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ARTICLE INFO ABSTRACT

Keywords: The valorisation of Anaerobic digestion waste streams into algal biomass to produce a protein alternative to
Microalgae soybeans could have significant commercial and environmental value. It has the benefit of alleviating the
Bioremediation pressure of disposal of nutrient-rich digestate that is rich in nitrogen, phosphorous and trace metals, while
i:z;zids potentially reducing the cost of microalgae production. Currently, the use of soybean protein in animal feed has

significant negative environmental issues and high carbon footprint associated with its use. This study in-
vestigates three types of Anaerobic digestion to grow Phaeodactylum tricornutum Bohlin microalgae. The results
found that the crude protein in all concentrations of cow waste and food waste digestates were found to produce
a significantly higher concentration of crude protein in comparison to the F/2 control. In addition, cow waste 1%
and pig waste 1% formulations were found to have favourable fatty acid profiles, which has significant health
benefits in the livestock industry. There was no significant difference in the total fatty acids found in cow waste
1% and pig waste 1% digestates compared to the F/2 control, which was in the range of 243.4 to 269.4 mg/g
(dry weight). The other formulations produced a significantly lower (p < .05) concentration of total fatty acids
compared to the control. Cow waste 1% was found to be richer in omega-3, eicosapentaenoic acid, compared to
pig waste 1%, however, no significant difference was found between the eicosapentaenoic acid, concentration of
cow waste 1% and the F/2 control. Overall, in terms of highest total fatty acids and crude protein, cow waste 1%
digestate was found to perform the best out of all the digestates tested, and outperformed the F/2 control in
terms of crude protein. The P. tricornutum grown in digestate was also found to bioaccumulate higher levels of
calcium. P. tricornutum grown in cow waste 1% digestate could offer an alternative viable locally grown protein
source for the animal feed industry, with the added advantage of being rich in eicosapentaenoic acid and cal-
cium.

Anaerobic digestate

1. Introduction

In 2014, over 2503 million tonnes of food waste were generated
from households and commercial businesses throughout the 28 member
states of the EU [1]. In addition to food waste, intensive-livestock
farming generates significant volumes of animal manure. For example,
dairy farming in the EU generates close to 55 million tonnes of manure
per annum [2]. Although waste management poses one of the most
significant challenges for the future [1], the treatment of agriculture
and food waste offers new opportunities for ‘green’ energy and nutrient
recycling that would otherwise be generated from fossil fuels.

Anaerobic digestion (AD) technologies have been widely developed
across the EU over the last few decades to manage and add value to
waste from agriculture and food industries [3]. Whilst current policy
incentives [4] have been successful in pushing the development of this
technology in the generation of green energy, thus far the added value
of nutrient recycling or recovery from AD digestate has been largely
overlooked. However, the market saturation of AD plants, dwindling
government incentives towards ‘green energy’ and issues with disposal
of nutrient-rich digestate is driving new research into adding value to
the nutrient rich digestate produced by AD plants.

One area of research, which is gaining interest, is utilizing digestate
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effluent as a nutrient source for growing microalgae. Microalgae con-
tain many high value products including pigments [5], phycobillins [6],
vitamins [7], carbohydrates [8,9], lipids [6] and proteins [10,11].
Microalgae require sources of nitrogen and phosphorus to enable cell
function. All microalgae can use ammonium and most can use nitrate
and nitrite for metabolism [12]. Anaerobic digestate is a rich source of
nitrogen (in the form of nitrate, nitrate and ammonium), phosphorus
and other trace micronutrients (e.g. calcium), therefore making it an
ideal candidate as a nutrient source for microalgal production [13,14].
However, although increasing concentrations of nitrogen can increase
protein concentrations in microalgal biomass, high concentrations
(> 80 to 100 mg NH4 " L™') of ammonium can inhibit photosynthetic
performance of the microalgae [15,16]. The inhibition threshold of
ammonium is species dependent and currently undefined for most
species. Previous studies have shown that it is possible to grow a range
of microalgae species with waste media streams, including AD [17-23].
The chemical profile of the AD digestate will affect the resultant che-
mical profile of microalgal biomass, often favouring protein synthesis as
opposed to lipid and sugar synthesis [16], thus the material the AD
plant is fed could influence the downstream valorisation pathway of the
microalgal biomass. A wide range of potential uses have been identified
for microalgal biomass produced with AD effluent, including animal
feed, biofuel and high value co-products e.g. lutein, (-carotene and
other pharmaceutical compounds [24-26] and bio-products
[14,23,27,28]. However, its use as a nutrient source for algal growth
still remains poorly studied to date [23].

Microalgal biomass has the potential to offer a viable and promising
alternative to soybean [29] with an amino acid profile that is rich in
essential amino acids [30]. Lamminen et al., recently reported that
microalgae proteins are as good as soybean protein in the diets of lac-
tating dairy cows [31] and swine [32]. Other studies have found that
microalgal inclusion into livestock diet can improve growth rates and
meat quality as highlighted in a recent review article by Madeira et al.,
[29]. Microalgal biomass also has the added benefit of producing nu-
tritionally rich lipids, that contain omega-3 fatty acids such as eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA), which can
have significant animal health benefits when supplemented into their
feed [33]. A recent study by Flaga et al., found that microalgae rich in
DHA had a beneficial effect on the immune system of calves [34]. The
inclusion of EPA from microalgae into the diets of hens has been re-
ported to increase the omega-3 content of the egg yolk, while reducing
omega-6, which is of significant health benefit in human diets [35]. To
date the main limitation to the use of microalgal biomass as an animal
feed is the cost of production [36,37].

In this preliminary work we target a specific species, P. tricornutum
known for high lipid production [38] and is also known as a good
source of protein with up to 37% crude protein reported [39]. The
animal feed industry is interested in both alternative rich sources of
protein and nutritional rich fatty acids, such as EPA and DHA. Micro-
algal biomass that contains both would be of significant commercial
value, providing the cost of microalgal production could be reduced.
The valorisation of AD waste streams to negate the cost and environ-
mental impact of using expensive N and P could potentially reduce the
cost of microalgae biomass. Currently, digestate used directly as bio-
fertiliser is of lower commercial value [4], however, digestate used as a
biofertiliser for microalgae growth could have significant commercial
value, and reduce the current cost of microalgae production using
synthetic nutrients. This is turn, could encourage animal feed compa-
nies to use it as an alternative to soybeans. This study investigates how
effluent from three differently fed AD Plants affect its chemical profile
with respect to the crude protein and fatty acids profile of the algae,
with particular focus on omega-3 fatty acids. The AD plants selected
were (1) cow slurry and grass silage, (2) pre-consumer food waste and
(3) pig slurry and grass silage. The nutrient composition of different
slurries varies greatly in different animals [40], which results in dif-
ferent levels of nitrogen in the digestate. Molle et al., reported cow
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slurry to be significant richer in nitrogen (N), phosphorus (P) and po-
tassium (K), (NPK) nutrients compared to pig slurry [41], whereas
Waste and Resource Action Programme (WRAP) reported the opposite
with pig slurry containing higher NPK nutrients. They also reported
food waste to be the richer in N compared to pig and cow slurry, but
significantly lower in P compared to them [42]. Diet fed to animal,
geographical location, climate and other factors are likely to impact
nutrient composition of the digestate [40], however, it is evident that
there is a significant difference in the nutritional composition, and thus
will provide a good range of nutrient variation to test algal growth.

The first objective was to evaluate the potential of using AD di-
gestate (nutrients) as a biofertiliser for microalgal growth and assess its
bioremediation capabilities with respect to the metal ions present in the
digestate. The second objective was to study the nutritional chemical
profile of the resultant algal biomass with respect to their fatty acid
profiles and percentage of crude protein, to assess their suitability as an
animal feed in terms of the resultant chemical profiles.

2. Materials and methods
2.1. Experimental design

Digestate samples were taken from each AD Plant on the same date
for this experiment. Prior to this experiment a 12-month screening
study was performed to assess the nutrient profile of the effluent from
each plant, to check the yearly availability of nutrients. The results
found the nutrient profiles to be relatively consistent through the year.
In this experiment, digestate from three different AD Plants: (CW) Cow
Waste = cow slurry and grass, (FW) Food Waste = pre-consumer food
waste, (PW) Pig Waste = pig slurry, grass/maize silage was tested. To
grow the microalgae, three concentrations (1%, 3% and 6% v/v) of each
digestate were diluted in sea water. A control group of P. tricornutum
was also grown with industry standard synthetic F/2 medium. The ten
different groups were grown in triplicate, resulting in a total of thirty
5 L photobioreactors being used in the experiment. Fluorescent white
light (light radiation: 170 umol m~2 s~ ') strips were used as the light
source. A randomised block design was used where each flask was given
a number and then randomly assigned to a space on the shelf. This
enabled subsequent analyses to remove light levels or position as a
factor. The air temperature of the microalgae hatchery was recorded
daily (using a standard aquarium thermometer) to be 20 (= 1 °C)
throughout the experiment. An airline was added to each flask to ensure
adequate mixing of the cultures.

2.1.1. Media Preparation

Before the liquid digestates were added to the UV filtered seawater
they were centrifuged at 4000 rpm for 10 min to remove any solids. The
digestate media solutions were prepared by adding 1%, 3% or 6% v/v
liquid digestate effluent to sea water to make up 3.2 L of solution. 50 g
of activated carbon (Sigma-Aldrich 05105) was then added to this so-
lution and stirred for 20 mins with a magnetic stirrer bar. The solution
was then passed through a Buchner funnel, which contained a sheet of
filter paper (Fisherbrand 11,576,873) on top of which diatomaceous
earth (ACROS, 123380010) was packed to a depth of 3 cm. The solution
was passed through the filter and collected. This process was repeated
until the medium was transparent in appearance, the higher con-
centrations of digestate required more repetitions. 3 L. of AD medium
was then placed in clean 5 L conical flasks. Each flask was supple-
mented with 3 mL of metasilicate solution (Varicon Aqua Solution)
required by P. tricornutum for forming silicate frustules, pH balanced to
8.2 and then autoclaved at 121 °C for 15 min. The process of auto-
claving was used to remove any pathogens, which may have been
present. Although, this system is suitable for laboratory scale work, for
scaled up, a pasteurisation segment would need to be added to the AD
system to remove pathogens. To comply with PAS110 regulations in the
UK, may AD plants have a pasteurisation system in place. The flasks
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were left to cool overnight before adding the P. tricornutum inoculum.

2.1.2. Algae cultivation

Cultures of P. tricornutum were inoculated from stock cultures held
at Queen's Marine Laboratory (QML) in Portaferry, Co. Down, Northern
Ireland. All of these cultures were initially grown up from a pure culture
provided by the Scottish Association for Marine Science (SAMS) Culture
Collection of Algae and Protozoa (CCAP 1052/1B). In preparation for
this study, cultures of P. tricornutum were grown in three 10 L carboys,
each containing 6.5 L of algae culture in synthetic F/2 commercial
media (See supplementary Table 1 for composition). After reaching
their critical abundance, the flasks were homogenised by mixing.
Samples were then taken for cell counting to determine the correct
concentration of culture to inoculate the flasks.

2.1.3. Monitoring algae growth

Algal cell abundance was monitored throughout the experimental
period using two methods for accuracy. Cells were counted manually
using a Neubauer chamber and an inverted microscope (Leica DM IRB)
and chlorophyll absorbance as a proxy for cell concentration was per-
formed using a spectrophotometer (Thermo Spectronic Helios B,
Thermo Fisher Scientific, UK). Samples of culture media were taken
from each flask three times per week for analysis for the duration of the
experiment to monitor growth. The manual counting method required
10 mL of culture mixed with 9 mL of seawater and 1 mL of Lugol's
iodine. The chlorophyll absorbance method used a cuvette filled di-
rectly with cell culture. Cuvette samples were analysed within half an
hour of sampling in the spectrophotometer which was calibrated using
distilled water prior to running the samples. Media samples were frozen
after sampling and manual cell counts were carried out, after de-
frosting, a maximum of two weeks after samples were frozen (—20 °C).
Three replicates were taken from each sample to ensure reliable counts
and the average used to represent the number of cells per mL for each
experimental variable.

2.2. Chemical analysis

2.2.1. Auto analyser analysis of media

Samples were taken for nutrient analysis at the same time points
used for cell count estimates. An auto-analyser (Bran Luebbe, Model
#AA3) was used to measure ammonia, nitrate, nitrite and phosphate
levels. Samples were centrifuged to remove any particulates from the
solution, then frozen at —20 °C and then run simultaneously on the
auto-analyser. The instrument was calibrated using two runs of each
sample at different dilutions, firstly to identify the level of ammonia (1
part per 5000 dilution) and then for nitrite, nitrate and phosphate (1
part per 100 dilution) analysis.

2.2.2. Elemental analysis — media and microalgae

Inductively coupled plasma optical emission spectrometry (ICP-
OES) analyses were run by the QUB Analytical Services and
Environmental Projects Division (ASEP) facility. Approximately 0.1 g of
sample (either media or microalgae) was dissolved in 10 mL of con-
centrated nitric acid and microwave digested with a CEM Discover
Explorer microwave reactor (temperature: 200 °C, ramp time: 5 mins,
hold time: 5 mins, pressure: 350 psi, power: 300 W). The sample was
then heated on a hotplate, cooled and diluted to 25 mL with deionised
water. For elemental analysis, an Agilent, UK (Model #5100) ICP-OES
instrument was used under the following conditions: replicate injec-
tions - 3, injection volume - 1 mL, pump speed - 12 rpm, nebulizer flow -
0.70 L/min, plasma flow - 12.0 L/min, stabilization time: 15 s, auxiliary
flow - 1.00 L/min.

2.2.3. Fatty acid derivatisation
A one-step derivatisation technique from the literature was used to
determine the fatty acid profile in the algae [43], with a small
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modification. Instead of adding a fatty acid methyl ester internal
standard after the derivatisation process, in this study pentadecanoic
acid was added as the internal standard before the derivatisation pro-
cess. This was used to confirm that each microalgae sample had been
completely derivatised. Briefly, the one-step derivatisation method in-
volved weighing approximately 0.1 g of freeze-dried microalgae into a
30 mL screw top Pyrex vial. To this, 2 mL of toluene spiked with
400 mg/L internal standard (pentadecanoic acid) was added, followed
by 3 mL of 5% HCl in methanol. The head space was filled with nitrogen
and the cap tightly closed. The vials were put in a water bath for 2 h at
70 °C, after which they were cooled to room temperature. Once cool,
4 mL of 6% potassium carbonate in water was added. The solution was
then transferred to a 15 mL centrifuge tube and vortexed for 5 min,
after which it was centrifuged for 10 min at 4000 rpm. The organic top
layer was removed with a glass Pasteur pipette and put into Gas
Chromatography (GC) vials ready for analysis. For each microalgae
sample three derivatisations were performed on each replicate flask.

2.2.4. Fatty acid identification with Gas Chromatography

The fatty acid methyl esters (FAME) were analysed on an Aglient
(Model #6890 N) Gas Chromatograph with Flame Ionisation Detector
(GC-FID) with a Phenomenex 7HM-G007-17 ZB-WAX
(30 m x 0.32mm X 0.5 pm) capillary column. The sample front inlet
temperature was set to 250 °C and the split ratio was 1:50. The oven
temperature was set to 70 °C for 1 min, then increased to 200 °C at a
rate of 35 °C/min, followed by 5 °C /min up to 260 °C. Peaks were
identified by comparing retention times to a Supelco 37 component
FAME mix (Sigma), along with a stearidonic acid methyl ester standard
(Cayman Chemical Company) which was not present in the FAME mix.

2.2.5. Quantification of fatty acids

Fatty acids were quantified using the equation below [44], which
was modified to include the derivatisation rate. The derivatisation rate
was calculated by comparing the peak area of an internal standard
(pentadecanoic acid) against an external standard (methyl pentade-
canoate). The response factor was calculated using the areas of the
FAME mix peaks and the concentrations stated on the corresponding
data sheet, see Eq. (1).

FA content (ﬂ)
g

Area of Unknown Fame
Rate

— IS added mg x [ Area of IS x Resp Factor x Deriviti
sample Mass of Algae (g) €))

2.2.6. Crude protein

Carbon, hydrogen, nitrogen, sulphur (CHNS) elemental analysis was
run by QUB ASEP facility. The samples were combusted in a Perkin
Elmer Series II CHNS/O Elemental Analyser (Model #2400). Blanks and
standards (Cystine A) were used to calibrate the instrument.
Approximately 1-2 mg of freeze-dried microalgae was used for this
analysis. The crude protein was calculated by multiplying the percen-
tage of nitrogen by 4.78 [45].

2.3. Statistical analysis

All Statistical analyses were performed using SPSS (IBM SPSS
Statistics, version 24, NY). A Fisher's way ANOVA was used to compare
culture values for crude protein, biomass produced, and multiple fatty
acid parameters. In each case, data appeared to be normally distributed
and appeared not to violate other assumptions required for one-way
ANOVA comparison. The Ryan-Einot-Gabriel-Welsh-F post-hoc analysis
was used to compared treatments for each of the biochemical mea-
surements obtained from the replicate cultures. For all ANOVA com-
parisons a critical value of o = 0.05 was used to test the null
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hypothesis, Ho = all culture treatments responded identically. Cell
count data for cultures on day 16 were compared using a Welch's
ANOVA with a Games-Howell post hoc test. These tests were selected
over the classic Fisher's ANOVA and Tukey's post hoc test because
variances in the data set were not equal (Levene's homogeneity of
variance p = .0337). A critical value of a = 0.05 was used to test the
null hypothesis, Ho = all culture treatments produced the same cells
numbers. A one-sided Student's t-test of means was used to compare
differences in nitrites, nitrates, ammonium and phosphorus concentra-
tions of pure effluent media and media post algal harvest. A critical
value of a = 0.05 was used to test the null hypothesis, Ho = no re-
duction in nutrients (nitrogen or phosphorus) occurred during cell
growth. In each case, data appeared to be normally distributed and
appeared not to violate other assumptions required for Student's t-test
comparison.

3. Results and discussion
3.1. Digestate characterisation

3.1.1. Elemental chemical profile of stock digestates

The element data for stock digestate used in the media preparation
for the different growth conditions is shown in Fig. 1. The results show
a relatively similar metal composition, in that K, Na and P were the
predominant elements. However, significant variation in concentrations
of metals was observed within the same type of metal. The highest K
concentration was observed in PW digestate, which was found to be
5 kg/t, followed by CW digestate, which was slightly lower at just over
4 kg/t, which supports the trends observed by Molle et al., [41]. FW
digestate was found to contain the lowest concentration (=2 kg/t) of K.
The opposite trend was observed in FW digestate in terms of the P
concentration, which was found to be the most elevated at = 0.35 kg/t,
followed by CW (= 0.18 kg/t), then PW (= 0.14 kg/t) digestate. This is
the opposite trend to the results reported by WRAP, who reported FW
digestate to have the lowest concentration of P [42]. The most likely
cause for variation in the nutrient composition between our results and
WRAP are factors such as animal diet and geographical located as cited
by Risberg et al [40].

The total inorganic nitrogen content of media solutions before mi-
croalgal inoculation was highly dependent on the concentration of di-
gestate and the source of digestate (Fig. 2a). CW and FW contained
vastly more total inorganic nitrogen than PW digestate. These

0.35

OCcW BmFW PW 0.20

Metal Analysis of Filtered Digestate
Concentrate (Kg/tonne)
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differences are attributable to the different feedstocks for each of the
three anaerobic digesters. The levels of total inorganic nitrogen in-
creased with the concentration of digestate within the AD treatments as
expected. The levels of total inorganic nitrogen were significantly re-
duced in CW 1% from 14.93 ( = 1.40) to 9.48 ( = 1.88) mgL_1
(p = .03), CW 3% from 49.92 ( * 3.77) to 17.09 ( % 0.07) mgL™*
(p = .001), CW 6% from 145.26 ( = 0.24) to 66.82 ( = 0.09) mgL71
(p = .014) treatments and FW 3% from 59.74 ( = 1.84) to 10.23
(+5.83) mgL™! (p = .001), FW 6% from 144.40 ( * 0.02) to 43.31
(£0.07) mgL™! (p = .008), at the end of the microalgae growth
period. The inorganic nitrogen reduction ranged from 36% in CW 1% to
82% in FW 3%, which is comparable to previous research [46]. This
reduction was significant in five out of ten conditions tested (Fig. 2a).
This is a substantial reduction in total inorganic nitrogen and evidence
of the bioremediation capacity of P. tricornutum in utilizing nitrogen
from its surrounding environment. When looking at the breakdown of
the different fractions (Fig. 2b — d), the digestate was found to be richest
in ammonium, which is comparable to previous literature [47]. Several
studies have reported that high concentrations of ammonium in di-
gestate can inhibit photosynthetic performance of the microalgae
[15,16,48]. The concentration of ammonium, as with the total in-
organic nitrogen varies depending on feedstock fed to the digestor.
Digestates CW and FW at 3 and 6% concentrations of effluent was found
to have similar concentrations of ammonium that increased from ap-
proximately 4-7 mg/L to just below 125 mg/L as shown in Fig. 2d.

3.2. Microalgae growth

All tested variations of digestate media provided sufficient nutrients
for P. tricornutum to grow at comparatively similar or higher rates than
the F/2 commercial control (Fig. 1a-i). At lower concentrations (1 and
3%) all three AD treatments had no lag adaptation phase between the
point of inoculation and 5 days in culture. At higher concentrations of
effluent (6%), however, a lag time in growth was observed during the
same period. The most prevalent lag was found in FW followed by CW
and PW, which would suggest either the macronutrients or nitrogen
concentration at this level is slowing down or having an inhibitory ef-
fect on the cell growth. Two factors which influence lag phase devel-
opment in cultures are inoculum density and cell adaptation to nu-
trients. Lag phases were seen in higher nutrient concentration cultures
and not in lower nutrient concentration cultures with all culture re-
ceiving the same inoculum concentration. This suggests the presence or

P Si  Zn

Fig. 1. Representative metal profile of filtered stock solution from each Anaerobic digestion plant used to prepare media for algae culture experiment. Units (kg/t).
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Fig. 2. Nitrogen Sources in anaerobic digestate (a) Nitrite (b) Nitrate (c) Ammonium and (d) Total inorganic nitrogen concentration of media before inoculation
(solid fill) and after microalgae harvest (cross hatch). Error bars show the mean +/— standard deviation (3 bioreactor replicates with 3 readings per bioreactor). *

denotes a significant decrease in concentration by Student t-test at p < .05.

Table 1

Welch's One-way ANOVA for day 16 algal cell number in each treatment at different concentrations with a Games-Howell Post hoc Test based on cell number data in

Fig. 3 (a to c). Bold numbers indicate significance (p < .05).

Treatments PW cw FW PW cw FW PW Control
1% 3% 3% 3% 6% 6% 6%

CW 1% 1.000 | 0.004 | 0.236 |0.939 |0.898 | 0.999 |0.571 | 0.999

FW 1%

PW 1% 0.426

CW 3% 6.700

FW 3% 3.827

PW 3% 1.855

CW 6% 2.043

FW 6% 0.998

PW 6% 2.914

Control 1.004

absence of lag phase was related to cell adaptation to nutrient con-
centrations. Similar trends were observed in other studies, whereby the
algae was found to quickly adapt to the nutrient profile of AD effluent
media without a lag period [17,22]. There were significant differences
in the culture treatments identified by the Welch's ANOVA
(p = 1.54 x 10~%). The Games-Howell post hoc test (Table 1), how-
ever, indicated that the control cultures never outgrew the AD effluent
treatments at any concentration. Only the FW 3% differed significantly
from the control culture with a greater growth rate. The algal cell

abundance was also recorded using chlorophyll absorbance for accu-
racy. The growth curves observed (Fig. 3d-f) followed the same trend as
the cell count (Fig. 3a-c), with the exception of 3% PW at day 12, which
decreased in the cell count but increased in the chlorophyll data. The
specific growth rate was found to be inversely proportional to the
number of days in culture at 1 and 3% concentrations of effluent. At 6%
the specific growth rate between 5 and 9 days remained stationary for
the FW treatment, before exponentially decreasing at day 9 following
the same trend as the other treatments. Previous studies also reported
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an inverse trend with respect to specific growth rate in relation to the
number of days in culture when growing algae in AD effluent [13] and
wastewaters [30] supporting these findings. Viewing the data overall
indicates that higher nutrient concentrations lead to longer exponential
growth and higher accumulated biomass. The exponential phase of the
F/2 control culture peaked after 12 days. At this stage, nutrients in the
media are depleted and the culture moves into its stationary phase. The
microalgae in digestate media took longer to reach the stationary phase
of growth. Biomass accumulation on day of harvest was significantly
higher in these cultures grown on digestate media in comparison to F/2
media control. The same trend was observed in the PW treatment at 1%
concentration, whereas the other treatments at this concentration and
higher continued in their exponential growth phase. The time to reach
the stationary phase varied, within a 14-day period, from 12 to 26 days
after inoculation.

3.3. Media nutrient loss

The total inorganic nitrogen content of media solutions before mi-
croalgal inoculation was highly dependent on the concentration of di-
gestate and the source of digestate (Fig. 4a). CW and FW contained
vastly more total inorganic nitrogen than PW digestate. These
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Fig. 4. Phosphorus concentration of media before inoculation (solid fill) and
after microalgae harvest (cross hatch). Error bars show the mean +/— stan-
dard deviation (3 bioreactor replicates with 3 readings per bioreactor). * de-
notes a significant decrease in concentration by Student t-test at p < .05.

differences are attributable to the different feedstocks for each of the
three anaerobic digesters. The levels of total inorganic nitrogen in-
creased with the concentration of digestate within the AD treatments as
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expected. The levels of total inorganic nitrogen were significantly re-
duced in CW 1% (p = .03), CW 3% (p = .001), CW 6% (p = .014)
treatments and FW 3% (p = .001), FW 6% (p = .008), at the end of the
microalgae growth period. The inorganic nitrogen reduction ranged
from 36% in CW 1% to 82% in FW 3%, which is comparable to previous
research [46]. This reduction was significant in five out of ten condi-
tions tested (Fig. 4a). This is a substantial reduction in total inorganic
nitrogen and evidence of the bioremediation capacity of P. tricornutum
in utilizing nitrogen from its surrounding environment. When looking
at the breakdown of the different fractions (Fig. 4b — d), the digestate
was found to be richest in ammonium, which is comparable to previous
literature [47]. Several studies have reported that high concentrations
of ammonium in digestate can inhibit photosynthetic performance of
the microalgae [15,16,48]. The concentration of ammonium, as with
the total inorganic nitrogen varies depending on feedstock fed to the
digestor. Digestates CW and FW at 3 and 6% concentrations of effluent
was found to have similar concentrations of ammonium that increased
from approximately 4-7 mg/L to just below 125 mg/L as shown in
Fig. 4d. At all three ammonium concentrations a significant reduction
in ammonium was observed at the end of the growth period. It also
shows that P. tricornutum can proliferate within a large range of total
inorganic nitrogen levels, with high concentrations of ammonium
(Fig. 4d) as shown by the harvested biomass data (Table 2) and the
growth data (Fig. 3). Gonzalez et al., observed similar findings when
growing microalgae on piggery wastewaters with high concentrations
of ammonium. The study reported daily adjustments of the pH to 7 was
required to prevent algal inhibition from high concentrations of am-
monium [50]. The pH was monitored regularly and adjusted to pH 8.2
every two days, which was slightly more alkaline to Gonzélez et al,,
who maintained their pH at natural. In microalgae growth, although
ammonium can inhibit growth, it is the preferred N source, due to its
reduced state and energetically favourable assimilation. Ammonium
has been reported to have a negative effect on nitrate assimilation [51],
which may account for the increase in nitrate after growth opposed to
the decrease.

The removal of phosphorus from anaerobic digestate media has
been shown to be effective with a range of microalgal species [18],
although there is little data available for P. tricornutum. It has also been
shown that, when in nutrient rich environments, microalgae can uptake
higher levels of phosphorus than required for growth alone [52]. In this
study, the initial concentration of phosphorus within the various media,
generally increased with digestate concentration (apart from FW 3%).
PW media had comparable concentrations of phosphorus to CW media
and FW media, which is in contrast to the total inorganic nitrogen
figures, which showed that PW media had a much lower abundance
than CW media or FW media. CW media contained the lowest levels of
phosphorus within the digestate medias, while the control (F/2) also
exhibited comparatively low levels of phosphorus. After microalgal
growth period, the level of phosphorus remaining in the media was
significantly reduced or completely removed (Fig. 4) in all media
(p =.001) apart from PW 3% (p = .053). Microalgae are known to
accumulate excess phosphorous when available, storing it in cell re-
serves for periods of prolonged growth in the absence of available
phosphorus [53]. This could point towards the possibility of phos-
phorus recovery from anaerobic digestate with microalgae which, once
harvested, would have many storage advantages over anaerobic di-
gestate effluent.

3.4. Microalgae composition

3.4.1. Fatty acids

With regards to the proportion of lipids accumulated, the results
presented here are similar to the findings of Wu and co-workers [54]
who grew six P. tricornutum strains in F/2 medium, recording a total
lipid dry weight between 15.91%-30.75%. The type of fatty acids found
within P. tricornutum ranged from 47 to 51% monounsaturated,
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29-38% saturated and 14-23% polyunsaturated. Regarding the quan-
tity of specific fatty acids, the most abundant were C16:1, C16:0 and
C20:5n3 respectively (Table 2). The polyunsaturated fatty acid C20:5n3
also known as eicosapentaenoic acid (EPA), is an omega-3 poly-
unsaturated fatty acid. This specific type of fatty acid has been shown to
have many health benefits in humans including cognitive function,
foetal development, weight management and cardiovascular health
[55]. The highest levels of EPA were found to be in microalgae grown in
medium CW 1%, which contained 30 mg/g. Harvesting microalgae in
this way could help tackle the sustainability issues surrounding EPA
sourced from marine fish [56].

The general trend with the digestate media was that the lower levels
of digestate concentrations, produced microalgae which had higher
quantities of fatty acids per gram (dry weight) of sample (Table 2). The
microalgae grown in CW 1%, pig farm 1% and the control had the
highest levels of total fatty acids while the microalgae grown in CW 6%,
FW 6% and PW 6% had the lowest levels. It has been previously
documented that marine microalgae, including P. tricornutum [57],
store lipids during periods of nutrient limited growth [58]. This ex-
plains why microalgae grown in food waste 1% had significantly less
total fatty acids than microalgae grown in digestate cow farm 1% or pig
farm 1%. FW digestate had relatively high levels of both total nitrogen
and phosphorus, meaning that, even at 1% concentration, the nutrient
levels were not low enough to induce high levels of lipid storage. If
microalgal lipids are to be the targeted compounds after harvesting,
then nitrogen stripping would be required prior to growth.

It should be noted that although FW 1% produced low levels of total
fatty acids, it produced significantly more total biomass than CW 1% or
PW 1%. Therefore, when converted to amount of fatty acids harvested
per litre of medium, FW 1% had the highest value (95.6 mg/L) of all the
digestate-grown microalgae. This highlights that when screening mi-
croalgae for real-world applications, the amount of fatty acids per litre
of medium is often more helpful than amount of fatty acid per gram of
algae. The microalgae grown in the F/2 medium (control) recorded the
highest value of 112 mg/L, although this was not statistically larger
than the top performing digestate fed microalgae medium. This de-
monstrates that P. tricornutum can be grown with anaerobic digestate as
a nutrient source and produce biomass with a comparable or even more
favourable fatty acid and crude protein quantity to a control grown in
F/2 medium.

3.4.2. Crude protein

The CHN analysis of microalgae can give an indication of the pro-
portion of protein within the microalgal cell. The crude protein accu-
mulated within P. tricornutum showed significant (p < .001) from 15 to
30% depending on the media used for growth (Fig. 5). The general
trend shows that a protein higher concentration in the range of 14.5
(+2.1) to 28.3 ( £5.5) % and 20.1( = 2.5) to 32.4( = 2.2) % is ac-
cumulated by microalgae in CW and FW media respectively which have
high levels of total inorganic nitrogen (Fig. 2). This would explain why
CW 6% produced 27.3 ( = 1.5) % and FW 6% produced 32.4( = 2.2) %
of protein in the microalgae compared to PW 6% which only produced
13.7 ( = 2.7). No significant difference denoted by the letter A (Table 3)
was observed between the protein concentration in PW 3 and 6% di-
gestate compared to the F/2 control. The positive correlation between
available nitrogen in growth media and protein accumulation has been
well established [59] [60] and could be manipulated depending upon
the desired protein composition of microalgae. These results show that
it is not just the concentration but also the type of digestate used, which
has a significant impact on the composition of P. tricornutum crude
protein content.

3.4.3. Elemental analysis

The element data the algae biomass in Fig. 6. Fig. 6 a-c shows the
elemental analysis of the algal biomass grown on AD, whereas Fig. 6d
shows the elemental profile of the biomass grown on F/2 media. The
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Fig. 5. Crude protein calculated for P. tricornutum grown in various media.
Error bars show standard deviation of three bioreactor replicates. Crude protein
data is presented as mean +/— standard deviation (3 bioreactors replicates
with 3 readings per bioreactor).

most noticeable difference in this analysis was in calcium composition
between digestate fed microalgae (Fig. 6 a-c) and the F/2 control
(Fig. 6d). Algal biomass produced with effluent based nutrients had
much higher calcium content than the biomass produced with the
synthetic F/2 media (Table 4, Fig. 6). This result is supported by prior
work documented in the literature. Synthetic media like F/2 are de-
signed to moderate the cation addition to its seawater base. Un-
fortunately, effluent based medias do not have this control and the
solutes added to seawater base frequently have superfluous cations.
This can present an osmotic challenge for cells growing in these cul-
tures. Hayward et al., documented increased calcium uptake by P. tri-
coronatum in response to salinity and conductivity fluctuations similar
to those in our effluent based media [61]. Additionally, Ramanan et al.,
identified algal cell cultures grown in large culture settings directly
influence calcium dynamic optimising alkalinity and facilitating pho-
tosynthetic efficiency [62]. Likely these mechanisms were in play
during our experimental growth period.

Much of the organic biomass going into the anaerobic digesters is a
rich source of calcium e.g. grass silage and food waste, which explains
the source of the metal in the digestate. There has been limited reported
research on microalgal elemental composition, due to the focus on
economically important macromolecules such as lipids and protein.
One study [63] grew P. tricornutum in media: F/2, F/2 + Si or Bold's
media and reported sodium, potassium and sulphur as the three most
abundant elements respectively. This is distinctly different from the
composition found in this study which found magnesium, potassium
and sodium as the most abundant elements when P. tricornutum is
grown in F/2 medium. Neither magnesium or potassium were added in
the F/2 mix, therefore, these metals have been obtained from the sea-
water (see supplementary Fig. 1) used to dilute the F/2 mix. There is a
range of abiotic (e.g. temperature, light, salinity, nutrients) [64] and
biotic factors (e.g. inoculum concentration, species strain) [49] which
can effect microalgal elemental composition, which could explain the
variation between the two studies. With regards to the three different
types of digestate media, the microalgae grown in CW, FW and PW
media, showed broadly similar metal composition, despite different
feedstocks being fed into the AD plant. Calcium, magnesium, sodium
and phosphorus were the predominant elements present in the

Table 3
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microalgae, as shown in Fig. 6. There was a general trend between the
concentration of the digestate in the media (Fig. 1) and the abundance
of elements in the microalgae. There were, however, significant error
bars indicating large variation of elemental composition between the
three replicate flasks. It is likely that this can be explained by the media
pH and the availability of the metals. High pH levels can cause metal
ions, including calcium, to precipitate from the growth media as salts
[65]. The pH of each medium increased with microalgal growth,
therefore the medium pH had to be balanced to 8.2 at fixed time points
throughout the experiment. However, time constraints meant pH bal-
ancing usually extended across two days. This would have meant the
availability of some metal ions would vary between replicate flasks
depending on the time pH balancing took place. If the pH was to be
maintained at optimal levels, microalgae could be an important tool for
the capture and storage of calcium from digestate effluent.

3.5. Potential applications of results

Microalgae have a vast array of applications in industries such as
food, cosmetics, biofuels, biofertilisers, pharmaceuticals and aqua-
culture [66]. Microalgae are not only of use for their biomass, they can
remediate nutrients from waste streams including sewage, agriculture,
aquaculture and anaerobic digestion [67]. This work assessed the po-
tential of P. tricornutum as a source of animal feed and its ability to
remediate anaerobic digestion waste. The work looked to compare how
P. tricornutum grew in conventional F/2 media compared with anae-
robic digestate as a nutrient source. The results presented in this work
show promising signs for P. tricornutum to be utilised to bioremediate
anaerobic digestate effluent with a promising nutritional chemical
profile for animal feeds. This may mean that such nutrient waste
streams could be used to make microalgae production more econom-
ically viable from an industrial perspective. However, impediments to
this may be a reluctance from both industry and the public concerning
microalgae grown on waste AD digestate being used for animal feed for
human consumption. The digestate effluent in this study was heat
treated on site to PASS110 standard and the growth media were also
autoclaved, and UV sterilised before the microalgae inoculation to kill
any pathogens. Further research is required into possible pathogen
transfer and disease transfer between the digestate and the algal bio-
mass before it could be considered for use as an animal feed/food
source. Future plans would also have to factor in optimising microalgae
growth conditions, to make the process economically viable.

The microalgae compositional data from this study suggests that P.
tricornutum could be of use to the agriculture/aquaculture sectors as a
feedstock. The P. tricornutum microalgae grown in this study contained
substantial amounts of fatty acids (13-26% w/w). Lipids, especially
those containing unsaturated fatty acids, are an essential part of any
livestock diet and these results show that P. tricornutum is a rich source
of these fatty acids. It could be especially useful for industries which
require significant amounts of polyunsaturated fatty acids which are
currently obtained from expensive fish oils. The lipid rich microalgae
could also be utilised in aquaculture, as a fatty acid source for molluscs,
crustaceans and fish [68]. Another substantial proportion of the P. tri-
cornutum grown in this study is protein. Using these microalgae as a
source of dietary protein for livestock could reduce the need for im-
ported sources, such as soy. This would have a knock-on effect of re-
ducing the cost and carbon footprint of food supply chains and in-
creasing food security.

Statistical Data for Fig. 5. The letters indicate significant difference between all types of media using one-way ANOVA comparison with a Ryan-Einot-Gabriel-Welsch-

F post-hoc analysis (p < .05).

Control CW 1% CW 3% CW 6% FW 1%
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Fig. 6. Elemental composition of microalgae grown in different media solutions; a.) microalgae grown in anaerobic digestate Media A 1%, 3%, 6% b.) microalgae
grown in anaerobic digestate media B 1%, 3%, 6% c.) microalgae grown in media AD C 1%, 3%, 6% d.) microalgae grown in control F/2 medium. Growth data is
presented as mean +/— standard deviation (For each group contained 3 replicate bioreactors, 3 samples were taken per flask, each sample was run in duplicate on

the Inductive Couple Plasma).

Table 4
Calcium uptake data.
Source Effluent  Ca (Digestate) Ca Ca Ca Total Algae Algal Ca Ca Uptake
concentration in  concentration concentration in  Ca in Biomass biomass Accumulation Concentration of Ca
5 L of digestate  in Seawater 5L of seawater Media Yield (Dry in5L in Algae in Algae from
Wt) Media
Units % mg/kg mg mg/kg mg mg mg/L g mg/kg mg %
cw 1 2.96 15 416 2080 2095 300 1.5 22,302 33.45 1.60
3 8.88 44 416 2080 2124 610 3.05 57,286 174.72 8.22
6 17.77 89 416 2080 2169 700 3.5 45,854 160.49 7.40
FW 1 2.96 15 416 2080 2095 700 3.5 1680 5.88 0.28
3 8.88 44 416 2080 2124 720 3.6 44,322 159.56 7.51
6 17.77 89 416 2080 2169 850 4.25 27,237 115.76 5.34
PW 1 2.96 15 416 2080 2095 160 0.8 23,554 18.84 0.90
3 8.88 44 416 2080 2124 440 2.2 42,375 93.23 4.39
6 17.77 89 416 2080 2169 690 3.45 59,023 203.63 9.39
Control F2 Media 0 0 416 2080 2080 420 2.1 1518 3.19 0.15

The elemental composition of microalgae can be of importance
when using microalgal biomass for animal feed. Minerals in livestock
nutrition are involved in many functions including, structural compo-
nents in body organs, electrolytes in body fluids/tissues, enzyme cata-
lysts and hormones and regulation of cell replication and differentiation
[69]. It is important to know the abundance of potentially beneficial
micronutrients, as well the presence of any elements which could ex-
ceed compliance thresholds [70]. Current EU legislation [71] limits the
levels of total arsenic in animal feed to 40 mg/kg, and the microalgae in
this experiment would comply with this specification. The most abun-
dant element in the digestate fed microalgae was calcium which was
recorded at levels of up to 60,000 mg/kg. Additional calcium is re-
quired by many sectors of agriculture for livestock skeletal health, milk

10

production and egg laying [72]. The work presented here shows how
microalgae could be used as a sustainable way to recycle the calcium in
digestate effluent back into the agricultural food chain.

4. Conclusion

This study demonstrated that P. tricornutum can be successfully
cultivated with anaerobic digestate as the primary nutrient source.
Many of the microalgae grown on digestate media had significantly
higher levels of calcium and crude protein than the microalgae grown
on synthetic media. P. tricornutum contained a range of nutritionally
beneficial fatty acids with the total sum of fatty acids making up to a
quarter of the dry weight. There are many areas of agriculture which
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could utilise the nutritional compounds within P. tricornutum. Growing
the microalgae as shown here could increase the sustainability of an-
imal feed production and improve AD remediation while delivering a
sustainable economic viability.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2020.101893.
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