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Abstract As foodwastage becomes an increasingly dire problem, research has been
conducted on food waste management. Anaerobic digestion has been presented as
an alternative to traditional methods of food waste disposal, as it is able to produce
biogas as a renewable energy source.However, its byproduct, liquid foodwaste diges-
tate, needs to be treated appropriately before disposal. Food waste digestate usually
contains a high percentage of ammonia, phosphorus, and other organic compounds.
Hence, microalgae cultivation in food waste digestate has been suggested as a treat-
ment method, as various strains of microalgae are effective in removal of nitrogen,
phosphorus, heavy metals, and toxins from wastewater, while using compounds
present to synthesize valuable biomass. Thus, microalgae as a treatment for food
waste digestate is promising. In this study, food waste was taken from a local anaer-
obic digester, filtered and used for the heterotrophic cultivation of three different
strains of microalgae. Hetero-trophic cultivation was carried out as it does not require
light and is easier to incorporate into biorefineries. From the three strains, Chlorella
sorokiniana has been found to have the best growth rate, reaching a final dry cell
weight of 0.144 g/L, and was thus used for subsequent experiments. C. sorokiniana
was then cultivated in different glucose and food waste digestate concentrations
to investigate microalgal performance and potential products. Results found that C.
sorokinianawas effective in ammonia removal,with the highest removal at 250.8 ppm
and had the highest protein and carbohydrate percentage contents at 47% and 57.1%
respectively.
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1 Introduction

In 2021, about 17% of global food production was wasted, according to a report
by the United Nations [1]. Food waste (FW) refers to materials intended for human
consumption which are discarded, lost, degraded, or contaminated [2]. In America
alone, avoidable FW exceeds 55,000,000 tonnes per year, producing greenhouse gas
emissions of CO2equivalent to 2% of the nation’s total annual emission [3]. China
generates around 90,000,000 tonnes of FW yearly [4], and locally in Singapore,
665,000 tonnes of FW was generated just in the year of 2020 itself [5]. With the
increasing amount of FW generated globally, the need for proper FW treatment and
disposal is on the rise.

FW, if disposed untreated, can cause various environmental problems of detri-
mental consequences. The traditional method of disposing of FW in landfills results
in the release of methane into the atmosphere during organic decomposition, which
is 80 times more powerful than CO2 as a greenhouse gas [6]. Another conventional
method of foodwastemanagement is incineration atWaste-To-Energy (WTE) plants.
It makes use of burning of waste to generate electricity, causing airborne pollution
[7]. WTE plants also do not fully utilize the nutrients still present in the FW such as
nitrogen, potassium, and phosphorus [8]. Hence currently, new and innovative ways
of FW treatment are being investigated, one of which is anaerobic digestion of FW,
using bacterial breakdown [9]. Compared to traditional methods of FW disposal,
anaerobic digestion is seen as a promising method of generating methane, which is
captured as biofuel as a form of renewable energy. Food waste as a substrate for
anaerobic digestion may also have the potential to provide a higher biogas yield
compared to other forms of widely used substrate, such as manure and corn silage
[10].

However, anaerobic digestion also produces a byproduct, a sludge digestate
consisting of the end products of anaerobic digestion. FW digestate often contains
macronutrients and micronutrients, and is generally rich in nitrogen, potassium and
sodium [11]. Due to its high organic ion content, direct disposal of it without treat-
ment can cause environmental pollution. The most common treatment method is
using it as agricultural fertiliser [12], but liquid digestate fertilizer might cause run-
off and eventual eutrophication of water systems [13]. Using liquid FW digestate for
land-based agriculture also requires a large land size and its suitability depends on
the type of crops and time of the year [14]. For countries which do not have large
land spaces dedicated to agricultural use, using FW digestate as fertilizer may not
be as effective. However, it is a highly viable medium for the cultivation of different
strains of microalgae simultaneously with the treatment of digestate, a method which
requires only a small land size [15].

Microalgae cultivation is a novel and promising way of utilizing FW digestate
[16, 17]. Various strains of microalgae have been found to be effective in removing
nitrogen, phosphorus and other compounds in waste, utilizing these compounds for
growth and producing high yield of valuable products such as carbohydrates which
can be converted into bioethanol, lipids which can be converted into biofuel, proteins
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as animal feed, and various vitamins [18]. Generally, the large-scale commercialisa-
tion of microalgae production has been hindered by the expensive biomass produc-
tion procedure and product extraction steps [19]. However, using FW digestate can
reduce the cost price of producing a viable medium for microalgae cultivation. As
such, cultivation of microalgae using FW digestate could be beneficial, since high
value products can be obtained with the concurrent removal of compounds in food
waste.

Several studies have investigated the possibility of using FW digestate as a
medium to cultivate microalgae, but most of them researched on the autotrophic
or mixotrophic method of cultivation [15, 20, 21], which requires the presence of
light. Despite various added benefits of heterotrophic cultivation method, it is rarely
studied in FWdigestate treatment. Studies which investigated the heterotrophic culti-
vationmethod [22, 23] only took into consideration one specific strain of microalgae.
Somebenefits of heterotrophicmethods include its ability to be integrated into current
biorefinery systems due to it occuring in the absence of light, as large-scale opera-
tions in fermenters are carried out in the dark. Heterotrophic cultivation also requires
less manpower in terms of operation and daily maintenance, and has been reported to
be able to enhance the algal biomass yield up to 25 fold compared to the autotrophic
method [24]. Hence, heterotrophic cultivation was chosen in this study to investigate
its suitability as a cultivation method for microalgae in FW digestate.

This study aims to investigate the suitability of heterotrophic cultivation of
microalgae in FW digestate for nutrient removal in digestate and nutrient remedia-
tion by microalgae [15, 21, 25, 26]. Three different strains of freshwater microalgae
strainswere cultivated and their ability to growheterotrophically in amediumof local
FW digestate was compared. Chlorella sorokiniana was found to have the highest
growth rate out of the three strains and used for the subsequent experiments, where
mediums of different digestate and glucose concentrations were used to cultivate C.
sorokiniana in order to investigate microalgal performance in both ammonium ion
removal andbiomass production. Thehypothesis is thatwith an increasingpercentage
of FW digestate in the medium, the growth rate of microalgae will increase initially,
but when the percentage concentration of digestate increases beyond the tolerable
ammonium ion concentration of the microalgae, the cells will stop growing. With
an increasing concentration of glucose, cell growth is also expected to increase, as
carbon will no longer be a limiting factor. Biomass production and nutrient remedi-
ation is also expected to increase with increasing digestate and glucose, as the cell
growth increases.
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2 Materials and Methods

2.1 Filtration of Food Waste Digestate

Food waste digestate was collected from a local anaerobic digester. Digestate was
then centrifuged at 4 °C and 10,000 rpm for 10 min, then the supernatant was recov-
ered and vacuum filtered using 90, 45, and 25 mm filter papers in order to remove
solids. A sample was taken from the resultant liquid food waste digestate to deter-
mine its cation and anion concentration by ionic chromatography. By composition,
the digestate contains Na+ (1627 ppm), K+ (1604 ppm), Cl− (1709 ppm), SO2−

4
(184 ppm), PO4 (70 ppm), and NH+

4 (2509 ppm) Subsequently, the FW digestate
was refrigerated until the commencement of the experiment.

2.2 Pre-cultivation of Microalgal Strains

Three strains of freshwater microalgae Chlorella vulgaris (UTEX259), Chlorella
sorokiniana (UTEX1230) and Scenedesmus obliquus (UTEX393) were purchased
from the University of Texas, Austin. For inoculation, each of the 3 strains were
pre-cultivated in Bold’s Basal Medium (BBM) prepared from 0.01 g/L (v/v) NaCl,
NaNO3, CaCl2·2H2O, MgSO4·7H2O, K2HPO4, KH2PO4, and 0.01 g/L (v/v)

Na2EDTA·2H2O, FeSO4·7H2O, H3BO3, and trace metal solution. A 2.5 g/L
glucose was added as an organic carbon source. The medium was inoculated using
40 ml cell culture flasks wrapped in aluminium foil, shaken at 115–120 rpm and
maintained at 24–25 °C for the next 4 days.

2.3 Cultivation of Different Microalgal Strains in Filtered
Food Waste Digestate

From the pre-cultivated strains, the optical density (OD) was measured to determine
the cell concentration (see Sect. 2.5), and 0.05 g/L of cells were collected and added
to 150 ml baffled flasks in duplicates. A 15% of digestate (v/v) was added to each
flask. BBMused is similar to that in Sect. 2.2 but omitsNaNO3 andNaCl as the ions in
these solutions are already present in the digestate. The baffled flasks were wrapped
in aluminium foil, shaken at 115–120 rpm and maintained at room temperature.
Medium was inoculated for the next 8 days.
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2.4 Cultivation of Chlorella sorokiniana in Different
Concentrations of Glucose and Digestate

Chlorella sorokiniana cultivated in Sect. 2.3 had the highest growth rate out of the
three strains, and was thus used for this experiment. Initial cultivation process is
similar to that in Sect. 2.3, but for three flasks, filtered digestate was added in 2.5%,
5%and 10% (v/v) respectivelywith 2.5 g/L glucose. For the other three flasks, filtered
digestate was added in 2.5%, 5%, and 10%, respectively, with 10 g/L glucose. The pH
of the culture medium was kept at 7–7.5 through 1M NaOH addition. The medium
was inoculated in the same conditions as in Sect. 2.3 for the next 8 days.

2.5 Analytical Methods

For all above experiments, 1ml of samples were taken from each flask everyday.
Microalgal growth was determined by diluting samples with distilled water to an
optical density (OD) below 0.8, and the OD was measured at wavelength of 540 nm
(OD540).

Dry cell weight (DCW) was calculated using the correlations developed in
previous studies.

DCW of C.V. = 0.444 ∗ OD540

DCW of C.S. = 0.24 ∗ OD540

DCW of S.O. = 0.314 ∗ OD540

pH of the medium was measured using a pH metre (Orion 4-Star, Thermo Scientific,
USA).

At the end of the experiment in Sect. 2.4, C. sorokiniana was harvested through
centrifugation, washed and freeze dried at − 80 °C for determination of biomass
composition. The cation concentration in the medium was determined using ionic
chromatography. Protein was extracted in duplicates from all the dried cell samples
by the hot alkali method. The protein content was determined using the Lowry’s
Method of Protein Analysis. Carbohydrate was extracted via acid hydrolysis, and
the carbohydrate content was determined using the Calorimetric Dubois Method for
determination of sugar and related substances.
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3 Results and Discussions

3.1 Growth of Different Microalgal Strains in FW Digestate

Chlorella vulgaris, S. obliquus and C. sorokiniana were cultivated in 15% (v/v) FW
digestate for 8 days. As presented in Fig. 1, C. sorokiniana reached the highest
DCW concentration, with its DCW reaching 0.144 g/L. For C. sorokiniana, the
DCW increased by almost 3 fold from its initial cell concentration on Day 0. BothC.
vulgaris and S. obliquus had a peak in growth on Day 2, where their DCW reached
0.112 g/L and 0.0702 g/L. However, both the growth of C. vulgaris and S. obliquus
experienced a decline in DCW from Day 2 to Day 7, with final DCW at 0.07546
g/L and 0.05406 g/L respectively. In the three strains of microalgae cultivated, only
C. sorokiniana had an increasing trend of DCW all throughout the experiment dura-
tion, with C. vulgaris and S. obliquus both experiencing a decrease in DCW from
Day 2 onwards. This might be due to the high ammonium ion content in the FW
digestate, which might have exceeded the ammonia tolerance limit in C. vulgaris
and S. obliquus [27], inhibiting further growth, as ammonia is toxic to microalgae in
high concentrations. Cultivation with digestate also might not be the most optimal
method of cultivation of those 2 strains [28, 29], although the ammonium ion concen-
tration was suitable for C. sorokiniana [30]. This corroborates our results and thus,
C. sorokiniana was determined to have the most optimal growth rate.

Fig. 1 Three strains of microalgae cultivated in FW digestate for 8 days
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3.2 Growth of Chlorella sorokiniana in Different Glucose
Concentrations

Since the growth rates of microalgae in 15% digestate and 2.5 g/L glucose were not
significant, for subsequent investigations, this study varied the glucose and digestate
concentration to investigate their effects on cell growth. Three percentages of diges-
tate (v/v) 2.5%, 5%, and 10% were chosen. Two concentrations of glucose, 2.5 and
10g/L were used. Comparing Fig. 2 (left) and Fig. 2 (right), C. sorokiniana reached
a generally higher DCW in 10 g/L glucose than 2.5 g/L glucose. In 2.5 g/L glucose
concentration, culture with 2.5%FWdigestate reached a final DCWof 0.961 g/L, but
with 10 g/L glucose concentration, culture with 2.5% FW digestate reached a final
DCW of 1.22 g/L. For cultures with 5% digestate, final DCW is 0.523 g/L in 2.5 g/L
glucose concentration, compared to 2.00 g/L in 10 g/L glucose concentration. For
cultures with 10% digestate, the final DCW is 1.24 g/L in 2.5 g/L glucose concen-
tration and 3.05 g/L in 10 g/L glucose, with an almost 3 times difference between
them.

Glucose was utilized for this experiment as it has been found to be amongst the
organic carbon sources to support growth of microalgal strains under heterotrophic
conditions [31, 32]. It is also easier to obtain than other organic carbon sources as
it is produced on a large scale and yields a high level of substrate [33]. Increasing
the glucose concentration of the culture increases the growth rate of C. sorokiniana
significantly under heterotrophic conditions [34], as organic carbon will no longer
be a limiting factor in glucose catabolic pathways, which are crucial for microalgal
growth. This corroborates with the results obtained above.

Fig. 2 (Left) and (right) showing the DCW change of C. sorokiniana over time, in 2.5 g/L glucose
and 10 g/L glucose, respectively
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3.3 Growth of Chlorella sorokiniana in Different Digestate
Concentrations

Growth of C. sorokiniana in different FW digestate percentages was also compared.
In Fig. 2 (left), it was observed that the culture with 10% digestate had a higher trend
of DCW increase compared to the culture with 5% digestate and 2.5% digestate,
reaching a DCW of 1.24 g/L at the end of 8 days. Culture with 2.5% digestate and
5% digestate reached a final DCW of 0.523 g/L and 0.961 g/L, respectively. In Fig. 2
(right), a similar trend is observed. Culture with 2.5% digestate reached 1.23 g/L of
final DCW, culture with 5% digestate reached 2.00 g/L of final DCW, and culture
with 10% digestate reached a final DCW of 3.05 g/L. An increase in the percentage
of digestate is found to have generally increased the growth rate of C. sorokiniana,
with culture of 10% digestate having the most DCW in both 2.5 and 10 g/L glucose
environments. This is likely because the digestate consists of ammonium ion, the
sole nitrogen-containing nutrient in the medium. Nitrogen is required by microalgae
as a vital macronutrient which regulates the metabolism of microalgae [35], thus
controlling its growth.With an optimumconcentration of ammonium ion, cell growth
can be enhanced.

3.4 Biomass Production and Nutrient Remediation
of Chlorella sorokiniana in Different Glucose
and Digestate Concentrations

Table 1 shows the comparison of protein and carbohydrate content in each of the
cultures after the experiment, and the change in ammonium ion content in the FW
digestate medium before and after the experiment for each cell culture. The carbo-
hydrate content for the culture with 10% digestate and 2.5 g/L glucose is vastly
different from other carbohydrate content. It is considered as an experimental error
and not taken into account for subsequent data analysis. The protein and carbohy-
drate production of each flask is more clearly represented in Fig. 3 (left) and Fig. 3
(right).

Comparing different digestate concentrations, it was observed that as the diges-
tate percentage supplied was increased, the protein content in the microalgal cells
increases. The highest final protein content is found in cells cultivated in 10% diges-
tate and2.5 g/Lglucose, of 47.3%.As the digestate percentage increases, the carbohy-
drate percentage decreases, with the highest carbohydrate percentage and the lowest
carbohydrate percentage present in culture with 2.5% digestate, and culture with
5% digestate, respectively. The increase in protein and decrease in carbohydrate
percentages may be due to the decreasing Carbon/Nitrogen (C/N) ratio as the diges-
tate increases. It has been reported that microalgae utilize carbon in medium 25–30
times faster than nitrogen, hence a low C/N ratio may result in more protein being
produced [36, 37].Studies have also observed that the highest rate of carbohydrate
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Table 1 The biomass production and nutrient remediation of each culture

Samples 1A 2A 3A 1B 2B 3B

Digestate percentage (v/v) (%) 2.5 5 10 2.5 5 10

Glucose concentration (g/L) 2.5 2.5 2.5 10 10 10

Initial ammonium ion concentration (ppm) 62.7 125 251 62.7 125 251

Final ammonium ion concentration (ppm) 0.2 0.2 33 0.2 0.1 0.2

Change in ammonium ion concentration (ppm) 62.5 124.8 218 62.5 124.9 250.8

Final protein percentage (%) 17.7 29.5 47.3 13.9 14.2 24.2

Final carbohydrate percentage (%) 56.3 42.6 2.87 57.1 50.1 47.6

Fig. 3 (Top) and (bottom)
showing comparison of
biomass production between
different digestate
concentrations and different
glucose concentrations
respectively

synthesis in microalgae was present in the culture cultivated under nutrient limita-
tion [38], where the highest carbohydrate concentrations were also found in cultures
with 2.5% of digestate, limiting the nitrogen content. For nutrient remediation, an
increase in digestate increases the ammonium ion absorbed by microalgal cells,
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with the greatest change being 250.8 ppm of ammonium ion absorbed, which is
comparable to other methods of nutrient remediation.

Comparing the cultures with the same digestate percentage but different glucose
concentrations, an increase in glucose caused a decrease in protein percentage, with
the biggest difference being 47.3 and 24.2%. However, an increase in glucose was
observed to have increased the carbohydrate percentage with the highest found from
the culture with 10 g/L glucose, at 57.1%. An increase in glucose concentration
was not found to have a major impact on the ammonium ion taken in by the cells,
although a difference of 32.8 ppm was observed at 10% digestate content. A higher
glucose concentration increases the C/N ratio in the cultivation medium, and thus
results in a lower protein percentage but a higher carbohydrate percentage. The high
C/N ratio causes more carbon nutrient uptake, and this may induce the storage of
carbohydrates and lipids in some microalgal species [39], thus decreasing protein
concentration overall.

4 Conclusion

This study found that using FW digestate for microalgal cultivation holds potential
in terms of ammonium ion removal and production of protein and carbohydrates.
Depending on the method of utilization of microalgae after cultivation, different C/N
ratios should be chosen to optimize protein or carbohydrate content. Growth was not
found to be limited at high FW digestate percentages, suggesting that C. sorokiniana
has not yet reached its ammonia tolerance capacity. However, this method requires
more research before it can be applied large scale, as dilution of FW digestate is not
cost effective [26]. Another cost factor of heterotrophic cultivation is that it requires
an organic carbon source, as of now, the most commonly used is glucose. However,
further research can be conducted to obtain carbon sources suitable for microalgae
cultivation from other waste sources.
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