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1 Introduction

Anaerobic digestion (AD) is a biological technology in which a consortium of
microbes breaks down organic material under anoxic conditions producing biogas.
Biogas is a mixture of mainly methane (45-65%) and carbon dioxide (45-35%)
and is a renewable energy carrier used for the production of thermal/electric energy
or as transportation fuel (Weiland 2010). AD is a mature technology and has
gained interest as an approach of treating organic wastes (including wastewater)
for the production of renewable energy. Worldwide tens of thousands of biogas
plants are already operating, treating organic wastes, such as animal manures,
crops and food residues, industrial organic wastes, sewage sludge (biosolids), etc.
Some biogas plants are also integrated into the production of energy from residues
or energy crops, such as maize silage (Lora Grando et al. 2017). AD is a very effi-
cient, when compared to other treatment methods (such as aerobic treatments), at
reducing high organic loads and therefore is an option of choice for high strength
wastes, such as agro-industrial wastes or by-products. AD can reduce organic
loads as high as 80%; however it does not remove inorganic loads, and therefore it
does not achieve tertiary treatment. As a consequence, the effluents of AD, which
are called digestate, are rich in inorganic nutrients that either require posttreatment
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in order to reduce their pollutant loads (organic and inorganic, and including
excess forms of N and P) before disposal or used as soil amendments and nutrient
source for plant production (Moller and Miiller 2012).

However, since transportation of digestates over great distances and their spread-
ing over large land areas is not always economically feasible, the extensive applica-
tion of digestates to lands adjacent to the biogas plants has led to the saturation of
soils in N and P, with negative impact on the environment. Moreover, the seasonal
application of digestates, i.e., in seasons where crops are at the appropriate growth
stages that can use fertilizer nutrients, requires long-term storage, which has its own
some drawbacks and can lead to negative impacts on the environment, such as the
emission of greenhouse gases like CO,, CH,, and N,O (Monlau et al. 2015). In this
context, further strict regulations (see, e.g., the European Union Nitrate Directives)
in some jurisdictions create the need for the development of alternative valorization
routes for digestate. Among the various alternatives (Monlau et al. 2015), cultiva-
tion of microalgae has gain increased attention because of the high potential of
producing useful biomass with the simultaneous treatment of waste streams and
recycling of valuable nutrients (Cuellar-Bermudez et al. 2017; Salama et al. 2017).
This book chapter aims to give an overview on the cultivation of microalgae utiliz-
ing digestates derived from agro-industrial wastes and by-products, discussing the
potentials and the drawbacks of such an approach.

2 Anaerobic Digestion Process and the Generation
of Digestates

2.1 Physicochemical Characteristics and Nutrient Content
of Digestates

The digestate is the residual sludge obtained at the end of the AD of organic matter
of various sources. The chemistry of the ingestate, the feedstock used in the anaero-
bic process, does affect the chemistry of the digestate. AD degrades organic com-
pounds and leads to significant losses of volatile solids and total carbon. This lowers
the chemical and biological oxygen demands (COD and BOD), an indication of a
biologically stable material. Nevertheless, post digestion storage might still lead to
further mineralization and accumulation of soluble carbon (Farno et al. 2014). This
is treated in more detail in the following sections. Digestion thus leads to mineral-
ization of nitrogen and phosphorus most of which are in chemical forms relatively
stable at the usual neutral to slightly alkaline pH. Digestion of animal manure such
as pig slurry and cow manure may lead to more accumulation of ammonia and
orthophosphate than the digestion of municipal sludge (Risberg et al. 2017; Zuliani
et al. 2016), while digestion of high lignin, plant-based waste produces digestates
with higher total solids (Lukehurst et al. 2010), possibly with a higher C/N ratio
(Eich-Greatorex et al. 2018), and with solids often likely to be present in a hydrated
form (Mudryk et al. 2016). Presence of more recalcitrant compounds, such as lignin
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and lipids, will lead to a more biologically stable digestate (Tambone et al. 2009)
with more total solids. The solid phase may be usually separated into colloidal and
large particulate matter. Any nutrient that is retained in the solid phase is usually
associated with the larger particles, not in the colloidal matter (Akhiar 2017).

The utilization of digestate for algal growth is dependent on the capacity to
remove the nutrients in the liquid phase. Separation of solids and liquid may lead to
accumulation of mineral nitrogen in the liquid phase, as nitrate and ammonium, but
a removal of P in the solid phase. Thus, the proportion of solids to liquid and the
charge properties of the solids affect the separation efficiency. Most common sepa-
ration procedures involve flocculation followed by centrifugation or mechanical
separation. Digestates with highly hydrated solids require mechanical separation
procedures. The conditions of any storage before the separation step affect the sta-
bility of the digestate and the separation efficiency (Oliveira et al. 2015). The most
effective separation is a combination of flocculation followed by mechanical sepa-
ration (Akhiar 2017), a common practice in municipal wastewater treatment plants.
One drawback of the separation of solids is that a significant proportion of phospho-
rus might be retained in the solid phase (Bachmann et al. 2016; Lin et al. 2015).

Another concern when using the liquid phase of the digestate for algal growth is
the color. Animal manure-based digestates are notorious for producing colored
digestate difficult to remove even through significant dilution (Marcilhac et al.
2014). On the other hand, digestates produced on municipal wastewater are more
transparent (Zuliani et al. 2016). For the latter the only significant interference with
light is due to colloidal matter, a fraction usually removed easily through floccula-
tion. Nevertheless, co-digestion of municipal wastewater solids with food or manure
waste will still produce a highly colored liquid phase digestate difficult to treat
(Akhiar et al. 2017).

AD is a highly complex and dynamic biological process, which can be divided
into four stages: (i) hydrolysis of polymers into soluble monomers, (ii) acidogene-
sis, (iii) acetogenesis, and (iv) methanogenesis (Deublein and Steinhauser 2008).
During AD the organic matter is degraded and mineralized. Macromolecules such
as carbohydrates, proteins, and lipids are degraded (hydrolyzed) to smaller mole-
cules (monomers), such as monosaccharides (simple sugars), amino acids, and
long-chain fatty acids, respectively. Hydrolysis is performed by hydrolytic exoen-
zymes, such as cellulase, protease, and lipase, which are excreted by facultative and
strict anaerobic fermentative microorganisms (Gerardi 2003). In the second pro-
cess, the monomers derived from hydrolysis are fermented to volatile fatty acids
(acetic acid, propionic, butyric, etc.), which then are used by microbes to produce
methane at the third and fourth steps. Since during AD carbon is nearly exclusively
removed as CH, and CO,, the remaining inorganic elements in the feedstock are
mineralized and almost fully preserved in the digestion liquor (digestate; Fig. 1).
These elements are either as free ions (NH,*, PO,*~, K*, SO,*-, Fe?*, etc.) or as ion
and/or surface bounded complexes. In general, the digestate is a very complex
matrix where various free counterions and (bio-)solids interact with each other
(Moller and Miiller 2012). In the agro-industrial sector, AD is usually performed by
mixing different substrates in order to obtain a balanced C/N ratio (around 20-30:1).
Because most plant- and food-derived wastes and by-products are rich in C, thus
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Fig. 1 Overall process of conversion of organic matter into inorganic during anaerobic digestion

having a high C/N ratio (>50:1), nitrogen-rich animal and poultry manures are typi-
cally used to adjust C/N to an optimum range (Mata-Alvarez et al. 2014). Because
animal and poultry manures are also rich in other nutrients (P, K, S, etc.), digestates
therefore are rich too in all of the essential nutrients required for microalgal growth
(Xia and Murphy 2016).

Carbon

Carbon in digestates is either in inorganic (bicarbonate/carbonate) or in organic
(volatile fatty acids, such as acetate, and undigested organic matter) forms.
Regarding microalgae cultivation, bicarbonate and volatile fatty acids (mainly ace-
tate) are the most significant C forms because they can be utilized by microalgae as
C source for their growth. Bicarbonate/carbonate and volatile fatty acids (VFAs) are
the end products of the acidogenic and acetogenetic stages of the digestion process,
where organic polymers are biochemically broken down to monomers. The concen-
tration of bicarbonate/carbonate and VFAs and composition of the latter can vary
significantly depending on the substrate characteristics and AD parameters and on
the overall process stability (Rincén et al. 2008). Bicarbonate/carbonate and VFAs
have a significant role for the digestion process because, along with ammoniacal N,
they are the main buffer systems for the pH in digestates (Georgacakis et al. 1982).
Bicarbonate/carbonate concentration in digestates is typically in the range 500—
1500 mg L-'. For the typical pH range of the digestates inorganic C is mainly
(>95%) found as bicarbonate species (HCO;™).

Among the various VFAs contained in the digestates, the most abundant species
is acetate (CHO,™). However, due to the inhibitory effect of VFAs on methanogen-
esis, their concentration should kept relative low (<500 mg/L) for a stable AD
process. Recently, there is an increased interest in performing AD at low pH in order
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to favor the hydrolytic only phase and inhibiting methanogenesis to convert organic
matter into VFAs, which are a potential C source for the production of different
commodities such as biosurfactants, bioflocculants, and bioplastics (Wang et al.
2014). Regarding microalgae cultivation, these accumulated VFAs may serve as
energy and/or C source for the mixotrophic or heterotrophic production of microal-
gal biomass (Venkata Mohan and Prathima Devi 2012; Chiranjeevi and Venkata
Mohan 2017).

Nitrogen

Total N, which is the sum of organic and inorganic N, of the digestate can range
between 1.2 and 9.1 g Kg=! FM, while inorganic N can be 44-81% of total N
(Table 1). N is mostly contained in the ammoniacal form (NH,*/NH;), while NO;~
and NO,™ are in trace concentrations. A fraction, however, of N remains in organic
form, and its concentration depends mostly on the degree of biodegradation and
mineralization of the organic matter. Ammoniacal N mainly derives from the min-
eralization of proteins and amino acids (contained in plant-derived substrates or
from undigested feed proteins/amino acids excreted in manures), urea, or uric acid
(main nitrogen form in animal and poultry manures, respectively), with a lower
proportion originating from other nitrogenous compounds. A small fraction of
ammoniacal N is utilized by anaerobes for their metabolic needs and their cell mul-
tiplication (Rajagopal et al. 2013). The ratio of NH,* to NH; (free ammonia) is

Table 1 Summary of Parameter Digestates | Liquid fraction
nutrient content in digestates pH 7390 |79
Total solids (%) 1.5-13.2 | 4.5-6.6
COD 210-6900
Total inorganic carbon 940-1350
(mg L)
Volatile solids (% DM) 63.8-75.0 | -
Total N (g Kg~! FM) 1.20-9.10 | 4.0-5.1
Total NH,* (g Kg ~! FM) 1.5-6.8 |1.8-3.0
NH,* share on total N (%) 44-81 40-80
Total C content (% DM) 36.0-45.0 |48
C/N ratio 3.0-85 |3.748
Total P (g Kg~! FM) 04-2.6 |0.7-1.0
Water-soluble P (% of total P) 25-45 -
Total K (% DM) 1943 3552
Total K (g Kg ~! FM) 1.2-11.5 |-
Total Mg (g Kg ~! FM) 0.3-0.7 |7.9
Total Ca (g Kg ~' FM) 1.0-23 |-
Total S (g Kg ~' FM) 02-04 |-

Adapted by Moéller and Miiller (2012).
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mainly dictated by the pH and temperature. NH; can be calculated from the total
ammoniacal N by the following equation (Hansen et al. 1998):

_ Total ammoniacal N
B 10™

—| 0.0901 8+w
1 T

NH,
1+

where pH is the actual pH value of the solution and 7 is the temperature (in K). For
the typical pH range of digestates, ammoniacal N is mainly (>95%) in the form of
ammonium (NH,").

The ionic status of ammonium allows it to interact with other ions in the diges-
tate to form various complexes, with the most significant one to be the struvite
(NHMgPO,-6H,0) which precipitates in the solid state. Struvite formation occurs
in two stages, (i) nucleation and (ii) crystal growth, and arises when the concentra-
tions of Mg?*, NH,*, and PO,*~ surpass the struvite solubility product, which is also
a function of pH. As pH increases, struvite solubility decreases and its formation is
favored (Marti et al. 2008; Pastor et al. 2010).

Phosphorus

Total inorganic and organic P content in the digestates can range between 0.4 and
2.6 g kg™! FM of which around 25-45% is in water-soluble forms (Table 1). After
mineralization P is contained mainly in orthophosphates with HPO,?>~ and PO,*-
(pK., = 7.21) dominating speciation at the pH range typical for digestates. At
higher pH the chemical equilibrium shifts toward favoring the formation of phos-
phate (PO,*"), which tends to complex with cations (Ca?*, Mg?, etc.) and subse-
quently precipitate as phosphate salts, such as Ca;(PO,), or MgHPO,. As mentioned
before, at adequate concentration of NH,* and Mg?* struvite is formed; this is a
very interesting form of fertilizer P. Marti et al. (2008) have shown that most P,
58% of the fixed P, precipitated as struvite, 15% as calcium phosphates in the form
of hydroxyapatite (Cas(PO,);(OH)), and the other 27% was adsorbed on surfaces
of the solids.

Digestates from the agro-industrial sector that contain animal manures are rich in
P because typically the feeds of monogastric (nonruminants) animals such as swine
and poultry are excessively supplemented with inorganic phosphate salts to provide
the required P for their growth. This is because monogastric animals and poultry
lack the enzyme phytase and cannot metabolize phytic acid, the principal P form in
plant matter that comprises animal and poultry feed, typically a mixture of various
crops such as corn, wheat, oat, and soya. Moreover, monogastric animals and poul-
try have a low uptake efficiency for P from phosphate forms, which results that
almost 70% of the P contained in the feed is excreted unmetabolized in manures
(Gupta et al. 2015; Jorquera et al. 2008). Consequently, cattle manure contains in
general lower P amounts compared to swine and poultry (Kleinman et al. 2005).
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Other Nutrients

Agro-industrial digestates, especially derived by the AD of animal manures, besides
N and P, are also rich in other nutrients including K, S, Mg, Cu, Zn, and Fe. Some
of these nutrients originate in the feed, while other nutrients (especially trace met-
als, such as Cu, Fe, Zn) originate mostly from the various feed supplements used to
formulate feed rations. These elements are usually added in excess, as highly solu-
ble metal salts, and therefore excess amounts are excreted in manures (Zhang et al.
2012). Regarding energy crops or crop residues, they contain very low amounts of
trace metals, and therefore, when digestates as sole substrate (without manures),
they have to be supplemented in the digesters (Brulé et al. 2013). In any case,
regardless of the substrate type, it is very probable that digestate will contain all
essential nutrients to support microalgal growth. However, due to the slight alkaline
pH of the digestates, most of the cation nutrients might form several complexes and
precipitate as carbonates and phosphates or attach to solid surface (Moller and
Miiller 2012). In this case their bioavailability for microalgal growth could be lim-
ited and might be necessary to be externally added to the cultivation medium.

2.2 Inhibitory Compounds and Contaminants Present
in Digestates

Digestates, due to their complex nature, besides the valuable and reusable nutrients,
contain also various organic, inorganic, or biological compounds that could poten-
tially inhibit microalgal growth or affect the overall quality and safety of microalgal
biomass. Besides the suspended solids and the colored dissolved compounds of the
digestates that limits light penetration reducing growth rates, the most significant
potential inhibitory compounds in digestates that might affect microalgal growth
include ammonia, various organic acids, and heavy metals. On the other hand, the
contamination of biomass with pathogens or chemical contaminants originated in
digestates could restrict biomass utility for the production of various commodities.

Ammonia

One of the most significant inhibitory compound of digestates is ammoniacal N. In
particular the free ammonia (NH;) form is highly toxic to microalgae. While ammo-
nium is actively taken up by cells and therefore its intracellular concentration is
metabolically regulated, NH; diffuses passively and uncontrolled into the cells and
at elevated concentrations act toxic. Ammonia acts by damaging the photosynthetic
machinery and other cellular components, resulting in reduced photosynthesis
activity and lower growth rates or even in cell death (Markou et al. 2016; Azov and
Goldman 1982; Drath et al. 2008). Free ammonia has inhibitory effects on microal-
gae in relatively low concentrations (>25 mg-N/L) (Abeliovich and Azov 1976;
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Azov and Goldman 1982; Markou and Muylaert 2016); however, ammonia toxicity
is microalgal species dependent, i.e., some species, such as the cyanobacterium
Arthrospira platensis, display higher ammonia tolerance than other species (Markou
et al. 2016; Markou and Muylaert 2016).

As mentioned before, in the NH,*/NHj; ionization system, the formation of NH;
is favored by alkaline pH (pK, &~ 9.25). Microalgae are therefore more susceptible
to ammonia toxicity when pH of the cultivation medium is high. This should be
taken into consideration especially for microalgal cultures without a pH control,
where pH may reach values higher than 10 due to the liberation of hydroxides (OH")
during CO, uptake. At such pH values, ammoniacal N will be mostly found as free
ammonia (>50% of the total ammoniacal N at pH > 9.25) increasing the digestate
toxicity potential.

Organic Acids

Even as some microalgal species have the ability to utilize, mixotrophically or het-
erotrophically, organic acids such as fermentative acetate or butyrate as C and/or
energy source (Turon et al. 2015), these could be inhibitory when their concentra-
tion is high. For example, butyrate exhibited inhibitory effects on Chlorella soroki-
niana and Auxenochlorella protothecoides at concentrations higher than 0.1 gC L™!
and 0.25 gC L', respectively (Turon et al. 2015), or acetate on Chlamydomonas
reinhardtii at concentrations higher than 0.4 g L=! (Chen and Johns 1996b). However,
significant higher acetate concentrations (> 3 g L") have been used for the cultiva-
tion of some microalgae without showing any inhibition, reflecting that the inhibi-
tion of organic acids is microalgal species dependent (Perez-Garcia et al. 2011;
Chen and Johns 1996a), while cultivation mode (fed-batch, perfusion, chemostat)
could improve the overall cultivation efficiency (Chen and Johns 1995, 1996a).

Heavy Metals

Heavy metals are generally defined as the metals or metalloids with a specific den-
sity >5 g mL~!, including Cu, Co, Cr, Cd, Fe, Zn, Pb, Hg, Mn, Ni, As, Mo, and
V. Some of them, such as Cu, Co, Fe, Mn, and Mo, are essential for microalgal
growth and are supplemented in various synthetic cultivation media as trace metals.
These elements are contained in various enzymes or biomolecules and play a sig-
nificant biological role. Depletion of these essential elements could have a negative
effect on microalgal growth.

Digestates frequently contain heavy metals. These can originate in agro-industrial
wastes and wastewaters that are contaminated by fertilizers, plant protection chemi-
cals, or processing agents that contain heavy metals. Most manures contain relative
high amounts of heavy metals especially Zn, Cu, and As as these are supplemented
in animal feed as growth promoters or for the treatment of various diseases. They
are usually added as soluble metal salts, commonly in excess amounts of the physi-
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Table 2 Example of heavy Heavy metal | mgL-!
metal content of digestates Cr <12
Co 0.02-0.04
Cu 0.09-21.4
Fe 0.9-65
Pb 0.03-2.8
Mn 0.1-17
Mo <1.8
Ni <l.4
Zn 0.9-13
Adapted from Xia and
Murphy (2016)

ological requirements and therefore are excreted along with feces and urine (Zhang
et al. 2012). Heavy metal species and concentrations in digestates are generally
depended on the feedstock and in particular the ratio of the different wastes/waste-
water used (Table 2). Toxicity of heavy on photosynthetic organisms, including
microalgae, has been widely studied, and it is well known that at high concentra-
tions, they damage the photosynthetic machinery affecting negatively cell growth.
However, the level of toxicity depends on the heavy metal species, its concentration,
and cultivation parameters, such as light intensity, pH, and vary with microalgal
species (Svec et al. 2016; Napan et al. 2015; Torres et al. 2017). However, since
digestates usually require dilution before, it is used for microalgal cultivation, their
toxicity potential is rather low. No inhibition of microalgae cultivated in digestates
is reported to be attributed to heavy metal toxicity. Contamination of biomass with
heavy metals would though limit the potential of biomass to be used to produce
several commodities (e.g., food, feed).

Biological Contamination

Digestates contain a plethora of microbes, the majority of which are strict anaerobes,
but also include some facultative anaerobic acidogenic bacteria (Gerardi 2003).
During microalgal cultivation facultative anaerobes as well microbes that externally
contaminate the cultures could grow in a synergistic or competitive relationship with
microalgae. The synergistic relationships are based on the fact that microbes degrade
organic matter into CO, which is then taken up by microalgae, while microalgae
produce oxygen that is used by the microbes. Antagonism between microalgal and
bacteria may occur when they compete for nutrients (Munoz and Guieysse 2006).
On the other hand, some bacteria present in digestates produce phytohormones that
are growth-promoting agents (Qi et al. 2017). Phytohormones play a regulatory role
in microalgae cell division and elongation and in chlorophyll and protein metabo-
lism and enhance tolerance to several stresses such as heavy metal toxicity, osmotic,
and salt stresses (Pei et al. 2017; Salama et al. 2014). The addition of phytohormones
to cultures promotes growth and increases biomass density (Pei et al. 2017). Presence
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of pathogens creates a significant disadvantage for the use of digestates for the cul-
tivation of microalgae. Contamination of microalgal biomass with pathogens would
definitely limit biomass utility in various applications (food, feed, high-value prod-
ucts). The term pathogens include all those agents, such as bacteria (e.g.,
Campylobacter spp., Clostridium sp., Escherichia coli, Listeria monocytogenes,
Salmonella sp., or Yersinia enterocolitica), fungi (e.g., Aspergillus sp., Penicillium
sp., Rhizomucor), protozoa, worms, viruses (e.g. enteroviruses, rotaviruses, adenovi-
ruses, hepatitis E viruses, caliciviruses, reoviruses, parvoviruses), and prions that
can cause diseases (Bicudo and Goyal 2003; Ray et al. 2013). The main source of
pathogens in the digestates originates from animal and poultry manure used in the
mixtures. During AD several pathogens are fully inactivated; however some are
resistant and can survive. The major AD parameters that play a role in the inactiva-
tion of pathogens are time and temperature of treatment, the latter being the most
significant one. Thermophilic (>50 °C) AD is generally more effective than meso-
philic (>30-38 °C) for pathogen reduction; however some pathogens such as some
spore-forming Clostridium or Bacillus can survive thermophilic AD (Sahlstrém
2003; Bagge et al. 2010). In several countries, a pasteurization stage (70 °C for 1 h)
either before or after the AD digestion is integrated in the process to warrant the
hygiene of the digestates; however spore-forming pathogens are not always fully
inactivated (Schniirer and Schniirer 2006; Sahlstrom 2003; Bagge et al. 2010).

Chemical Contaminants

Agro-industrial wastes/wastewater and hence their digestates can contain several
other xenobiotic compounds that could pose a risk of contamination of microalgal
biomass. The most important xenobiotics include pharmaceuticals (e.g., steroidal
hormones, antibiotics, and parasiticides), mycotoxins, and dioxins (Ray et al. 2013;
Van Boeckel et al. 2017) (Khan et al. 2008; Bartikova et al. 2016). Even as most of
these xenobiotics are degraded during AD, there are some categories, such as steroi-
dal hormones, or some antibiotics that are not extensively degraded. The efficiency
of AD for degradation of xenobiotics varies widely and is a function of the physico-
chemical characteristics of the compound in question and some AD parameters,
such as retention time and temperature (Stasinakis 2012).

3 Cultivation of Microalgae Applying Digestates

3.1 Removal of Nutrients from Digestates

Microalgae require a range of nutrients to synthesize the biomolecules that consist
their biomass; C, N, P, K, Mg, S, Cl, Fe, Ca, Mn, Co, Cu, B, and Zn are essential for
an unhindered cell growth. Lack of one or more of these essential nutrients will
cause a cessation of cell growth resulting in biomass production reduction.
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Moreover, lack of nutrients will lead to alteration of the biochemical composition of
biomass, typically triggering the accumulation of carbonaceous compounds (lipids
or carbohydrates) and downregulation of protein production (Pancha et al. 2014;
Kamalanathan et al. 2015). However, this biochemical composition alteration due to
nutrient starvation/limitation in favor of carbonaceous compounds has been sug-
gested as a strategy for the accumulation of lipids or carbohydrates as feedstock for
various applications (see Sect. 4). Due to the fact that microalgae can remove nutri-
ents from their surroundings, they have been proposed as a biological mean for the
treatment of waste/wastewater for the removal of inorganic pollutants, such as N
and P (Olguin 2012) which are among the main targets in the conventional waste-
water treatment plants.

During microalgal cultivation on digestates, nitrogen is removed through three
main mechanisms, i.e., biomass uptake, volatilization, and denitrification. Biomass
uptake refers to the active or passive transport of the nutrients into the interior of the
cells. N can be taken up being in various forms, such as ammoniacal, nitrite, nitrate,
or organic form (N, can be utilized only by a limited number of N-fixing cyanobac-
terial species). In general, ammoniacal form is the most preferable N form because
it is already in a reduced status and can be utilized immediately by the metabolic
pathway for protein synthesis. In contrast, nitrogen oxides have first to be reduced
intracellularly, therefore consuming energy (Perez-Garcia et al. 2011). If different N
forms are present in the cultivation medium, ammoniacal N is preferentially taken
up, and only after it is exhausted other N forms are taken up (Fernandez and Galvan
2007; Vilchez and Vega 1994). Besides inorganic N uptake, microalgae can also
grow on organic N, such as urea or amino acids (glycine, glutamate, glutamine).
Urea is taken up indirectly, because it is first hydrolyzed to ammonia and carbonic
acid which can then be taken up by cells. However, amino acid uptake is species
dependent, and growth rates can vary between microalgal species (Neilson and
Larsson 1980; Flores and Herrero 2005). Removal of N through volatilization
occurs only when N is in the free ammonia form. As was mentioned before (Sect.
2.2), free ammonia dominates as pH increases, and therefore the potential of ammo-
nia removal through volatilization increases at high pH. Depending on the
cultivation conditions, ammonia volatilization losses can be significant (Gonzélez-
Fernandez et al. 2011; Markou et al. 2014a). The pH is the most important factor for
the volatilization of ammonia, whereas other various physicochemical characteris-
tics (e.g., solid content, electrical conductivity) of the digestates do not have any
significant influence on the volatilization potential (Markou et al. 2017). Removal
of N through denitrification refers to the transformation of ammoniacal N into
nitrite/nitrate and finally into molecular nitrogen (N,). Denitrification is a process
that could take place when dissolved oxygen is not easily available and nitrifying
microbes are present in an aqueous body, such as is case for microalgal-bacterial
cultivation systems. Denitrification could account for 20-25% of the N removal
(Gonzalez-Fernandez et al. 2011).

P is removed mainly through two mechanisms: biomass uptake and precipita-
tion. P is taken up by cells mainly in the phosphate form (PO,*~) by metabolically
driven processes. However, microalgae can take up P from other inorganic or
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organic forms as well (Huang and Hong 1999; Whitton 1991). Organic P can be
taken up after mineralization of the organic matter to produce as PO,*-, or hydroly-
sis of other inorganic forms than PO,*~, by extracellular phosphatase enzymes, the
main mechanism of organic P uptake (Hua-sheng et al. 1995; Dyhrman and
Ruttenberg 2006). The ability of microalgae to take up organic P depends on the
chemical composition of the organic molecules (Dyhrman and Ruttenberg 2006).
Precipitation of P complexes with polyvalent cations (Ca, Mg, etc.) might occur,
especially in cultures where pH is increased due to photosynthesis. The presence of
organic substances, such as humic acids, could favor the formation of phosphate-
metal-humic complexes that are also of low bioavailability for microalgal uptake
(Hartley et al. 1997; Hoffmann 1998; Li and Brett 2013). P removal from the solu-
tion is frequently reported to reach very high rates (>95%), attributed either to bio-
mass uptake or precipitation (Yang et al. 2017; Franchino et al. 2013).

Although inorganic carbon (IC) is not a target for conventional wastewater treat-
ment, microalgae require adequate amounts of CO,. Most microalgae can take up
IC only from CO, and/or HCO;~, while CO;*" is extreme rarely taken up (Camiro-
Vargas et al. 2005). Bicarbonate concentration in digestates, especially when they
are used in a diluted form, seems not to be adequate for a satisfactory biomass pro-
duction, and therefore it has to be externally provided to the cultures (Bjornsson
et al. 2013; Park et al. 2010). As a source of CO,, either biogas (that contains about
35-45% CO,) or flue gases obtained after biogas combustion could be used (Kao
et al. 2012; Salafudin et al. 2015).

For an unhindered cell growth and biomass production, digestates should contain
the following nutrients in adequate amounts to cover metabolic needs: C, N, P, K, Mg,
S, Cl, Fe, Ca, Mn, Co, Cu, B, and Zn. All these nutrients will be taken up during micro-
algal growth, and the degree of their removal from the medium depends on the micro-
algal species and the cultivation conditions (Markou 2015). As was mentioned before,
digestates are a multipart medium, and the various ions interact with each other form-
ing complexes that lead to some nutrients (e.g., P, Mg) to become unavailable to
microalgae (Moller and Miiller 2012). The unavailability of nutrients or an unbalanced
C/N/P nutrient ratio could result in nutrient limitation with a negative effect on cell
growth and biomass productivity (Beuckels et al. 2015). However, the level of nutri-
ents availability will have an effect on the differential accumulation of target com-
pounds like carbohydrates, lipids, and proteins. As nutrient availability decreases the
accumulation of carbohydrates or lipids is triggered, while protein productivity
increases as long bioavailability of nutrients increases (Dickinson et al. 2015).

3.2 Removal of Organic Matter

Organic matter removal during microalgae cultivation may occur through two main
mechanisms: biomass uptake and degradation. As was mentioned before, microal-
gae can utilize some organic molecules as source of C and/or energy. Under mixo-
trophic conditions, i.e., in the presence of light, microalgae can take up organic
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molecules and utilize them as C and/or energy source, while under heterotrophic
conditions where no light energy is available, microalgae take up organic molecules
as C and energy source (Chojnacka and Marquez-Rocha 2004). Organic molecules
that can be directly taken up by microalgae include several sugars (e.g., glucose,
fructose), amino acids, organic acids (e.g., acetate, butyrate), and glycerol (Perez-
Garcia et al. 2011). Removal of organic matter through degradation occurs either
through their degradation by microalgae themselves or by various bacteria that are
typically present in microalgal cultures. In both cases the degradation is carried out
by various lytic enzymes that break organic matter down either into simpler mole-
cules or into CO, that is then taken up by microalgae. Both mechanisms contribute
in a significant reduction of organic matter (measured as chemical oxygen demand —
COD or biological chemical demand — BOD), reaching values as high as >90%.

However, organic matter cannot be removed completely because during microal-
gal growth, cells excrete extracellular organic matter (EOM) comprising of various
compounds such as proteins, nucleic acids, lipids, and polysaccharides, with the
latter a main portion of EOM (Myklestad 1995). However, depending on the culti-
vation mode (mixotrophic or heterotrophic), the EOM can be dominated by other
compounds such as proteins (Wang et al. 2015). Among the main digestate constitu-
ents, it was reported that in cultures of Arthrospira platensis and Chlorella vulgaris,
volatile fatty acids were removed at rates >90%, while proteins were removed only
in cultures of C. vulgaris and not of A. platensis, whereas carbohydrates were accu-
mulated in the medium of both cultures (Markou 2015). Hence, the total removal of
organic matter from the cultivation medium supplemented with digestates is the
difference between the organic matter removed and organic matter excreted by
microalgae.

3.3 Cultivation Operational Parameters

Light penetration, mixing, and hydraulic retention time (HRT) are significant cul-
tivation parameters that influence microalgal growth, especially when using diges-
tates as the nutrient source, which are rich in suspended solids and dissolved
colored compounds. The suspended solids contribute to turbidity, which along
with the dissolved colored compounds absorb the incident light and reduce its
penetration into the cultures, resulting in general in lower photosynthesis and bio-
mass production (Wang et al. 2012; Depraetere et al. 2013; Curtis et al. 1994).
Therefore, adequate mixing is important because it generates turbulence moving
cells from dark zones to the light zones of the culture subjecting them to more light
to conduct photosynthesis. The fluctuation in light intensity caused by mixing
should be short enough (10 ms) for best light harvest (Eriksen 2008); however,
strong mixing could cause shear stress reducing biomass production (Eriksen
2008; Marshall and Huang 2010). Turbulence caused by mixing is important
because it also avoids cell sinking and the formation of nutrient or thermal
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gradients and increases the mass transfer between the liquid medium and the
atmospheric CO, and removes excess dissolved oxygen (Grobbelaar 2000).

HRT is a significant parameter because, for a given digestate type, it defines the
load of the influents, the degree of nutrient removal, and the biomass concentration
in the effluents. HRT depends on various parameters, such as light intensity, tem-
perature, nutrient availability, microalgal strain(s), photobioreactor configuration,
etc. (Whitton et al. 2015; Munoz and Guieysse 2006) and should be as high as it is
needed for best nutrient removal and higher biomass concentrations and productiv-
ity. Depending on the cultivation conditions, for sufficient removal of inorganic and
organic loads, HRT needs to be 2—10 days (Whitton et al. 2015; Munoz and Guieysse
2006). HRT length should be set to allow cells to reach their logarithmic growth
phase to favor biomass productivity and wastewater treatment efficiency (Kim et al.
2014a; Medina and Neis 2007).

3.4 Pretreatment of Digestates to Facilitate Microalgal Growth

A pretreatment of digestates might be required before using them as a nutrient
source for the cultivation of microalgae. The pretreatment targets the removal of
growth-limiting or growth-inhibitory compounds, such as suspended solids, dis-
solved colored compounds, and ammonia, in order to render digestates more appro-
priate for microalgal growth. The simplest pretreatment is dilution by which the
concentration of limiting/inhibitory compounds will be decreased at appropriate
levels. Depending on the physicochemical characteristics of the digestates, they
need a significant dilution, probably more than five times dilution (Xia and Murphy
2016). To address the often limited availability of operational water for the dilution,
brackish water, seawater, or low-strength wastewater may be used, including the
recycling of the medium after cell harvest (Farooq et al. 2015; Delrue et al. 2015;
Gonzdlez-Lopez et al. 2013; Deng et al. 2018).

A common pretreatment method of digestates is solid/liquid separation which
generates a solid fraction rich in fibers and compounds attached to them and a liquid
fraction rich in soluble compounds (Moller and Miiller 2012; Hjorth et al. 2010)
(Drosg et al. 2015). Solid/liquid separation, especially of digestates with high solid
content, followed by filtration should be considered as a necessary step, as any
suspended solid would decrease light penetration or may lead to cells clumping
(Uggetti et al. 2014; Xia and Murphy 2016). Solid/liquid pretreatment will have a
positive effect on HMs by reducing their concentration, since a great fraction of
HMs will be attached onto the solids and removed from the liquid fraction. However,
a fraction of P will as well be removed with the solid faction (Table 1)(Moller and
Miiller 2012), decreasing the available P for microalgal growth. Solid-liquid separa-
tion efficiency can be improved by the addition of precipitating agents; however, it
should be taken into consideration that various essential nutrients could be removed
as well. Laboratory studies have investigated other pretreatment methods, such as
ammonia removal through stripping and decolorization by activated carbon (Marazzi
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et al. 2017), or decolorization using precipitation agents (Depraetere et al. 2013) or
by nutrient recovery through adsorption onto geo-minerals (Markou et al. 2015;
Markou et al. 2014b) prior microalgal cultivation, showing that generally the pre-
treatment improves microalgal growth and biomass production. Other pretreatment
methods, such as coagulation and flocculation, flotation, and electrochemical treat-
ment (Fu and Wang 2011; Gupta et al. 2012; Marazzi et al. 2017; Kim et al. 2014bj;
Depraetere et al. 2013), might also be employed; however, there is lack of studies
for evaluating their impact on microalgal growth.

4 Potentials for Microalgal Biomass Uses

4.1 Biofuels

Microalgal biomass has been recently considered as a highly potential feedstock for
the production of biofuels, such as biodiesel, bioalcohols, biogas, or bio-oil.
Microalgal biomass could be used by any biomass-to-energy conversion technology
available. Microalgae typically contain about 20-30% lipids; therefore they are of
strong interest for biodiesel production (Lam and Lee 2012; Chisti 2007). For the
production of biodiesel, lipids are transesterified, i.e., the triglycerides react with
short-chain alcohol (i.e., methanol or ethanol) in the presence of catalyst converting
them to fatty acid esters. However, one of the major challenges for an economically
feasible and sustainable microalgal biodiesel production is to avoid drying of bio-
mass, which after harvesting contains high moisture contents (90-95%) before bio-
fuel production. Presence of water will inhibit several downstream processes, such
as lipid extraction and transesterification (Lam and Lee 2012; Chisti 2007; Taher
et al. 2014; Macias-Sanchez et al. 2015).

To avoid biomass drying, which is an energy consuming process, for the produc-
tion of microalgal biofuels other biomass-to-energy conversion technologies that
utilize wet biomass could be used; the ones with the greatest potential are AD, alco-
holic fermentation, and hydrothermal liquefaction. The most challenging issue with
AD is the recalcitrant nature of cell wall that hinders digestion. Most microalgal cell
wall is composed of organic compounds with slow biodegradability, and therefore a
disruption step is required to facilitate the release of the intracellular biomass com-
pounds in order to be available for digestion (Gonzalez-Fernandez et al. 2015).
Bioalcohol production is also a promising route for the production of microalgal
biofuels (de Farias Silva and Bertucco 2016). Bioalcohol fermentation is commonly
performed in two steps, hydrolysis and fermentation, which steps can be carried out
separately or simultaneously. The main drawback of bioalcohol production is the
complex, multistep, energy consuming and costly processes required (de Farias
Silva and Bertucco 2016).

During hydrothermal liquefaction (HTL), i.e., under relative high temperature
(200-350 °C) and relative high pressures (15-20 MPa), biomass is converted to a
crude oily liquid (Guo et al. 2015). Compared to other technologies, such as
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biodiesel and bioalcohols, HTL is considered to be more efficient because lipids,
proteins, and carbohydrates are converted into bio-oil with a final high energy den-
sity (Tian et al. 2014; Guo et al. 2015). However, since microalgae are relative rich
in proteins, the content of N in the bio-oil is high, which lowers its quality and
restricts its use (Biller et al. 2012).

4.2 Animal Feed

Because microalgae are rich in proteins, carbohydrates, lipids, and micronutrients,
recent research on the use of microalgae for animal feed supplements received
widespread attention (Chew et al. 2017). Adding microalgae biomass to animal feed
provides vitamins, essential amino acids, polysaccharides, and n-3, n-6 polyunsatu-
rated fatty acids, as well as minerals and pigments, such as carotenoids and chloro-
phyll (Priyadarshani and Rath 2012). Feeding livestock with microalgae at a
replacement rate of 5-10% of the conventional feed can improve body weight gain,
feed intake and feed conversion ratio, immune response, weight control, antioxidant
status, fertility, and external appearance, such as healthy skin and fur (Certik and
Shimizu 1999; Holman et al. 2012; Tsiplakou et al. 2017; Kulpys et al. 2009;
Milledge 2011). Microalgae are able to synthesize all amino acids and become a
source of essential amino acids. Allegedly, the average mass of most microalgal
proteins is higher than traditional plant proteins and is similar to that of yeast, soy
flour, and milk, with a well-balanced amino acids profile (Becker 2007). Adding
microalgae to dietary supplements can improve the nutritional quality of meat,
increase the ratio of PUFA/SFA (polyunsaturated fatty acids/total saturated fatty
acids), and increase the DHA (docosahexaenoic acid) and total amount of n-3 fatty
acids (Diaz et al. 2017). Microalgal carbohydrates are also an important nutrient
component. Studies have found that Arthrospira carbohydrate is beneficial to ani-
mal internal organs (Kovac et al. 2013). Microalgae are rich sources of almost all
important minerals and are therefore suitable to be used as animal feedstuffs for
mineral supplementation (Christaki et al. 2011). The presence of copper, iodine,
iron, potassium, zinc, and other elements in microalgae is abundant. At the same
time, vitamins such as A, B1, B2, B6, B12, C, and E and nicotinic acid, anonicotin,
biotin, and folic acid are also present in microalgae (Christaki et al. 2011;
Priyadarshani and Rath 2012). However, long-term high-concentration microalgae
in feed can lead to a decrease in the palatability of the feed and thus reduce the feed
intake (Spolaore et al. 2006; Lamminen et al. 2017).

4.3 High-Value Products

A very interesting property of microalgae is their potential to produce a wide range
of high-value products for various applications, such as pharmaceuticals, nutraceu-
ticals, cosmeceuticals, and food additives. Microalgae could be an excellent source
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of carotenoids, such as astaxanthin (Aki et al. 2003), lutein (Fernandez-Sevilla et al.
2010), phycocyanin, and phycoerythrin (Khajepour et al. 2015), or polyphenols, a
source of mycosporine-like amino acids, or various secondary metabolites that have
antioxidant, antibacterial, antitumor, or antidiabetic activities, improve immune sys-
tem, etc. (Chew et al. 2017). Several of these high-value microalgal products are
already commercialized, while there is a clear trend and high opportunities for new
products to be placed in the market (Borowitzka 2013). However, these high-value
products are very expensive to be produced, mainly due to their very low concentra-
tion in the microalgal biomass or due to the complex and costly extraction processes
used. Therefore, the use of digestates for the production of high-value products is
unlikely to lead to any significant improvement in the economics of the production
of such commodities. However, the use of digestates could be an approach to sup-
port the sustainability of such production systems and especially when digestates
could be derived by the leftover of microalgal biomass after the extraction of the
target compounds. Such a scheme will be based on a closed-loop production system,
where the nutrients contained in the biomass will be mineralized during AD and
recycled back to the cultures for further biomass production (Prajapati et al. 2014).

4.4 Contamination Potentials

A great concern about using digestates for the production of microalgal feed or
high-value products is the content of various hazardous pollutants, such as HMs,
pathogens, and xenobiotics, which have the potential to contaminate the produced
biomass, lowering its quality and rising safety issues upon its use and consumption.
Contamination of microalgal biomass with hazardous pollutants can occur by cell
surface sorption and/or intracellular accumulation. Surface sorption denotes the
adhesion of the compounds in question onto the cell surface, while intracellular
accumulation denotes the passive diffusion or active transportation of the com-
pounds across cellular membranes into the interior of cells (Perales-Vela et al. 2006;
Suresh Kumar et al. 2015; Basile et al. 2012). Microalgae display a very high sorp-
tion capacity for HMs (up to 100 mg g') and therefore have been considered as
means for HMs removal from wastewater (Anastopoulos and Kyzas 2015; Suresh
Kumar et al. 2015). However, this capability to take up high amounts of HMs could
restrict the application potential of the production of microalgal commodities for
human and animal consumption, since some HMs, such as Ni, As, Hg, and Cd,
which are frequently contained in digestates, are highly toxic and their content lim-
its on feed/food and products is strictly regulated worldwide.

It has been frequently reported that microalgae generate appropriate conditions,
e.g., high pH and high concentration of dissolved oxygen, that result in a significant
reduction (3—4 log) of the population of some indicator bacteria (Posadas et al. 2015;
Heubeck et al. 2007; Schumacher et al. 2003; Al-Gheethi et al. 2017). However, the
mechanisms underlying in the pathogen reduction during microalgal growth are still
unclear, and there is lack of knowledge whether pathogens can be hosted by micro-
algal cells resulting in the contamination of the produced biomass. It is very
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probable that pathogens will be adsorbed in the microalgal cells because microalgal
cell walls consist of several compounds, such as polysaccharides and proteins
(e.g., adhesins), which have charged functional groups and favor the attachment of
pathogens, such as viruses and bacteria (Verbyla and Mihelcic 2015; Marshall 1985).

Microalgal cultivation systems are able to remove xenobiotics by the following
mechanisms: adsorption onto cell wall, cell uptake, volatilization, photodegradation
and biological degradation, and transformation (Zhang et al. 2014; Wang et al.
2017). The extent of xenobiotics removal depends on the chemical compound and
its physicochemical characteristics and the cultivation environmental conditions
(light penetration, pH, retention time) (Zhang et al. 2014; Wang et al. 2017;
Matamoros et al. 2015). Studies on the contamination of microalgal biomass with
xenobiotics are scarce, but the available data show that there is a potential of bio-
mass contamination with xenobiotics; for example Desmodesmus subspicatus was
found to adsorb around 30% of the estrogens contained in the cultivation medium
(Maes et al. 2014), while Phaeodactylum tricornutum displayed a sorption capacity
for oxytetracycline of about 29 mg g~! (Santacufemia et al. 2016).

Given that contaminants have a variety of physicochemical characteristics (i.e.,
hydrophilic or hydrophobic properties, etc.), there is a high potential that using one
of the available extraction methods (Cuellar-Bermudez et al. 2015; Giinerken et al.
2015; Gerardo et al. 2014), they could be extracted as well along with the target
compound. However, there is lack of related studies, and more research is needed to
identify and develop methods for avoiding transferring contaminants along with the
extracted target compounds.

5 Conclusions

Digestates contain all necessary macro- and micronutrients and can be utilized as
cultivation medium (or supplement) for microalgal biomass production. However,
some of the main physicochemical characteristics of the digestates, such as high
content of inhibitory compounds, turbidity, and colored dissolved compounds
might negatively influence microalgal growth, and therefore they need to be
adjusted by using one or a combination of pretreating methods (e.g., dilution, solid/
liquid separation, filtration, etc.) in order to render them appropriate for cell growth.
So far, the majority of the published work regards laboratory-scale investigations,
in which however it is demonstrated that microalgae can be successfully cultivated
on media consisted from digestates. Low-value microalgal products, such as biofu-
els, seem not to be economical feasible yet, and therefore the best route of valoriz-
ing digestates with microalgae is the production of high-value products (feed, food
supplemented, pigments, etc.). However, there are some concerns about the poten-
tial contamination of microalgal biomass with unwanted hazardous pollutants,
such as heavy metals and pathogens originating in digestates. More research is
needed toward this route in order to optimize the production of a safe and valuable
microalgal biomass.
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