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Holistic exploitation of pulsed electric field (PEF)-treated and lipid extracted microalgae

Auxenochlorella protothecoides, utilizing anaerobic digestion (AD)
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Abstract

This study proposes a cascade processing of the lipid-rich microalgae Auxenochlorella
protothecoides. Freshly harvested biomass is pre-concentrated to 100 g/kgsusp @and then pretreated
using pulsed electric fields (PEF). PEF-treatment, which affects permeability of cells membrane,
induces a spontaneous release of microalgal ingredients into the surrounding medium, mostly
carbohydrates and micronutrients, which can be recovered. After separation of this aqueous fraction,
lipid extraction is performed on the remaining wet pellet using an ethanol-hexane blend. After
recovery of those different valuables, it was considered, to convert the rest biomass (cell envelope
and most of the other remaining hard- or non-extractable components), to storable energy. Anaerobic
digestion (AD) of the remains to biogas was considered to be a promising solution. AD-processes
have the charm that unprocessed wet microalgal biomass, as well as wet organic biomass residues
from previous extraction steps can be utilized directly without further purification or drying steps. The

obtained biogas can then be upgraded to methane for an energetic use.



PEF-treated algal biomass showed a 10 % increased methane outcome (467 mLnorm/gvs) compared
to the untreated sample. PEF-treated microalgae, subjected to extraction of the aqueous fraction,
demonstrated a 23 % increase in methane yield (558 mLnom/gvs), compared to control. Finally, the
biomass, PEF-treated and subjected to extraction of water fraction and lipids, still achieved 41 % of

methane potential (205 mLnom/gvs) during the AD process, compared to the untreated control.

Our study demonstrates the feasibility of cascade processing using PEF-treatment. Moreover, all the
study was developed keeping in mind industrial requirements. In particular, our downstream approach
did not require any drying, the pretreatment required low amount of energy, i.e. 1,5 MJ/kgcow and the
majority of the biomass was valorized. Since all techniques used, especially PEF-pretreatment, can

be up-scaled, we believe this approach has great potential for implementation in industry.
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1 Introduction

The usage of microalgae biomass for energetic utilization came into focus of industrial nations in late
20" century, as it became apparent that world crude oil resources will shorten in the medium-term.
Situation might even get more critical since a permanent increase in oil demand is expected until 2040
and is presumed to peak at 106 mb/d (mega barrel per day) [1]. In this scenario the impact of the current
COVID-19 pandemic and the Russian war of aggression against Ukraine on future energy requirements
and energy supply, are not yet taken into consideration. In this context, calls for a more sustainable
energy supply, are growing louder in the public and renewable energy resources are considered to
have an important role to play. Considering the significant impact of fossil fuel combustion on climate,
microalgae could contribute to the mitigation of greenhouse gas emissions as an alternative source for
the production of biofuel. The main advantages are: the higher photosynthetic efficiency of 3-8 %

compared to that of common crop plants (0.5-2 % [2]), the significant higher biomass yield and the



considerable higher CO2-binding capacity which is 10-50 times larger than those of terrestrial plants [3].
An additional argument for the use of microalgae is the lack of competition with food- and feed crops,
since no arable land is required for their growth. Since some microalgae species may store considerable
quantities of lipids [4-9], which can be converted to biodiesel by transesterification, it was considered
to exploit these organisms as a future biofuel resource. Research has shown that plain usage of lipids
from microalgae for further processing into biofuels was not economically feasible at the current stage
[10,11]. For that matter, biorefinery concepts, in which other microalgae ingredients such as proteins,
carbohydrates, pigments, etc. are exploited, were investigated [12]. Promising applications, e.g. in the
food-, feed- and pharmaceutical-industries were identified [13], which may significantly boost the

valorization of whole microalgal biomass.

Numerous investigations regarding anaerobic digestion (AD) of algae in general and microalgae
specifically, to produce methane, have been done since 1957 [14]. There was a significant revival of
interest when it became evident that a biorefinery approach and therefore valorization of complete
microalgae biomass was necessary to exploit microalgae in an economically viable way. After extracting
all high value products, it was suggested to convert cell wall, cell membrane and most of the other
remaining hard- or non-extractable components into storable energy. Therefore, anaerobic digestion of
the remains from microalgae to biogas with help of appropriate microorganisms was considered to be
a promising solution [15-28]. AD-processes entail the advantage that unprocessed wet microalgal
biomass, as well as residual wet organic biomass from previous extraction steps, can be utilized directly

without further purification or drying [29,30].

Microalgae are surrounded by a cell membrane, which is no restraint for decomposition by anaerobes
used in AD, and by a cell wall, predominantly built up of cellulose, other polysaccharides and
glycoproteins [28], which is much more recalcitrant to anaerobic degradation by microorganisms. For
that reason, degradation or breaking down of long chain carbohydrates to carbon-based oligomers and
finally monomers, is essential. Numerous pretreatment methods to support AD, mainly physical-,
chemical- and biological methods and some of their combinations, were extensively documented
[3,15,16,19,31-33]. Regarding physical methods, thermal pretreatment is the most popular one with

either large temperature increases [34] or decreases [20] [35].Other physical methods that have been



tested, include sonication [21] [22], microwave-treatment [17] or mechanical means, such as French
press [35], or bead milling [20]. The reported yields increased in a range between 20% and 200%,
depending on the microalgae type and method, used. Chemical pretreatment of microalgae for AD by
oxidizing-, alkaline-, acidic-agents, solvents and detergents is by far not as common as physical
pretreatments, but a few studies nevertheless considered those type of preconditioning and
demonstrated their beneficial impact with an increase of methane yield by up to 93% [23] [25]. Finally,
another highly specific method to support AD, to cause damage to the cell wall and to hydrolyze
microalgal biopolymers, is the biological pretreatment by individual enzymes or with enzyme blends

[26] [27].

In general, it should be kept in mind that the impact, regarding biogas yield of a particular treatment
method, even applied with identical parameters, might be strain-dependent. Indeed, cell structure,
distribution and concentration of cellulose, hemicellulose, pectin, other polysaccharides and
glycoproteins in the cell wall, are highly different from one species to another. The cell wall’s structure
can be more complex and even the cellulose part is not always available for enzymes. In addition, lignin
(or lignin-like algaenan) is not converted during AD [36—38]. All of these aspects cause significant
differences in the response to a given treatment and therefore in the subsequent AD process

[16,27,28,36]-

Pulsed electric field (PEF)-treatment represents the application of electrical pulses on biological cells,
which induces permeabilization of cell membranes [39—41]. Itis already a well-established technology
which is particularly efficient in extraction processes [42—-45]. One of the main consequences of the

PEF-treatment is a substantial release of intracellular ingredients [40,42,46,47] and an uptake of small

molecules and ions into the cell [40,43,48]. In most studies focusing on microalgae, PEF was used as

a pretreatment process for the exploitation of microalgal valuable constituents like lipids, proteins,
polysaccharides, pigments, etc. [43,49,50]. Compared to other pretreatment methods, PEF technology
was demonstrated to be particularly well suited for cascade processing since it preserves the overall
structure of the microalgae which facilitates further downstream processing [51]. PEF-treatment is
therefore well suited for integration in a biorefinery concept. Indeed, several demonstrations of cascade

processing were already published, with extraction of water-soluble molecules followed by extraction of



lipids and finally hydrothermal liquefaction of the residual biomass [52]. The purpose of this work is to
investigate the impact of PEF-treatment of A. protothecoides on subsequent AD. Biomethane potential
(BMP) of fresh microalgae, of merely PEF-treated microalgae, of PEF-treated microalgae further
processed with aqueous extraction and of microalgal residues obtained after PEF-assisted lipid
extraction were compared, in order to evaluate the benefit of such a cascade processing.

Permeabilization of the cell’s membrane, induced by PEFs and subsequent transport of water soluble
and digestible fractions outside the cell, are expected to improve the availability of fermentable material
for the anaerobic microbial consortium and therefore, to enhance bio-methane production. It can be
mentioned that in other investigations it was found that PEF-treatment of organic waste, e.g. landfill
leachate enriched with bio-solids, vegetable scraps and fruit refuse, as well as waste sludges and
effluents, could improve the AD process [53]. Similarly, it was shown that Focused Pulsed (FP)-
treatment (an electric field-treatment method, derived from PEF-treatment) of waste activated sludge

(WAS) and pig manure, could improve bio solid digestion and enhance methanogenesis [54] [55] [56].

2 Materials and Methods

2.1 Microalgae cultivation, harvesting and concentration

All experiments were performed with A. protothecoides, strain number 211-7a obtained from SAG,
Culture Collection of Algae, Gottingen, Germany. To avoid long-term shifts of microalgal composition
and cultivation behavior due to mutation, we ordered fresh A. protothecoides strain, twice a year, from
SAG.

Autotrophic cultivation was performed, using A. protothecoides starter-cultures cultivated in Erlenmeyer
flasks, mixotrophically in modified Wu medium for 5 days [43]. The starter culture was subsequently
used as inoculant for our photobioreactor (PBR) of 25 L, filled with Tris—phosphate (TP) medium (recipe
adapted from [57,58]; detailed composition given in [59]) supplemented with 40 ug/L Thiamine. The
PBR is an annular bubble column reactor. It is made of a vertically installed cylindrical glass tube with
a metal tube concentrically aligned inside, which serves for cooling. This arrangement is terminated at
the top, by a metal disk, equipped with a number of sterile sealed throughputs for inoculation, sampling

and measuring purposes. Another metal disk on the bottom of the glass tube, likewise sealed, allows
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sterile harvesting. Preparation of the PBR consisted in autoclaving the reactor, filled with demineralized
water and subsequently cooling down to the desired cultivation temperature and adding the sterile
medium stock solution and inoculum. The quantity of inoculum was calculated in order to start the
cultivation with an optical density (OD) of 0.1 (at A = 750 nm). The PBR was illuminated by LED (WU-
M-500-840, 4000 K, Panasonic) with a Photosynthetic Photon Flux Density (PPFD) at the surface of
the reactor of 200 umol photons m2 s for the first 24 h and then 600 ymol photons m2 s, until
harvesting. The temperature was regulated at 25 °C and the CO; flow (3 % volume in a sterile airflow
of 60 Lh") was kept constant. The cultivation was daily monitored with OD measurement and
microalgae were harvested after a period of approximately 21 days. Typical cell dry weight (CDW) one
day before harvesting was between 4.5 and 5.5 g/kgsus.

Prior to further biomass treatment, microalgae were concentrated by means of centrifugation [49], to
obtain the desired CDW of 100 g/kgsus. The exact final CDW was determined after the concentration-
operation, immediately before further biomass-processing [43]. Average delay, from microalgae harvest
to the start of following PEF-processing caused by concentration work of the microalgae, was roughly
2 h.

Detailed descriptions of OD measurement, microalgae harvest and successive pre-concentration

procedure, are available in previous publications [43,49].

2.2 PEF processing

The samples were PEF-processed in a continuous flow treatment chamber comprising of plane-parallel
arranged stainless steel-electrodes with 4 mm electrode gap, integrated in a polycarbonate housing.
Treatment parameters were: magnitude of the electric field, E = 40 kV/cm, mass flux of concentrated
microalgae suspension at CDW =~ 100 g/kgsus, Qsus = 0.1 gsus/S, pulse repetition rate 3 Hz, pulse
duration, tmp=1 ps and applied energy, Wspec= 150 kJ/kgsus. A more detailed description of the
experimental setup and of the energy calculation can be found in our previous publications [42,43,49].

Control samples were just pumped through the treatment chamber, without application of PEFs.



2.3 Electric conductivity (K) measurements

Conductivity data of control- and PEF-treated samples were acquired without temperature
compensation, using a WTW-conductivity meter, (Modell Cond-3310, WTW GmbH, Weilheim,
Germany). Temperatures of investigated microalgae suspensions were systematically recorded for
later calculation of temperature compensated conductivities. The equivalent conductivity at T = 25 °C,
Kas [MS/cm], was calculated using equation (1) where ays is the temperature coefficient of variation at
T=25°C [60]. The compensation coefficient azs was experimentally determined by measuring
conductivities of microalgae suspensions at various temperatures (data not shown) and had a value of

2.8% °K™.

"1+ ays(T — 25)

Kys equation (1)

2.4 Total lipid determination

Total lipid extraction was performed on bead-milled (Mixer-Mill, MM400, Retsch, Haan, Germany) and
freeze-dried (freeze dryer - Christ Alpha 1-4 LD plus, Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany) microalgae, with a commercial Soxhlet apparatus (behrotest® Kompakt-
Apparatur KEX 30 from Behr Labortechnik) using n-hexane, for at least 3 h, corresponding to at least
20 extraction cycles. For detailed description of crushing, freeze-drying and total lipid extraction of

microalgae, the reader can refer to our previous publication [43].

2.5 Determination of carbohydrates

Determination of microalgal carbohydrate content was performed, using the Anthrone Sulfuric Acid
assay. Fresh starch aqueous solutions with concentrations ranging from 0.02 g/L to 0.4 g/L were
prepared from starch powder (Merck No. 1.01257). They were used as standards and processed like
the samples. The freeze-dried biomass was resuspended in distilled water and diluted to a
concentration ranging between 0.1 and 0.4 g/L. All samples were processed in triplicates. The anthrone
reagent was prepared on the day of experiment, by dissolving anthrone (Merck No. 1.01468) in 95 %

sulfuric acid (AnalaR NORMAPUR: VWR Chemicals No. 20700) at a final concentration of 0.1 % w/v.



The preparation was eagerly shaken by hand and kept on ice for at least 5 min. Then, 400 uL of diluted
sample or standard were transferred into a 1.5 mL Eppendorf Safe Lock tube. Hereafter, 800 uL of
anthrone reagent was added and homogenized by carefully inverting the sample solution a couple of
times. After 5 min of incubation on ice, the mixed solution was transferred into a thermo-incubator
(Thermoshaker with cooling for microtubes and microplates, Grant Instruments™ PCMT, Cambridge,
United Kingdom), pre-heated to 95 °C, subsequently shaken at 300 rpm for 16 min and then cooled
down on ice. Optical density of the cooled samples was measured at A = 625 nm and carbohydrate

concentration was calculated using the standard curve, considering the dilution factors.

2.6 Determination of total protein content

Total protein content of microalgal suspensions was determined in two ways, depending on availability
of respective measuring capacity. For the first method, measurement was preceded by a chemical
extraction process at high temperatures. For this, a volume of fresh, concentrated microalgae
suspension, containing 5 mg of dry microalgal biomass, was resuspended in 2 mL sodium hydroxide
1 M and incubated at 95 °C for 1 h [61]. Afterwards, extraction suspension was centrifuged at 10000 g
for 10 min and then, supernatant was processed for protein determination, following a modified Lowry
assay [62] (DC™ Protein Assay, Bio-Rad Laboratories GmbH, Munich, Germany), using bovine serum
albumin (BSA) as standard. For the second method, protein content was determined using the Merck
Direct Detect infrared spectrometer (Direct Detect® Infrared Spectrometer, Merck KGaA, Darmstadt,
Germany). For this, cell suspension was diluted to a microalgae-concentration in the range between

2.5 -5.0 mg/mL and then, 2 uL of this suspension was measured directly with the Merck-device.

2.7 PEF assisted lipid extraction.

PEF assisted lipid extraction was either performed with small samples of 0,5 g of biomass, as in our
previous publications, in order to check the general characteristics of biomass, or in larger scale, in
order to provide enough biological substance for further AD. For small sample extraction, please refer
to [43,49] for detailed method.

For large scale extraction, 280 mL (4 x 70 mL) of PEF-processed microalgae were centrifuged in a

Sigma 8 k centrifuge (Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany), with a swinging-
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bucket rotor, at 3200 g, for 12 min. Supernatant was discarded and pellets transferred to four glass
bottles with a nominal volume of 1 L each, mixed up with 380 mL ethanol and 154 mL n-hexane each
and vigorously stirred for 21 h, for lipid extraction. Extracted microalgae/solvent-mixtures were
transferred to four centrifuge bottles, with a nominal volume of 1 L each and centrifuged at 4400 g, for
12 min. Subsequently, 10 mL supernatant from each centrifuge bottle were pipetted to 50 mL-falcons,
already filled with 5 mL demineralized water. Falcons were shaken vigorously by hand. Thereafter,
20 mL n-hexane was added into each falcon and violently shaken for 30 s in the Mixer-Mill (Retsch
Mixer Mill MM400), mentioned above, with ensuing 10 min retention time, for phase separation. 15mL
of the upper phase of the mixture were transferred to small glass bottles and hexane was evaporated
by nitrogen flushing under the laboratory fume hood (Gefahrstoffarbeitsplatz GAP-Line mit
Frischluftschleier, asecos GmbH, Gruendau, Germany). The weight of the remaining lipid was

determined by analysis on scale Mettler AE 163 (Mettler-Toledo GmbH, Greifensee, Switzerland).

In order to eliminate any residues of organic solvent from the extracted biomass, the extracted
microalgae pellets were then placed in a laboratory fume hood (Gefahrstoffarbeitsplatz GAP-Line mit
Frischluftschleier, asecos GmbH, Gruendau, Germany) and subjected to a cautious, fan powered drying
procedure, until constant weight was achieved, i.e. for approximately 2-3 hours. The obtained, dried
microalgae remnants were collected from the centrifuge bottles, mixed together, pulverized manually

by mortar, pestle and finally homogenized.

2.8 Determination of ion concentrations in the aqueous phase

Concentrations of cations and anions, present in extracellular media of concentrated microalgae
samples were examined by ion chromatography with help of high-performance liquid chromatography

(HPLC) and by optical emission spectrometry (OES), supported by an inductively coupled plasma (ICP).

Sample preparation: All samples were centrifuged at 10000 g for 10 min and then purified with syringe

filters (LLG-Spritzenvorsatzfilter CA, cellulose acetate, haeberle No. 9.055 511 3203, haeberle
Labortechnik GmbH & Co. KG, Lonsee-Ettlenschiess, Germany) with 0.20 um pore size. Dilution was

done with either highly purified water, K = 0.055 uS/cm (Millipore Gradient, Merck Millipore, Darmstadt,



Germany) or with according eluent, before introduction to the analyzer. Calibration of ion

chromatographs was performed by means of external standards.

Cation determination (ammonium, sodium, potassium, magnesium und calcium) was implemented by

ion chromatography (lonenchromatograph 690, Deutsche Metrohm GmbH & Co. KG, Filderstadt,
Germany), measuring range measrange = 1 - 50 mg/L. Eluent was 30 mL 0.1 mol/L HNOs; + 100 mL
acetone, in 1L highly purified water (K = 0.055 uyS/cm), operating at a flow of Q eate = 1.0 mL/min
(HPLC Compact Pumpe, BISCHOFF Analysentechnik u. -geraete GmbH, Leonberg, Germany).
Prepared samples were injected into the autosampler (autosampler 838, Deutsche Metrohm GmbH &
Co. KG, Filderstadt, Germany). Column was Metrosep C3 (Deutsche Metrohm GmbH & Co. KG,
Filderstadt, Germany) working at T = 30 °C. Sensor was conductivity detector Metrohm 690 (Deutsche

Metrohm GmbH & Co. KG, Filderstadt, Germany).

Anion determination (fluorine, chlorine, nitrogen dioxide, bromine, nitrogen trioxide, phosphate, sulfate)

was done by Metrohm Suppressor 753, Interface 830 and Separationcenter 820 (Deutsche Metrohm
GmbH & Co. KG, Filderstadt, Germany), measuring range meas range = 1 - 50 mg/L. Eluent was 381 mg
NaxCOs3, 337 mg NaHCO3, 300 mL Acetonitril in 2 L highly purified water (K = 0.055 uS/cm), operating
at a flow of Qelate = 0.8 mL/min (HPLC Compact Pumpe, BISCHOFF Analysentechnik u. -geraete
GmbH, Leonberg, Germany). Prepared samples were injected into the autosampler 838. Column was
Metrosep Dual 2 (Deutsche Metrohm GmbH & Co. KG, Filderstadt, Germany), working at ambient

temperature (Tambient = 22 - 25 °C). Sensor was conductivity detector Metrohm 690.

For a more precise detection of cations at lower concentrations in aqueous solutions, at
ionconc < 1 mg/mL, ICP, together with OES was applied (Agilent 725 ICP-OES spectrometer, Agilent,
Santa Clara, California, USA), with simultaneous Echelle spectrometer and radial plasma observation,
measuring range 0.1 —50 mg/L. Sample feeding: 1.3 mL/min. Preparation was the same as for
cation/anion determination, described above. Plasma gas was argon, excitation frequency was 40 MHz

at 2 kW power-input.
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2.9 Total carbon (TC), total inorganic carbon (TIC), total organic carbon (TOC)-concentration-

determination in the aqueous phase

Evaluation of carbon fractions in cultivation media of samples was performed by difference method,
measuring TC and TIC (Dimatoc 2100, Dimatec, Essen, Germany) and subsequent calculation of the
amount of TOC (see equation 2), according to TOC-analytics, described in DIN EN 1484 [63] and DIN
EN 15936 [64]. Measuring ranges were measSrange 1 = 10 - 100 mg/L and measange 2= 100 - 1.000 mg/L,
carrier gas was oxygen, working at a flow of Q oxygen = 8.000 mL/h. Samples need to be filtered before
measuring, to avoid particles in the system with diameters of 80 um and bigger. To ensure this, all
samples were purified in using syringe filters (LLG-Spritzenvorsatzfilter CA, see exact description
above) with d = 0.20 ym pore size. Working principle was measurement of CO; in the infrared range,
after thermo-catalytic oxidation of carbon in aqueous solutions. For quantification, Dimatec standards

1.000 ppm TOC and 1.000 ppm TIC has been applied, with potassium hydrogen phthalate as reference.

TOC=TC-TIC equation (2)

2.10 Evaluation of total nitrogen bound (TNb) in the aqueous phase

Determination of TNb (Dimatoc 2100, with connected TNb-module, Dimatec, Essen, Germany) in
cultivation media of samples was done, according to TNb-analytics, described in DIN EN 12260 [65].
Measuring range of used instrument was measrange = 10 - 100 mg/L, working with oxygen as carrier gas
at a flow of 8.000 mL/h. Samples need to be filtered before measuring, to avoid particles with diameters
of 80 ym and larger, all examined samples were purified, using syringe filters with 0.20 ym pore size
(LLG-Spritzenvorsatzfilter CA, see exact description above). Working principle was detection of NO: in
the VIS spectrum (chemiluminescence), after thermo-catalytic oxidation of nitrogen in aqueous
solutions. For quantification, Dimatec standard 1.000 ppm was applied, with potassium

nitrate/ammonium sulfate (stabilized) as reference.
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2.11 Determination of carbon (C)-, hydrogen (H)-, nitrogen (N)- and sulfur (S)- fractions in the solid

phase

For determination of C-, H-, N- and S- fractions, concentrated microalgal biomass was pre-frozen in the
freezer at -22 °C (Liebherr, model GN 5215, Liebherr-International Deutschland GmbH, Biberach an
der Riss, Germany) and then lyophilized for 24 h (freeze dryer - Christ Alpha 1-4 LD plus, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) at reduced pressure of
Pabsolute = 63 mbar (vacuum pump - Leybold Trivac D4B, Leybold GmbH, Kéin, Germany) and thereafter
evacuated and shrink-wrapped (la.va V.300, Landig + Lava GmbH & Co. KG, Bad Saulgau, Germany)
and stored in freezer at T = -22 °C, until later evaluation. For C-, H-, N- and S-value determination,
three identical samples, with msampie = 4 - 6 mg each, for every evaluated parameter-set, were weighed
and subsequently tightly wrapped in tin-foil, before transfer to the elemental analyzer (vario EL cube,
Elementar Analysensysteme GmbH, Langenselbold, Germany). Samples were burned in the elemental
analyzer at T = 1150 °C. Determination of present elements C, H, N and S, in m-% of investigated
sample-mass, was performed by inspection of the infrared spectrum of exhaust gas phase from the

incinerator, with sulphanilic acid as reference.

2.12 Determination of calcium (Ca)-, magnesium (Mg)-, phosphorus (P)-, sodium (Na)- and potassium

(K)- fractions in the solid phase

For investigation of Ca-, Mg-, Na-, K- and P-fractions in the solid microalgal phase, samples need to
experience a preceding acid digestion with HNO3(65 %), HCI(30 %), HF(40 %) and H>02(35 %), with
purity grade Merck Suprapur (Merck Nos. 100441-HNO3, 101514-HCL, 100335-HF, 107298-H,0,).
Treatment was done in Teflon pressure-vessels, in the lab-microwave (Multiwave 3000, both: Anton
Paar GmbH, A-8054 Graz, Austria). The acidic solution was analyzed in an ICP-OES spectrometer
(Agilent 725 ICP-OES, as described in detail, above in section ‘Determination of ion concentrations in

the aqueous phase’).

2.13 Sample shipping

Control and PEF treated microalgae suspensions as well as the dried fraction from lipid extracted
microalgae, were sent to the partner laboratory, The Helmholtz-Centre for Environmental Research

12



GmbH — UFZ in Leipzig-Halle, Germany, for anaerobic digestion (AD), on the day following PEF-
treatment i.e. once the lipid-extracted sample was ready. Before shipment, other samples than lipid
extracted ones, were stored in the fridge at T= 7 °C. For express-shipment, samples were first wrapped
up in bubble wrap and then tightly packed into a styrofoam box with 50 mm wall thickness, for thermal
isolation, together with a pre-cooled collection of ice-packs. The styrofoam-box with the microalgae
inside was additionally packed inside a card board and shipped by DHL express delivery service, with
a 19 h delivery period from door to door. The temperature inside the styrofoam box was Tpox = 11 °C
on time of arrival. Samples were stored in the fridge, at 7 °C, in our partner laboratory, the UFZ in

Leipzig upon arrival, during the incubation period of three weeks before final AD.

2.14 Preparation and AD of microalgal biomass

The total solid (TS) and volatile solid (VS) content of the microalgae preparations were determined
gravimetrically by heating and drying the samples at 105 °C (Binder oven, Germany) for 24 h followed
by burning the organic content at 550 °C (P300 Nabertherm furnace, Germany) for 6 h. Degassed
digestate from a large-scale biogas plant operating with maize silage and cattle manure as a main
substrate was used as inoculum for the batch experiments. The biochemical methane potential (BMP)
of various microalgae preparations was determined according to VDI 4630 (2016) [66] using an
Automatic Methane Potential Test System Il (Bioprocess Control, Sweden) under mesophilic
temperature (38 + 1 °C) during 38 days. The experiments were conducted under anaerobic conditions
by initially flushing the batch reactors with nitrogen. To minimize potential inhibitory effect of the
substrate, the ratio of substrate:inoculum (based on VS) was set between 0.36 and 0.38 to include
much higher amount of inoculum compared to substrate. The microalgae preparations were added as

well vortexed suspensions, while lipid-extracted biomass was added as dried powder.

2.15 Experimental planning for different microalgae sample preparations used in anaerobic digestion

and details of the process

The objective of the study was to evaluate biomethane production either from complete biomass or, as

in a typical bio refinery process, from residual biomass remaining after extraction of valuable
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components. In particular, it was tested how cascade processing, using PEF-pretreatment method prior
to extraction, could influence the biomethane production. Four different biomass samples were

therefore examined, with respect to their potential impact on biomethane production (see Figure 1):

(1) Untreated microalgae, just pumped through the treatment chamber, without application of PEFs,
hereafter denoted as control.

(2) PEF-processed microalgae.

(3) Rest biomass obtained after applying PEF-treatment on the microalgae and proceeding with an
aqueous extraction. For the extraction, the extracellular medium (containing aqueous extract) was
simply removed and replaced by deionized water, in the course of 2.5 hours after PEF-treatment.

(4) Rest biomass obtained after applying PEF-treatment on the microalgae, removing the aqueous

fraction and proceeding with a solvent extraction of the lipids.

Microalgae samples (1) and (2) were stored in the fridge, at T = 9 °C, immediately after concentration
step and pumping for control or PEF-treatment for sample (2), respectively, without any additional

modification, until AD.

In sample (3), in the course of an aqueous extraction, extracellular medium was removed by

centrifugation and replaced by deionized water in two different ways, before storage in the fridge, at

T=9°C:
(3) To0): extracellular medium replaced directly after PEF-treatment, without delay and
(3) T150): extracellular medium replaced after a 150 min incubation period after the PEF-treatment,

meanwhile kept at room temperature (T = 22-24 °C)

Sample (4) was submitted to lipid extraction, 2 h after PEF-treatment. After the extraction, the residual
microalgal biomass was dried fan-forced, at room temperature, to remove any traces of volatile organic
components from the biomass. This is essential, since remaining organic solvent compounds might
inhibit anaerobic microorganisms in the subsequent AD-process and reduce biomethane yield, as
known from literature [67—70]. The resulting dry microalgal biomass was homogenized by hand, with

help of a ceramic lab-mortar and conclusively sent to our partner laboratory, the Helmholtz-Centre for
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Environmental Research GmbH — UFZ in Leipzig-Halle, Germany, for anaerobic digestion (AD), in the

next treatment step.

Since in a cascade process, biomass cannot always be processed directly in one go, we decided to
evaluate the impact of a time lag on microalgal biomass evolution and subsequent AD, and we therefore
inserted an arbitrary three-week storage period after the PEF-treatment of microalgae and before the

subsequent anaerobic digestion.

PEF ¥ T e — I__J'_"
treat'mem | aqueous extraction aqueous |
= - 2 - | extraction
v Ino mcubatlon‘ ‘ 2.5h incubation l s —
I ,
| i extracellular ipi
| ymedium i
| o @ S
I deionized
| water _
| |

pump

concentrated control PEF treated,
microalgae together with
storage vessel cultivation @
medium
PEF treated +
PEF treated, extracellular medium aqueous- +
replaced by deionized water lipid extracted

’ three-week prior storage period before successive processing

OLd =

microalgal =N -
@" substrate anaerobic biomethane
@.; +inoculum | digestion ™ 4| monitoring
@_’ + water = Ay”

Figure 1: Description of different microalgae sample preparations and detailed process flow.

2.16 Statistical Analysis

Results reported in the manuscript were obtained from n independent experiments (n = 2 to 6) with
internal duplicates, triplicates or quadruplicates, depending on the respective experiment. Multiple
values of replicates were averaged for one output value per experiment. These output values were

used to calculate averages and standard deviations (SD) on n samples displayed in the graphs.

15



Statistical significance was evaluated using the unpaired t-test. P-values greater than 0.05 are rated as

not significant. P-values less than 0.05 are indicated with (*), less than 0.01 with (* *) and less than

0.001, with (* * x). Relationships between groups which are evaluated as not significant, are not

shown. This improved readability and fosters the evaluation of the statistical analysis.

3 Results and discussion

3.1 Harvesting of microalgae and determination of basic composition

Microalgae A. protothecoides were harvested from the 25 L photobioreactor (PBR). The CDW was
5.82 g/kgsus £0.39. Following the harvest, the microalgae were systematically concentrated. The
average CDW obtained was 103.5 8.1 g/kgsus. This concentration step makes subsequent extraction
processes more economic [42]. The average composition of the biomass on harvest day is given in
Table 1. Due to a very good reproducible cultivation procedure, concerning the technical aspects of
cultivation (cultivation media, lighting, pH- and temperature-control), the composition of microalgal
biomass varies within narrow bounds. The biomass contains a high amount of lipids (39.8 £+0.9%), and
of carbohydrates (23.9 +6.2%), while the amount of proteins is much lower (9.1 £1.6%). The percentage

of ashes is as expected very low(1.4 £0.5%).

Note that the addition of the various estimated components (i.e. lipids, proteins, carbohydrates and
ashes) do not sum up to 100 % but only to 74,2 % of the total biomass. The missing fraction is suspected
to belong largely to the cell wall, since some molecules withstands all type of hydrolysis [26,36-38,71].

This was however not investigated in this study.

component lipids proteins carbohydrates minerals/ashes
[m-% CDW] [m-% CDW] [m-% CDW] [m-% CDW]
mean 39.8 9.1 23.9 1.4
SD 0.9 1.6 6.2 0.5

Table 1: composition of microalgae A. protothecoides harvested from 25L-PBR. Numbers are as mean and standard deviation,

obtained from three independent cultivations.
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3.2 Effect of PEF-treatment

The concentrated microalgae suspensions were treated with rectangular shaped PEFs, at a field
intensity of E = 40 kV/cm, a pulse duration of t,use = 1 s, a repetition rate fep = 3 Hz, with an energy of
Weer = 150 kd/kgsus i.€. 1.5 MJ per kg dry cell mass (DCM). An additional control suspension was

pumped through the treatment cell, without being exposed to PEF-treatment.

3.2.1 PEF-impact on electric conductivity

Evaluation of efficiency of the PEF-treatment was assessed in first approximation by measuring the
electric conductivity-changes induced by the treatment. Conductivity (K) of the control sample i.e.
sample simply pumped through the device, was stable over time (K~1070 uS/cm, data not shown). This
behavior is confirmed by earlier publications from our group, throughout an observation period of
150 min and beyond [42,72]. Therefore, no liberation of microalgal ingredients is expected to be induced

simply by the pumping process.

The evolution of the conductivity of the PEF treated sample normalized to Tsys = 25 °C as well as the
temperature of the suspension, are displayed on Figure 2. With the beginning of PEF-treatment, an
instant rise of conductivity was measured and the conductivity almost doubled, reaching
K=2122 yS/cm. This is a well-known phenomenon, which is due to the fact that PEF-treatment
permeabilizes the external membrane of cells and therefore enables a spontaneous release of ions and
small charged molecules. During the following hours, further microalgal intracellular ingredients are
liberated, but to a much smaller extent than in the initial phase. For that reason, the conductivity still
rises very slowly and converges to approximately K = 2290 uS/cm. Those data therefore confirm the
efficiency of the PEF-treatment i.e. the permeabilization of the cells membrane and therefore release
of intracellular ions and charged molecules. In the same time, the temperature rises immediatly after
PEF-treatment from 23 °C to 33 °C due to ohmic heating. Temperature then decreases steadily,

attaining a final level of T = 24 °C after 150 min i.e. going back to the initial temperature.
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Figure 2: Evolution of temperature (blue diamonds) and conductivity (red circles) after PEF-treatment, obtained from two
independent experiments. PEF-treatment was applied at time t = 0. The graph displays the conductivity compensated to the

reference temperature of T = 25 °C.

3.2.2 PEF-impact on microalgal lipid extraction

The total lipid content of the concentrated microalgae, used in the two experiments with larger extraction
volumes (Vconc. microalgae ~ 300 mL), was 43,3 £2.0% of CDW. In order to perform lipid extraction, the
concentrated microalgae suspension was centrifuged directly after PEF-treatment in order to separate
the microalgae pellet from the supernatant, which was discarded. The microalgae pellet was
resuspended in an organic solvent mixture, comprising of ethanol and n-hexane as detailed in the
material and methods-section. Results of the PEF-supported lipid extraction are presented in Figure 3.
As can be seen, extraction of lipids from untreated samples (control) is unsuccessful and only
6.2+0.9 % of the available lipids (~ 2.4 £0.9 % of CDW) were extracted. When extraction is performed
on PEF- treated samples, extraction rate is much higher although some variations are observed

depending whether the experiment is performed on small or large volumes despite, the fact that the
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biomass : solvent- ratio was always kept constant (see material and methods). Indeed, when the
standard protocol of our laboratory is used, i.e. extraction is performed in small Teflon tubes containing
not more than 5 mL of concentrated biomass, approximately 98 % of the total lipids (~ 38.5 £0.2 % of
CDW) were extracted [43,72]. However, in the two lipid extraction experiments that were performed at
larger scale (Vconc. microaigae ~ 300 mL) for the need of anaerobic digestion, the lipid yields were slightly
lower with extraction of only 59.5 % (~ 27.0 £6.1 % of CDW) and 78.7 % (~ 32.3 £2.3 % of CDW) of the
total available lipids. It is supposed that the reduced lipid extraction efficiency with larger microalgae
volumes is owed to the upscaling step. The volume of concentrated microalgae in the conducted
experiments was approx. 60 times larger than the volumes, normally used for lipid extraction on small
laboratory-scale. There has been no attempt to optimize the lipid extraction procedure with regard to
larger extraction volumes, as it was not an objective of this investigation. Improvement of several
technical issues such as mixing procedure during the extraction therefore might have the potential for
a noticeable increase of extraction efficiency. Nevertheless, the samples were further processed by
anaerobic digestion since a total lipid extraction was not required for such an experiment. A fatty acid

methyl ester (FAME)-profile of the used microalgae is available in earlier publications [43,72].
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Figure 3: Extraction of lipids (cyan) related to total lipid content of microalgae and lipids, remaining inside the microalgal cells
after lipid extraction (yellow). Control extractions of lipids (w/o PEF-treatment, left column), were performed with small volumes
(5 mL) and the results are the average of 3 independent experiments with internal duplicates. PEF-assisted lipid extractions
conducted with large volumes (approx. 300 mL) as precursor for successive AD was performed twice in 2 independent
experiments with internal quadruplicates and are shown separately (two columns located in the center). Right column
represents the standard lipid extraction protocol of our laboratory for small volumes (56 mL), obtained from 3 independent

experiments, with internal duplicates.

3.3 Characterization of different microalgae sample preparations as precursors for successive AD

3.3.1 Characterization of carbon content and distribution
Carbon is one of the main building blocks for the synthesis of methane (CH.). Using microalgae
suspension as substrate for anaerobic digestion, carbon is present inside microalgal cells (solid phase)

and in the extracellular medium (liquid phase). These two fractions are different regarding carbon
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content and accessibility. The easy access to the organic carbon dissolved in the extracellular medium
is granted, due to the lack of shielding by cell membrane and cell wall. Carbon inside microalgal cells
is not instantly available for anaerobic microorganisms, because two barriers need to be overcome, cell
wall and cell membrane. Additionally, despite the fact that it contains big amounts of carbon, the cell
wall of many green microalgae is hard to penetrate and to hydrolyze for anaerobic microorganisms.
This is due to the composition of the cell wall, comprising mainly of cellulose, hemicellulose, pectin,
other polysaccharides and glycoproteins; therefore it is rather recalcitrant against hydrolysis in the first
step of AD according to previous studies with Chlorella sp. and other green microalgae
[19,25,36,71,73]. The cell membrane, as second barrier, is comparatively easy to penetrate and to

hydrolyze.

Figure 4 show the carbon content of microalgae (on the left) and of extracellular medium (on the right)
for the different samples. It can be seen that PEF-treatment induces a release of almost 10 % of organic
carbon from microalgal cells compared to control with a carbon content in the microalgae of 59.1 g/L in
the control, going down to 54.9 g/L in the PEF-treated sample (Figure 4, left). In the course of the
incubation period of three weeks (3 wks) after the day of experiment (DOE), all microalgae samples
began to hydrolyze. This induced a further reduction of the carbon content inside the microalgal cells
(Figure 4, left) and therefore an increase of the carbon content in the extracellular medium (Figure 4 on
the right). This effect is more visible on PEF treated samples (carbon content decreasing from 54.9 g/L
down to 51.6 g/L) than on the control samples (carbon content decreasing from 59.1 g/L down to
58.4 g/L). The last sample on the graph, identified with number 3, corresponds to a sample submitted
to PEF-treatment and to a subsequent aqueous extraction. The aqueous extraction consisted in leaving
the microalgae suspension for 2.5h after the PEF-treatment and then subsequently replacing the
extracellular medium containing aqueous extracts by demineralized water (see materials and methods).
In these samples, the amount of available organic carbon and other microalgal ingredients, is lower
than with the other sample preparations, as part of the released components are stripped off by the
aqueous extraction. For this reason, organic carbon content of microalgae was reduced to 51.9 g/L on

DOE and furthermore to 51.2 g/L after the 3 wks incubation period (Figure 4, left).
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In the extracellular medium, presented in Figure 4, right, the control sample supplies easily accessible
TOC of 1.5 g/L on DOE and 2.2 g/L after the 3 wks incubation period. The PEF-treated sample (2)
reveals larger amount of available organic carbon on the day of the experiment (5.7 g/L) and after the
incubation period of three weeks (9.0 g/L). Sample (3), with no surprise, has less carbon available in
the extracellular medium, since it underwent an aqueous extraction. This means that the medium,
containing most of the released organic carbon, was removed after the aqueous extraction period and
replaced by demineralized water (1.6 and 3.6 g/L organic carbon before and after 3 wks incubation

period).

Overall, PEF-treatment contributes to an effective liberation of available microalgal carbon, i.e. 7.1 %
(4.2 g/L) of organic carbon could be released by PEF-treatment, with regard to the control on the DOE.
This value was even boosted by the three-week incubation period, which induces a further release of
6.0 % (3.3 g/L) of organic carbon in relation to the carbon content of the PEF-treated sample on DOE.
Located inside microalgal cells and in the cell wall, is a much bigger carbon reservoir, amounting
between 50 and 60 g/L (Figure 4, left), with delayed access and even partially inaccessible for

microorganisms during a subsequent AD.
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Figure 4: Total microalgal carbon content of pure microalgae fraction (solid phase), on the left and TOC, present in cultivation
medium (liquid phase), on the right, both on day of experiment (DOE) and DOE + 3 wks of incubation time. Values determined
in at least 3 independent experiments, performed in triplicate, each. Statistical significances are indicated, compared to control

and among each other, for samples with same treatment parameters but 3 wks incubation time in between.
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3.3.2 Characterization of carbon to nitrogen ratio

Carbon and nitrogen found in cultivation media represent approx. 10 % of the total carbon and nitrogen
of the concentrated microalgal biomass (concentrated microalgal cells + extracellular medium). Most of
the C- and N-fraction is indeed located in microalgal cells (structural components and membranes). An
appropriate C:N-ratio is essential to provide a sufficient amount of building blocks for biomethane-
generation (carbon) and for reproduction of anaerobic consortium (e.g. nitrogen) [74—77]. A too high
nitrogen-fraction needs to be prevented, as it could lead to the formation of ammonia, which may results
in inhibition or even breakdown of the AD-process[19,78,79]. No precise singular value can be given
as an absolute optimal C:N-ratio, and the most suitable conditions will depend on the used substrate,
the anaerobic consortium, the digester type, pH and temperature, etc. Favorable C:N-ratios mentioned
in the literature are between 16 and 35. However, preferred ranges are C:N = 20-35 (shaded areas in
Figure 5).

Figure 5, left represents the C:N-ratio in the solid fraction of the samples. The untreated
A. protothecoides (1), used in this investigation, exhibits a C:N-ratio, of about 27, i.e. perfectly located
in the desired area between 20 and 35 (Figure 5, left). This is also the case for PEF treated microalgae
(2) (C:N = 28.4) and samples submitted to aqueous extraction after 2.5 h (3) (C:N = 32.1), respectively.
Note that this ratios are much more favorable than the ones typically found in the literature for other
microalgae strains, with values typically around C:N = 10 [11,19,80]. The reason for this beneficial C:N-
ratios might be the high lipid content and therefore low protein content of the investigated microalgae.
This assumption is supported by the fact that lipid extracted samples (4) show considerably reduced

C:N-ratios and fall below the mentioned optimal range, with a C:N-value of 15.9 (Figure 5, left).

C:N-ratios in the cultivation medium (liquid phase) are lower than observed in the solid phase, typically
in the region C:N = 5-14 (Figure 5, right) and might affect the AD-process in the initial phase. Indeed,
the substances in the cultivation medium are instantly available without prior hydrolyzation of cell wall
and cell membrane. The found C:N-ratios are in principle too low for an efficient biomethane generation.
The control sample shows with C:N = 5.0 the lowest value. Note that PEF-treatment of microalgae result

in doubling of the C:N-ratio in the liquid phase, compared to control (Figure 5, right). Subsequent
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aqueous extraction creates a minor improvement and C:N ratio reaches 10.6. Mind that 3 weeks

incubation time, additionally increases C:N-ratios by 22-33 %.

The data on the distinct C:N ratios in the biomass and in the medium are of interest to better understand
the composition of samples. Nevertheless, microalgal cells and cultivation medium, both containing
organic components, are subjected to the anaerobic microorganisms simultaneously and contribute
both to methane yield. Different components, located in different compartments reveal their influence
only within a limited period of time; e.g. in the initial phase of AD in case of components in the cultivation
medium. For that reason, it is reasonable to assume, the less favorable C:N-ratios of the cultivation

medium have no adverse effect on the final AD-results.
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Figure 5: C:N-ratios of pure microalgae fractions (solid phase), on the left, and present in cultivation media (liquid phase), on
the right, both on day of experiment (DOE) and DOE + 3 wks of incubation time. Values obtained from 3 independent
experiments, with internal duplicates. Statistical significances are indicated, compared to control and among each other, for

samples with same treatment parameters but 3 wks incubation time in between.

3.3.3 Release of micronutrients (PO., SO4, NH4, P, S, K, Mg, Ca)

Beside basic components for synthesis of biomethane (carbon, nitrogen, hydrogen, etc.), microalgae
and their cultivation medium contain a wide range of molecules and ions. Most of these micronutrients
are essential for the growth of microalgal biomass. Furthermore, some of those ingredients may
influence the growth of anaerobic microorganisms involved in the AD-process and thus the generation
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of biomethane itself. The available concentrations of the individual micronutrients need to meet the
requirements of the anaerobic microorganisms as well, to avoid inhibition of the AD-process. Since
PEF-treatment used in this investigation induces a release of microalgal ingredients, this issue needs
a closer inspection, regarding its possible impact on the anaerobic consortium. An excerpt of the
released intracellular components is presented in Figure 6, left (on day of experiment (DOE) and
Figure 6, right (DOE +3 weeks incubation time). As expected, PEF-treatment induced a considerable
increase of the concentration of all micronutrients in the extracellular medium. For example, the
concentration of phosphates in the control is only 40 mg/L and grows to 529 mg/L immediately after
PEF-treatment. Similarly, the concentration of phosphorus starts in the control sample at 1 mg/L,
reaching 501 mg/L after PEF-treatment. Finally, the potassium concentration in the control was
39 mg/L, which increased to 531 mg/L after PEF-treatment. Similar behavior can be found for all the

micronutrients that were measured as can be seen in more detail in both diagrams of Figure 6.

Regarding the samples that underwent aqueous extraction, it can be seen that significant amounts of
micronutrients, extracted during the 2.5 h aqueous extraction time, were removed together with the
cultivation medium (see Figure 6, both graphs), as they were replaced by deionized water. For example,
phosphates are reduced by 330 mg/L (62 %), phosphorus by 390 mg/L (78 %) and potassium by
224 mg/L (61 %), due to the aqueous extraction. Values in brackets represent the quantity of removed

substance in relation to total available substance after PEF-treatment and before aqueous extraction.

Figure 6, on the right, shows that 3 weeks incubation time results in an additional, in part considerable
increase of micronutrients in most cultivation media of the tested sample preparations. Phosphates e.g.
peaks at 2058 mg/L, phosphorus finishes at 768 mg/L and potassium was 606 mg/L after the 3 weeks
incubation period. A reason for the latter could be decomposition of the microalgal structures (cell wall,
membranes and inner microalgal organelles) by endogenous enzymes. This process is referred to as
autolysis and is described for different yeasts [81-83] and Saccharomyces cerevisiae, specifically [84].
In this context, membranes, permeabilized by PEF-treatment, could foster the release of still active

enzymes, initiate and even accelerate autolysis of microalgae.
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Figure 6: Micronutrient concentrations in extracellular medium (liquid phase), on day of experiment (DOE), on the left and on
DOE + 3 wks of incubation, on the right. Values obtained from 6 experiments, performed in triplicate, with 1 to 5 samples

considered for statistic purposes, in respective categories.

3.4 Biomethane yields by anaerobic digestion (AD) of different microalgae preparations

Biomethane yields from two different experiments, performed in duplicate are plotted in Figure 7 and
Figure 8. Contributions caused by the inoculum were subtracted from the measured gross biomethane
volumes, so that only net biomethane values are presented in the respective diagrams. We can first
notice that in the second experiment (Figure 8), methane production of all investigated sample
preparations started significantly earlier than in first experiment. Control sample in first experiment met
the specific methane yield level of 350 mLnom/gvs, after 6 days, while it took only 4 days in the second
experiment to achieve that. A specific methane yield of 400 mL.rm/gvs was achieved after 6 days, with
PEF treated samples in experiment 2, while the same level was attained on day 9 in experiment 1.

Apart from this overall shift, both experiments behave in a very similar manner.

In the first experiment (Figure 7) control and PEF-treated samples converged in their methane yield

after 28 d of AD to a level of roughly 470 mLnom/gvs, With different dynamics at the beginning. Within

the first week of AD the control sample produced methane faster, at a higher level (398 mLnom/gvs),
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compared to the PEF-treated samples (154 mLnorm/gvs). Control- and PEF-treated samples of second
experiment showed a similar behavior in the initial phase of AD. For example, on the fourth day, specific
methane yield of control was on a level of 362 mLnom/gvs, While the PEF-treated sample remained at
183 mLnom/gvs. PEF-treated samples also had a lag period, compared to the control, but it was
substantially shorter than those in the first experiment. Our hypothesis is that the observed delay is due
to the liberation of some inhibitors induced by PEF-treatment. The high phosphate- and phosphorus-
concentrations in the microalgae medium after PEF-treatment (Figure 6, right), which are immediately
available for the anaerobic consortium, could be a reason, for an initially delayed methane production.
Indeed, there are hints that phosphate concentrations from 20 mM, which resembles the phosphate
concentration of the PEF-treated sample preparations in our experiments, could inhibit methanogenesis
[85]. However, considering the dilution by the inoculum, the concentration of phosphate in the digester
is considerably lower than the inhibitory level cited in the literature. LCFAs are plausible candidates as
inhibitors liberated by PEF-treatment since it is known that they inhibit AD, but can also contribute to
the methane production once they are degraded by p-oxidation, a slow degradation process [86], which
works much slower than hydrolyzation [86]. This would therefore explain the delay between the control
and the PEF-treated sample and at the same time it would explain why both samples have similar final

values of the methane yields.

Directly after PEF-treatment, a selection of samples was subjected to an agueous extraction, in two

different ways. The concept was to examine the impact of different aqueous extraction periods
(textract = 0 min and texract = 150 min) and the responding release of different amounts of algal
ingredients, on AD. These aqueous extracted samples, demonstrated highest methane vyields in all
conducted experiments, reaching roughly 550 mLnom/gvs after 38 d of AD, in both experiments. In first
experiment, both samples, aqueous extracted at different extraction periods, showed similar, in part
even identical methane yield progression. That suggests, there are no significant differences in the
composition of these two samples. This assumption was proved by another experiment with aqueous
extractions performed from t exiract = 0 min to 150 min, in 30 min-steps (data not shown). For that reason,

it was decided to realize only one aqueous extraction period (texract = 150 min) in the second
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experiment. In this sample, significant amounts of micronutrients have been removed in the course of
the aqueous extraction (see Figure 6, right). For that reason, it is assumed that components, currently
unspecified, which are seriously inhibitive for the anaerobic consortium in the AD-process, have been
extracted before anaerobic digestion. These findings and the fact that the high lipid inventory in the

microalgal cells is still available for AD, result in high methane yields.

Instant availability of C, N and other components in the cultivation medium, resulting in an early
metabolization, should reveal their influence in the initial phase of AD. In the performed experiments,
the low C:N-ratios in the cultivation medium, rising constantly from sample type (1) C:N =6.7, via
sample type (2) C:N =125, to sample type (3) C:N =13.99 (see Figure 5, right for more details,
regarding investigated species), are associated with increased delay of methane yields in the initial
phase of AD. Indeed, the control samples in both experiments had the best start values in methane
yield, even though they had the lowest C:N-ratios in the cultivation medium. The cultivation media of
samples (2) and (3) (see Figure 5, right), with higher C:N-ratios, which are closer to the optimal C:N-
range, had lower performances in the initial phase of AD (see Figure 7). These observations suggest
that C:N-ratios in the cultivation medium are not playing a major role in the start of the AD process and
support the interpretation, mentioned above, regarding the other inhibitors such as LCFAs, which are

dominating in the initial phase of AD.

PEF-treated and subsequent lipid extracted samples and the control samples showed comparable,

intensive performances in both experiments, in the first couple of days. The absence of a lag-phase in
this samples is coherent with the fact that after lipid extraction the presence of the suggested inhibitive
LCFAs is unlikely. Additionally, it was observed that in the lipid extracted samples, the methane yield
slowed down drastically after 4 days (first experiment) and after 2 days (second experiment), with only
marginal increase of methane yield throughout the remaining 5 weeks of AD. This can be explained by
the fact that the lipids which were extracted, are large contributors to methane formation. Final methane
yields in both experiments were comparable, with 205 mLnom/gvs in first experiment and 181 mLnorm/gvs
in second experiment (compare respective graphs in Figure 7 and Figure 8). The methane yield in the
second experiment was marginal lower, which is attributed to two factors. First of all, microalgae used

in first experiment had a lipid inventory which was 4 % of CDW higher when available in the second
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experiment. Secondly, the lipid extraction efficiency with the second experiment was 19 % higher,
compared to first experiment, with respect to the total existing lipid inventory of the respective

microalgae (see Figure 3).
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Figure 7: First experiment: Methane yield from microalgae A. protothecoides. Data determined in duplicate. Lower remaining
lipid inventory after lipid extraction causes lower biomethane yield. The results displayed are the average + SD of the

duplicates. Statistical significances are indicated, compared to control.
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Figure 8: Second experiment: Methane yield from microalgae A. protothecoides. Data determined in duplicate. Lower
remaining lipid inventory after lipid extraction causes lower biomethane yield. The results displayed are the average + SD of

the duplicates. Statistical significances are indicated, compared to control.

Using the methane yield obtained, it is possible to calculate the energy gained from the AD process.
Results expressed in MJ/kgvs are presented in Table 2. The results were also normalized to one
kilogram of initial cell dry weight (kgcow) obtained from microalgal biomass (second line of the table).
Control and PEF samples enable to produce 16.20 MJ/kgcow and 17.82 MJ/kgcow, respectively. There
is a 10 % increased specific methane output, accompanied by a slight acceleration of the process, as
previously mentioned. The rest biomass obtained after PEF-treatment and aqueous extraction enables
to produce 17.82 MJ/kgcow and thus the same energy as the solely PEF-treated sample. This implies
that the aqueous extracted molecules do not contribute to the methane yield in the AD process. In case

the samples were further submitted to lipid extraction, the energy gain from AD is reduced to
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4.10 MJ/kgcow. This reduction is expected since lipid molecules, which were extracted, normally
contribute considerably to energy production in AD processes due to their high calorific value. In both
cases, the energy produced from the rest biomass after various extractions is not negligible and
represents more energy (11,9 and 2,7 times respectively) than consumed by the PEF-process itself.
Therefore, the integration of AD in a cascade process to valorize the rest biomass seems to be a

promising approach. More detailed calculations are beyond the scope of this publication.

control PEF-treated PEF-treated PEF-t.re.a\ted + aqueous-
+ aqueous extracted and lipid extracted
thermal energy
gain by methane 16.20 17.82 19.80 6.84
(MJ/kg vs)
complete complete ~10% mass reduction ~40% mass reduction
biomass biomass (extracted salts) (extracted salts + lipids)
2 { 2 2
thermal energy
gain by methane 16.20 17.82 17.82 4.10
(MJ/kg cow)

Table 2: Values in the first line are energies obtained from the methane produced during AD. In the second line of the table
results were normalized to one kilogram of initial cell dry weight of microalgae.

4 Conclusion

This investigation showed the positive impact of PEF-pretreatment for the AD of microalgal substrates.
PEF-treatment alone, tended to slow down the methane production during the early stage of AD. It can
be assumed that PEF-treatment facilitates the marginal release of LCFAs from microalgae, which are
known to be inhibitors and therefore hamper the beginning of the AD-process. Additionally, it has been
demonstrated that PEF-treated microalgae, which were submitted to aqueous extraction, are the most
performant for AD, providing the highest methane yield of all investigated microalgae samples. This is
remarkable, because substantial amounts of minerals, useful for future cultivation procedures, can be
separated, before usage of the microalgae in the final AD-procedure. This can help to reduce total cost
in microalgae biorefinery concepts. Finally, it was shown that even PEF-treated microalgae which
underwent additional lipid extraction, contribute to an enhanced positive energy balance. The study
therefore demonstrates several ways in which PEF-treatment can be used for a better incorporation of

AD into a cascade processing of microalgae biomass, fitting better to circular economy.
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