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ABSTRACT

In this study, different pre-treatment methods were applied to liquid digestate (LD) for the growth of the mixed microalgal culture. In addition,

nutrient removal in the LD was investigated. Dilution, filtration, and centrifugation were applied as pre-treatment methods. Microalgal growth

was evaluated as dry weight (DW) and nutrient removal was investigated with the analysis of ammonium (NH4
þ-N) and phosphate (PO4

�3-P).

Microalgal DW constantly increased throughout the experiment and reached the maximum values of 4.24, 4.02, and 1.47 g/L in centrifuged,

diluted, and filtered medium, respectively. Maximum NH4
þ (97.7%) and PO4

�3 (50.4%) removal efficiency was observed in the centrifuged LD.

Based on the results of this study, the optimum growth medium for microalgal growth was centrifuged LD but this culture can be cultivated in

diluted LD up to 40-fold. Results also showed that using LD for microalgae production is a suitable application for both nutrient supply for

microalgal growth and nutrient recovery from LD.
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HIGHLIGHTS

• Dilution, filtration, and centrifugation were performed as pre-treatment applications to liquid digestate.

• Maximum biomass (4.24 g/L) was provided in the centrifuged medium after 29 days of cultivation.

• The maximum removal of ammonium (97.7%) and phosphate (50.4%) was observed in the centrifuged liquid digestate.
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GRAPHICAL ABSTRACT
INTRODUCTION

Currently, most of the energy requirement in the world is covered by fossil fuels. However, fossil fuels have rapidly depleted
and their environmental impacts have reached a hazardous level for human beings. Besides, the need to reduce foreign
dependency in terms of energy resources and raise awareness of global warming, climate change, and carbon emissions
has led to an interest in renewable energy resources. In recent years, anaerobic digestion of biomass (agricultural wastes,

animal wastes, forestry wastes, domestic sewage sludge, micro-, and macroalgae) has become a common treatment
method due to its high biogas potential. Therefore, the number of anaerobic digestion facilities in European countries has
increased (Marcilhac et al. 2015). It is estimated that biogas energy potential in the European Union would be 1.200–

2.300 PJ/year in the year 2030 (Meyer et al. 2018).
Biogas, solid and liquid digestate (LD) are products of anaerobic digestion. Solid digestate (SD) is more stable than LD and

it can be easily handled (Xia & Murphy 2016). On the other hand, the amount of LD is very high when compared to that of

SD and it is difficult to transport and process (Xia & Murphy 2016). Due to the low C/N/P ratio, anaerobic treatment is not
sufficient to remove nutrients. For this reason, the nutrient content of LD is quite high. Therefore, a rich nutrient output
occurs which must be properly disposed of or used. Direct application of untreated LD to the soil may result in some harmful

impacts on the environment such as nutrient runoff, eutrophication (Massa et al. 2017), surface and groundwater pollution,
ammonia volatilization (Marcilhac et al. 2015), and human health risk (Logan & Visvanathan 2019). Therefore, various treat-
ment methods are applied to minimize the negative effects of LD (Razzak et al. 2013). One of the alternative solutions for the
proper management of LD is microalgae cultivation.

Microalgae, defined as third-generation biofuel sources, are photosynthetic microorganisms with higher growth rates and
production potential compared to other biofuel sources. Microalgal biomass can be transformed into renewable energy
sources such as biodiesel, biogas, and biohydrogen and it is a carbon-neutral energy source (Chisti 2010). Therefore, micro-

algae are seen as prospective fuel sources for sustainable development. Currently, however, the high production cost of
biofuels from microalgae is a significant disadvantage. Moreover, low biomass concentration increases the cost of microalgae
harvesting.
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Microalgae growth is directly related to light intensity, presence of nutrients, pH, temperature, and initial algae biomass

(Wang et al. 2010). Other important factors of microalgae production are nutrient input (Singh et al. 2011; Zuliani et al.
2016) and growth medium (Jiang et al. 2011). By using wastewater with high nutrient content, cost reduction and wastewater
treatment can be provided. Liquid digestate is one of the types of wastewater used as a growth medium and nutrient source for

microalgae cultivation (Marcilhac et al. 2015; Massa et al. 2017; Jiang et al. 2018). Over the last decades, investigations on
digestate treatment and/or reuse with microalgae have received increasing attention (Li et al. 2017). Researches on digestate
treatment with microalgae suggest that using this medium without pre-treatment is not suitable for biomass production due to
high ammonium, turbidity, and bacteria concentration (Xia & Murphy 2016; Zuliani et al. 2016). It is stated that the most

effective methods to reduce ammonia toxicity and turbidity are dilution and filtration (Marazzi et al. 2017). However,
high dilution rates may reduce the nutrient concentration while dilution water requirement may cause problems in terms
of sustainability and cost (Franchino et al. 2016). In this respect, it is necessary to optimize the pre-treatment methods to

increase microalgal biomass production by reducing the dilution factor and cost.
In recent years, the number of biogas plants where wastes can be evaluated as a source of biofuel has increased. Conse-

quently, significant increases are expected in digestate formation, which must be managed appropriately due to its

potential environmental adverse effects. From a circular bioeconomy point of view, digestate has significant potential due
to its high nutrient content, especially phosphorus (López-Sánchez et al. 2022). The aim of wastewater treatment should
not only be the recovery of clean water but also the recovery of valuable components in wastewater (Duque et al. 2021).
In this context, digestate has high potential, and studies on resource recovery from digestate have increased in recent
years (Stiles et al. 2018). By using microalgae in digestate treatment and resource recovery, carbon dioxide removal,
oxygen release and biomass production with added value that can be used in many areas can be achieved. Due to factors
such as operating conditions in biogas plants and raw material properties, the digestate character is highly variable and

the microalgae biomass production also shows differences (Kisielewska et al. 2022). Since it is not possible to apply a
single method in the disposal of wastewater with a complex structure such as digestate, it is necessary to increase the
number of studies to determine the appropriate conditions for digestate management in laboratory conditions before

moving to real-scale applications (Bauer et al. 2021). As far as we have examined the literature, no study has been found
in which there is a high biomass production with such a high COD concentration digestate. In addition, studies on digestate
and microalgae have been carried out with certain species, and studies with mixed cultures are quite limited. In studies where

digestate is evaluated as a nutrient source for microalgae, the dilution factor is very important (Malhotra et al. 2022). Low
dilution may cause inhibition, while high dilution factors may cause nutritional deficiencies (Malhotra et al. 2022). Therefore,
filtration and centrifugation methods were also used in this study to optimize the effect of dilution. In light of the literature
studies given above, it is understood that they mainly focused on one or two of the pre-treatment applications and rarely

implemented three pre-treatment methods together. It is also seen that organic matter and nutrient contents of the digestate
used in literature studies were generally at the level of moderate and low. Studying the digestate including a high level of
organic matter and nutrient contents can provide a new contribution to the subject of microalgae and nutrient removal.

In this study, in addition to the high dilution alone application, filtration, and centrifugation pre-treatment applications
were carried out for microalgae biomass production and nutrient removal. The primary aim of the applied pre-treatment
methods is to reduce the dilution water requirement of LD. The main parameters assessed were biomass production along

with NH4
þ-N and PO4

�3-P removal.

MATERIALS AND METHODS

Digestate characterization

The LD used in this study was obtained from the decanter discharge of a biogas plant within the renewable energy complex of

an energy firm. The renewable energy complex is an integrated bio-crude oil, biogas, and organic fertilizer production plant
and treats 400 tons/day of organic wastes including materials from cattle and poultry farms, slaughterhouses, agricultural
enterprises, and food factories in the immediate vicinity. Samples were immediately transported to the laboratory and

stored at 4 °C until analysis. Physicochemical characteristics of LD used in this study are given in Table 1.

Microalgae cultivation and experimental set-up

Mixed microalgae culture obtained from a local pond was used in this study. The stock culture of microalgae used as inocu-
lum in the experiments was obtained in Bold’s Basal Medium (Bohutskyi et al. 2016). The growth conditions were as follows:
://iwa.silverchair.com/ws/article-pdf/22/9/7085/1115991/ws022097085.pdf



Table 1 | Characterization of LD used in experiments

Parameter Unit Value

pH – 8.69

Turbidity NTU 14,300

Conductivity mS/cm 75

Alkalinity mg/L 8800

Chloride mg/L 4799

COD mg/L 102,080

PO4
3�-P mg/L 400

NH4
þ-N mg/L 2400

NO3
�-N mg/L 150
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cool white led lamp light with a light intensity of 17,000 lux, temperature of 25+ 1 °C, 16/8 h light-dark cycle, and the media

were continuously shaken with an orbital shaker at 100 rpm.
Three types of growth medium were used for the experimental procedure. The first medium (D) was prepared as a 40-fold

dilution of raw LD with tap water. For the second medium (C), LD was centrifuged for 15 min at 6000 rpm and diluted 20-

fold. The third medium (F) was gathered with filtering of LD through a 0.45 μm filter and diluting 10-fold (Figure 1). Since pre-
treatment of digestate avoids turbidity, lower dilutions were applied to filtered and centrifuged mediums to reduce the use of
clean water to dilute the medium.

All experiments were carried out in batch mode for 29 days using 500 mL Erlenmeyer flasks with a working volume of
400 mL. For each treatment, 400 mL of growth medium was inoculated with a sufficient amount of stock culture to provide
0.1 g/L of initial biomass concentration. Mediums were continuously mixed with an orbital shaker at 100 rpm. Light intensity

was set to 17,000 lux provided by white aluminum led lamps with the photoperiod of light/dark cycle of 16/8 hours. All
experiments were carried out in duplicate at a controlled room temperature. The medium temperature was monitored
with the temperature probe of the JBL Proflora control device and average values were reported in the results.
Analytical methods

The growth of the microalgae was determined based on dry weight (DW) according to standard methods (SM 2540D). To
analyze DW, 5 mL of samples were taken and filtered through a glass fibers filter paper. The filter papers were then dried
Figure 1 | Pre-treatment applications and dilution factors.

om http://iwa.silverchair.com/ws/article-pdf/22/9/7085/1115991/ws022097085.pdf

4



Water Supply Vol 22 No 9, 7089

Downloaded from http
by guest
on 10 April 2024
in an oven at 105 °C for 1 hour. After 30 min cooling in a desiccator, the filter papers were weighed and DW was calculated

through the weight difference.
Monitoring of the pH and temperature values along with CO2 dosing was done using the JBL Proflora control device. Nutri-

ent consumption was evaluated by the difference on the first and last day of the experiments. NH4
þ-N, PO4

3�-P, and NO3
�-N were

measured using spectrophotometric (PhotoLab 6600 UV-VIS) test kits (Merck, Germany, M114544, M114543, and M114542
respectively), on 0.45 μm filtered samples.
RESULTS AND DISCUSSION

Microalgae growth

Microalgal growth as indicated by dry weight (DW) measured at D, C, and F mediums are shown in Figure 2. DW constantly

increased throughout the study and reached the maximum values of 4.24, 4.02, and 1.47 g/L in C, D, and F, respectively. The
mixed microalgae culture survived in all media and approximately 3 days of lag phases occurred. After the 3rd day, the growth
curve of microalgae in D and C started to level up and doubled nearly by the 15th day of treatment. The culture growth in F
picked up in the latter part of the treatment and it reached the exponential phase almost 2 weeks later. However, the biomass

in F could never reach the levels of the biomass in D and C. It is possible to conclude that the adaptation time to relatively
high concentrations of nutrient values is longer with a 10-fold dilution. This lag phase duration can be shortened by the use of
LD-adapted culture.

As shown in Figure 2, the adaptation time is shortened as the dilution factor increases. The longer duration of the lag phase
in C is thought to be caused by high turbidity and bacteria due to the low dilution factor. On the other hand, while growth was
continued in C because of available nutrients depending on the dilution factor, D was passed to the death phase as a result of

a decrease in nutrients. Besides, as the microalgae biomass concentration increases at the end of the experimental study, the
growth may be inhibited by the self-shading phenomenon, so it is difficult to determine whether growth is limited by the nutri-
ent or light limitation (Marcilhac et al. 2015). Since filtration of the LD removes bacteria, lower biomass production as dry
Figure 2 | Growth curves of microalgae culture with different media as recorded by dry weight.
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weight in F compared to C and D resulted because of the lack of bacteria. This is in agreement with Marcilhac et al. (2015)
who indicated that an increasing amount of dry weight during the microalgae production in digestate was not only caused by
microalgae, but also by bacteria. The effect of bacterial growth on biomass concentrations in C and D is confirmed by nutrient
analysis results. On the other hand, a lower dilution factor of F can make it less suitable for microalgal growth for a series of

possible reasons, namely nutrient concentration, initial color (Marcilhac et al. 2015), lower light transmittance, and presence
of other toxic compounds (Franchino et al. 2016).

We also noticed that F reached the stationary phase almost by the 3rd week possibly due to higher initial nutrient concen-
trations, which may inhibit microalgae growth. Nevertheless, it can be concluded from these results that the optimum growth

medium for microalgal growth was C but that this culture can be cultivated in D. Another indication of the increase in bio-
mass is color. As described in previous studies (Abu Hajar et al. 2017; Praveen et al. 2018) turning from the characteristic
black-brown color of digestate to green shows algal growth. The color change was observed in C and D about 5 days after

the beginning, while the change in F was almost after the 10th day. Similarly, the color change due to the increase in biomass
was observed by Praveen et al. (2018) on the 7th day.

A comparison of biomass production and nutrient removal by microalgae in liquid digestate is given in Table 2. The direct

comparison of microalgae growth data with other studies is not exactly possible due to the use of different microalgae species,
cultivation conditions, and LD characteristics that can affect biomass production. Cheng et al. (2015) used a mutant Chlorella
culture in their study and higher biomass production was reported than found in our study. Uggetti et al. (2014) used a mixed

microalgae culture for biomass production in diluted liquid digestate and obtained 2.6 g/L biomass. Approximately 1.5 g/L
biomass was reported by researchers who applied dilution to digestate (Wang et al. 2010; Xu et al. 2015; Franchino et al.
2016; Jiang et al. 2018). Comparatively higher biomass production was reported in starch processing wastewater using Chlor-
ella pyrenoidosa (Tan et al. 2014; Yang et al. 2015). The microalgal growth in this study can be considered relatively high if

compared to a few previous studies carried out with different types of digestate (Table 2).

Nutrient removal

Nutrient removal efficiency in D, C, and F mediums are shown in Figure 3. The NH4
þ-N removal efficiency was 97.7, 97.7, and

85.6% for D, C, and F, respectively. Besides, 29.7, 50.4, and 31.3% of PO4
3—P were eliminated in D, C, and F, respectively.

Anaerobic digestate contains a high amount of nutrients, even if it is diluted excessively (Zuliani et al. 2016). It is very difficult
to define the transformation-exchange mechanisms due to the alkaline pH (Logan & Visvanathan 2019), high nutrient con-
tent (Logan & Visvanathan 2019), and extremely complex structure of digestate. The characteristics of digestate vary not only
with the raw material used in anaerobic digestion but also with the operational and seasonal factors. Even the properties of
digestate obtained from the same plant may alter with time. Therefore, several chemical and biological variables affect nutri-

ent removal mechanisms.
Microalgal assimilation and different mechanisms can be effective in nutrient removal (Franchino et al. 2013; Marcilhac

et al. 2015). High nutrient uptake rates can be explained by the bacteria and microalgae consortium (Gonçalves et al.
2017). Consequently, one of the issues to be considered in this study is that digestate contains microorganisms such as bac-
teria and protozoa. Abu Hajar et al. (2017) mentioned that filtration is one of the prevention methods for microalgae from
other microorganisms. Therefore, it is expected that the bacterial effect is eliminated by the filtration pre-treatment. However,

since bacteria cannot be removed by centrifugation and dilution methods, there is an interaction between microorganisms
and mixed microalgae strains. In particular, it is not possible to provide axenic conditions in a complex medium such as diges-
tate (Gonçalves et al. 2017). In this medium, the microorganisms’ consortium should be taken into account as well as the

microalgae mixture (Franchino et al. 2013; Marcilhac et al. 2015). In this study, microalgal growth is estimated to be the
main nutrient removal mechanism. It is suggested that the difference in the amount of produced biomass is one of the
main reasons for the obtained nutrient removal efficiencies.

Ammonium is preferred primarily as a nitrogen source because it is easier to be assimilated by microalgae (Franchino et al.
2013; Praveen et al. 2018). However, it is stated that high ammonium concentrations cause inhibition (Abu Hajar Riefler &
Stuart 2017; Praveen et al. 2018) as a result of the conversion to free ammonia due to temperature and pH. On the other
hand, it is also stated that nitrate may be preferred as a nitrogen source due to the lack of inhibitory effect (Praveen et al.
2018). In this study, during 29 days of the batch experiment, although the ammonium was removed with a high yield, the
nutrient limitation was not observed in C. Due to the low N/P ratio of digestate, the ammonium removal efficiencies were
found to be quite higher compared to the phosphorus removal efficiencies. All the ammonium present in C and D was
om http://iwa.silverchair.com/ws/article-pdf/22/9/7085/1115991/ws022097085.pdf
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Table 2 | Comparison of biomass production and nutrient removal by microalgae in liquid digestate

Type of liquid digestate Pre-treatment Microalgae culture Biomass (g/L)

Nutrient removal (%)
Reference

NH4
þ PO4

�3

Piggery digestate Dilution Chlorella vulgaris 1.47+ 0.08 .90 .90 Franchino
et al. (2016)

Digested and
undigested dairy
manure

Filtration and
dilution

Chlorella sp. 1.47–1.71 100 (NH3) 62.5–74.7 Wang et al.
(2010)

Piggery wastewater Dilution Scenedesmus obliquus (FACHB-31) 1.5–2.3 58.4–74.6
(TN)

70.1–88.8
(TP)

Xu et al.
(2015)

Pig farm digestate Dilution Chlorella sp. with a bacterial
consortium

1.10 30.75 – Jiang et al.
(2018)

Poultry litter Centrifugation and
dilution

Arthrospira platensis and Chlorella
vulgaris

0.829–1.52 .95–. 99 .96–. 99 Markou
(2015)

Starch processing
and alcohol
wastewater

Filtration,
sterilization

Chlorella pyrenoidosa 3.0+ 0.15 91.6+ 4.58
(TN)

90.7+
4.62
(TP)

Yang et al.
(2015)

Starch processing
wastewater

Filtration,
precipitation

Chlorella pyrenoidosa 2.05+ 0.03 83.1 (TN) 96.7 (TP) Tan et al.
(2014)

Swine manure and
sewage

Centrifugation,
autoclave

Chlorella PY-ZU1 mutant 4.81 73 95 (TP) Cheng et al.
(2015)

Poultry litter Centrifugation,
dilution

Chlorella minutissima, Chlorella
sorokiniana, Scenedesmus bijuga,
and their consortium

0.313–
0.612

16–49 (TN) 50–100
(TP)

Singh et al.
(2011)

Piggery farm
digestate

Filtration, dilution Desmodesmus sp. 1.039 91.1–92.7 88.7–100 Ji et al. (2015)

Pig farm digestate Filtration, dilution Desmodesmus sp. 0.412 ∼100 51.2– 100 Ji et al. (2014)

Liquid digestate Dilution Mixed microalgae dominated by
Scenedesmus sp.

2.6 43–100 – Uggetti et al.
(2014)

Cattle manure Dilution Chlorella sorokiniana CS-01, UTEX
1230 and UTEX 2714

0.280 65.0–74.7 47.0–57.7 Kobayashi
et al. (2013)

Agro-zootechnical
digestate

Dilution and
centrifugation

Neochloris oleoabundans, Chlorella
vulgaris and Scenedesmus
obliquus

0.20–0.26
(g/L.day)

83.7–99.9 94.4–97.3 Franchino
et al. (2013)

Organic waste
digestate

Centrifugation,
filtration, dilution

Mixed microalgae 1.47–4.24 85.6–97.7 29.7–50.4 This study
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almost consumed, indicating a limiting role in growth. When each pre-treatment is evaluated independently, nutrient removal
mechanisms are considered different for each method. Low nutrient removal efficiencies in F may be due to the presence of

more nutrients than the need for a microalgae-based dilution rate. Since bacteria were removed with filtering in F and micro-
algal growth is lower than C and D, it is estimated that removal was not only caused by microalgae but also by struvite
precipitation and/or stripping. Despite different initial nutrient concentrations of C and D, ammonium removal rates
showed similar trends. For these pre-treatment methods, it can thus be assumed that the proposed mechanism of nutrient

degradation in addition to the aforementioned mechanisms was the removal by non-microalgae mechanisms such as assim-
ilation by the bacteria with nitrification and denitrification.

During anaerobic treatment, nitrogen is generally converted to ammonia and nitrate formation is low in digestate because

of an oxygen-free environment. Due to the presence of oxygen produced by microalgae and the existence of COD, alkalinity,
and bacteria in the medium, it is hypothesized that the nitrification process takes place here. On the other hand, the detection
of nitrates in C and D samples confirmed this hypothesis. While ammonium concentrations decreased, in contrast, nitrate
://iwa.silverchair.com/ws/article-pdf/22/9/7085/1115991/ws022097085.pdf



Figure 3 | Nutrients removal efficiencies of mixed culture in D, C, and F mediums.
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concentration increased 5.8 times in C and 2.6 times in D. Meanwhile, there was no change in the nitrate concentration in
F. Therefore, based on these results, it can be inferred that ammonia removal was not only the result of microalgae uptake but

also bacteria with nitrification process. This is in agreement with Praveen et al. (2018) who indicated that another ammonium
removal reason was nitrification. Consequently, high nutrient removal may not always be explained by the biological assim-
ilation of microalgae (Molinuevo-Salces et al. 2016). In this study, it is estimated that some part of ammonium is removed by

the stripping process. However, as can be seen from the increase in biomass, it is expected that there is no inhibition due to
ammonium stripping. Franchino et al. (2013) stated that only 4% of the ammonia removal was carried out by stripping. On
the other hand, they also pointed out that after sterilization of digestate, even at pH 7.65, about 60% ammonium is removed
by stripping. Bohutskyi et al. (2016) indicated that inhibition occurred when ammonium concentration reached 100 mg/L,

while Praveen et al. (2018) stated that there was no inhibition at 300 mg/L concentration.
Phosphorus is an essential nutrient for microalgae and especially orthophosphate, which is the preferred phosphate form,

(Gonçalves et al. 2017) plays a significant role in microalgae growth. However, most of the phosphorus forms in the digestate

are not available for algal growth (Zuliani et al. 2016). pH is an unstable variable due to photosynthesis reactions (Jiang et al.
2018). The concentration of dissolved phosphorus also varies considerably depending on pH (Marcilhac et al. 2015;
Gonçalves et al. 2017). Because of the alkaline pH of digestate, a large part of the phosphorus is in particulate form as inso-

luble metal salts (Sforza et al. 2017). The other form of deposition may be in the form of struvite crystals (Marcilhac et al.
2015). Many mechanisms, especially precipitation and dissolution reactions, are highly affected by the change in pH. There-
fore, as long as there is particulate phosphorus in the digestate, it can be transformed due to dissolution by pH change

(Marcilhac et al. 2015; Gonçalves et al. 2017). During the experiments, microalgal growth was not limited by phosphorus
due to the high initial phosphorus concentration. On the other hand, low phosphorus removal in D can be explained by
the increase of dissolved phosphorus concentration due to pH change. The dissolution of particulate phosphorus form
may have occurred due to pH being reduced from alkali values to neutral values by the addition of carbon dioxide.

Total phosphorus concentration decreases due to the separation of solid liquid by filtering and partly by centrifuging pre-
treatment methods. On the other hand, there is only a reduction in dilution as much as the dilution factor. Besides, although
the concentration of dissolved phosphorus in F is high due to the dilution factor, conversion of particulate phosphorus in C

and D to dissolved phosphorus is possible. Furthermore, for C and D, part of the phosphorus may also be removed by possible
bacterial assimilation, albeit low. Results of REs showed that differences in phosphorus removal of F and D were not significant.
The maximum PO4

�3 removal was achieved in C (50.4%) while approximately 30% of REs were gathered in D and F. Although,
om http://iwa.silverchair.com/ws/article-pdf/22/9/7085/1115991/ws022097085.pdf

4



Water Supply Vol 22 No 9, 7093

Downloaded from http
by guest
on 10 April 2024
these results were lower than some published studies (Table 2), they are higher than those of Marcilhac et al. (2015) who found

the REs in the range of 15–38% depending on the operating conditions and explained this with high initial concentrations. At
the end of the experimental study, it can be concluded that microalgae did not suffer from phosphorus starvation.
CONCLUSION

In this study, various pre-treatment applications were carried out to reduce the amount of water used for dilution. Microalgae
growth and nutrient removal efficiencies were investigated in filtered, centrifuged, and diluted liquid digestate. Under all con-

ditions, mixed culture survived but the highest biomass (4.24 g/L) was provided in the centrifuged medium after 29 days of
cultivation. Biomass production results showed that centrifuged digestate is suitable for microalgae cultivation. Maximum
removals of PO4

�3 (50.4%) and NH4
þ (97.7%) were observed in centrifuged LD. While high nutrient content with a low

dilution factor may adversely affect microalgae growth in LD, it can be concluded that the effect in this study was only to
extend the adaptation period. Future research should include finding the most suitable microalgae species, optimum pro-
duction conditions, and viable integrated cultivated systems with waste treatment.
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