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Abstract 

In this study, laboratory-scale suspended and biofilm microalgal systems were constructed under 
outdoor climatic conditions in Northern Thailand to compare their performances on nutrient nitrogen (N) 
and phosphorus (P) removal and biomass production from anaerobically digested piggery wastewater. At 
a cultivation time of 14 days, the results showed that removal efficiencies of nitrogen and phosphorus 
from digested piggery wastewater in biofilm microalgal system were higher than suspended microalgal 
system. Biofilm system removed on average of 96 % of TKN-N and 92 % of PO4

3--P, whereas suspended 
system removed on average of 84 % of TKN-N and 87 % of PO4

3--P. Average biomass production 
achieved 1.17 g dry weight/day for suspended system, while a lower production of 0.78 g dry weight/day 
was found for biofilm system in which possibly due to a long harvesting frequency of every 2-weeks. 
Meanwhile, biofilm system has an advantage over suspended system with respect to simple biomass 
harvesting. This combination of findings demonstrates that biofilm microalgal system is more suitable for 
removing N and P from digested piggery wastewater than suspended microalgal system. Besides, biomass 
production in biofilm microalgal system could be further optimized by shorter harvesting frequency and 
partially harvesting of the biofilm biomass. This study indicates that microalgae offer the potential to 
recover valuable nutrient resources from piggery wastewater and use biomass for sustainable energy 
production or other high-value products, which will improve sustainability of agro-industrial wastewater 
management in the future. 

Keywords: Digested piggery wastewater (DPW), nitrogen removal, phosphorus removal, suspended 
microalgae, biofilm microalgae 
 
 
Introduction 

An agro-industrial wastewater represents the major sources of water pollution throughout the world, 
in particular from agro-industrial pig farm which is one of the world’s largest producers of wastewater 
[1]. Although piggery wastewater is usually treated by anaerobic digestion to produce methane and 
eliminate pathogens [2], post-treatment of digested piggery wastewater is still needed to further reduce 
nutrient to meet the discharge guidelines in order to prevent environmental problems such as 
eutrophication of aquatic system. The commonly techniques used for removing nutrients from digested 
piggery wastewater are constructed wetland and stabilization pond [3]. However, the techniques of 
constructed wetland and stabilization pond cannot be considered sustainable and robust due to loss of 
available nutrient resources, varied possible performances and a large land requirement [4]. Clearly, more 
efficient, robust, sustainable, and economically competitive solutions for the utilization of valuable 
resources in digested piggery wastewater are needed. Several technologies have been recently developed 
for treating digested piggery wastewater, such as an intermittently aerated sequencing batch reactor 



Nutrient Removal by Microalgae Rungnapha KHIEWWIJIT et al. 
http://wjst.wu.ac.th 

Walailak J Sci & Tech 2019; 16(10) 
 
792 

(IASBR), membrane bioreactor (MBR) and biofilters [5-7]. However, the main drawbacks with a 
practical implementation of these technologies are that they consume large amount of energy, which is 
mainly for aeration, and the valuable nutrient nitrogen (N) and phosphorus (P) are not recovered. Hence, 
microalgae cultivation in digested piggery wastewater for nutrient removal and recovery has been 
proposed as the sustainable utilization of water resources [8-11]. This is because digested piggery 
wastewater contains high nutrient N and P that can be used as a cheap source of nutrient to produce 
valuable microalgal biomass to be used as a feedstock for methane production or even high-value 
products, such as biofuels and aquaculture feed [12,13]. Moreover, microalgae-based systems in 
wastewater treatment also have substantial advantages in reductions of aeration energy and CO2 emission, 
and the potential cost saving as no addition of chemicals is needed [12,14,15]. 

Microalgae cultivation systems can be generally operated with suspended and non-suspended 
systems using sub-designs of either open or enclosed to the environment [16]. Suspended microalgal 
system, where microalgal cells move freely inside the reactor, is the most common used for robust and 
convenient treatment of wastewater. Nevertheless, current technologies to harvest microalgal biomass are 
still energy intensive and expensive; therefore, harvesting remains a challenge for practical 
implementation. For non-suspended system (also known as biofilm system), which is considered as a 
novel concept for cultivating microalgae, microalgal cells are grown and formed biofilm on the carrier 
material. With biofilm cultivation system, it can overcome the problem of harvesting as microalgal 
biomass could be easily removed by scrapping, and moreover, little or no separation of solids and liquid 
is required before discharging the treated effluent [17,18]. Thus, biofilm microalgal system can be 
considered as a sustainable and economically competitive solution for wastewater treatment. 

In the literature, no information is available about the removal of nitrogen and phosphorus from 
digested piggery wastewater that can be achieved by biofilm microalgal system. Therefore, the main 
objective of this study was to explore the feasibility of using a novel microalgae cultivation technology 
for the removal of nitrogen and phosphorus from digested piggery wastewater, with a focus on 2 different 
cultivation systems: suspended and biofilm. Results of nitrogen removal, phosphorus removal, microalgal 
biomass production, and the effect of biomass harvesting that obtained from suspended cultivation system 
were compared with that of biofilm cultivation system under outdoor climatic conditions of Northern 
Thailand during the beginning of dry season. Additionally, in this study the removal of organic pollutants 
will also be observed for further optimization of both suspended and biofilm microalgal systems. The 
results, which will be obtained from this study, will not only offer an opportunity to develop efficient and 
sustainable post-treatment for piggery wastewater, but also treatment for other agro-industrial wastewater 
sources can take advantage of these results because microalgae-based systems are well-known for their 
simplicity, sustainability, low-cost, and valuable biomass production. 
 
Materials and methods 

Digested piggery wastewater characteristics 
The anaerobically digested piggery wastewater was collected from a mesophilic anaerobic digester 

in a local pig farm, which located in Chiang Mai Province, the Northern region of Thailand. This pig farm 
was considered as the large-scale pig producers with approximately 60,000 pigs annually sold through 
markets and produced about 1,000 m3 of wastewater daily. In this local pig farm, a covered lagoon 
digester for biogas production was used to treat the piggery wastewater. Although the covered lagoon 
digester gave efficient COD removal from the piggery wastewater, additional post-treatment to further 
remove nutrient N and P was still needed as the quality of digested piggery wastewater could not meet the 
discharge guidelines, in particular with respect to the concentration of Total Kjeldahl Nitrogen (TKN). In 
this study, undiluted wastewater effluent from anaerobic digestion for treating piggery wastewater was 
used to cultivate microalgae. Table 1 gives a summary of the most important characteristics of the 
digested piggery wastewater used in this study. 
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Table 1 Characteristics of the digested piggery wastewater fed to suspended and biofilm microalgal 
systems under outdoor climatic conditions. (pH and concentrations are average values and standard 
deviations are shown between brackets, which calculated from the results of 4 samples.) 
 

Parameters Unit 1st cycle 2nd cycle 3rd cycle 
pH - 7.52 (0.05) 7.46 (0.07) 7.56 (0.03) 
TKN-N  mg/L 425 (7) 319 (15) 340 (15) 
PO4

3--P  mg/L 134 (4) 140 (3) 134 (11) 
TSS  g/L 0.29 (0.04) 0.14 (0.01) 0.12 (0.01) 
Dissolved COD  mg COD/L 271 (10) 246 (27) 240 (10) 

 
 
Photobioreactor setup 
Open photobioreactors were used for microalgae cultivation with 2 different cultivation systems: 

suspended and biofilm. In this study, both photobioreactors were run at Rajamangala University of 
Technology Lanna (RMUTL) in Chiang Mai Province, Northern Thailand (18°48'34.8"N, 98°57'10.2"E) 
under outdoor climatic conditions during the beginning of dry season, from February to the end of March.  
During the entire experiments, the data of daily temperatures at RMUTL was obtained from Northern 
Meteorological Center [19], while the daily solar radiations were obtained from Nakhonthai Automatic 
Weather Stations [20]. A mixed-species of microalgae was cultivated in a batch mode and inoculated with 
1 % v/v (approximately 9.4 g dry weight biomass/L) mixed-microalgae seed from stabilization pond, 
using as an effluent polishing step, in the same local pig farm that the digested piggery wastewater was 
collected. In total, 3 batch cycles were operated and each cycle was run with a cultivation time of 14 days 
to ensure that the maximum microalgal production was achieved [8]. 

The culture areas were operated in the plastic round basin with a size of 44 cm (top diameter), 36 
cm (bottom diameter) and 35 cm height, and had a working volume of 25 L. Mixing of the cultures was 
performed continuously using an air-pump (Electro-magnetic air pump), which was equipped with an 
aquarium air stone. For biofilm microalgal system, a patterned sheet with a total area of 0.09 m2 (length 
30 cm and width 30 cm) was placed horizontally in the middle of the basin. Microalgal biofilm grew on 
this flat patterned sheet and a thin layer of liquid of about 2 cm was flowed over the biofilm, the same as 
performed in the study of Boelee [21]. This patterned sheet comprised of 3 layers and sewn them together 
with nylon thread. Material on the top and bottom layers of the patterned sheet was 90 % knitted black 
shade netting (high-density polyethylene), while material on the middle layer was a coarse scouring pad 
(Scotch-Brite™ general purpose scouring pad 105). 
 

Analytical methods 
Samples from the suspended and biofilm batch photobioreactors were first measured pH using pH 

electrode (OHAUS Starter ST5000-B Bench pH Meter, USA) and after that centrifuged at 2,000 rpm for 
15 min. The supernatant samples were then collected and analyzed for Total Kjeldahl Nitrogen - nitrogen 
(TKN-N), phosphate - phosphorus (PO4

3--P) and dissolved chemical oxygen demand (COD) 
concentrations. The measurements of TKN-N, PO4

3--P and dissolved COD were determined according to 
standard methods [22]. For each cycle, pH and the concentrations of TKN-N, PO4

3--P and dissolved COD 
were measured at the beginning and at cultivation time of 2 days, 6 days, 10 days, and 14 days in order to 
explore the changes of these compounds over a similar length of cultivation time. 

In this study, the yields of microalgal biomass for both suspended and biofilm microalgal systems 
were determined using the same method as used by Boelee [21]. In suspended microalgal system, the 
concentrations of suspended dry weight were analyzed at the beginning and after 14 days of cultivation 
time by filtering the samples through pre-weighed glass fiber filters (Whatman GF/F, UK) and drying 
these filters at 105 °C for at least 24 h. In biofilm microalgal system, after 14 days of cultivation time the 
microalgal biomass was harvested using scraping with plastic spoon from the patterned sheet and 
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analyzed for the total wet weight, dry weight and water content. The concentrations of biofilm dry weight 
were analyzed by drying the harvested biofilm microalgal biomass at 105 °C for at least 24 h. 

At the end of the 3rd batch cycle, the samples of suspended and biofilm microalgae were observed 
with a scanning electron microscope (SEM) (JSM-6480LV, JEOL, Japan) in high vacuum mode 
(acceleration voltage 10 - 15 kV, working distance 10 mm). 
 
Results and discussion 

Table 2 summarizes the effect of 2 different types of photobioreactors on the reductions of TKN-N, 
PO4

3--P and dissolved COD concentrations in the digested piggery wastewater. As can be seen from 
Table 2, the removal efficiencies of TKN-N and PO4

3--P during microalgae cultivation in biofilm system 
were higher than in suspended system. However, both suspended and biofilm microalgal systems could 
not reduce dissolved COD concentrations. More details of these results will be described as follows. 

 
 

Table 2 Effects of 2 different types of photobioreactors on Total Kjeldahl Nitrogen (TKN)-N removal, 
PO4

3--P removal and COD removal from the digested piggery wastewater. (Concentrations and removal 
efficiencies are average values. Standard deviations are shown between brackets, which calculated from 
the results of 3 batch cycles.) 
 

Photobioreactor 
types and parameters 

Concentrations found in the 
digested piggery wastewater 

(mg/L) 

Concentrations found 
after treating by 

microalgae (mg/L) 

Removal 
efficiency 

(%) 

Maximum 
permitted 

valuea) 
1. Suspended microalgal system  
TKN-N 369 (53) 59 (17) 84 120 
PO4

3--P 139 (4) 18 (5) 87 N.A. 
pH 7.52 (0.09) 8.95 (0.06) – 5.5–9 
Dissolved COD  250 (26) 281 (8) – 300b) 

2. Biofilm microalgal system  
TKN-N 353 (55) 13 (8) 96 120 
PO4

3--P 133 (6) 11 (4) 92 N.A. 
pH 7.51 (0.03) 7.03 (0.11) – 5.5–9 
Dissolved COD  254 (18) 454 (14) – 300b) 

a)Maximum permitted values for effluent standard discharged by pig farm, Standard A - large farm with more than 
600 livestock units [23] and N.A. stands for no data available. 
b)Values are referred to the parameter of total chemical oxygen demand (COD) [23]. 

 
 
1) Removal of nitrogen and phosphorus from the digested piggery wastewater 
1.1) TKN-nitrogen removal 
Figure 1 shows the removal of TKN-N from the digested piggery wastewater by suspended and 

biofilm microalgal systems. The results clearly show that both suspended and biofilm microalgal systems 
were possible to remove TKN in the digested piggery wastewater to the target permitted value of 120 mg 
TKN-N/L [23]. At a cultivation time of 14 days, the average concentrations of TKN-N, which calculated 
from the results of 3 batch cycles, were decreased from 369 mg TKN-N/L to 59 mg TKN-N/L when using 
suspended microalgal system, whereas these were decreased from 353 mg TKN-N/L to 13 mg TKN-N/L 
when using biofilm microalgal system. For both systems, average TKN-N removal efficiencies were 84 
and 96 % for suspended microalgal system and biofilm microalgal system, respectively. 

The TKN decreased through microalgae cultivation can be explained by photosynthetic activity. 
Nitrogen is an essential element for proteins synthesis and aided the assimilation of phosphorus to 
produce microalgal biomass [16]. Nitrate (NO3

-) and ammonium (NH4
+) are both potential nitrogen 

sources for the photosynthetic of microalgae and converted these into the organic nitrogen as also 
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reported in other studies [8,24]. However, it is important to note that concentration of TKN is defined as 
the sum of organic nitrogen and ammonium-nitrogen [22]. 
 
 

 
Figure 1 Concentrations of TKN-N during microalgae cultivation batch cycles 1 - 3 of the digested 
piggery wastewater using (○) suspended system and (●) biofilm system. Numbers in the box indicate the 
cycle and (···) indicates harvesting time. 
 
 

1.2) Phosphate-phosphors removal 
In addition to nitrogen source, phosphorus is also required for microalgal growth and other 

mechanisms, for examples, synthesis of ribosomal RNA and energy transport [16]. Figure 2 shows the 
removal of phosphate-phosphorus (PO4

3--P) from the digested piggery wastewater by suspended and 
biofilm microalgal systems. 

 
 

 
Figure 2 Concentrations of PO4

3--P during microalgae cultivation batch cycles 1 - 3 of the digested 
piggery wastewater using (○) suspended system and (●) biofilm system. Numbers in the box indicate the 
cycle and (···) indicates harvesting time. 
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Similar to the removal of TKN-N, the suspended and biofilm microalgal systems can achieve good 
removal of PO4

3--P from the digested piggery wastewater. At a cultivation time of 14 days, average PO4
3--

P removal efficiency of 87 % was found for suspended microalgal system with an average PO4
3--P 

concentration of 18 mg PO4
3--P/L in the effluent, while a higher removal efficiency of 92 % was found 

for biofilm microalgal system with an average PO4
3--P concentration of 11 mg PO4

3--P/L in the effluent. 
These average PO4

3--P removal efficiencies and effluent concentrations were calculated from the results 
of 3 batch cycles. Although there is currently no permitted value for phosphorus from discharging the 
treated effluent by agro-industrial pig farm [23], with such a low P concentration after applied the 
microalgae post-treatment as compared to the P concentrations found in the digested piggery wastewater, 
these results suggest that microalgae-based treatment becomes a promising candidate technology for 
removal of nutrient both N and P from the digested piggery wastewater. However, further investigation 
on this microalgae-based treatment is still needed. For examples, the mass balances of N and P for 
treating the digested piggery wastewater in both suspended and biofilm microalgal systems should be 
considered for future studies. As presented in Table 2, it also shows that the removal efficiencies of N 
and P from the digested piggery wastewater in biofilm microalgal system were higher than suspended 
microalgal system. This could be explained by the minimization of light limitation and enhancement of 
CO2 mass transfer when using biofilm microalgal system [25,26]. A higher biomass production can 
therefore be expected from biofilm microalgal system compared to suspended microalgal system. 
Nevertheless, it is important to note that possibly because of a long harvesting frequency of every 2-
weeks, in this study a lower biomass production was found in biofilm microalgal system than that in 
suspended microalgal system, which will be discussed later.  

Based on the results of nutrient removal efficiencies obtained from this study, it is necessary to 
emphasize that the results are difficult to compare with other previous studies due to differences in, such 
as, species of microalgae used, cultivation conditions and cultivation purposes (e.g. for wastewater 
treatment or for lipid production). For examples, Wang et al. [11] reported efficient nutrient removal of 
both total nitrogen (removal rate of 89.5 %) and total phosphorus (removal rate of 85.3 %) from digested 
piggery wastewater when using an open raceway pond with the improved mixed-microalgae of C. 
vulgaris, C. pyrenoidosa, Haematococcus pluvialis, S. obliquus, S. platensis, and Porphyridium cruentum 
that performed by ultraviolet irradiation and followed by gradual domestication. Whereas Cheunbarn and 
Peerapornpisal [8] found that under a batch culture of microalgae S. platensis could be efficiently grown 
on 10 % dilution of digested piggery wastewater with added nutrients consisting of 8.0 g/L NaHCO3 and 
1.5 g/L NaNO3. Moreover, this previous study also found that a maximum treatment was achieved after 
12 days of microalgae cultivation and maximum nutrient removal efficiencies were 67 % for phosphate 
(PO4

3-), 49 % for nitrate (NO3
-) and 92 % for ammonium (NH4

+). 
 
2) Removal of COD from the digested piggery wastewater 
The amount of dissolved COD was also observed through the cultivation cycles, because it was 

assumed that heterotrophic bacterial populations, which may also present in the cultivation system, can 
utilize these dissolved organic pollutants to produce new cells [27]. For both suspended and biofilm 
microalgal systems, after the microalgal seed was added into each batch cycle, the average dissolved 
COD concentrations were rapidly dropped from 250 to 185 mg COD/L and from 254 to 219 mg COD/L 
after the first two days of cultivation time for suspended system and biofilm system, respectively. These 
decreased COD concentrations most likely can be explained by an adaptation phase for heterotrophic 
bacteria, which may present in the digested piggery wastewater, to the new environment [28]. However, 
because in this study only a mixed-microalgae seed was added at the beginning of each cycle, as well as 
the operational parameters were performed preferable for microalgal growth and not for heterotrophic 
bacterial growth. Therefore, only microalgae continue to grow in the systems. Other possible reasons that 
could be explained an increase in dissolved COD was due to the increased rates of endogenous respiration 
of microalgae and the significant released of organic matters from dense microalgal cultures [29]. 

As expected, in this study the results also show that the concentrations of dissolved COD were 
continually increased after 2 days of each cultivation cycle. In particular after 6 days of each cultivation 
cycle, the average dissolved COD concentrations were increased from 214 to 281 mg COD/L at end of 
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cycle for suspended microalgal system, and moreover, the average dissolved COD concentrations were 
increased from 322 to 454 mg COD/L when using biofilm microalgal system. Such a high increase of 
COD concentrations in biofilm microalgal system is most likely caused by the dead microalgal cells that 
fallout into the liquid when the biofilm gets too thick, leading to limitation of photosynthesis [21,29]. 
These results indicate that the application of microalgae cultivation for treating the digested piggery 
wastewater was not able to remove organic pollutants. Therefore, in order to sufficiently remove nutrient 
and COD in the digested piggery wastewater, a mixture of microalgal-bacterial cultures is suggested [30]. 
However, the effects of microalgal species on bacterial community, and nutrients/COD ratios should be 
further investigated and optimized. As reported in the study of Lee et al. [28], the concentrations of 
dissolved COD were increased after 5 days of cultivating the mixed cultures of microalgae and bacteria 
on municipal wastewater, which caused by nitrogen limitation and thus bacterial growth was inhibited. 
 

3) Microalgal biomass production and harvesting 
Recently, microalgal biomass is considered as a potential substrate for biogas production as 

alternative source of renewable energy and for other high-value products. For examples, Ji et al. [9] used 
microalgae Scenedesmus obliquus to remove nutrient from diluted piggery wastewater and found that at 
40 % concentration of digested piggery wastewater, which reduced initial total nitrogen down to 520 
mg/L, gave the most effective for microalgal growth and lipid production that could be used as biofuel 
feedstock. A review study of González-Fernández et al. [31] also reported that the methane production 
yield produced from anaerobic digestion of Chlorella and Scenedesmus can be varied from 0.09 - 0.32 L 
CH4/g VS, depending on operational parameters of such as temperature, reactor type and retention time. 
However, it is important to note that this methane production yield can still be increased when a pre-
treatment of microalgae, such as mechanical, sonication/ultrasound and thermal analysis, will be applied. 
As reviewed by Montingelli et al. [15], methane production could be enhanced by 100 and 110 % when 
applied ultrasonic and high pressure thermal hydrolysis with lipid extraction as a pre-treatment step of 
Scenedesmus, respectively. Moreover, microalgae cultivated in digested piggery wastewater could also 
contribute to enhance sustainable biogas production in pig farm by using the co-digestion of piggery 
wastewater with microalgal biomass [32]. This implies that microalgae treatment becomes even more 
attractive to promote sustainable utilization of valuable nutrient resources from piggery wastewater and 
use biomass for producing high value products. Before making the best use of microalgae for post-
treatment of the digested piggery wastewater, the effects of different cultivation systems on microalgal 
biomass production rate and harvesting were studied. The results are shown as follows. 

 
3.1) Microalgal biomass production in suspended system 
Table 3 shows the results of net dry weight (DW) yield and biomass production rate for suspended 

microalgal system. After 14 days of microalgae cultivation, the net DW biomass yield achieved 0.39, 0.79 
and 0.78 g DW/L for the cycle 1, cycle 2 and cycle 3, respectively, and these would translate to an 
average net DW biomass yield of 0.65 g DW/L. Moreover, an average of biomass production rate of 1.17 
g DW/day was observed for suspended system. However, apparently the separation of microalgal biomass 
production and treated effluent is needed before discharging the treated effluent into surface waters using, 
for examples, centrifugation, filtration and flocculation [33]. Consequently, suspended microalgal system 
would require a higher operational cost for biomass harvesting than using biofilm system [34]. 

 
3.2) Microalgal biomass production in biofilm system 
In this study, the biofilm microalgal batch cultivation was harvested every 14 days or 2-weeks. For 

each harvesting, the entire biofilm microalgal biomass was harvested by scraping with plastic spoon from 
the microalgal patterned sheet. Figure 3 shows the sample of half biofilm harvested from the patterned 
sheet and the harvested microalgal biomass. In total, the microalgal biomass was harvested 3 times. The 
results of areal wet weight (WW) biomass production, areal dry weight (DW) biomass production, water 
content, and biomass production rate are shown in Table 4. 

 
 



Nutrient Removal by Microalgae Rungnapha KHIEWWIJIT et al. 
http://wjst.wu.ac.th 

Walailak J Sci & Tech 2019; 16(10) 
 
798 

Table 3 Microalgal biomass production from suspended system. 
 

Numbers of cycle Net DW biomass yielda) 
(g DW/L) 

Biomass production rate 
(g DW/day) 

1st cycle 0.39 0.69 
2nd cycle 0.79 1.42 
3rd cycle 0.78 1.40 

a)Net dry weight biomass yield was calculated as the difference between the microalgal biomass density at the end 
and at the beginning of each cycle. The concentrations are average values calculated from the results of 3 samples. 
 
 
Table 4 Microalgal biomass production from biofilm system. 
 

Numbers of 
cycle 

Areal WW biomass 
production 

(g WW/m2/day) 

Areal DW biomass 
production 

(g DW/m2/day) 

Water content 
(%) 

Biomass 
production rate 

(g DW/day) 
1st cycle 7.96 3.81 52.16 0.34 
2nd cycle 21.71 12.01 44.69 1.08 
3rd cycle 18.94 10.14 46.49 0.91 

 
 

 
Figure 3 (a) Sample of half biofilm microalgal harvested from the patterned sheet, (b) Sample of 
harvested biofilm microalgal biomass. 
 
 

For biofilm system, the areal DW microalgal biomass production achieved 3.81, 12.01 and 10.14 g 
DW/m2/day for the cycle 1, cycle 2 and cycle 3, respectively, which corresponding to the average areal 
production rate of 8.65 g DW/m2/day. Moreover, an average water content of approximately 48 % was 
found, which was lower than the results obtained by Boelee et al. [17] and others that generally reported 
more than 80 % moisture content in wet microalgal biomass [35]. This was probably because biofilm 
microalgae were grown on the surface of the patterned sheet and only a thin layer of liquid was flowed 
over the biofilm. This low moisture content in wet microalgal biomass can be advantageous over high 
moisture content, because water within microalgal biomass would lead to a reduction in cell disruption 
when the wet biomass is used to produce further products, such as biodiesel [36]. However, this study 
was observed that the biomass production rates decreased when using biofilm cultivation system as an 
average biomass production rate was found at 0.78 g DW/day, whereas this was 1.17 g DW/day for 
suspended cultivation system. Apparently, a harvesting frequency of 14 days (2-weeks) cannot maintain 
the microalgal biofilm formation in the growth phase. Also, it was assumed that microalgal biomass 
productivity would be decreased with the increasing biofilm thickness [17]. 
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As demonstrated by the data in Tables 3 and 4, a lower biomass production rate was found in the 
first cultivation batch as compared to the second and the third batches for both suspended and biofilm 
microalgal systems. This is likely that the low nutrients uptake was influenced by light and temperature 
limitations [37]. For examples, as reviewed by Singh and Singh [37], the optimum temperatures ranged 
from 20 to 30 °C and the optimum light irradiance varied between 33 and 400 µmol/m2/s for growth of 
different microalgae species. In this study, average temperatures for the cycle 1, cycle 2 and cycle 3 were 
24 °C (min. 14 °C and max. 34 °C), 27 °C (min. 16 °C and max. 37 °C) and 29 °C (min. 19 °C and max 
39 °C), respectively [19]. Moreover, average solar irradiations for the cycle 1, cycle 2 and cycle 3 were 
827, 932 and 964 µmol/m2/s, respectively [20]. Considering that only 43 % of the solar radiation is 
available for the photosynthesis of microalgae [24], this would translate to average solar irradiations used 
in photosynthesis of 356, 401 and 415 µmol/m2/s for the cycle 1, cycle 2 and cycle 3, respectively. 

In order to get a better understanding of different forms of microalgal growth, microalgal biomass 
obtained from the end of cycle 3 both for suspended and biofilm cultivation systems were observed by 
SEM. Figure 4 depicts the SEM pictures of microalgae grown on the digested piggery wastewater. 

 
 

 
Figure 4 Scanning electron microscope (SEM) pictures of microalgae grown on the digested piggery 
wastewater using 2 different cultivation systems: (a, c) Suspended microalgae and (b, d) Biofilm 
microalgae. (Arrows indicate the samples of a matrix of EPS found in biofilm microalgal system.) 

 
 
As expected, both suspended (Figures 4a and 4c) and biofilm (Figures 4b and 4d) cultivation 

systems obtained a mixed-species of microalgae. However, in this study the differences in type and 
density of microalgae population between the 2 cultivation systems, as well as the reasons for their 
differences remain unclear and ask for future studies. The species of microalgae grown in both suspended 
and biofilm cultivation systems are necessary to identify. Based on the results of N and P removal from 
the digested piggery wastewater that were found in this study, the species of microalgae would more 
likely dominate by Chlorella sp., Scenedesmus sp. and pennate diatom for both suspended and biofilm 
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microalgal systems [10]. In addition, Figures 4b and 4d clearly show that microalgal biofilm formation 
was connected with the aid of extracellular polymeric substances (EPS), which also reported in the study 
of Boelee [21]. Production of EPS is consisted mainly polysaccharides and additional compounds, such as 
proteins, nucleic acids and lipids. EPS plays an important role in various aspects of biofilm formation. 
For examples, EPS help in cohesion within the biofilm and adhesion of microorganism to a surface. Also, 
EPS influence the exchange of nutrients and help to retain water inside microalgal cells, resulting in a 
long survival during hot weather and dry months [18]. 

 
3.3) Biomass harvesting in biofilm system 
Based on the results of high increased in dissolved COD concentrations at the end of each 

cultivation cycle when using biofilm system, a harvesting frequency of every 2-weeks seems to be too 
long, as well as a harvesting method of scraping entire biofilm seems insufficient to remain the stable 
biomass production. These findings are also supported by the changes in pH during microalgae 
cultivation. For suspended microalgal system, an average pH in the beginning of cultivation cycle was 
7.52; afterwards the pH was gradually increased through the end of cultivation cycle and ended up with 
an average pH of 8.95 (Table 1). However, for biofilm microalgal system, an average pH in the 
beginning of cultivation cycle was 7.51, and then the pH was rapidly increased up to an average of 8.92 
after the first 2 days of cultivation time, but after that the pH was slowly decreased through the end of 
cultivation cycle and ended up with an average of 7.03 (Table 1). These results are in agreement with the 
study of Marchello et al. [38], which also found that pH had a tendency to increase when microalgae were 
growing due to a reduction of CO2 in the system. Besides, the decreased pH in biofilm system could be 
explained by a lower phototrophic activity of microalgae, which possibly caused by the light and/or 
nutrients limitation. As suggested by the study of Boelee et al. [17], for the post-treatment of municipal 
wastewater by using biofilm microalgal system, the optimal harvesting frequency was suggested to be 
once a week and the microalgal biofilm should be partially harvested from the carrier material. 

 
Conclusions 

Sustainable nutrient N and P removal from digested piggery wastewater using microalgae was 
investigated. Laboratory-scale suspended and biofilm microalgal systems were parallel constructed under 
outdoor climatic conditions in Northern Thailand, and compare their performances on treatment 
efficiencies and biomass production from digested piggery wastewater. Based on the results obtained 
from this study, it can be concluded that both suspended and biofilm microalgal systems show efficient 
nutrient removal and biomass production from digested piggery wastewater, but the removal efficiencies 
of N and P from digested piggery wastewater in biofilm system were higher than suspended system. At a 
cultivation time of 14 days, biofilm microalgal system removed on an average of 96 % of TKN-N and 92 
% of PO4

3--P, resulting in good effluent quality with an average of 13 mg TKN-N/L and 11 mg PO4
3--P/L. 

For suspended microalgal system, average removal efficiencies of 84 % of TKN-N and 87 % of PO4
3--P 

were achieved, and moreover, good effluent quality with an average of 59 mg TKN-N/L and 18 mg PO4
3-

-P/L was obtained. 
Although microalgal biomass production rate in suspended system (1.17 g dry weight/day) is 

slightly higher than in biofilm system (0.78 g dry weight/day), growing microalgae in biofilm system 
advantages in simple harvesting method, as well as, no separation of biomass production and treated 
effluent would be required before discharging the treated effluent. Therefore, biofilm microalgal system is 
more suitable for removing N and P from digested piggery wastewater than suspended microalgal system 
and needs further optimization. In particular, regular harvesting with short intervals and partially 
harvesting of the biofilm biomass should be further explored for increasing biomass production, while 
maintaining low concentrations of nutrient in the treated effluent. This study not only offers the 
opportunity to improve sustainability of agro-industrial wastewater treatment for pig farm, but also 
develop sustainable utilization of agro-industrial wastewater, as microalgal biomass can be used as a 
feedstock for methane production or other high-value products. 
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