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Abstract: The move toward a closed-loop economy and the implementation of non-competing bio- 13
raw materials are becoming a major challenge. One source of biomass can be microalgae. As shown 14
in the article, these microorganisms can be a good feedstock for biogas production, while requiring 15
pretreatment due to the structure of the cell wall. With climatic conditions preventing microalgae 16
culture in open tanks, the limitation of their implementation into the economic system is their high 17
cost. The authors of the article showed that the application of a static electric field during microalgae 18
culture can stimulate cell growth and thus increase the efficiency of culture. The biomass yield de- 19
pends on the microalgae species, exposure time, and current intensity value. 20
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tential. 22
23
1. Introduction 24

Microalgae are unicellular, autotrophic microscopic algae with photosynthetic abili- 25
ties, inhabiting aquatic environments (salty or fresh). There are many species of microal- 26
gae, which differ in structure, composition of cells and cell walls, growth rate, and re- 27
sistance to changes in culture conditions (temperature, pH, access to nutrients, light, or 28
carbon source) [1, 2]. Depending on the species and culture conditions of the microalgae, 29
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mineral compounds [3-5]. 31
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gae can also produce biohydrogen themselves in the photolysis process [22, 23] whichis 39
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One of the areas of frequent use of microalgae is their use as a raw material for the
biogas production process [31]. In this process, microalgae can be a substrate or co-sub-
strate and fermented with other organic raw materials [2, 32, 33]. The methane content in
biogas obtained from microalgae biomass depends, among others, on the conditions of
the methane fermentation process and the type of microalgae. For example, in the work
[34], biogas was produced from the Tetraselmis species, in a continuous process, at a tem-
perature of 35°C, obtaining 72-74% methane (0.31 m?® CHs/kg d.m.o.). In turn, the authors
of the work [35] examined the methanogenic potential of Spirulina, conducting the process
at a temperature of 30°C, using the sequential method. They obtained biogas containing
68-72% methane, with an efficiency of 0.26 m*® CHs/kg d.m.o. In studies on methane fer-
mentation of Chlorella [36], biogas containing 68-75% methane was obtained, with the ef-
ficiency of 0.31-0.35 m3 CHs/kg d.m.o. The process was carried out in a batch method, ata
temperature of 28-31°C. Co-fermentation of this microalgae with Scenedesmus, at a tem-
perature of 35°C, obtained a similar concentration of methane in biogas (at the level of
69% in the case of continuous fermentation [37] and 70% for batch fermentation [38]). The
processes differed in efficiency - 0.09-0.14 m® CHs/kg d.m.o. and 0.16 m3® CHs/kg d.m.o.,
for continuous and batch fermentation, respectively.

The use of microalgae in the fermentation process has its limitations, including the
presence of cell walls that are resistant to decomposition by microorganisms at the hy-
drolysis stage. The structure of the cell walls may limit the efficiency or even completely
inhibit the fermentation process [31, 39]. Such species include, for example, Scenedesmus
and Chliorella [40]. The cell walls of these algae have a multilayer structure, composed
mainly of cellulose and hemicellulose, which are more difficult to biodegrade. Algae spe-
cies that lack a cell wall (e.g. Dunaliella, avlova_cf) or have a cell wall composed of glyco-
proteins (e.g. Chlamydomonas, Euglena) produce higher methane yields than species with
a complex wall. The solution to the problem of the difficultly degradable cell wall of mi-
croalgae is their pre-treatment [41-43]. As a result, the microorganism cell walls disinte-
grate. This increases the availability of the contents of the interior of the cells to methano-
genic bacteria and affects the increase in biogas efficiency. For example, in the work [44]
the influence of microalgae species and their pretreatment conducted by three methods
was studied to increase their susceptibility to anaerobic decomposition. It was shown that
enzymatic treatment was the most effective, followed by thermal treatment - the obtained
increase in biogas efficiency was over 270% and 60-100%, respectively. The least effective-
ness was shown in the case of the treatment using ultrasound, obtaining a 30-60% increase
in biogas efficiency.

Microalgae are most often cultivated in special systems: open ponds and various
types of photobioreactors [45-47]. However, their industrial use is limited due to the high
costs of cultivation [48]. The main challenge for researchers is to develop new technologies
for intensifying microalgae cultivation while at the same time reducing costs and thus
increasing economic profitability [49, 50].

Many research works have been conducted on the possibility of using magnetic fields
[51-53] or electromagnetic fields [54, 55] to improve biotechnological processes and the
growth of microorganism cells. Recently, scientists have been very interested in using
electric fields of varying intensity for this purpose.

There are three types of electric fields used in the literature:

e pulsed (PEF), with a voltage above 1000 V/cm and duration from nano to millisec-
onds, used mainly in medicine and food technology, less frequently in environmental
and biotechnological processes [56, 57],

e  moderated (MEF), a variable electric field with an intensity of up to 1000 V/cm, where
the process usually lasts several minutes and involves non-thermal action (combined
action of electrical energy and temperature), used mainly in food technology [58, 59],

e  static (SEF), a constant electric field applied to two electrodes for a unidirectional
flow of charges and particles, used mainly for separating or concentrating particles
from a liquid mixture [60, 61].
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These technologies may constitute one of the methods of stimulating the growth of 100
microalgae cells in the processes of their cultivation, however, such application is still in 101
the initial phase of research, and the effect of the electric field on microorganism cells is 102
not yet fully understood. The use of an electric field with parameters causing damage to 103
the cell membrane of microorganisms or changing its structure as a result of electro- 104
poration (reversible or irreversible) can also be used in the process of their disintegration 105
before methane fermentation [62]. 106

In the research works described in the literature, the most frequently studied is the 107
effect of the electric pulse field (PEF) on microorganisms. In terms of the use of SEF and 108
MEEF, there are few reports in the available literature on the possibility of using them to 109
stimulate algae cultivation. In the work [63], the authors assessed the effect of a nanosec- 110
ond PEF on the ability of cyanobacteria Arthrospira platensis to reproduce. The study re- 111
vealed an increased increase in cell biomass by approx. 13% due to increased proliferation, 112
which was most visible after five days of the experiment, with the input energy of 256.22 113
* 67.53 J/kg. Increased production of pigments and proteins in cells was also observed, 114
which could be caused by the cell reaction to stress induced by the electric field. The work 115
[64] presents the effect of nanosecond PEF on microorganism cells. It was found that the 116
phase of the fastest proliferation of microorganism cells exposed to the electric field is 117
mainly observed in the early phase of exponential cell growth. This phenomenon occurs 118
after 5 days from the moment of PEF exposure, which confirms the results of the authors' 119
research presented in the work [63]. 120

Nanosecond pulsed electric field PEF was also used in the work of [65] to increase 121
the biomass yield in a biorefinery based on microalgae Chlorella vulgaris. The increase in 122
the algae biomass yield was found by about 17% at a frequency of 5 Hz and an intensity = 123
of 10 kV/cm for 100 ns, due to intracellular and cell membrane changes. Other authors 124
also indicate that PEF technology has a positive effect on cell proliferation, without nega- 125
tively affecting cellular components (non-thermal and non-invasive method) [66, 67]. 126

In the work [68], a pulsed electric field was used for cell disintegration and extraction 127
of intracellular components from freshwater microalgae Auxenochlorella protothecoides. The 128
effect of suspension treatment energy (52-211 kJ/kg), electric field intensity (23-43 kV/cm), 129
pulse frequency (1.0-5.5 Hz), and biomass concentration (36-167 g dry weight per kg of 130
suspension) on the degree of microalgal cell disintegration was studied. It was found that 131
the efficiency of cell disintegration increased with increasing energy, while the field inten- 132
sity had practically no effect. Significant cell disintegration was obtained, and the use ofa 133
pulsed electric field promoted the release of soluble cellular components from Auxenochlo- 134
rella protothecoides microalgae cells. PEF treatment did not cause spontaneous release of 135
lipids but enhanced their extraction with a solvent. 136

In the work [61], the authors assessed the effect of the application time of a static 137
electric field (for 10-70 min) with an intensity of 2.7 kV/cm. It was found that within 50 138
min of the field's impact on algae, the concentration of Chlorella vulgaris algae biomass 139
increased by up to 51% due to the increased permeability of the cell membrane. Further 140
increase in the exposure time resulted in a decrease in the concentration of biomass caused 141
by the accumulation of harmful components in the culture medium. 142

The authors of another work [69] used a constant electric field (at 60, 100, and 120 143
mA and voltages of 15, 25, and 30 V) to cultivate Haematococcus pluvialis microalgae in 144
OHM medium and intensify the production of astaxanthin pigment. Cells exposed to SEF 145
at 60 mA and 100 mA showed an increase in biomass density by 16% and 20%, respec- 146
tively, and increased pigment production compared to the control sample. Increasing the 147
current intensity to 120 mA resulted in a decrease in cell number. The differences between 148
the test and control samples were most visible on the fourth day of the study, after which 149
they decreased. It was shown that periodic exposure of the culture to electric current 150
brings better effects than a single exposure. 151

In the available literature, the effect of electric field on microorganisms, including 152
microalgae, mainly concerns PEF. Works covering the use of MEF and SEF are still few 153
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and far between and this area is still poorly understood. Therefore, the research presented 154
in this paper aims to investigate the biochemical methanogenic potential (BMP) of selected 155
photosynthetic microorganisms and to assess the effect of using a constant electric field 156

(SEF) on the intensification of microalgae biomass cultivation. 157
2. Materials and Methods 158
2.1. BMP methodology 159

Live saltwater microalgae (mixture of Nannochloropsis sp, Tetraselmis sp, Isochrysis sp) 160
and freshwater microalgae were used to carry out the research: 276-4D - Desmodesmus ar- 161
matus and CC16-90 - Chlamydomonas reinhardtii obtained from the Department of Plant 162
Physiology and Biotechnology at the Faculty of Biology of the University of Gdansk. Ad- 163
ditionally, lyophilized microalgae strains were used as a comparative substrate for BMP 164
studies: Chlorella sp., Spirulina sp. and Scenedesmus sp. The research was conducted in the 165
Lukasiewicz-PIMOT Biogas Laboratory. 166

A single research station consisted of a fermenter with a capacity of 500 dm? 167
equipped with biogas collection nozzles, placed in a water bath (at a temperature of 168
42+1°C). Biogas generated during the process was collected into graduated receivers filled 169
with an aqueous solution of NaCl. The receiver was connected to a 5 dm? surge tank filled 170
with the same barrier solution. Individual elements of the system were connected using 171
gas-tight tubing (Tygon). 172

For the BMP studies, microalgae were subjected to thermal and mechanical pretreat- 173
ment to increase the accessibility of cells for methane microorganisms. Live and lyophi- 174
lised (hydrated in a 1:2 biomass:water ratio) microalgae cultures were stored for 4 days at 175
-20°C and ground in a mortar with the addition of quartz sand (in a 6:1 ratio). The pre- 176
pared biomass was analyzed in terms of dry matter content (drying method) and chemical 177
oxygen demand (dichromate method). Microalgae were placed in fermenters together 178
with inoculum (in a 1:6 ratio) and placed in a water bath. The contents of the fermenters 179
were mixed daily. The amount of biogas produced from a given substrate was measured 180
and its composition was analyzed using the GMF 416 portable biogas analyzer from GAS 181
DATA, which allows for the quantitative and qualitative determination of the content of 182
methane (0-100)% v/v, carbon dioxide (0-100)% v/v, oxygen (0-25)% v/v, hydrogen sul- 183
phide (0-5000) ppm v/v, and hydrogen (0-1000) ppm v/v. 184

2.2. Electrostimulation methodology 185

Freshwater microalgae cultures were used to carry out the research: 276-4D - Desmo- 186
desmus armatus and CC16-90 - Chlamydomonas reinhardtii. The microalgae culture electrost- 187
imulation research station consisted of 4 systems equipped with 3-liter beakers, each with ~ 188
aerators. Spiral stainless steel electrodes, to cover the whole volume of the culture, con- 189
nected to DC power supplies were connected to 3 beakers. The fourth system was the so- 190
called blank test (sample 0), which was not exposed to the current. It was the base to which 191
the results for algae in beakers 1-3 (marked as samples 1-3) subjected to electrostimulation 192
were referred. The culture systems were illuminated for 12 h with LED lighting and the 193
same temperature conditions were maintained. The microorganisms were fed witha BBM 194
medium. Figure 1 shows a view of the research station. 195

196
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Figure 1. View of the electrostimulation research station.

Stimulations were performed at constant current voltage for all systems 24 hours a
day, but at different intensities (Table 1).

Table 1. Experiment parameters.

Test No. 0 1 2 3
Voltage [V] 0.00 5.00 5.00 5.00
Current [mA] 0.0 25.0 50.0 100.0

Electrostimulation was maintained throughout the controlled growth period of 4
weeks. To determine the growth rate of the culture, dry matter content was measured at
weekly intervals using the gravimetric drying method.

To check the effect of electrostimulation on the increasing availability of microalgae
cells to methane fermentation microorganisms, BMP tests were performed. The study was
carried out on samples of Desmodesmus armatus microalgae after 4 weeks of electrical stim-
ulation (with three different current intensities) and a reference sample (without exposure
to the electric field). Microalgae cells were not subjected to any additional disintegration.

3. Results

3.1. Methanogenic potential of microalgae biomass

Table 2 presents the results of the analysis of the dry matter content and the chemical
oxygen demand (COD) values of the substrates used for the tests.

Table 2. Dry matter content and chemical oxygen demand of substrates used for re-
search experiment parameters.

Substrate DM content [%] COD [g O2/g s.m.]
inoculum 1.49 668.22
Spirulina 32.75 2693.93
Scenedesmus 33.31 1692.70
Chlorella 32.16 2 554.99
Desmodesmus armatus 5.25 4 639.12

Saltwater algae 9.77 1503.99
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Figure 2. Volume of biogas and methane obtained from microalgae biomass. 224
225

Based on the conducted studies on the methanogenic potential of various microalgae, 226
it can be stated that the largest volume of biogas and methane contained in it was obtained 227
from lyophilised algae Spirulina sp. (from 100 grams of dry mass, 25.1 dm? the biogas with 228
14.7 dm? of methane was obtained). Chlorella sp. and Scenedesmus sp. were characterized by 229
slightly lower efficiency. Moreover, the biogas obtained from all lyophilized algae con- 230
tained 54-59% methane. According to the authors, the increased efficiency in terms of bio- 231
gas and methane, concerning the efficiency from cultivated microalgae, could have been 232
caused by the increased availability of the microalgae cell content for methanogens due to 233
the cracking of cell walls under the conditions of the additional lyophilised process or other =~ 234
processes to which they could be subjected before lyophilised. 235

In the case of microalgae obtained from our own culture, the efficiency in terms of 236
biogas yield was lower and this gas contained less methane (up to 39% methane for Des- 237
modesmus armatus). The above results indicate that the pre-treatment of live microalgae 238
cells was less effective (lower availability of cell content for bacteria participating in the 239
methane fermentation process was observed). The lowest efficiency in terms of methane 240
was observed for the freshwater algae Chlamydomonas reinhardti and the fermentation pro- 241
cess of these microalgae proceeded with visible disturbances. In the case of saltwater mi- 242
croalgae, the process could be additionally inhibited by a high concentration of salt ions 243
present in the algal biomass. 244

3.2. Electrostimulation study 245

Figures 3 and 4 present the results of the dry matter content tests in the algae suspen- 246
sion before the electrostimulation process and after 1, 2, 3 weeks, and at the end of the 247
experiment. 248
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Figure 3. Results of dry matter content of suspended Desmodesmus armatus algae subjected to elec-
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Figure 4. Results of dry matter content of suspended Chlamydomonas reinhardtii algae subjected to
electrostimulation.

Based on the obtained results of the dry mass content tests in the cultures subjected

to electrostimulation, the highest increase in biomass was found:

Desmodesmus armatus algae in the 2nd week of the experiment: for sample 0 by 11%
and for samples 1 (intensity 25 mA) and 2 (intensity 50 mA), by 30% and 13%, respec-
tively. For sample 3 (intensity 100 mA), the highest increase of 18% was found in the
4th week of the experiment. Compared to sample 0, the greatest increase in biomass
was obtained after 4 weeks of testing, when the algae were exposed to a current of 25
mA (increase of 22%).

Chlamydomonas reinhardtii algae in the 4th week of the experiment: for sample 0 by
112% and for sample 1 (intensity 25 mA) by 118%. For sample 2 (intensity 50 mA)
and 3 (intensity 100 mA) the largest increase of 81% and 67% respectively was ob-
served in the 3rd week of the experiment. Compared to sample 0, the greatest in-
crease in biomass was obtained after 2 weeks of testing, when the algae were exposed
to a current of 50 mA (an increase of 29%).
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The obtained results indicate that the applied electric field intensity in the range of 269
25-100 mA had a positive effect on the intensification of algal cell multiplication processes, 270
increasing their biomass yield. The magnitude of intensification depends on the microal- 271
gae species, the time of exposure to electrostimulation, and the magnitude of the current 272
intensity. 273

To test the effect of electrostimulation on the availability of Desmodesmus armatus mi- 274
croalgae cells for methane fermentation microorganisms, BMP tests were carried out with- 275
out pretreatment. Based on the tests, it was found that regardless of the magnitude of the 276
electric field strength applied, similar results were obtained in terms of biogas and me- 277
thane volume compared to algae that were not electrostimulated. Thus, the structure of 278
the cell walls was not altered during electrostimulation to such an extent that they did not 279
act as a barrier to hydrolysing microorganisms for biogas production. The use of such cul- 280
tures for biogas production will require an additional cell disintegration process. Increas- 281
ing the electric field strength to a value that increases the permeability of the algal cell wall 282
may also be a possible solution, but there is a risk of complete cell destruction and death 283
of the culture. However, this requires additional research into optimising the parameters 284
of direct current electrostimulation. 285

4. Conclusions 286

Microalgae are a valuable raw material not competing with food production, for 287
many industries, including biofuel production. The use of such biomass as a feedstock for 288
the methane fermentation process is one of the most promising and effective methods of 289
energy use of microalgae. However, their cells often require pre-treatment to increase their 290
availability to microorganisms participating in the methane fermentation process. Asare- 291
sult of the BMP tests, it was found that biogas obtained from lyophilized algae contained 292
54-59% methane. In the case of microalgae obtained from own cultivation, the efficiency in = 293
terms of biogas yield was lower and this gas contained up to 39% methane. In the case of 294
lyophilized organisms, the higher efficiency of the methane fermentation process could be 295
caused by better accessibility of the microalgae cell content for fermenting microorgan- 296
isms, as a result of the cracking of cell walls under the conditions of the Iyophilized process 297
or other processes before lyophilised. In climatic conditions, where it is not possible to 298
cultivate algae in open waters, their cultivation involves large financial outlays. To reduce 299
costs various methods are being sought to increase the profitability of cultivating these 300
microorganisms. Studies conducted by the authors have shown that the use of a constant 301
electric field with an intensity of 25, 50, and 100 mA, acting on algae 24 hours a day, in- 302
creased their biomass yield. This yield was dependent on the species of microalgae, expo- 303
sure time, and current intensity value. The most effective for Desmodesmus armatus algae 304
was the intensity of 25 mA, for which an increase in biomass of 22% was found compared 305
to the sample not exposed to the electric field, after 4 weeks of testing. In the case of Chla- 306
mydomonas reinhardtii algae, the best results in biomass yield compared to the sample not 307
exposed to the electric field were found after 2 weeks of exposure to a current of 50 mA 308
(increase of 29%). The use of a constant electric field, although it influenced the intensifi- 309
cation of cell multiplication processes and increased algae biomass yield, did not affect 310
increasing the availability of cell content for methane fermentation microorganisms. For 311
this reason, for biogas production, it is necessary to use cell disintegration methods. 312
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