollutant removal during

the batch experiment of attached microalgae cultivation (Cheng et al., 2017; Tsolcha et al., 2018;



Wu et al., 2019). The concentration of pollutants in wastewater is gradually decreased, which in
turn slows down the non-suspended microalgae growth. A consequence of this is the further
reduction in pollutants until they are all absorbed (type 4 in Fig. 4 (a)) (Johnson & Wen, 2010).
For immobilized microalgae cultivation, the batch experiment period is commonly short,
which is counted in hours rather than days (Chevalier & Delanoue, 1985; Tam & Wong, 2000).
Unlike the microalgae biofilm which has an unlimited upper space for growth, immobilized
microalgae are limited in beads. So, microalgae growth would be quickly inhibited by the limited
space (Fig. 4 (b) and (c)) (Shen et al., 2017a). Usually, the pollutant removal process by
immobilized microalgae entered the fast-decline phase owing to the fast pollutant absorbance by
alginate matrix (Ruiz-Gureca & del Pilar Sanchez-Saavedra, 2016; Sole & Matamoros, 2016;
Wang et al., 2016). Other studies have indicated no effect of blank alginate or chitosan bead on
pollutant removal (Kaya & Picard, 1996; Kumar et al., 2018; Liu et al., 2012). In this case, the
pollutant removal is total conducted by immobilized microalgae assimilation, which is a
relatively slow process than alginate absorbance. With the growth of immobilized microalgae,
more microalgae could involve in the process of pollutant assimilation, thus, the pollutant
removal rate accelerates. However, the increasing microalgae density brings more obstructions
for mass transfer into the inner side of microalgae beads (Fig. 4 (b)). Commonly, the rapid
pollutant removal process stopped in 48 h-72 h. The saturated absorbance of pollutants and
limited microalgae growth led to the type 3 outcome in Fig. 4 (a), i.e. “unable to use” (Castro-

Cesena et al., 2016; Shen et al., 2017a; Tam & Wong, 2000).



6 Problems and prospects for non-suspended microalgae cultivation

The problems and prospects of non-suspended microalgae cultivation are summarized as
follows. Firstly, since attached microalgae cultivation for wastewater treatment is still a
relatively new concept, present-day cultivation systems are typically simple with a plate-like
substrate (Cheng et al., 2017; Osorio et al., 2019). Hence, light utilization efficiency and
biomass footprint productivity could be enhanced by modifying the system structure. Secondly,
understanding how light and pollutants transfer in immobilized microalgae beads or attached
microalgae biofilm (Boelee et al., 2014a), is important for explaining the mechanism of
pollutant removal and microalgae biomass production. This is an issue that has not yet been
thoroughly explained. Thirdly and lastly, leakage of immobilized microalgae or attached
microalgae slough commonly occur during the last period of cultivation (Perez-Martinez et al.,
2010; Schnurr et al., 2013; Shi et al., 2007). Finding out why this happens and adjusting the
system from season to season so that the system operations remain stable is another aspect of

this topic that needs further exploration.

7 Conclusion

Non-suspended microalgae cultivation coupled with wastewater treatment has great
advantage of easy microalgae recovery from treated wastewater, while the pollutant removal
efficiency is comparable with suspended cultivation. Pollutants in terms of COD, TN and TP in
most studies could be further improved by optimizing culture conditions (including light
intensity, temperature and wastewater fractions, et al.). The continuous and fast microalgae
growth is the key point for high pollutant removal efficiency. Therefore, the construction and

robustness optimization of non-suspended microalgae cultivation system and the mechanism



concerning how pollutant transfer and microalgae growth require more investigation in the

future.

Acknowledgment

This study was supported by the Major Scientific and Technological Innovation Projects of
2019 Key R & D Plans NO. 2019JZ27Y 010411, the Key Project of Natural Science Foundation
of Shandong Province NO. ZR2018ZC08N4, the Doctoral Natural Science Foundation of
Shandong Province NO. ZR2019BEE020, the Fundamental Research Funds of Shandong
University NO. 11440078614025, the 64th Postdoc Science Foundation of China No.

2018M640633 and the Postdoctoral innovation program of Shandong Province.

References

1. Aguilar-May, B., del Pilar Sanchez-Saavedra, M., 2009. Growth and removal of nitrogen
and phosphorus by free-living and chitosan-immobilized cells of the marine cyanobacterium
Synechococcus elongatus. Journal of Applied Phycology, 21(3), 353-360.

2. Bakonyi, P., Kumar, G., Bélafi-Bako, K., Kim, S.H., Koter, S. Kujawski, W., Nemestothy,
N., Peter, J., Pientka, Z., 2018. A review of the innovative gas separation membrane
bioreactor with mechanisms for integrated production and purification of biohydrogen.
Bioresource Technology, 270, 643-655.

3. Bharti, A., Velmourougane, K., Prasanna, R., 2017. Phototrophic biofilms: diversity,
ecology and applications. Journal of Applied Phycology, 29(6), 2729-2744.

4. Boelee, N.C., Janssen, M., Temmink, H., Shrestha, R., Buisman, C.J.N., Wijffels, R.H.,

2014a. Nutrient removal and biomass production in an outdoor pilot-scale phototrophic



10.

11.

biofilm reactor for effluent polishing. Applied Biochemistry and Biotechnology, 172(1), 405-
422.

Boelee, N.C., Janssen, M., Temmink, H., Taparaviciute, L., Khiewwijit, R., Janoska, A.,
Buisman, C.J.N., Wijffels, R.H., 2014b. The effect of harvesting on biomass production and
nutrient removal in phototrophic biofilm reactors for effluent polishing. Journal of Applied
Phycology, 26(3), 1439-1452.

Boelee, N.C., Temmink, H., Janssen, M., Buisman, C.J.N., Wijffels, R.H., 2012. Scenario
analysis of nutrient removal from municipal wastewater by microalgal biofilms. Water, 4(2),
460-473.

Castro-Cesena, A.B., del Pilar Sanchez-Saavedra, M., Ruiz-Guereca, D.A., 2016.
Optimization of entrapment efficiency and evaluation of nutrient removal (N and P) of
Synechococcus elongatus in novel core-shell capsules. Journal of Applied Phycology, 28(4),
2343-2351.

Cheng, P., Wang, Y., Liu, T., Liu, D., 2017. Biofilm attached cultivation of Chlorella
pyrenoidosa is a developed system for swine wastewater treatment and lipid production.
Frontiers in Plant Science, 8, 1594.

Chevalier, P., Delanoue, J., 1985. Efficiency of immobilized hyperconcentrated algae for
ammonium and ortho-phosphate removal from wastewaters. Biotechnology Letters, 7(6),
395-400.

Cruz, 1., Bashan, Y., Hernandez-Carmona, G., de-Bashan, L.E., 2013. Biological
deterioration of alginate beads containing immobilized microalgae and bacteria during
tertiary wastewater treatment. Applied Microbiology and Biotechnology, 97(22), 9847-9858.

Danaee, S., Ofoghi, H., Heydarian, S.M., Farazmand, A., 2018. Optimization of nitrogen



12.

13.

14.

15.

16.

17.

18.

and phosphorus removal from meat processing wastewaters using microalgal biofilms.
Environmental Health Engineering and Management Journal, 5(2), 79-84.

Daneshvar, E., Zarrinmehr, M.J., Koutra, E., Kornaros, M., Farhadian, O., Bhatnagar, A.,
2019. Sequential cultivation of microalgae in raw and recycled dairy wastewater: Microalgal
growth, wastewater treatment and biochemical composition. Bioresource Technology, 273,
556-564.

de-Bashan, L.E., Antoun, H., Bashan, Y., 2005. Cultivation factors and population size
control the uptake of nitrogen by the microalgae Chlorella vulgaris when interacting with the
microalgae growth-promoting bacterium Azospirillum brasilense. Fems Microbiology
Ecology, 54(2), 197-203.

El-Sheekh, M.M., Metwally, A., Allam, N.G., Hemdan, H.E., 2017. Effect of algal cell
immobilization technique on sequencing batch reactors for sewage wastewater treatment.
International Journal of Environmental Research, 11(5-6), 603-611.

Eroglu, E., Agarwal, V., Bradshaw, M., Chen, X., Smith, S.M., Raston, C.L., Iyer, K.S.,
2012. Nitrate removal from liquid effluents using microalgae immobilized on chitosan
nanofiber mats. Green Chemistry, 14(10), 2682-2685.

Eroglu, E., Smith, S.M., Raston, C.L., 2015. Application of various immobilization
techniques for algal bioprocesses. in: Biomass and biofuels from microalgae: Advances in
engineering and biology, 2, 19-44.

Farooq, W., Suh, W.I., Park, M.S., Yang, J.W., 2015. Water use and its recycling in
microalgae cultivation for biofuel application, Bioresource Technology, 184, 73-81.

Fica, Z.T., Sims, R.C., 2016. Algae-based biofilm productivity utilizing dairy wastewater:

effects of temperature and organic carbon concentration. Journal Of Biological Engineering,



19.

20.

21.

22.

23.

24.

25.

26.

10, 18.

Garbowski, T., Bawiec, A., Pulikowski, K., Wiercik, P., 2017. Algae proliferation on
substrates immersed in biologically treated sewage Journal of Ecological Engineering,
18(1), 90-98.

Gross, M., Jarboe, D., Wen, Z., 2015. Biofilm-based algal cultivation systems. Applied
Microbiology and Biotechnology, 99(14), 5781-5789.

Gupta, S., Pawar, S.B., 2018. An integrated approach for microalgae cultivation using raw
and anaerobic digested wastewaters from food processing industry. Bioresource Technology,
269, 571-576.

Gurunathan, B., Selvakumari, [.A.E., Aiswarya, R., Renganthan, S., 2018. Bioremediation of
industrial and municipal wastewater using microalgae. in: Bioremediation: Applications for
environmental protection and management, pp. 331-357.

Johnson, M.B., Wen, Z., 2010. Development of an attached microalgal growth system for
biofuel production. Applied Microbiology and Biotechnology, 85(3), 525-534.

Kapdan, K., Aslan, S., 2008. Application of the Stover-Kincannon kinetic model to nitrogen
removal by Chlorella vulgaris in a continuously operated immobilized photobioreactor
system. Journal of Chemical Technology and Biotechnology, 83(7), 998-1005.

Katarzyna, L., Sai, G., Singh, O.A., 2015. Non-enclosure methods for non-suspended
microalgae cultivation: literature review and research needs. Renewable & Sustainable
Energy Reviews, 42, 1418-1427.

Kaya, V.M., Picard, G., 1996. Stability of chitosan gel as entrapment matrix of viable
Scenedesmus bicellularis cells immobilized on screens for tertiary treatment of wastewater.

Bioresource Technology, 56(2-3), 147-155.



27.

28.

29.

30.

31.

32.

33.

34.

Kesaano, M., Gardner, R.D., Moll, K., Lauchnor, E., Gerlach, R., Peyton, B.M., Sims, R.C.,
2015a. Dissolved inorganic carbon enhanced growth, nutrient uptake, and lipid accumulation
in wastewater grown microalgal biofilms. Bioresource Technology, 180, 7-15.

Kesaano, M., Smith, T., Wood, J., Sims, R.C., 2015b. Applications of algal biofilms for
wastewater treatment and bioproduct production. in: Algae and environmental sustainability,
Vol. 7, pp. 23-31.

Kiran, B., Kaushik, A., Kaushik, C.P., 2007. Response surface methodological approach for
optimizing removal of Cr(VI) from aqueous solution using immobilized cyanobacterium.
Chemical Engineering Journal, 126(2-3), 147-153.

Kube, M., Mohseni, A., Fan, L., Roddick, F., 2019. Impact of alginate selection for
wastewater treatment by immobilised Chlorella vulgaris. Chemical Engineering Journal,
358, 1601-1609.

Kumar, S.D., Santhanam, P., Park, M.S.,; Kim, M.-K., 2016. Development and application of
a novel immobilized marine microalgae biofilter system for the treatment of shrimp culture
effluent. Journal of Water Process Engineering, 13, 137-142.

Kumar, S.D., Santhanam, P., Prabhavathi, P., Kanimozhi, B., Abirami, M., Park, M.S., Kim,
M.-K., 2018. Optimal conditions for the treatment of shrimp culture effluent using
immobilized marine microalga picochlorum maculatum (PSDKO1). Proceedings of the
Indian National Science Academy Part B Biological Sciences, 88(3), 1177-1185.

Lee, S.H., Oh, H.M., Jo, B.H., Lee, S.A., Shin, S.Y., Kim, H.S,, Lee, S.H., Ahn, C.Y., 2014.
Higher biomass productivity of microalgae in an attached growth system, using wastewater.
Journal of Microbiology and Biotechnology, 24(11), 1566-1573.

Lee, Y., Hu, H.-F., Ch'iu, C.-Y., 2013. Using agar-alginate immobilized cyanobacteria



35.

36.

37.

38.

39.

40.

41.

42.

(Dermocarpella sp.) arranged in tubular chains to treat swine farm waste water. Journal of
Applied Phycology, 25(6), 1747-1752.

Li, T., Lin, G., Podola, B., Melkonian, M., 2015. Continuous removal of zinc from
wastewater and mine dump leachate by a microalgal biofilm PSBR. Journal of Hazardous
Materials, 297, 112-118.

Li, X., Wei, Q., Tu, X., Zhu, Y., Chen, Y., Guo, L., Zhou, J., Sun, H., 2016. Effects of
nutrient loading on Anabaena flos-aquae biofilm: biofilm growth and nutrient removals.
Water Science and Technology, 74(2), 385-392.

Liu, J., Wu, Y., Wu, C., Muylaert, K., Vyverman, W., Yu, H.-Q., Munoz, R., Rittmann, B.,
2017. Advanced nutrient removal from surface water by a consortium of attached
microalgae and bacteria: A review. Bioresource Technology, 241, 1127-1137.

Liu, K., Li, J., Qiao, H., Lin, A., Wang, G., 2012. Immobilization of Chlorella sorokiniana
GXNN 01 in alginate for removal of N and P from synthetic wastewater. Bioresource
Technology, 114, 26-32.

Liu, X., Wang, K., Zhang, J., Wang, J., Wu, J., Peng, F., 2019a. Ammonium removal
potential and its conversion pathways by free and immobilized Scenedesmus obliquus from
wastewater. Bioresource Technology, 283, 184-190.

Liu, X., Wang, K.J., Wang, J.Y., Zuo, J.N., Peng, F., Wu, J., San, E.F., 2019b. Carbon
dioxide fixation coupled with ammonium uptake by immobilized Scenedesmus obliquus and
its potential for protein production. Bioresource Technology, 289, 121685.

Mallick, N., 2006. Immobilization of microalgae. in: Immobilization of enzymes and cells,
22,373-391.

Miranda, A.F., Ramkumar, N., Andriotis, C., Hoeltkemeier, T., Yasmin, A., Rochfort, S.,



Wilodkowic, D., Morrison, P., Roddick, F., Spangenberg, G., Lal, B., Subudhi, S.,
Mouradov, A., 2017. Applications of microalgal biofilms for wastewater treatment and
bioenergy production. Biotechnology for Biofuels, 10, 120.

43. Munoz, R., Kollner, C., Guieysse, B., 2009. Biofilm photobioreactors for the treatment of
industrial wastewaters. Journal of Hazardous Materials, 161(1), 29-34.

44. Orandi, S., Lewis, D.M., Moheimani, N.R., 2012. Biofilm establishment and heavy metal
removal capacity of an indigenous mining algal-microbial consortium in a photo-rotating
biological contactor. Journal of Industrial Microbiology & Biotechnology, 39(9), 1321-
1331.

45. Orfanos, A.G., Manariotis, [.D., 2019. Algal biofilm ponds for polishing secondary effluent
and resource recovery. Journal of Applied Phycology, 31(3), 1765-1772.

46. Osorio, J.H.M., Pinto, G., Pollio, A., Frunzo, L., Lens, P.N.L., Esposito, G., 2019. Start-up
of a nutrient removal system using Scenedesmus vacuolatus and Chlorella vulgaris biofilms.
Bioresources and Bioprocessing, 6, UNSP 27.

47. Palma, H., Killoran, E., Sheehan, M., Berner, F., Heimann, K., 2017. Assessment of
microalga biofilms for simultaneous remediation and biofuel generation in mine tailings
water. Bioresource Technology, 234, 327-335.

48. Pathak, B., Gupta, S., Verma, R., 2018. Biosorption and biodegradation of polycyclic
aromatic hydrocarbons (PAHs) by microalgae. in: Green adsorbents for pollutant removal:
fundamentals and design, pp. 215-247.

49. Perez-Garcia, O., de-Bashan, L.E., Hernandez, J.-P., Bashan, Y., 2010. Efficiency of growth
and nutrient uptake from wastewater by heterotrophic, autotrophic, and mixotrophic, and

mixotrophic cultivation of chlorella vulgaris immobilized with azospirillum brasilense.



50.

51.

52.

53.

54.

55.

56.

57.

Journal of Phycology, 46(4), 800-812.

Perez-Martinez, C., Sanchez-Castillo, P., Valle Jimenez-Perez, M., 2010. Utilization of
immobilized benthic algal species for N and P removal. Journal of Applied Phycology,
22(3), 277-282.

Piltz, B., Melkonian, M., 2018. Immobilized microalgae for nutrient recovery from source-
separated human urine. Journal of Applied Phycology, 30(1), 421-429.

Posadas, E., Antonio Garcia-Encina, P., Dominguez, A., Diaz, I., Becares, E., Blanco, S.,
Munoz, R., 2014. Enclosed tubular and open algal-bacterial biofilm photobioreactors for
carbon and nutrient removal from domestic wastewater. Ecological Engineering, 67, 156-
164.

Posadas, E., Garcia-Encina, P.-A., Soltau, A., Dominguez, A., Diaz, I., Munoz, R., 2013.
Carbon and nutrient removal from centrates and domestic wastewater using algal-bacterial
biofilm bioreactors. Bioresource Technology, 139, 50-58.

Praveen, P., Loh, K.-C., 2015. Photosynthetic aeration in biological wastewater treatment
using immobilized microalgae-bacteria symbiosis. Applied Microbiology and Biotechnology,
99(23), 10345-10354.
Rajendran, A., Fox, T., Reis, C.R., Wilson, B., Hu, B., 2018. Deposition of manure nutrients
in a novel mycoalgae biofilm for Nutrient management. Biocatalysis and Agricultural
Biotechnology, 14, 120-128.

Revathi, S., Kumar, S.M., Santhanam, P., Kumar, S.D., Son, N., Kim, M.-K., 2017.
Bioremoval of the indigo blue dye by immobilized microalga Chlorella vulgaris
(PSBDUO06). Journal of Scientific & Industrial Research, 76(1), 50-56.

Rinanti, A., Fachrul, M.F., Hadisoebroto, R., Silalahi, M., 2017. Improving biosorption of



58.

59.

60.

61.

62.

63.

64.

Cu(II)-ion on artificial wastwater by immobilized biosorbent of tropicla microalgae.
International Journal of Geomate, 13(36), 6-10.

Roostaei, J., Zhang, Y., Gopalakrishnan, K., Ochocki, A.J., 2018. Mixotrophic microalgae
biofilm: A novel algae cultivation strategy for improved productivity and cost-efficiency of
biofuel feedstock production. Scientific Reports, 8, 12528.

Ruiz-Gureca, D.A., del Pilar Sanchez-Saavedra, M., 2016. Growth and phosphorus removal
by Synechococcus elongatus co-immobilized in alginate beads with Azospirillum brasilense.
Journal of Applied Phycology, 28(3), 1501-1507.

Ruiz-Marin, A., Mendoza-Espinosa, L.G., 2008. Ammonia removal and biomass
characteristics of alginate-immobilized scenedesmus obliquus cultures treating real
wastewater Fresenius Environmental Bulletin, 17(9A), 1236-1241.

Ruiz-Marin, A., Mendoza-Espinosa, L.G., Stephenson, T., 2010. Growth and nutrient
removal in free and immobilized green algae in batch and semi-continuous cultures treating
real wastewater. Bioresource Technology, 101(1), 58-64.

Saeed, A., Igbal, M., 2006. Immobilization of blue green microalgae on loofa sponge to
biosorb cadmium in repeated shake flask batch and continuous flow fixed bed column
reactor system. World Journal of Microbiology & Biotechnology, 22(8), 775-782.
Safonova, E., Kvitko, K.V., lankevitch, M.I., Surgko, L.F., Afti, [.A., Reisser, W., 2004.
Biotreatment of industrial wastewater by selected algal-bacterial consortia. Engineering In
Life Sciences, 4(4), 347-353.

Sawayama, S., Rao, K.K., Hall, D.O., 1998. Nitrate and phosphate ion removal from water
by Phormidium laminosum immobilized on hollow fibres in a photobioreactor. Applied

Microbiology and Biotechnology, 49(4), 463-468.



65.

66.

67.

68.

69.

70.

71.

72.

Schnurr, P.J., Espie, G.S., Allen, D.G., 2013. Algae biofilm growth and the potential to
stimulate lipid accumulation through nutrient starvation. Bioresource Technology, 135, 337-
344.

Shaker, S., Nemati, A., Montazeri-Najafabady, N., Mobasher, M.A., Morowvat, M.H.,
Ghasemi, Y., 2015. Treating urban wastewater: Nutrient removal by using immobilized
green algae in batch cultures. International Journal of Phytoremediation, 17(12), 1177-
1182.

Shen, Y., Gao, J., Li, L., 2017a. Municipal wastewater treatment via co-immobilized
microalgal-bacterial symbiosis: Microorganism growth and nutrients removal. Bioresource
Technology, 243, 905-913.

Shen, Y., Xu, X., Zhao, Y., Lin, X., 2014. Influence of algae species, substrata and culture
conditions on attached microalgal culture. Bioprocess and Biosystems Engineering, 37(3),
441-450.

Shen, Y., Yang, T., Zhu, W., Zhao, Y., 2017b. Wastewater treatment and biofuel production
through attached culture of Chlorella vulgaris in a porous substratum biofilm reactor.
Journal of Applied Phycology, 29(2), 833-841.

Shen, Y., Yu, T., Xie, Y., Chen, J., Ho, S.-H., Wang, Y., Huang, F., 2019. Attached culture
of Chlamydomonas sp. JSC4 for biofilm production and TN/TP/Cu(Il) removal.
Biochemical Engineering Journal, 141, 1-9.

Shen, Y., Zhu, W., Li, H., Ho, S.-H., Chen, J., Xie, Y., Shi, X., 2018. Enhancing cadmium
bioremediation by a complex of water-hyacinth derived pellets immobilized with Chlorella
sp. Bioresource Technology, 257, 157-163.

Shi, J., Podola, B., Melkonian, M., 2014. Application of a prototype-scale Twin-Layer



73.

74.

75.

76.

77.

78.

79.

photobioreactor for effective N and P removal from different process stages of municipal
wastewater by immobilized microalgae. Bioresource Technology, 154, 260-266.

Shi, J., Podola, B., Melkonian, M., 2007. Removal of nitrogen and phosphorus from
wastewater using microalgae immobilized on twin layers: an experimental study. Journal of
Applied Phycology, 19(5), 417-423.

Shukla, S.K., Thanikal, J.V., Haouech, L., Patil, S.G., Kumar, V., 2017. Critical evaluation
of algal biofuel production processes using wastewater. in: Algal Biofuels: Recent Advances
and Future Prospects, pp. 189-225.

Singh, J., Thakur, 1.S., 2015. Evaluation of cyanobacterial endolith Leptolyngbya sp

ISTCY 101, for integrated wastewater treatment and biodiesel production: A toxicological
perspective. Algal Research-Biomass Biofuels and Bioproducts, 11, 294-303.

Sole, A., Matamoros, V., 2016. Removal of endocrine disrupting compounds from
wastewater by microalgae co-immobilized in alginate beads. Chemosphere, 164, 516-523.
Soltmann, U., Matys, S., Kieszig, G., Pompe, W., Bottcher, H., 2010. Algae-silica hybrid
materials for biosorption of heavy metals. Journal of Water Resource and Protection, 2(2),
115-122.

Srinuanpan, S., Chawpraknoi, A., Chantarit, S., Cheirsilp, B., Prasertsan, P., 2018. A rapid
method for harvesting and immobilization of oleaginous microalgae using pellet-forming
filamentous fungi and the application in phytoremediation of secondary effluent.
International Journal of Phytoremediation, 20(10), 1017-1024.

Stauch-White, K., Srinivasan, V.N., Kuo-Dahab, W.C., Park, C., Butler, C.S., 2017. The role
of inorganic nitrogen in successful formation of granular biofilms for wastewater treatment

that support cyanobacteria and bacteria. AMB Express, 7, 146.



80.

81.

82.

83.

84.

85.

86.

87.

Sukacova, K., Koci, R., Zidkova, M., Vitez, T., Trtilek, M., 2017. Novel insight into the
process of nutrients removal using an algal biofilm: The evaluation of mechanism and
efficiency. International Journal of Phytoremediation, 19(10), 909-914.

Sukacova, K., Trtilek, M., Rataj, T., 2015. Phosphorus removal using a microalgal biofilm in
a new biofilm photobioreactor for tertiary wastewater treatment. Water Research, 71, 55-63.
Tam, N.F.Y., Wong, Y.S., 2000. Effect of immobilized microalgal bead concentrations on
wastewater nutrient removal. Environmental Pollution, 107(1), 145-151.

Travieso, L., Pellon, A., Benitez, F., Sanchez, E., Borja, R., O'Farrill, N., Weiland, P., 2002.
Bioalga reactor: preliminary studies for heavy metals removal. Biochemical Engineering
Journal, 12(2), 87-91.

Tsolcha, O.N., Tekerlekopoulou, A.G., Akratos, C.S., Aggelis, G., Genitsaris, S., Moustaka-
Gouni, M., Vayenas, D.V., 2018. Agroindustrial wastewater treatment with simultaneous
biodiesel production in attached growth systems using a mixed microbial culture. Water,
10(11), 1693.

Wang J., Liu J., Liu T., 2015. The difference in effective light penetration may explain the
superiority in photosynthetic efficiency of attached cultivation over the conventional open
pond for microalgae. Biotechnology for Biofuels, 8(1): 49.

Wang, J.-H., Zhuang, L.-L., Xu, X.-Q., Deantes-Espinosa, V.M., Wang, X.-X., Hu, H.-Y .,
2018a. Microalgal attachment and attached systems for biomass production and wastewater
treatment. Renewable & Sustainable Energy Reviews, 92, 331-342.

Wang, M., Keeley, R., Zalivina, N., Halthide, T., Scott, K., Zhang, Q., van der Steen, P.,
Ergas, S.J., 2018b. Advances in algal-prokaryotic wastewater treatment: A review of

nitrogen transformations, reactor configurations and molecular tools. Journal of



88.

89.

90.

91.

92.

93.

94.

Environmental Management, 217, 845-857.

Wang, P., Li, Z., Bai, J., Lang, Y., Hu, H., 2016. Optimization of microalgal bead
preparation with Scenedesmus obliquus for both nutrient removal and lipid production.
Ecological Engineering, 92, 236-242.

Wang, P., Luo, L., Ke, L., Luan, T., Tam, N.F.-Y., 2013. Combined toxicity of polycyclic
aromatic hydrocarbons and heavy metals to biochemical and antioxidant responses of free
and immobilized Selenastrum capricornutum. Environmental Toxicology and Chemistry,
32(3), 673-683.

Wang, S., Liu, J., Li, C., Chung, B.M., 2019. Efficiency of Nannochloropsis oculata and
Bacillus polymyxa symbiotic composite at ammonium and phosphate removal from
synthetic wastewater. Environmental Technology, 40(19), 2494-2503.

Whitton, R., Le Mevel, A., Pidou, M., Ometto, F., Villa, R., Jefferson, B., 2016. Influence of
microalgal N and P composition on wastewater nutrient remediation. Water Research, 91,
371-378.

Wong, P.K., Lam K.C., So C.M., 1993. Removal and recovery of Cu(Il) from industrial
effluent by immobilized cells of Pseudomonas putida. Applied Microbiology and
Biotechnology, 39, 127-131.

Wu, X.D., Cen, Q.J., Addy, M., Zheng, H.L., Luo, S.S., Liu, Y.H., Cheng, Y.L., Zhou,
W.G., Chen, P., Ruan, R., 2019. A novel algal biofilm photobioreactor for efficient hog
manure wastewater utilization and treatment. Bioresource Technology, 292, 121925.
Yadavalli, R., Rao, C.S., Rao, R.S., Potumarthi, R., 2014. Dairy effluent treatment and lipids
production by Chlorella pyrenoidosa and Euglena gracilis: study on open and closed

systems. Asia-Pacific Journal of Chemical Engineering, 9(3), 368-373.



95.

96.

97.

98.

99.

100.

101.

Zamalloa, C., Boon, N., Verstraete, W., 2013. Decentralized two-stage sewage treatment by
chemical-biological flocculation combined with microalgae biofilm for nutrient
immobilization in a roof installed parallel plate reactor. Bioresource Technology, 130, 152-
160.

Yin, Z.H., Zhu, L.D., Li, S., Hu, T.Y., Chu, R.Y., Mo, F., Hu, D,, Liu, C.C., Li, B., 2020. A
comprehensive review on cultivation and harvesting of microalgae for biodiesel production:
Environmental pollution control and future directions. Bioresource Technology, 301,
122804.

Zamani, N., Noshadi, M., Amin, S., Niazi, A., Ghasemi, Y., 2012. Effect of alginate
structure and microalgae immobilization method on orthophosphate removal from
wastewater. Journal of Applied Phycology, 24(4), 649-656.

Zamora-Castro, J., Paniagua-Michel, J., Lezama-Cervantes, C., 2008. A novel approach for
bioremediation of a coastal marine wastewater effluent based on artificial microbial mats.
Marine Biotechnology, 10(2), 181-189.

Zeng, X., Danquah, M.K., Halim, R., Yang, S., Chen, X.D., Lu, Y., 2013. Comparative
physicochemical analysis of suspended and immobilized cultivation of Chlorella sp. Journal
of Chemical Technology and Biotechnology, 88(2), 247-254.

Zeng, X., Guo, X., Su, G., Danquah, M.K., Zhang, S., Lu, Y., Sun, Y., Lin, L., 2015.
Bioprocess considerations for microalgal-based wastewater treatment and biomass
production. Renewable & Sustainable Energy Reviews, 42, 1385-1392.

Zeraatkar, A.K., Ahmadzadeh, H., Talebi, A.F., Moheimani, N.R., McHenry, M.P., 2016.
Potential use of algae for heavy metal bioremediation, a critical review. Journal of

Environmental Management, 181, 817-831.



102. Zhang, E., Wang, B., Wang, Q., Zhang, S., Zhao, B., 2008. Ammonia-nitrogen and
orthophosphate removal by immobilized Scenedesmus sp isolated from municipal
wastewater for potential use in tertiary treatment. Bioresource Technology, 99(9), 3787-
3793.

103. Zhang, Q., Li, X., Guo, D., Ye, T., Xiong, M., Zhu, L., Liu, C., Jin, S., Hu, Z., 2018a.
Operation of a vertical algal biofilm enhanced raceway pond for nutrient removal and
microalgae-based byproducts production under different wastewater loadings. Bioresource
Technology, 253, 323-332.

104.  Zhang, Q., Yu, Z., Zhu, L., Ye, T., Zuo, J., Li, X., Xiao, B., Jin, S., 2018b. Vertical-algal-
biofilm enhanced raceway pond for cost-effective wastewater treatment and value-added
products production. Water Research, 139, 144-157.

105. Zheng, T., Ke, C.W., 2017. Treatment of oilfield wastewater using algal-bacterial
fluidized bed reactor. Separation Science and Technology, 52(13), 2090-2097.

106. Zhou, H., Sheng, Y., Zhao, X., Gross, M., Wen, Z., 2018. Treatment of acidic sulfate-
containing wastewater using revolving algae biofilm reactors: Sulfur removal performance
and microbial community characterization. Bioresource Technology, 264, 24-34.

107.  Zhu, Y., Tu, X., Chai, X.-S., Wei, Q., Guo, L., 2018. Biological activities and nitrogen
and phosphorus removal during the anabaena flos-aquae biofilm growth using different

nutrient form. Bioresource Technology, 251, 7-12.

Highlights

o Non-suspended microalgae achieve easy biomass recovery and high stress resistance.



o TN and TP could get a 90% removal with load rate higher than 150 mg-L-!-d-!.

L Above 70% TN and TP were transferred from wastewater to microalgae biomass.
° The dynamic growth of non-suspended microalgae determined the pollutant removal rate.
° The mechanism of pollutant transfer and microalgae growth require investigation.

Table 1 Advantages and disadvantages of non-suspended microalgae cultivation

Advantages Disadvantages

Making harvesting/dewatering easier and * Over-shading, CO, and nutrients
cheaper transfer limitation

High cell density * Special for immobilization systems:

Potential higher microalgae productivity Producing secondary pollution

Increasing the microalgae retention time in
system Resistance to growth stresses or toxicity
Overcome photo-inhibition during high light

intensities




Table 2 Wastewater pollutant removal by non-suspended and suspended microalgae

Non- .
Pollutant Removal in
suspended Pollutant . . .
o . Pollutant Removal suspended microalgae  Microalgae species Culture
cultivation item L
cultivation systems
type
23+2°C;
hosphorus  53oME/L—5.67mg/L 8.35mg/L—3.93mg/L s : ;54 icoln
pRosp RR 32.07% RR 52.93% & Hwmots
waste
. 44 mg/L—22 mg/L 44 mg/L—27 mg/L Nannochloropsis .
Ammonia RR 50% RR 38.6% oculata SmICHG
7.3 mg/L—1.6 mg/llL 7.3 mg/L—4.5 mg/L Nannochloropsis o
Phosphorus RR 78.1% RR 38.4% oculata synthetic
Pseudomonas
0
Copper RR 54%X RR X i
IR
Ammonia RR 78% RR 40% Scenedesmus  25%1C; light
Immobilize obliquus ; urban v
dt +1°C: 1
ype Phosphorus RR 94% RR 59% Sceneg’esmus pas] 5 e
obliquus 2; urban v
Ammonia 25 mg/L—18 mg/L 25 mg/L—11 mg/L Synechococcus 27+1°C; light
RR 28% RR 56% elongatus artificial ¥
Nitrate 23 mg/L—14.5mg/lL. 23 mg/L—13 mg/L Synechococcus 27+1°C; light
RR 58.6% RR 43.5% elongatus artificial
Phosphorus 6.8 mg/L—1.6 mg/L 6.8 mg/L—0.7 mg/L Synechococcus 27+1°C; light
P RR 76.5% RR 89.7% elongatus artificial \
Ammonia 30 mg/L—1 mg/L 30 mg/L—4 mg/L Scenedesmus 25°C; light: da
RR 96.7% RR 86.7% obliquus h; artificial
TP 4 mg/L—0 mg/L 4 mg/L—2.4 mg/L Scenedesmus light: dark ra
RR 100% RR 40% vacuolatus artificial y
o 14 mg/IL—8 mg/L 14 mg/L—11.5 mg/L Scenedesmus light: dark ra
RR 42.9% RR 17.9% vacuolatus artificial y
Attached .Scenedesmus 28 +2°C; light
0 0 obliquus, Chlorella ~, -
type COD RR 95.67% RR 90.14% . ;light: dark r
vulgaris and . 1
Oscillatoria tenuis primary se
s dé%oﬁlza A0 2Cs M
TP RR 64.40% RR 56.03% quus, Z;light: dark r:

vulgaris and
Oscillatoria tenuis

primary set



Scenedesmus

obliquus, Chlorella 28+ 2C; light

TN RR 69.55% RR 43% . 2;light: dark r:
vulgaris and . 1
Oscillatoria tenuis primary se
obzch;Z§ g 2823 ligh
Ammonia RR 91.24% RR 64.78% " . 2;light: dark r:
vulgaris and N ,
Oscillatoria tenuis primary se
Cadmium RR 121%X RR X Synechococcus sp.

*RR is short for removal rate
*Data with underline meant the better removal performance in two groups
*”RR X” means that the removal rate is nor reported in referred paper.



Table 3 Other pollutant removals by non-suspended microalgae cultivation

Initial .

Category concentration Removal microalgae species fon-suspenst
(mg/L) rate (%) type
Cu (IT) 300 43% Ankistrodesmus braunii, Chl.orella sp., Immobilize
and Scenedesmus quadricauda

Cu (II) 15 93% Chlamydomonas sp. Attached

Zn 3.5 94.30% Stichococcus bacillaris Attached
Co 3 94.50% Scenedesmus obliquus Immobilize

Heavy metal Co 0.31 10.5% Chlorella-like microalga Attached
Cd (II) 10 92.45% Chlorella sp. Immobilize

Ni 2.14 24.8% Chlorella-like microalga Attached

Mn 22.7 24.8% Chlorella-like microalga Attached

Sr 0.62 26.4% Chlorella-like microalga Attached
Cr (VD) 50-60 82% L. putealis Immobilize

Acidic Sulfate 1000-4000 35%-45% Chlorella vulgaris Attached

Sodium salicylate
. Ocrhomonas danica and
phenol and biophenol A Monoraphidium braunni

Indigo blue dye 33% Chlorella vulgaris Immobilize

Phenols 0.48 85% Chlorella sp., Scenedesmus sp. et al. Attached
An;?lrglsi;lgga(cse Aaés‘;lve 22.25 73% Chlorella sp., Scenedesmus sp. et al. Attached
Oil spill 40 96% Chlorella sp., Scenedesmus sp. et al. Attached
Oil 30 73.67% Scenedesmus obliquus Immobilize
Polycyclic Aromatic i i i Immobilize
Hydrocarbons (PAHs) |
BPA 0.01 46% Chlorella sp. and Nitzschia acicularis Immobilize
Endocrine BPAF 0.01 80% Chlorella sp. and Nitzschia acicularis Immobilize
disrupting BPF 0.01 87% Chlorella sp. and Nitzschia acicularis Immobilize
compounds D2 ,C4P 0.01 76% Chlorella sp. and Nitzschia acicularis Immobilize
(EDCs) EE2 0.01 98% Chlorella sp. and Nitzschia acicularis Immobilize
4-OP 0.01 93% Chlorella sp. and Nitzschia acicularis Immobilize






