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Abstract
Anaerobic digestion of microalgal biomass for biogas production may be limited due to the
cell wall resulting in an inefficient bioconversion. Enzymatic pretreatments are applied for
inducing cell damage/lysis and organic matter solubilisation and this way increasing biogas
production. We evaluated enzymatic pretreatments in different conditions for comparing in
relation to cell wall rupture, increase of soluble material and increase in biogas production
through anaerobic digestion performance in BMP assay. Chlorella sorokiniana cultures were
subjected to three different enzymatic pretreatments, each under four different conditions of
enzyme/substrate ratio, pH and application time. The results showed increases over 21% in
biogas productions for all enzymatic pretreatments. Enzymatic pretreatment was effective at
damaging microalgae cell wall, releasing organic compounds and increasing the rate and final
methane yield in BMP tests. We observed a synergistic activity between the mixtures enzymes,
which would depend on operational conditions used for each pretreatment.

Keywords Microalgae . Anaerobic digestion . Biogas . Enzymes . Pretreatment . Synergistic
activity

Introduction

High biomass productivity, growth conditions that do not depend on fertile land, allied with
CO2 fixation are the main advantages of the use of microalgae for bioenergy conversion into
biogas through anaerobic digestion [1]. Nonetheless, industrial-scale systems are not yet
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viable, since there are still limiting steps in the overall process [2]. One of the main bottlenecks
is the biodegradation of microalgae cell wall and release of intracellular organic matter during
anaerobic digestion [3]. Due to the characteristics of the cell wall structure and composition,
extracellular enzymes released by heterotrophic bacteria are not able to degrade the overlayer
in totality and, therefore, the available organic matter is limited, as well as the biogas
production [4, 5].

This issue may be overcome by applying pretreatment techniques to microalgal biomass for
increasing its biodegradability through cell wall disruption and/or partial hydrolysis of resistant
cell wall polymers [6–8]. In this manner, pretreatments may increase organic matter
solubilisation and the rate and extent of anaerobic digestion process [8].

Among pretreatment methods, enzymatic pretreatment perform by means of the selective
permeability of microalgae cell walls and, therefore, soluble compound release is more specific
compared to mechanical and thermal one [9]. The main advantage of enzymatic techniques
relies on its low energy demand, which normally regards only to biomass mixing. Moreover,
purified enzymes may be replaced by enzyme production through other microorganisms, by
enzyme expression through the microalgae cells to be digested and by the production of
hydrolytic enzymes by adding living bacteria or fungi [10–12]. Moreover, studies have
reported a high release of soluble sugars combined with mild operational conditions, absence
of corrosion problems and a lower production of secondary metabolites [13]. The main
parameters used for optimising enzymatic pretreatment the dose or concentration between
enzyme and substrate, the optimal activity conditions in terms of pH and temperature and the
cost associated to the extraction and purification. However, in studies of enzymatic pretreat-
ments for biogas production are not considered all the variables that could affect the enzymatic
activity, in addition, not to describe the type of enzymatic action produced in the solubilisation
of organic matter. Data needed to describe the biodegradation processes.

Results on enzymatic pretreatment of microalgae carried out up to date are summarised in
Table 1. As can be seen, increments in solubilisation and biogas production varied widely,
from 36.6 to 243% and from 7.6 to 672%, respectively, compared to non-pretreated
microalgae. In fact, control biomass showed a methane yield variation from 203 to 1545 mL
CH4/g VS, which indicates that initial biodegradability and pretreatment effectiveness
depended on many parameters, such as microalgae species, growing characteristics and
pretreatment conditions [19–21].

Therefore, the objective of this study was to evaluate the biomethanisation potential of the
microalgae Chlorella sorokiniana using enzymatic pretreatment. To this aim, a mix of com-
mercial enzymes was applied for investigating its effect on cell wall disruption, soluble organic
matter release, anaerobic digestion rate and final methane yield. For which, we evaluate
different variables that affect the enzymatic activity to determine the biodegradation process.

Material and Methods

Microalgae

The microalgal biomass used in this study comprehended the species Chlorella sorokiniana
and was obtained from the University of Huelva (Spain). The microalgae was grown using the
Sueoka medium (0.72 g KPO4H2/L, 1.44 g K2PO4H/L, 0.061 g MgSO4·7H2O, 0.002 g
CaCl2·2H2O, 0.5 g NH4Cl, 0.95 g KNO3 and 5 mL/L of trace minerals, which had 2.28 g of
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H3BO3, 4.4 g ZnSO4, 1.02 g MnCl2, 1.0 g of FeSO4, 0.32 g of CaCl2·6H2O, 0.32 g of
CuSO4·5H2O and 0.22 g of Mo7O24(NH4)6·4H2O). The growth conditions were set at 21 °C
(± 2 °C), at pH 7 constantly, 24 h/day artificial light of 24–39 W with an intensity of
127.6 μmol/m2 s and atmospheric aeration of 1.3–1.5 L/min. Biomass concentration was
estimated by means of volatile suspended solids (VSS) and optic density (OD) at 600 nm using
spectrophotometer (Jenway 6715 UV/VIS). Microalgae were harvested using a centrifuge at
0.31 KW (Hermle Z 400, Labortechnik GmbH) and stored at 4 °C before characterisation and
use.

Cellulase Enzymatic Activity

Cellulase activity was measured in terms of Bfilter paper units^ (FPU) per millilitre of enzyme
(undiluted) using 2.0 mg of reducing sugar as glucose and 50 mg of filter paper (conversion
4%) in 60 min as the intersection point for calculating cellulase FPU as according to the
International Union of Pure and Applied Chemistry (IUPAC). The enzymatic activity for each
enzyme mix was evaluated in triplicate, and results were expressed as mean values and
standard deviations.

Pretreatment Methods and Biomass Solubilisation

Three commercial enzyme mixtures were evaluated: Cellic ctec2 (cellulase, β-glucosidase,
hemicellulase), Ns5003 (cellulase, xylanase, endoglucanase, exoglucanase, β-glucosidase) and
Ns22128 (only cellulase). All of them were provided by Novozymes®. Those enzymes were
chosen due to their lower commercial cost, acquisition feasibility and the characteristics of
microalgae cell wall composition (mainly composed of cellulose, hemicellulose, pectin and
glycoprotein). In order to easy interpretation, the enzyme mixtures will be named as follows:
mix 1 (Cellic ctec2), mix 2 (Ns5003) and cellulase (Ns22128). Results were expressed as the

Table 1 Effects of microalgae enzymatic pretreatment in terms of organic matter solubilisation and methane
yield increase

Microalgae Enzyme Solubilisation
(%)

Methane
yield
(mL CH4/
g. SV)

Increase
(%)

Reference

Oocystis sp. Cellulase 218 203 7.6 [14]
Oocystis sp. Enzymatic cocktail (cellulase,

glucohydrolase and xylanase)
243 217.3 15.2 [14]

Chlorella
vulgaris

Alcalase 2.5 L (protease) 52 600 500 [15]

Chlorella
vulgaris

Viscozyme (β-glucanase,
cellulase, xylanase)

40 150 200 [15]

Acutodesmus
obliquus

Enzymatic cocktail (cellulase,
protease, β-glucanase y xylanase)

36.3 218 14 [16]

Scenedesmus
obliquus

Depol™ 40 L (cellulase,
endogalactouronase)

– 1425 403 [17]

Arthrospira
maxima

Lipomod™ 957 (esterase, protease) – 1545 672 [17]

Chlorella sp. Hydrolytic enzyme from bacteria
Bacillus licheniformis

43.4 415 22.7 [18]
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enzymatic activity of cellulase (common in all three) and volatile solids (VS) solubilisation
under different pH and temperature conditions.

The pretreatment conditions were selected considering three different scenarios related to pH and
temperature parameters for enzymatic activities’ activation: (i) the optimum conditions for enzy-
matic activation reported by the manufacturer (Novozymes®), i.e. pH 4.8 and 50 °C; (ii) the
condition in which the anaerobic digestion process was performed, i.e. pH 7 and 37 °C; and (iii) the
condition corresponding to C sorokiniana growing condition, i.e. pH 7 and 21 °C. The optimal
conditions in terms of cellulase activity were chosen for evaluating microalgae biodegradability, i.e.
(i) 1% enzyme/substrate, pH 4.8 and 24 h; (ii) 1% enzyme/substrate, pH 7.0 and 24 h; (iii) 2%
enzyme/substrate, pH 7.0 and 24 h; and (iv) 1% enzyme/substrate, pH 7.0 and 48 h.

Pretreatment effectiveness was determined by means of microalgae cell wall disruption and/
or damage and organic matter solubilisation through Sytox Green staining in unpretreated and
pretreated cells [22, 23]. The Sytox Green for Fluorescent labeling (Molecular Probes Inc.,
Eugene, OR, USA) has a high affinity for the nucleic acid, penetrating only those damaged cell
membranes. For the application of Sytox Green probe in microalgal biomass samples were
used proportional values. Sytox Green probe was supplied as a 5-mM stock solution in solvent
solution. Of this stock solution, 0.5 ml was added to 0.5 ml cell suspension and the mixture
was incubated for 5 min at room temperature in the dark. Probe fluorescence and autofluo-
rescence of microalgae were used as dead cell markers (for rupture or damage) and live cells,
respectively. The cells were visualised by fluorescence microscopy with double filter band at
473–498 and 548–573 nm for excitation and at 515–535 and 590–620 nm for emission. The
fluorescence images are captured by Leica, Germany, camera.

The increment in soluble organic matter content after pretreatment was calculated as
described in Eq. 1.

S% ¼ VSSs−VSS0ð Þ
VSS0ð Þ � 100 ð1Þ

where VSSs represents the soluble volatile suspended solids after pretreatment and VSSo
represents soluble volatile suspended solids without pretreatment.

Biochemical Methane Potential Tests

Biochemical methane potential (BMP) tests were carried out for comparing the anaerobic
digestion rate and extent of C. sorokiniana before and after enzymatic pretreatment conditions,
according to standardised procedure [24]. The anaerobic inoculum used in the BMP tests was
obtained from a lab-scale anaerobic reactor that treats sewage sludge. BMP tests were
performed in 100-mL flasks under mesophilic conditions (37 °C) at pH 7. In all cases, the
substrate to inoculum ratio was maintained at 0.5 g VSsubstrate/g VSinoculum. Bubbles were made
in the bottles using a mix of gases (80% N and 20% CO2) in order to ensure anaerobic
conditions and were then sealed. Control bottles for enzymatic activity, microalgal biomass,
and inoculum were performed for each BMP assay in order to correct for inoculum methane
yields. Methane production from the inoculum was determined in blank assays with medium
and no microalgal biomass, which is subtracted from the methane production obtained with
microalgal biomass assays. BMP assay ended once the methane production had stopped.

For CH4 production was quantified by displacement of a strongly alkaline solution of
sodium hydroxide (NaOH) at a concentration of 25 g/L. CO2 contained in biogas is absorbed
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by the alkaline medium; CH4 produced was calculated by measuring the volume or weight of
the displaced liquid.

All tests were performed in triplicated. Results were reported as mean values and standard
deviations of the methane yield, which was calculated by the methane produced, divided by
the volatile solids content fed to each bottle.

For evaluating the kinetics effect of enzymatic pretreatment conditions, the tests were
modelled using a modified version of the Gompertz model [25] expressed by the Eq. 2.

B ¼ P � exp −exp
Rm � e

P
λ−tð Þ þ 1

� �� �
ð2Þ

where B represents the methane accumulated in a time t (mL CH4), P represents the maximum
potential of methane production (mL CH4/g VS), Rm represents the maximum rate of methane
production (mL CH4/g VS·d), λ represents the duration of the lag phase (days) and t represent
the digestion time (days).

Statistics

Statistical analyses were carried out for verifying differences in microalgae anaerobic biode-
gradability before and after pretreatment conditions. To this aim, the statistical software
Statistica 13 (StatSoft Inc., Tulsa, USA, 2016) was used. For all cases in which the differences
were noticed, the Bonferroni post-hoc test was implemented [26].

Analytical Methods

The biomass was quantified by means of total (TS) and volatile solids (VS) and optical density
(OD). TS and VS were determined as indicated in the Standard Methods [16]. OD was
measured at 600 nm using a spectrophotometer (Jenway 6715 UV/VIS). pH was analysed
through a pHmeter (HI/111 Hanna Instrumen).

Results and Discussion

Effectiveness of Enzymatic Pretreatment

Enzymatic pretreatment was firstly evaluated by means of cellulase enzyme activity (Fig. 1).
Cellulase activity was used as parameter since all enzymatic mixtures had cellulase as a
component. This enzyme is a glucosyl hydrolase and is responsible for the degradation of
cellulose, one of the main constituents of microalgae cell wall [17]. The best conditions were
then tested in BMP tests. For this, cell wall integrity using Sytox staining for life/dead cells and
organic matter solubilisation were assessed for analysing the pretreatment effectiveness. The
results obtained are summarised in Table 2.

As can be seen, the highest enzymatic activity was shown for the conditions of pH 4.8 and
50 °C for all enzymatic mixtures. This was expected, since it represents the optimal condition
for the enzymes according to the manufacturer. On the other hand, the lowest activity was
shown for the conditions of pH 7.0 and 21 °C, which corresponds to the conditions in which
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microalgae was cultivated (Fig. 1). Regarding the results, the conditions chosen for the
anaerobic biodegradability assay were as follows: (i) 1% enzyme/substrate, pH 4.8 and
24 h; (ii) 1% enzyme/substrate, pH 7.0 and 24 h; (iii) 2% enzyme/substrate, pH 7.0 and
24 h; and (iv) 1% enzyme/substrate, pH 7.0 and 48 h.

Moreover, all pretreatment conditions tested showed rupture and/or damage in its cell wall
structure according to the Sytox staining analysis. This indicates that enzymatic pretreatment was
effective at impacting the outer membrane, which may ease the release of readily available
biodegradable compounds. In fact, organic matter solubilisation was significantly increased after
all pretreatment conditions, reaching values from 23 to 50% (Table 2). The increments found are in
accordance with those previously reported in the literature, which varied from 36.6 to 243%
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Fig. 1 Cellulase enzymatic activity under different temperatures and pH conditions for the enzymatic mixtures
mix 1 (Cellic Ctec2), mix 2 (NSs5003) and cellulase (NS22128)

Table 2 Effect of enzymatic pretreatment by means of cell wall rupture and/or damage, organic matter
solubilisation and cellulase enzymatic activity

Pretreatment Enzyme mixture Conditions Rupture and/or damage
of microalgae cell wall

Solubilisation
(%)

E1 Mix 1 1% enzyme/substrate; pH 4.8; 24 h √ 42
E2 Mix 2 √ 48
E3 Cellulase √ 36
E4 Mix 1 1% enzyme/substrate; pH 7; 24 h √ 23
E5 Mix 2 √ 30
E6 Cellulase √ 34
E7 Mix 1 2% enzyme/substrate; pH 7; 24 h √ 41
E8 Mix 2 √ 50
E9 Cellulase √ 41
E10 Mix 1 1% enzyme/substrate; pH 7; 48 h √ 25
E11 Mix 2 √ 28
E12 Cellulase √ 39
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(Table 1). The high range of values was mostly due to the different microalgae species studied and
the operational conditions for applying the pretreatments.

In general, the highest solubilisation values were reached for the enzyme Mix 2 (cellulase,
xylanase, endoglucanase, exoglucanase, β-glucosidase), followed by the enzyme Mix 1
(cellulase, β-glucosidase y hemicellulase) and, finally, for cellulase. The enzyme mixtures
effectiveness depends of a chain degradation and, therefore, of the presence of endoglucanase,
which hydrolyse the 1,4-β-glucosides bonds in an average way to the microfiber of cellulose;
exoglucanase, which also performs by hydrolysing the 1,4 β-glucosides bonds releasing
cellobiose; and β-glucosidases, which catalases cellobiose and releases β-D-glucose [27].
The cooperative integration of those three enzymes results in the synergetic degradation of
cellulose, i.e. the enzymes combined are more effective if compared to the sum of their
effectiveness alone [14]. This synergistic activity between different cellulases depends on
some factors such as the characteristics of the substrate to be degraded, concentration and
enzymatic process, affinity of the cellulases with the substrate and the ratio enzymes [15].

Moreover, the enzyme xylanase is responsible for xylan hydrolysis, the major component
of hemicellulose [18] and a synergistic activity has been described between different types of
xylanases as well [15, 28]. This synergistic effect would result in higher percentages of
solubilisation, as observed for 1% pH 4.8–24 h condition, which is described as optimal for
the enzymatic activation of cellulose and for 2% pH 7–24 h condition, in which the enzyme–
substrate ratio increases for the enzyme mixes 1 and 2, which contain both types of enzymes
(cellulases and hemicellulases). Conditions, in which the highest solubilisation was achieved
with only cellulases, are likely to operate under these conditions other such factors. For
example, under these conditions, a synergistic effect would not be achieved and/or conditions
to increased cellulase activity.

Increase in Anaerobic Biodegradability in BMP Tests

Accumulated methane yield before and after enzymatic pretreatments in BMP tests are shown
in Fig. 2. As can be seen, for all cases, enzymatic pretreatment increased the final methane
yield when compared to non-pretreated biomass. Differences obtained were significantly
higher according to the ANOVA test applied.

The methane yield increase ranged from 22 to 86%, which were among those previously
reported in the literature (Table 1). In fact, enzymatic pretreatment with cellulase, protease, β-
glucanase and xylanase of microalgae Acutodesmus obliquus increased methane yield in 14%
[29], while pretreatment of Arthrospira maxima using esterase and protease showed an
increase up to 672% in the final methane yield attained in BMP tests [30].

For assessing anaerobic digestion rate, experimental data was modelled using amodified version
of the Gompertz model. The results achieved are summarised in Table 3. As can be seen, lowest lag
phase was shown for the condition using 2% enzyme/substrate. This indicates that higher enzyme
concentration affects the initial biomass hydrolysis. Moreover, commercial enzyme mixtures use
stabilisers that contain simple sugars, which could be quickly consumed by bacteria. Thus, by
increasing the concentration of enzymes, the bacteria would have higher concentration of sugars
available to be consumed immediately. Regarding the values of maximum potential of methane
production (P) and maximum rate of methane production (Rm), all cases tested showed significantly
higher values for pretreated conditions compared to non-pretreated ones.

In this study, no clear correlation was observed when comparing biomass solubilisation and
methane yield increase, although both showed increments when compared to control biomass.
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This may be due to the release of metabolites that are not easily degradable or that are toxic to
anaerobic microorganisms. In fact, the longest lag phase for pretreated microalgae in BMP
tests would support this hypothesis (Table 3). In this manner, for each enzymatic mix used as
pretreatment, there were different effects on the solubilisation of the microalgal biomass
through the permeability achieved by the organic matter by each enzyme and/or by the synergy
between enzymatic activities.

Finally, enzymatic pretreated was effective at disrupting and/or damaging microalgae cell
wall, releasing organic compounds and increasing the rate and final methane yield in BMP
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Fig. 2 Accumulated methane yield in BMP tests of C. sorokiniana before (C) and after enzymatic pretreatment
with mix 1, mix 2 and cellulase (E1–E12) at the four different conditions: a 1% enzyme/substrate, pH 4.8 and
24 h; b 1% enzyme/substrate, pH 7.0 and 24 h; c 2% enzyme/substrate, pH 7.0 and 24 h; and d 1% enzyme/
substrate, pH 7.0 and 48 h

Table 3 Modelled data collected from modified Gompertz model used in BMP tests of microalgae with and
without several enzymatic pretreatment conditions. Gompertz model is represented by the following values: P,
value of maximum potential of methane production; Rm, maximum rate of methane production; and Λ, latency
period. The value of R2 presented the adjustment between observed and estimated values. Mean values ± SD

Pretreatment Λ (h) Rm (mL CH4/g VS d) P (mL CH4/g VS) R2

Control 1.60 ± 0.24 11.56 ± 0.15 317.66 ± 0.90 0.965
E1 5.28 ± 1.74 28.77 ± 12.99 430.80 ± 79.67 0.992
E2 3.92 ± 0.75 25.01 ± 3.69 440.70 ± 28.34 0.987
E3 3.23 ± 0.21 30.19 ± 3.20 552.66 ± 43.03 0.991
E4 7.17 ± 1.59 14.42 ± 0.28 442.76 ± 40.93 0.989
E5 4.05 ± 0.76 25.56 ± 3.88 434.58 ± 28.34 0.987
E6 3.31 ± 0.24 30.67 ± 3.27 545.68 ± 42.70 0.991
E7 0 34.33 ± 1.73 489.37 ± 19.78 0.988
E8 0 32.66 ± 5.92 540.84 ± 25.36 0.980
E9 0 20.97 ± 2.58 364.35 ± 8.83 0.978
E10 5.63 ± 1.27 10.42 ± 0.58 395.15 ± 18.54 0.991
E11 11.15 ± 0.43 24.02 ± 0.40 427.41 ± 26.78 0.998
E12 10.38 ± 0.23 20.35 ± 0.16 402.01 ± 11.52 0.996
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tests (Fig. 3). Moreover, this technology had no thermal or electricity energy input, which
is an advantage in respect to physical pretreatment methods. This suggests that the process
energy balance is generally more favourable, i.e. energy output from methane yield increase
is higher than the low energy required for the pretreatment step. Nonetheless, in this case,
enzyme cost should be considered. It is known that the high cost of the enzymatic
industrial production may be a drawback for its commercialisation and use. In any case,
during the last 6 years, manufacturers have reduced enzyme costs by focusing efforts on
improving its efficiency, identifying new and more active enzymes, creating mixtures to
optimise the degradation of specific substrates and minimising production costs [31]. In
addition, the enzyme cost may also be overcome by enzyme production through other
microorganisms, by enzyme expression through the microalgae cells to be digested and by
the production of hydrolytic enzymes by adding living bacteria or fungi.

Conclusions

The aim of this study was to assess enzymatic pretreatment using two enzyme mixtures
and cellulase only for disrupting microalgae cell wall, releasing soluble organic com-
pounds and increasing anaerobic digestion rate and extent in BMP tests. Results
showed that for all conditions, tested enzymes were able to improve microalgae
anaerobic biodegradability, reaching an increase from 22 to 86% higher than non-
pretreated biomass. Moreover, modelled data indicated that pretreatment also increased
significantly biogas production rate. The best conditions among the applied ones were

Fig. 3 Enzymatic pretreated was effective at releasing soluble organic compounds and increasing anaerobic
digestion rate with methane yield increase ranged from 22 to 86%
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showed for the highest concentration of enzyme (i.e. 2% enzyme/substrate) and for the
optimal conditions for the enzyme activity (i.e. pH 4.8).
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