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Abstract

The complex structure and biochemical composition of the cell wall of microalgae impede their anaerobic digestion. To
enhance the microalgae anaerobic biodegradability, various pretreatment approaches have been utilized. In this study, the
enzyme and hydrothermal pretreatment methods were evaluated for microalgal biomass pretreatment and biogas yield. The
optical and scanning electron microscopy along with Fourier transform infrared spectroscopy analysis confirmed the efficient
action of both the pretreatment methods. The hydrothermal pretreatment resulted in more structural changes, though the
increase in enzymatic concentration was also found to have a pronounced effect on both structural and chemical changes.
The FTIR spectra determined that mostly the protein and carbohydrate structures of the microalgal cells were affected. Fur-
ther upon quantitative analysis, it was observed that 10% dose (w/w) for 24 h of exposure time released significantly more
soluble chemical oxygen demand compared to others. The multi-enzyme 10% dose for 24 h resulted in significantly higher
biogas production potential (P) of 768.92 mL g~! VS at a maximum biogas production rate (R ) of 32.16 mL g~ d~! with
a very short lag phase (A) of 0.09 days at the end of 30 days, in comparison to untreated and other pretretment conditions in
this study. Both the pretreatment approaches in the present study enhanced the microalgal biomass disintegration, digest-
ibility and biogas production. However, more research is required to optimize the process parameters of these pretreatment
approaches to make them more reasonable and applicable.

Keywords Anaerobic digestion - Biodegradability - Enzymatic pretreatment - Hydrothermal pretreatment - FTIR - Biogas
production

Statement of Novelty

The research to investigate the biofuel potential of microal-
gae biomass have lured special global attention as algal bio-
fuels hold promising alternates to conventional fuels. This
study was undertaken to determine the biogas potential of
the salt-tolerant microalgal strain isolated from the water-
logged area of Punjab, India. The effect of pretreatments
(enzyme and hydrothermal) on solubilization of algal bio-
mass have been studied both qualitatively and quantitatively.
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It further assesses their effect on biogas yield. Although a
lot of research has been conducted on freshwater algal spe-
cies, this is of its first kind of study from Indian Punjab as it
involves the salt tolerant strain isolated from this unexplored
area in terms of microalgal diversity.

Introduction

The incessant rise in energy demand over the last few dec-
ades has made the researchers to look for the alternative of
fossil fuels and produce the innovative technologies. Among
the various renewable sources available, organic wastes and
biomass are potential feedstocks to be utilized as renew-
able sources for biofuel generation [1]. Various kinds of
available biomass like edible oil, sugarcane etc. have been
used traditionally to produce biofuels. However, compared
to these, microalgae prove to be a desirable substrate for
biofuel production because of the various benefits as: (i)
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high productivity due to higher photosynthetic efficiency;
(i1) requires less water for growth compared to terrestrial
crops and can be grown in wastewater, brackish water and
saline; (iii) can be cultivated in non-arable lands thus limited
competition with food crops for arable land; (iv) can help
in carbon dioxide mitigation as microalgae uses it for its
growth [2-5]. Thus it has lured the attention of scientists and
entrepreneurs as an alternative energy source to conventional
fossil fuels during the last decade.

Microalgae are being vastly explored for biodiesel pro-
duction, still, the production of biodiesel at full scale has
various constraints like the requirement of considerable cul-
tivation and harvesting technologies for efficient biomass
production, harvesting and processing. Also in comparison
to fossil fuels, the biodiesel production from microalgae has
not been still optimized and reached competitive prices [6].
In comparison to this, anaerobic digestion of microalgal bio-
mass or algal residues for biogas production is a potential
alternative [3]. It has been reported that algal biomass with
low lipid content or lipid extracted algal residue produce
significantly more energy through anaerobic digestion (AD)
compared to biodiesel production [7, 8]. Also, for AD wet
biomass can be used and, therefore, no extensive drying
methods are required.

In addition to this, microalgae have proven to be a prom-
ising AD substrate as reported by various recent studies
[9-11]. Microalgae biomass composition (proteins, carbo-
hydrates and lipids) varies, depends on species and cultural
conditions [6, 12]. The methane yields vary from macro-
molecule to macromolecule [13, 14]. However, several con-
straints like high cultivation and harvesting costs, sulphur
and ammonia toxicity, inadequate algal biomass degradabil-
ity, inefficient designs of anaerobic digesters etc. need to be
addressed to make AD of algal biomass more workable [15,
16]. But the limited biodegradability of algal cells is one of
the crucial constraints demanding more research inputs to
make AD of algae economically viable [17]. The composi-
tion of the algal cell wall and thus degradability also varies
from species to species [18] and thus producing varied meth-
ane yields [12]. Spirulina cell wall is composed of protein,
peptidoglycans and polysaccharides [19]. The hydrolysis of
complex components of cell wall into simpler compounds is
carried out by the enzymes produced by hydrolytic bacteria.
It is the first stage in the anaerobic digestion process and is
imperative for the efficiency of the process [20, 21]. It ren-
ders algal organic matter to anaerobic microorganisms. The
low hydrolysis rate is generally responsible for the lengthy
and ineffective AD process [22]. Therefore, pretreatment
approaches were found out as an important step for micro-
algae cell disruption, solubilization of particulate biomass,
improving the anaerobic digestion rate, extent and hence
biogas production [23, 24]. The biochemical composition,
the structural rigidity of the algal cells determine the efficacy
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of pretreatment methods on biogas production. Various bac-
teria such as Bacillus, Proteus, Clostridium, Bacteroides etc.
produce enzymes which hydrolyze the proteins as proteins
being the main component of Spirulina cell wall [25]. Over
the last years, various studies of pretreatment of microalgal
biomass with protease showed higher methane production
compared to untreated biomass and carbohydrases treated
biomass [26]. The effect of pretreatment on algal biomass
can be assessed by various techniques like light microscopy,
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy
(FT-IR) [27]. FT-IR is one of the easiest methods with a
simple method of sample preparation. It has been suggested
as one of the advanced tools for obtaining information about
biomass structure and chemical changes taking place during
pretreatment [28-30].

The aim of the current study was to evaluate the biogas
production after giving enzymatic and hydrothermal pre-
treatments to Spirulina subsalsa BGLR6 biomass, isolated
from the waterlogged area of Punjab, India. To this end,
biogas production potential was determined through bio-
chemical methane potential (BMP) tests performed with
untreated and pretreated biomass. Microscopic images
were used to analyze the effect of pretreatment on microal-
gae cell structure and biodegradability. Furthermore, FTIR
was performed to assess the changes in the composition of
the structural components. The biogas production kinetics
was also studied.

Materials and Methods
Microalgal Biomass Production

Microalgae S. subsalsa BGLR6 previously isolated from
the waterlogged area of Punjab, India [31] was used
as a substrate for enzymatic, hydrothermal pretreat-
ment and anaerobic digestion for biogas production. S.
subsalsa BGLR6 was grown in 1ft® fabricated algal
ponds provided with the artificial illumination system
of 81 umol m~2 s~! light intensity (provided by com-
pact fluorescent lamps) using the modified algae culture
medium [32]. The modified algae culture medium con-
sists of (per litre): 1 g NaNO;, 0.5 g K,HPO,, 0.513 g
MgSO,-7H,0, 0.050 g NH,CI, 0.058 g CaCl,-2H,0,
0.003 g FeCls, 16.8 g NaHCO;, 4.4 x 107 g MnSO,,
4.8 x 10™* g Na,M00,-2H,0, 7.2 x 107 g CuS0,-5H,0,
8 x 107% g disodium EDTA, 2.3 x 10~* g ZnSO,-7H,0,
3.6 x 1072 g MgSO,-7H,0. After substantial growth
(25 days), the density of S. subsalsa BGLR6 biomass
reached 2.5 g dw L™!. The biomass was harvested through
filtration and used for further study.
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Pretreatment of Algal Biomass

The algal biomass was subjected to enzymatic and hydro-
thermal pretreatments.

Enzymatic Pretreatment

The pretreatment was carried out with the multi-enzyme
mix consisting of commercially available cellulase (spe-
cific activity 0.3 U mg™"), hemicellulase (specific activity
0.3 U mg™") and protease (specific activity > 500 U g7},
all purchased from Sigma-Aldrich, India. The concentration
of cellulase, hemicellulase and protease in the enzyme mix
was 300 U L™, 300 U L' and 1500 U L~! respectively. The
multi-enzyme solution was prepared in distilled water. Two
enzymes doses (10 and 20% w/w) over an exposure time of
12 and 24 h (i.e., 10% 12 h, 10% 24 h, 20% 12 h and 20%
24 h) were compared to evaluate the best pretreatment con-
ditions. The untreated one was run in parallel to these sets.
The microalgal biomass was placed in Erlenmeyer flasks
(250 mL) where the corresponding dose of the enzyme for
corresponding exposure time was added (10 and 20% w/w).
Both doses were assayed in triplicate for enzyme mix. Tri-
als were set in a BOD incubator with regulated tempera-
ture (37 °C), under continuous mixing. The temperature set
for the trials was optimal for enzymatic activity. The lig-
uid phase of the sample was collected for chemical oxygen
demand (COD) analysis in order to determine the solubili-
zation of microalgal biomass [33]. COD solubilisation was
calculated as per Prajapati et al. [34].

Hydrothermal Pretreatment

Hydrothermal pretreatment was carried out in an autoclave.
The pretreatment conditions were 100 °C and 120 °C for
30 min. The exposure time was kept the same for both the
temperatures. Pretreatment of biomass was performed in
Erlenmeyer flasks with a working volume of 200 mL. The
flasks were plugged with cotton and then kept in the auto-
clave. The temperature of the autoclave was raised to the
target value. At this point, algal biomass was retained under
the aimed temperature for the decided exposure time. After
this, atmospheric conditions were attained by releasing the
pressure slowly. Finally, the flasks were cooled in tap water
for about half an hour to reach room temperature and stored
at 4 °C until use. The biomass solubilization was evaluated
by measuring the chemical oxygen demand (COD) for the
liquid phase after given treatment [33]. COD solubilisation
was determined according to Prajapati et al. [34].

Microscopy of the Untreated and Pretreated
Samples

The optical microscopy and SEM were carried out to evalu-
ate the effect of various pretreatments on the algal biomass.

Optical Microscopy

The untreated and treated samples were observed microscop-
ically (Olympus 528293 microscope) to assess the qualita-
tive information on the effect of enzymatic and hydrothermal
pretreatments on microalgae cells. The optical microscope
used was equipped with the Debro 5.1 Megapixel digital
camera and the Toup view software program.

Scanning Electron Microscopic (SEM) Analysis

The surface structure of the S. subsalsa BGLR6 before and
after pretreatments (Enzymatic and hydrothermal pretreat-
ment) were also analyzed by scanning electron microscope
imaging according to Bozzola and Russell [35]. The sample
was processed by dehydrating it with the increasing alcohol
series (50%, 70%, 80%, 90%, 95% and 100%) followed by
mounting it on the carbon tape. Thereafter, the sputter coat-
ing was carried out with the gold particles and then viewed
under the Scanning Electron Microscope (Hitachi S-3400N,
Germany) at the accelerating voltage of 15000 V.

Fourier Transform Infrared (FT-IR) Spectroscopy

The treated as well as untreated biomass was analyzed for
changes in the composition of the structural components
by Fourier transform infrared spectrometer (Thermo Sci-
entific Nicolet 6700 spectrometer). One mg algal samples
(both untreated and pre-treated) were mixed with 10 mg
activated KBr. KBr was activated by heating in an oven at
60 °C for 12 h to get rid of moisture. The mixture of algal
sample and KBr was then made a fine intimate powder by
crushing in crystal mortar with a crystal pestle. The fine
powder was then pressed in a Hydraulic Pellet Press to
make a uniform thin pellet. The pellet was then put inside
the FT-IR spectrometer. Spectra were collected in the
4000-400 cm™! range, with a 4 cm™! interval and 32 scans
at room temperature.

Determination of Biogas Production Potential
Through BMP Test

After different pretreatments, the biogas production potential
of the algal biomass was determined through biochemical
methane potential (BMP) test protocol [9]. The experimenta-
tion was studied in 300 mL capacity digesters (Borosil). The
anaerobic digester set up consists of a digester, a gas collecting
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chamber and a liquid collecting chamber. The digester with
the working volume kept to 150 mL was sealed with a rubber
cork and araldite (adhesive). The inoculum (digested biogas
slurry) was aseptically transferred to experimental bottles from
an actively running cattle dung based biogas plant. The inocu-
lum was first degassified by incubating it at the thermophilic
temperature (45-50 °C) for 7-10 days. This incubating the
inoculum also increases the microflora responsible for anaero-
bic digestion in it. The substrate to inoculum ratio of 0.5 was
used for the experiments. The volume up to 150 mL was made
by distilled water. Digester containing only untreated biomass
was used as the control. After inoculation, the installed digest-
ers (in triplicates for each sample) were placed under station-
ary conditions at 35 + 2 °C for incubation and the amount of
biogas generated was measured after every twenty four hours
for a period of 30 days through acidic (HCI) water (pH < 3)
displacement method. In parallel to this, the biogas production
from the control digester was also studied. The biogas produc-
tion studies were carried out for the digesters in triplicates.
The volatile solids were determined according to the stand-
ard methods of AOAC [36] both before (at the initial stage)
and after digestion (i.e., after 30 days). The percentage of vola-
tile solids reduction (VSR%) was calculated as per Eq. (1).

VSR(%) = VS
bd

x 100 (1)
where VS, 4 and VS, signify volatile solids before and after
anaerobic digestion.

Kinetics of Biogas Production

The kinetics of biogas production in all the biogas experiments
was studied by using the modified Gompertz equation and
also a modified first-order kinetic equation. The biogas pro-
duced was measured on daily basis. From this, the daily and
cumulative biogas production in terms of mL biogas g~ VS
was calculated. The cumulative biogas data was then fitted
with the Gompertz equation for calculating the enhancement
in ultimate biogas production potential or yield (P), lag phase
(A) and the maximum rate of biogas production (R,,) in the gas
production profile. The used Gompertz equation, adopted from
Prajapati et al. [37] is given as

R, xe
M=P*exp[—exp{<mT>*(A—t)+l}] )

where M is the cumulative biogas yield (mL biogas g~ VS
added) and e = 2.718.

Furthermore, to predict and assess the enhancement in
the hydrolysis constant (k;,), the cumulative biogas data was
evaluated by first order kinetic equation. This kj, provides the
estimation of the substrate biodegradability. It was supposed
that the hydrolysis in the feedstock (algal biomass) digestion
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follows first-order kinetics and k;, was then calculated by fit-
ting the cumulative biogas data to the first order hydrolysis
kinetics model adopted from Angelidaki et al. [38].

M = P{1 — exp(-K; 1)} 3)

MS Solver of Excel 2007 was utilized as the platform to fit
the experimental data in the models.

Statistical Analysis

All the experiments were done in triplicates. Results are
reported as mean. The significant difference in biogas pro-
duction from pretreated and control (untreated raw biomass)
was studied by Duncan’s Multiple Range test.

Results and Discussion

Effect of Enzymatic and Hydrothermal
Pretreatments on Algal Biomass

The qualitative information of the pretreatments on S. sub-
salsa biomass was ascertained from the optical and scan-
ning electron microscopy. It is evident from Figs. 1 and 2
that more damage to the algal cells is caused by higher dose
enzymatic and hydrothermal pretreatment. The visual obser-
vations of enzymatically and hydrothermally pretreated algal
biomass showed a substantial change in colour (from green-
ish to yellowish). The release of chlorophyll was found in
all the pretreatments but the prominent release was noted
for 10% 24 h, 20% 24 h and hydrothermal pretreatment
(Fig. 1). In the case of enzymatic pretreatment, the depig-
mentation was found more as both the exposure time and
dose were increased. However, overall, the highest depig-
mentation occurred in hydrothermal pretreatment (Fig. le,
f). Apart from depigmentation, prominent cell aggregation
was noticed in case of hydrothermal treatment than enzy-
matic pretreatment as is evident from SEM images (Fig. 2d,
e). The depigmentation and aggregation are the indications
of the damage of the cell wall. The probable reason for the
floc and aggregate formation of microalgal cells might be
the release of the cellular content through hydrothermal and
enzymatic action on the cell wall. Our results are in line to
those of the various researchers who too observed the aggre-
gation of algal cells on enzymatic pretreatment [37, 39]. In
10% 24 h pretreatment, the rod and coiled structure were
intact, but the rods were clumped together (Fig. 2b). How-
ever, in 20% 24 h enzymatic pretreatment, the uncoiling of
the filamentous structure of S. subsalsa BGLR6 was noticed
(Fig. 2c). After uncoiling, the structure got disintegrated and
resulted in the floc formation (Fig. 2c—e). It concludes that
both dose percentage and pretreatment time have a consid-
erable effect on the algal cell structure. The hydrothermal
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(b) 10 % 12n

(e) 20 % 24h

(f) 100°C 30min

(€) 20 % 12h (d) 10 % 24n

(g) 120°C 30min

Fig. 1 a—g Optical microscopy images of BGLR6 biomass pretreatment (enzymatic b—e and hydrothermal pretreatment f, g)

pretreatment damaged the cells, the structure of algal cells
was lost, as if it appeared that the cell wall was disrupted.
These things can be better seen from both the optical micros-
copy (Fig. la—g) and SEM (Fig. 2a—e) images. These images
supported well the visual findings. The other researchers too
found that hydrothermal pretreatment led to the disruption
of the cell wall of algal cells [22, 40].

Although the pretreatment action of enzymatic and
hydrothermal treatment can be confirmed by optical micros-
copy and SEM, however for the comparative evaluation of
the pretreatments, quantitative information is provided by
COD solubilisation (%). It helps in monitoring the amount
of cellular constituents released upon pretreatment of algal
biomass [9]. The enzymatic and hydrothermal pretreatment
of algal biomass was found to cause the cell degradation and
increase in soluble chemical oxygen demand (sCOD) com-
pared to the untreated one and thus the COD solubilisation
(%). In case of the enzymatic pretreatment, 23.70-42.22%
COD solubilisation was recorded with highest observed in
10% 24 h (42.22%) followed by 20% 12 h (34.81%). This is
in harmony with the results of Prajapati et al. [37] who too
observed an increase in COD with pretreatment time. How-
ever, for hydrothermal pretreatment, the COD solubilisation
% at 120 °C for 30 min (32.96%) was found close to 100 °C
for 30 min (29.26%). Ometto et al. [20] too have observed
similar response that at temperatures < 150 °C, the sCOD
concentration is almost the same. The higher amount of
sCOD released and thus higher COD solubilisation in enzy-
matic treatment (10% for 24 h) could be due to the escape
of intracellular organic matter from the partially damaged

cells of S. subsalsa BGLR6. The floc formation in higher
dose enzymatic pretreatment and hydrothermal could have
prevented the release of organic cellular constituents and
due to which the sSCOD measured in these cases was com-
paratively less. The increase in sCOD indicates the breaking
down of complex, insoluble organic cell constituents into
simple forms by the pretreatments applied. The soft cell wall
of Spirulina made up of complex proteins, sugars, as well
as its filamentous nature, makes it more easily degradable
[19]. However, the COD solubilisation percentage in our
study was found to be comparatively lower than previously
reported [9, 41-43]. This could be possibly due to the floc
formation of algal cells during pretreatment (evident from
Fig. 2) which could have prevented the release of organic
matter of algal cells.

Characterization of Pretreated Microalgal Biomass
by FT-IR

Spirulina consists of complex compounds, its infrared
spectrum is complex and contains several bands from the
contribution of different functional groups in proteins, sac-
charides, and others nutrients. The principal components
all have their own infrared characteristic peaks. The finger-
print regions of the FT-IR spectra of raw and pretreated S.
subsalsa BGLR6 biomass are presented in Fig. 3a—e. This
FT-IR analysis of the samples was carried out in order to
illustrate the structural and chemical changes taking place
during pretreatments in the algal cells [29]. The unique
appearances of transmission spectra from untreated and
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Fig.2 a—e SEM images of
BGLRS biomass pretreatment
(enzymatic b, ¢ and hydrother-
mal pretreatment d, e)
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(d) 100°C 30min

pretreated BGLR6 biomass samples shown in Fig. 3 had
5-7 clear bands over the wavenumber range 4000-500 cm™".
These bands were identified tentatively in accordance with
the available literature [44—49]. The infrared spectrum is
obtained due to the absorption of electromagnetic radiations
at certain frequencies that correlate to the vibration of spe-
cific chemical bonds in a molecule. The vibrations are of
different types but the most simple is bending and stretch-
ing to visualize. The vibrations cause a change of dipole
moment which results in the absorption of infrared radia-
tion for the molecule or the functional group under study
[50]. A functional group was allotted to each peak. Mostly
a downshift was observed at all peaks in all the samples
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(e) 120°C 30min

except the enzymatically pretreated samples (10% 24 h and
20% 24 h) wherein an upshift was noted approximately at the
peak 1408.1 cm™!. The main transmission bands at approxi-
mately 3406.0-3426, 2924.2, 1658-1668.6, 1408.1-1453,
1046-1088, 856-871.3 and 534-590 cm™! were observed
in the spectra of pretreated microalgal samples. The band at
3406.0-3426 cm™! is chiefly due to the stretching vibration
of N-H bonds in proteins and O-H stretching vibrations
in hydrogen bonds and intermolecular hydrogen bonds [51,
52]. The band at 2924.2 cm™! mainly represents the asym-
metric stretching of CH, of lipids with the little contribution
from carbohydrates, proteins and nucleic acids. Similarly,
the 1658-1668.6 cm™! corresponds to the amide I (C=0
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Fig.3 a—e Infrared absorption spectra (cm™") of pretreated BGLR6 biomass, a untreated one, b enzymatically pretreated biomass (10% 24 h), ¢
enzymatically pretreated biomass (20% 24 h), d, e hydrothermally pretreated biomass (100 °C 30 min and 120 °C 30 min)
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Fig.3 (continued)

stretch) of proteins whereas bands at 1408.1-1453 cm™!
represent the asymmetric stretching (bend) of CH,, CH; of
proteins and asymmetric stretching of CH, of lipids. The
bands at 10461088 cm™! are mainly from the vibrations
of C-O or C-C of saccharides, symmetric stretching of
C-0O-C of polysaccharides. Also a general downshift was
observed in all the samples with respect to the untreated
one in the region 2850—1700 cm™~! which mainly represents
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lipids, carbohydrates and proteins [45]. The absorption at
870 cm™! is assigned to C—H bending on an aromatic ring.
With pretreatment, it was found that the intensity of all the
bands except at 871 cm™! decreased significantly. The shift-
ing of bandwidth and broadening of peaks were observed
in all the pretreated samples compared to the untreated
one. The maximum shifting up to 3426 cm™ in the band at
3406 cm™! was found in hydrothermally pretreated (100 °C
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Table 1 Value of different parameters estimated from Gompertz model and volatile solid reduction (VSR) obtained for BGLR6 biomass
Biomass pretreatment Total biogas P (mL g’l VS) R, (mL g’1 dh A (day) k;, (per day) R? VSR (%)
(Lkg™'s)
Untreated MA 23.77¢ 466.99 19.13 1.44 0.047 0.997 49.88
10% 12 h 32.77 554.07 20.41 0.33 0.055 0.997 63.90
20% 12 h 31.13%d 560.48 23.32 0.11 0.065 0.998 63.34
10% 24 h 42.73% 768.92 32.16 0.09 0.065 0.999 67.88
20% 24 h 34.73° 589.46 22.82 0.07 0.060 0.999 68.98
100 °C 30 min 33.30% 519.03 28.17 0.05 0.086 0.998 72.59
120 °C 30 min 27.57¢ 421.65 13.56 0.01 0.046 0.997 76.10

Values (means) superscripted by the same alphabets in the column are not significantly (P<0.05) different from each other (Duncan’s multiple

range test)

MA microalga Spirulina subsalsa BGLR6 biomass, S substrate algal biomass, P ultimate biogas yield, R,, maximum rate of biogas production, 1
lag phase, k, hydrolysis constant, R> coefficient of determination, VSR volatile solid reduction

30 min) biomass. The band around 1668 cm™! also shifted
maximum by 8 units. The band at 1408 cm™" shifted slightly
by 2 units with the decrease in intensity in enzymatically
pretreated samples while as the major shift up to 1453 cm™!
in this band along with an increase in intensity was seen
in hydrothermally pretreated ones compared to others. The
band at 1056 cm™! shifted maximum in enzymatic pretreat-
ment. Similarly, the prominent shift in the band at 589 cm™!
was noticed in enzymatically pretreated biomass. Though
the transmission peak positions changed, the transmission
bands in all the pretreated S. subsalsa BGLR6 biomass were
quite similar with those of the untreated (control) sample.
The changes in band position and intensity may indicate the
decrease in the content of structural components and for-
mation of new types of groups from free radical groups
generated during pretreatment [51, 53]. The broadening of
the band also represents the weakening of the bond due to
pretreatment. As these peaks represent proteins, second-
ary amines (proteins, lipids), saccharides carbohydrate, the
decrease in their intensity corresponds to a decrease in their
content. The peak at 2924 cm™! almost vanished in enzy-
matic treatment thus depicting the lipid and carbohydrate
structures were broken down, however, the same band was
found to have retained in hydrothermal pretreatment. The
intensity of peaks among pretreated samples was more in
10% 24 h, thus supporting the observation of sCOD which
was more in this compared to the others, thus further vali-
dating that the cells of S. subsalsa BGLRG6 in this case were
partially damaged. So, from these spectra it was determined
that the treatment affected mostly the protein and carbo-
hydrate structures of the microalgal cells. The decrease of
FTIR band heights of proteins, carbohydrates and lipids as
observed from FTIR spectra determines the breakdown of
carbon storage products [54]. We know the fact that the cell
wall of cyanobacteria is composed of peptidoglycan (poly-
mer of sugars and amino acids) [46], thus we can conclude

that the cell wall of S. subsalsa BGLR6 was effected by the
pretreatments.

Biogas Production Potential of Microalgal Biomass

The biogas production potential of untreated and pretreated
S. subsalsa BGLR6 biomass was measured under controlled
temperature (35 + 2 °C) conditions for 30 days. The modi-
fied Gompertz equation was utilized to fit the cumulative
daily biogas yield and to calculate various kinetic con-
stants. Further, a modified first-order kinetic equation was
applied to calculate the hydrolysis constant. The total biogas
measured (in L biogas kg~! substrate) for 30 days ranged
from 23.77 to 42.73 for S. subsalsa BGLR6 (Table 1). The
biogas production showed an increase from the day firsti.e.,
it started without any lag phase (A) in all the experimental
sets except the untreated one i.e., control as can be seen in
Table 1 and Fig. 4. The biogas yield did not differ from 8th
to 19th day between the samples pretreated by 10% enzyme
dose for 12 h and untreated one and similarly no differences
were found in samples pretreated with 20% enzyme dose
for 12 h and 20% enzyme dose for 24 h from 5th to 24th
day (Fig. 4). The kinetics of biogas production from the
untreated and pretreated biomass of S. subsalsa BGLR6,
for all the sets of experiments, was studied. While studying
the kinetics of biogas production from BGLR6 biomass, it
was noticed that the digester containing biomass pretreated
with enzyme mix of dose 10% for 24 h produced the highest
biogas production potential (P) of 768.92 mL g~! VS at a
maximum biogas production rate (R,,) of 32.16 mL g~! d~!
with a lag phase (A) of 0.09 days (Table 1) at the end of
30 days. This suggests that the multi-enzyme mix would
have solubilised the microalgal organic matter, increased its
availability and thus degradability by anaerobic microflora.
Compared to the application of hydrothermal pretreatment,
the enzymatic pretreatment (10% 24 h) application in our
study increased the release of sSCOD by 26.32%—-41.18%,
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Fig.4 Variation and fitting of 300 - ¢ Untreated biomass A 10%12h X 20%12h
the cumulative biogas pro- + 10% 24 h 20% 24 h B 100°C 30 min
duction data with time for 120°C 30 min = Model Line

untreated and pretreated Spir- ~ 700 -

ulina subsalsa BGLR6 biomass
with the Gompertz model

500 A

400 A

300 A

200 A

Cumulative biogas production (mL g-1 VS

thus indicating the higher degree of organic matter solubi-
lisation. Hence, more microalgal organic matter was made
available in our study by enzymatic pretreatment which ulti-
mately led to the enhanced biogas production compared to
control. However, it is imperative to mention here that
although the multi-enzyme mix used in this study contains
cellulase and hemicellulase (non-specific enzymes as cell
wall of Spirulina does not contain cellulose and hemicellu-
lose) along with protease, the pretreatment proved to be effi-
cient and effective. This could be attributed to the synergistic
effect of these non-specific enzymes with that of the specific
enzyme as reported in many studies [34, 55-57]. The least
biogas production potential (P) was noticed in raw biomass
(466.99 mL g~!' VS) and biomass pretreated hydrothermally
at 120 °C 30 min (421.65 mL g~! VS). This low biogas
production than expected from biomass pretreated with
120 °C for 30 min could be possibly due to the formation of
complex molecules on the degradation of sugars and carbo-
hydrates through Maillard and Caramelisation reactions as
higher temperature favours these reactions [58]. Similarly,
the lower biogas production from biomass pretreated with
higher dose enzyme and 100 °C 30 min hydrothermal could
be due to the same reason. It appears in these cases that the
biomass solubilized was not transformed into biogas effi-
ciently due to some inhibitory product formation. Passos
and Ferrer [59] too observed lower than expected methane
yields with hydrothermal pretreatment of Oocystis sp. but
comparatively higher than observed in our study. It could
be due to the different algal species used in both the studies.
The effect of pretreatment varies from substrate to substrate
and species to species depending on the morphology and
biochemical composition [7, 16].

@ Springer
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The biomass pretreatments resulted in enhancement of
biogas production (P) and biogas production rate (R,) by
1.11-1.65 and 1.07-1.68 times higher compared to that of
untreated biomass. An increase in the volatile solids reduc-
tion (VSR) was observed on pretreatment of microalgal
biomass. The volatile solid reduction in pretreated biomass
increased from 28.11-52.57% to that of untreated biomass.
This determines and confirms that pretreatment increases the
digestibility of the substrates. The modified Gompertz equa-
tion suitably and satisfactorily described biogas production
with a goodness of fit (Rz) of 0.997, 0.997, 0.998, 0.999,
0.999, 0.998 and 0.997 for digesters A, B, C, D, E, Fand G
respectively, as can been observed from Fig. 4. The hydroly-
sis stage is the rate-limiting step in anaerobic digestion of
microalgae biomass. To assess the hydrolysis of the sub-
strate, the hydrolysis constant was calculated according to
Eq. (3). While the untreated biomass exhibited K, of 0.047
d~!, the pretreated biomass ranged 0.049-0.086 d~'. These
results were in harmony with those of Passos and Ferrer [59]
who too registered K; changes when given hydrothermal
pretreatment to microalgal biomass. The maximum hydroly-
sis constant was observed for biomass pretreated hydrother-
mally at 100 °C for 30 min, but the ultimate biogas pro-
duction potential (P) was less than enzymatically pretreated
samples. The possible reason for this may be the ammonia
toxicity as proteins form the major constituent in S. subsalsa,
thus having a low C/N ratio. The hydrothermal pretreatment
led to the hydrolysis of proteins (amino acids) as is evident
from the qualitative analysis (optical microscopy, SEM and
FTIR) of the biomass in this study. The protein hydroly-
sis results in the production of ammonia and this ammonia
causes an increase in both alkalinity and pH in the digester
which in turn is responsible for the depletion of available
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substrate (acetate) to methanogens. This reduces the metha-
nogen growth and ultimately the biogas production [1, 6,
60, 61]. Also, it is the fact that K, comprises the part of the
ultimate biogas yield being converted to the actual biogas
yield. These pretreatments especially enzymatic not only
provided the highest biogas yield but also the fastest. This
will be beneficial as pretreated biomass would demand less
retention time compared to untreated biomass and thus low
energy input is needed. Further, the cumulative biogas yield
curves obtained from the digesters under study were found
to be sigmoidal in nature (Fig. 4). These type of curves have
been described in anaerobic batch digestion experiments by
various researchers [62, 63].

Finally, it is demonstrated that the enzymatic pretreat-
ment is an effective approach for enhancing the microalgae
anaerobic digestion process and thus biogas yield. However,
more research is required to optimize and enhance the com-
petence of the pretreatment approach.

Conclusion

This study aimed at investigating the effect of enzymatic and
hydrothermal pretreatments on S. subsalsa BGLR6 biomass
for biogas production. The sCOD release and biogas produc-
tion were more in enzyme pretreated biomass compared to
that of the hydrothermal pretreated biomass. although the
prominent cell aggregation, highest depigmentation and also
VSR (%) (indicators of cell wall damage) were noticed in
hydrothermal pretreatment. A positive equivalence between
VSR and biogas production was not observed in hydrother-
mal pretreatment. The pretreatments enhanced the ultimate
biogas production potential and biogas production rate (R,,)
by 1.11-1.65 and 1.07-1.68 folds compared to the untreated
raw biomass. On the whole, the enzyme mix of dose 10%
for 24 h of exposure time produced the best results, which
need to be further evaluated for full-scale viability in terms
of economics and sustainability at pilot scale.
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