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Microalgal biomass has been considered as a possible alternative source of carbohydrates and lipids in
fermentative/reactional processes, called third generation of biofuels. Carbohydrates from microalgae
are mostly composed by glucose and some pentose-derived polymers that must be hydrolyzed to be effi-
ciently used. When enzymatic hydrolysis is applied a pretreatment is required. Sonication/ultrasonica-
tion is one of the most promising methods, and in this paper the influence of pretreatment time,
sonication intensity and biomass concentration was validated, and the energy consumed in the process
compared as well. Sonication intensity had the major role on the enzymatic accessibility. Pretreatment
time can be used to decrease hydrolysis time. More than 90% of hydrolysis efficiency was reached when
higher amplitude (sonication intensity) and pretreatment time were used. The applied energy influenced
indirectly the hydrolysis process. The best saccharification/energy relation was reached when 50% of
amplitude for 25 min was applied, obtaining 91% of hydrolysis yield and spending 2.4 MJ/kg of dry
biomass.
Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microalgal carbohydrates have been showed as an interesting
alternative to conventional fermentative processes, thus contribut-
ing to third generation of biofuels which has several advantages in
comparison to the two first ones: it avoids the food vs fuel compe-
tition as well as recalcitrant lignocellulosic problems (Silva and
Bertucco, 2016). Ethanol (Silva and Bertucco, 2016), methane
(Ding et al., 2016), hydrogen (Kumar et al., 2016) and buthanol
(Wang et al., 2014a) can be cited as promising applications. Most
sugars present in microalgal biomass are glucose polymers (cellu-
lase, starch or glycogen, the last for cyanobacteria), but to be effi-
ciently fermented this sugar content needs to be hydrolyzed
(Chen et al., 2013; Vitova et al., 2015).

Among the algal hydrolysis methods, dilute acidic and enzy-
matic procedures exhibit better efficiencies. Acidic hydrolysis is a
non-specific reaction generally performed with acid concentration
between 1 and 10% and temperatures of 110–140 �C (Agbogbo
et al., 2006; Logothetis et al., 2007; Nguyen et al., 2009; Nasser
and Moghaz, 2010; Miranda et al., 2012; Ho et al., 2013; Lee
et al., 2013; Wang et al., 2014b; Ashokumar et al., 2015; Wang
et al., 2016; Silva et al., 2018), but has as bottlenecks the need of
high amount of chemicals during the hydrolysis, a pH adjustment
prior to the fermentation step and a high amount of salt formation
which has inhibiting action against yeasts (Agbogbo et al., 2006;
Logothetis et al., 2007; Nasser and Moghaz, 2010; Casey et al.,
2013; Silva et al., 2018). On the other hand, enzymatic processes,
besides of the high cost of enzymes, provides a more specific pro-
cess at middle temperature and pressure, resulting in lower heat-
ing costs, and decrease the possibility for degradation processes
to occur. However, to apply this last method, a pretreatment to
improve the accessibility of carbohydrates to the enzymatic attack
is necessary (Silva and Bertucco, 2016).

Several methods for algal cell disruption have been evaluated so
far: ultrasonication, bead beating, microwave, osmotic shock
(NaCl) and autoclaving (at 121 �C), and the results are different
(Jeon et al., 2013; McMillan et al., 2013; Kurokawa et al., 2016).
Sonication has the advantage of being able to disrupt the cells at
relatively low temperatures (lower than microwave and autoclav-
ing), faster extraction, suitability for all cell types, and it does not
require beads or chemicals thus decreasing production costs
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(Jeon et al., 2013; McMillan et al., 2013; Byreddy et al., 2015;
Kurokawa et al., 2016). Generally, it is divided in two ranges: low
frequency non-focused ultrasound (LFNFU), at 20–50 kHz, and
high-frequency focused ultrasound (HFFU), at 1–3 MHz; the first
range is more suitable to heterogenous and enzymatic catalysis
of biomass (Wang et al., 2014c). The high-energy impact and cor-
rosion by high-intensity ultrasound to the biomass system con-
tributes more easily to pretreat, fractionate and react with
biomass under mild conditions, resulting in a higher yield of reac-
tion and catalytic activity over thermochemical methods (Luo
et al., 2014).

So far, ultrasonication has been used to prepare microalgal bio-
mass, generally often, without verifying the intensity or energy
efficiency of the process (for carbohydrate extraction and hydroly-
sis efficiency). For instance, Chlamydomonas fasciatawas submitted
to 30 W and 20 kHz for 30 min and extracted practically all intra-
cellular starch (Asada et al., 2012), Chlorococcum using 130 W
and 40 kHz for 25 min, reached 62.8% of glucose hydrolysis yield
(Harun and Danquah, 2011a); Chlorella vulgaris at 24 kHz and
40% amplitude for 15 min achieved 75% of sugars recovery (Kim
et al., 2014), in contrast to Chlorella sp. KR-1, with 27.4% of hydro-
lyzed sugars (Lee et al., 2015) and Chlorella homosphaera (both
unpretreated biomass) with 47% of total glucose in biomass
(Rodrigues et al., 2015), showing the importance of the pretreat-
ment. Actually, seeking for the most energy efficient pretreatment
for algal materials by parameter optimization is a research need
(Luo et al., 2014).

Additionally, the sugars enzymatic hydrolysis process from
microalgal biomass has shown lower yield in comparison with
acidic treatment, and longer hydrolysis time are required
(considering an acceptable value of biomass concentration in view
of large scale exploitation), as for example, 27.4 instead of
93.3% for Chlorella sp. (50 gdry biomass/L and 3 h) (Lee et al., 2015),
64 compared to 96% for Chlorella vulgaris FSP-E (40 gdry biomass/L
and 2–3 days) (Ho et al., 2013) and 62.8 instead of 100% for
Chlorococcum (10–15 gdry biomass/L and 12 h) (Harun and
Danquah, 2011a; Harun and Danquah, 2011b). These results
emphasize two probable problems of the experiments: ineffective
pretreatment and/or specificity/concentration of the enzymes.

For this reason, this chapter is focused on the pretreatment
using ultrasonication changing the time, intensity of ultrasound
and biomass concentration, and verifying the relation between
them and the energy consumption to saccharify Scenedesmus obli-
quus biomass.
2. Material and methods

2.1. Microalgal biomass

Scenedesmus Obliquus 276.7 (SAG- Goettingen) biomass was
obtained by continuous cultivation in photobioreactor at
23 ± 1 �C, and maintained in a modified BG11 with nitrogen limita-
tion to promote the accumulation of carbohydrates (Rippka et al.,
1979; Silva et al., 2017), using 180 mg/L of N-nitrogen and
100 mg/L of P-phosphorous, being the rest of nutrients provided
in double concentration.

The continuous cultivation was performed in a vertical flat-
plate polycarbonate CSTR (continuous stirred tank reactor) PBR
(photobioreactor) with a working volume of 700 mL, a depth of
1.2 cm, and the irradiated surface measuring 30 cm (length) and
19.5 cm (width).

CO2 in excess was provided by a CO2–air mixture (5% v/v) bub-
bling at the reactor bottom (1 L/h of total gas flow rate), which also
provided mixing. A magnetic stirrer was used as well to prevent
any deposition of biomass and thus ensuring a good mixing of
the reactor. The fresh medium was fed at a constant rate by a peri-
staltic pump (Watson-Marlow sci400). The flowrate was regulated
to obtain a residence time s = 2.3 ± 0.3 days.

Light was provided by a LED lamp (Photon System Instruments,
SN-SL 3500-22) and fixed at 650 mmol photons/(m2 s). Photon Flux
Density (PFD) was measured on both the reactor front and back
panels using a photoradiometer (HD 2101.1 from Delta OHM),
which quantifies the photosynthetically active radiation (PAR).
Biochemical characterization included the determination of mois-
ture (method 934.01), ash (method 942.05), protein (method
2001.11), lipid content (method 2003.05), carbohydrates and
monomers by HPLC (AOAC, 2002).

2.2. Enzymatic hydrolysis and analytical procedures

Enzymatic hydrolysis was performed using citrate buffer
50 mM, pH 5.0 at 50 �C. Enzymes mix was composed by Vis-
cozyme� L (Novozymes cellulases mixture with �100 FBGU/g –
betaglucanase units), AMG 300 L (amyloglucosidase from Aspergil-
lus niger with 260 U/mL) and Pectinex Ultra SP-L (pectinase from
Aspergillus aculeans with �3800 U/mL). All of these were produced
by Novozymes� and purchased from Sigma-Aldrich�.

Enzyme concentrations per gram of biomass were fixed since
the experiments must validate the effect of ultrasonication on
extraction and saccharification of microalgal sugars. The concen-
trations were: Viscozyme L� – 20 U/gbiomass, AMG 300 L� – 100U/
gbiomass and PectineX Ultra SP-L� – 1000U/gbiomass. Operating con-
ditions were based on published papers been the environmental
conditions able to permit each enzyme to work with a sufficient
activity to perform the hydrolysis adequately (Harun and
Danquah, 2011a; Asada et al., 2012; McMillan et al., 2013; Kim
et al., 2014; Lee et al., 2015). Sodium azide was used in a concen-
tration of 0.02% (w/v) to prevent contamination.

Saccharification efficiency is given by:

%Saccarification ¼ M g
L

� � � 0:9
DCW g

L

� � � CC � 100 ð1Þ

where M is the yield of monosaccharides in the hydrolysed broth,
DCW is the initial dry cell weight (biomass concentration) and CC
is the carbohydrate content, generally between 0.1 and 0.6 (10–
60% of dry cell weight). The factor 0.9 is referred to the mass differ-
ence due to the monomers hydration after the hydrolysis.

Dry cell weight was measured by gravimetry using cellulose
acetate filters of 0.45 lm (Whatman�) at 105 �C and 2 h. Filters
were pre-dried for 10 min at 105 �C in order to remove any mois-
ture. Carbohydrate content (CC) in biomass was determined by
Anthrone method which performed total sugars saccharification
with concentrated sulphuric acid, and then all monomers react
with antrone (Trevelyan and Harrison, 1952). Monomers (M) were
determined by DNS method which determines only monomers
present in the broth (Miller, 1959; Silva et al., 2015).

2.3. Preliminary experiments

Preliminary experiments to confirm the advantages of ultrason-
ication with respect to a control condition were carried out. The
negative control condition used the microalgal biomass without
any treatment and the positive control (exploded cells) utilized
biomass suspension after autoclaving at 121 �C and 1 atm for
20 min (vapour-lineeco VWR�). Ultrasonication was done by using
an Ultrasonic generator (cylindrical 1.5 cm of diameter and
12 cm of height, AA–WG1–800W – SN 154, Active Arc Sarl,
Switzerland) positioned centrally in the reactor (4 cm of diameter
and 12 cm of height) with different amplitude/offset and reaction
time options. The working volume of the reaction was 20 mL.



Fig. 1. Saccharification of the preliminary experiments. Control (�) – Whitout
treatment; Sonication – 40% amplitude, 40 kHz for 40 min and Control (+) –
Autoclaving at 121 �C for 20 min.

608 C.E. de Farias Silva et al. / Journal of King Saud University – Science 32 (2020) 606–613
The parameters were set to 40% of amplitude, 25% of offset for
40 min, which the equipment provided a power of 30 W, value
based on previous works (Harun and Danquah, 2011a; Asada
et al., 2012; McMillan et al., 2013; Kim et al., 2014; Lee et al.,
2015). Sonication was applied in continuous (non-pulsed) mode
with constant amplitude. The energy consumed in the process
changed depending of the amplitude/offset and reaction time (cal-
culated by the generator from the beginning to the end of process
(input energy) and displayed in the equipment panel) and will be
discussed in Section 3.3. Biomass concentration in all preliminary
experiments was 10 g/L and optical microscopic visualization
was verified before and after the pretreatments with a magnifica-
tion of 75�.

2.4. Experimental design and statistical treatment

Ultrasonication assays were carried out according to a factorial
experimental design 23 with three central point (2n where n is the
number of independent variables), totalizing 11 experiments per-
formed in independent duplicates. The variables studied were time
(min), intensity of sonication (amplitude/offset) and biomass con-
centration (g/L) and the levels of the experimental design are sum-
marized in Table 1.

All statistical analysis were performed by the software Statis-
tica� for factorial design analysis assuming p < 0.05 (95% of signif-
icance), considering the variables and their linear interactions.

The efficiency of the process was compared also with respect to
the energy consumed per gram of biomass, to verify if it is the
intensity and the energy applied by ultrasonication can provide
higher accessibility of biomass to the enzymatic hydrolysis.
3. Results and discussion

Scenedesmus obliquus steady-state cultivation achieved a cell
dry weight of 3.97 ± 0.09 g L�1. Biochemical characterization (% of
dry matter) resulted in 33.63 ± 4.15 of proteins, 44.9 ± 4.5 of carbo-
hydrates, 25.34 ± 0.64 of lipids and 6.83 ± 0.01 of ash. The profile of
monosaccharides (% of carbohydrate content) was composed by
79.78 ± 3.96 of glucose, 16.14 ± 0.11 of xylose and 4.08 ± 0.31 of
other monomers.

3.1. Preliminary experiments

In Fig. 1, preliminary results with and without pretreatment are
shown. It is possible to conclude that sonication improved at least
by 30% the saccharification yield in comparison with the negative
and positive controls (without pretreatment and autoclaving pre-
treatment). In fact, these reached around 70% while with sonica-
tion all carbohydrate content was practically hydrolyzed in
monosaccharides.

This result is quite interesting in comparison to heat treatment.
As can be seen in Fig. 2, autoclaving microalgal biomass promotes
the completely cell explosion/de-structuration, but does not
improved hydrolysis efficiency, probably because diffusion effects
were limited by biomass aggregation (Fig. 2C). This is also in con-
trast with some comparisons made in the literature, which men-
tion heating methods as more effective to cell disruption and
Table 1
Levels of the factorial experimental design.

Variable �1 0 +1

Time (min) 5 15 25
Amplitude/Offset (%) 50/�40 60/�10 70/25
Biomass Concentration (g/L) 10 55 100
considered as best method to separate biomass fractions and pro-
mote enzymatic hydrolysis (McMillan et al., 2013). On the other
hand, after sonication an apparently not significant cell volume
reduction as likely to occur (Fig. 2B), and a good volume dispersion
(homogenization) is verified. Sonication promotes fissures and
cracks on algal cell surface and consequently enhances enzyme
accessibility (Jeon et al., 2013), and a reduction of cell volume
can or not occur (Kurokawa et al., 2016). In Fig. 2D, an ‘apparently’
cell reduction is observed after enzymatic hydrolysis, a behavior
which was already observed for C. homosphaera (Rodrigues et al.,
2015).
3.2. Experimental design and statistical analysis

As aforementioned, pretreatment time, sonication intensity
(amplitude) and biomass concentration were validated by a facto-
rial design of the experimental runs. The enzymatic hydrolysis was
very successful, with some experiments achieving more than 90%
of sugars recovery as monomers. As can be seen in Table 2, the best
runs were those with higher sonication intensity, higher pretreat-
ment time and lower biomass concentration (5 and 6), which
exhibited values near to 95% of saccharification, reaching almost
90% in 4 h of hydrolysis.

In fact, in the Pareto charts represented in Fig. 3 for each hydrol-
ysis time considered in this paper, it is possible to see that at the
beginning (3A) no influence of the variables in the pretreatment
was observed, i.e., the sugars concentration starts with approxi-
mately the same value. This is important, because the temperature
in some experiments remained with a maximum value of 40 �C
while other reached 90 �C (details are reported in Section 3.3).
After, all experiments were influenced positively by sonication
intensity (amplitude) and negatively for the linear interaction of
sonication intensity and biomass concentration (2 L by 3 L), i.e.,
higher sonication intensity promoted more enzyme accessibility
and, consequently, hydrolysis, and lower biomass concentration
was better pretreated. However, with respect to biomass concen-
tration, it is unfeasible to maintain an industrial process with
10 g/L of biomass, which is generally accounted to be at least
100 g/L. Another detail is the energy consumption of the process
and how much the hydrolysis yield is influenced by the energy
used in the pretreatment process, a point later discussed in
Section 3.3.

Additionally, an interesting consideration was found in the
experiments with 4 and 8 h of hydrolysis: the pretreatment time



Fig. 2. Optical visualization after the pretreatments. A) � Control (without treatment), B) Sonication, C) + Control (Autoclave) and D) Sonication experiment after enzymatic
hydrolysis. 10 g/L of biomass concentration and optical magnification of 75�.

Table 2
Saccharification results of all experiments and hydrolysis time.

Assay Time (min) Sonication parameter amplitude/
Offset (%)

Biomass concentration
(g.L�1)

Saccharification (%)*

Time (h)

0 2 4 8 24

1 5 50/�40 10 13.00 ± 1.41 32.18 ± 1.19 36.02 ± 2.01 62.26 ± 4.16 79.08 ± 5.06
2 25 50/�40 10 10.50 ± 0.71 37.54 ± 1.19 40.70 ± 0.74 82.24 ± 6.24 83.71 ± 0.89
3 5 50/�40 100 10.97 ± 0.14 66.33 ± 2.74 67.85 ± 1.95 70.00 ± 4.05 79.09 ± 1.35
4 25 50/�40 100 9.00 ± 1.41 65.83 ± 0.08 77.87 ± 0.38 83.06 ± 0.97 90.90 ± 0.08
5 5 70/25 10 11.00 ± 1.41 81.23 ± 6.69 86.66 ± 2.34 92.58 ± 4.46 92.89 ± 5.51
6 25 70/25 10 10.50 ± 0.71 88.50 ± 2.12 89.62 ± 9.29 93.04 ± 0.74 96.38 ± 1.96
7 5 70/25 100 9.89 ± 1.09 65.31 ± 7.20 68.65 ± 2.02 74.21 ± 2.40 79.67 ± 9.52
8 25 70/25 100 12.65 ± 0.04 67.82 ± 4.46 81.26 ± 0.53 85.29 ± 0.23 87.67 ± 8.54
9 15 60/�10 55 8.83 ± 0.45 74.72 ± 4.61 71.55 ± 0.40 74.02 ± 5.89 88.48 ± 7.48
10 15 60/�10 55 9.19 ± 0.05 70.32 ± 2.94 73.06 ± 1.87 75.17 ± 2.14 88.38 ± 5.48
11 15 60/�10 55 8.57 ± 0.19 77.65 ± 0.74 75.12 ± 2.01 74.15 ± 6.42 86.78 ± 5.35

* average ± standard deviation. n = 2. Carbohydrate content (% dry cell weight): 44.9 ± 4.5.
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influenced positively, i.e., if a faster hydrolysis time is required,
higher pretreatment time can be used.

We are not aware any sonication intensity study (amplitude)
applied to algal pretreatment for sugars hydrolysis in the litera-
ture. But some information is provided by sonication frequency
sensitivity to disrupt algal cells: Chaetoceros gracilis, Chaetoceros
calcitrans and Nannochloropsis sp., treated with frequencies
between 0.02 and 4.3 MHz, demonstrated the values of 2.2–
4.3 MHz as efficient in cell reduction (%) – a parameter used to
evaluate the process efficiency (Kurokawa et al., 2016). Scendesmus
dimorphus and Nannochloropsis oculata treated with 20 kHz and
3.2 MHz (low and high frequency) to evaluate chlorophyll and lipid
fluorescence and consequently extraction, demonstrated no differ-
ences in lipid recovery, even though the combination of high and
low frequencies could decrease the pretreatment time (Wang
et al., 2014c).

Wang et al. (2014c) also verified that the pretreatment time
influenced significantly the lipid extraction, proportionally
between 1 and 5 min, reaching value from 50 to 100% of lipid
extraction. In dark fermentation of ethanol, volatile fatty acids
(VFA) and hydrogen, the pretreatment time was a key-point to pro-
mote bioaccessibility/bioavailability of microalgal biomass (Scene-
desmus obliquus YSW15) in microbial fermentation reducing the
cell surface hydrophobicity and increase ethanol and VFA produc-
tion (Jeon et al., 2013). Thus, the additional positive influence of
the pretreatment time was expected and confirmed.

The regression curves and coefficients of the variables effects on
saccharification yield are presented in Eqs. (2)–(5), and their
surface graphs are in Fig. 4, showing more specifically the visual
representation of these effects.

SYð%Þ ¼ �92:01þ 2:39:Amp� 0:0185:Amp:Cbiomð2hÞ ð2Þ
R2 = 0.8632

SYð%Þ ¼ �92:34þ 3:095:Timeþ 2:473:Amp

� 0:0184:Amp:Cbiomð4hÞ ð3Þ
R2 = 0.9243

SYð%Þ ¼ �22:27þ 0:856:Timeþ 0:164:Amp

� 0:013:Amp:Cbiomð8hÞ ð4Þ
R2 = 0.9515

SYð%Þ ¼ 31:12þ 0:96:Amp� 0:012:Amp:Cbiomð24hÞ ð5Þ

R2 = 0.8954



Fig. 3. Effect of the variables on enzymatic yield for each hydrolysis time. A) 0, B) 2,
C) 4, D) 8 and E) 24 h.
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where: SY – Saccharification yield (%), Time – pretreatment
time (min), Amp – Amplitude/Offset (%) and Cbiomass – biomass
concentration (g/L).

3.3. Energy analysis

The energy analysis of the process is important towards an
industrial application. Energy duty is often a bottleneck of sonica-
tion treatment, thus, optimizing the energy required to provide an
efficient saccharification is a must. As reported in Table 3, the
ratio energy/biomass changed a lot. Experiments 5 and 6, which
reached around 95% of hydrolysis yield spent a considerable
amount of energy and make them an unfeasible choice. On the
other hand, experiment 4, reached 90% of hydrolysis (24 hrs)
and 83% after 8 h but using between 30 and 100 times less energy,
i.e., 2.4 MJ/kgbiomass in comparison with the experiments 5 and 6,
respectively.

Some literature values of energy consumption for microalgal
pretreatment using sonication are: 70.6 MJ/kg for Scenedesmus
obliquus YSW15 (Jeon et al., 2013); 1200 MJ/kg for Thraus-
tochytrid strains (Byreddy et al., 2015) and 44–132 kJ/kg (extrap-
olated) for Nannochloropsis oculata, but this reduced value
demonstrated much lower efficiency in comparison with micro-
wave oven, blender and laser treatments (McMillan et al., 2013).
Thus, the value of 2.4 MJ/kgbiomass represents a promising value,
mainly considering the energy content of microalgal biomass
which is generally between 20 and 22 MJ/kg (Sforza et al.,
2014).

In Fig. 5, a plot between the energy consumed and % of sac-
charification for each hydrolysis time is displayed. It can be
concluded that the hydrolysis efficiency does not depend directly
on the energy input, even though a trend be observed, but on
the intensity of amplitude mainly, emphasizing the message of
our study.

Ultrasound is a mechanical acoustic wave with the frequency
range from roughly 10 kHz–20 MHz. It imparts high energy to
reaction medium by cavitation and secondary effects (physical
and chemical) (Luo et al., 2014). When the ultrasonication is
used to break cells, it is important to determine the energy
intensity (experimentally represented by a combination of
amplitude-power generated and time) and population of active
cavitation to promote the specific reactivity with cells and
increase the accessibility to substrate (Kurokawa et al., 2016).
In this paper, the validation was based on enzymatic hydrolysis
of microalgal biomass, and, in fact, the intensity of sonication
showed to be important, but not directly linked to the
energy consumed in the pretreatment process. Specifically, this
indicates that physical and chemical changes can be achieved
by ultrasound which were sufficient to perform enzymatic
hydrolysis.
4. Conclusions

The profitability of performing enzymatic hydrolysis of the
sugars contained in Scenedesmus obliquus by ultrasonication
was addressed with respect to wave intensity, treatment time
and biomass concentration. Ultrasonication was effective to
treat microalgal biomass guarantying an excellent enzymatic
hydrolysis performance which can compete with chemical
methods, as for example, dilute acid treatment. Sonication
intensity and pretreatment time had positive importance to
enzyme accessibility to reach more than 90% of hydrolysis
yield with a limited and acceptable energy duty. The sugars
obtained by this way are available to several fermentative
possibilities.



Fig. 4. Surface graphs of the models obtained by the experimental design.
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Table 3
Energy consumption during sonication pretreatment.

Assay Power
(W)

Total energy
consumption (kJ)

Energy/Volume
(kJ/mL)

Energy/Biomass
(MJ/kgbiomass)

Final
temperature (�C)

Maximum yield
of sugars (%)**

1 2–4 0.98 0.049 4.90 30 79.08
2 2–4 6.02 0.301 30.10 42 83.71
3 2–4 0.92 0.046 0.46 32.1 79.09
4* 2–4 4.79 0.240 2.40 37.9 90.90
5 34–55 13.00 0.650 65.00 90.2 92.90
6 29–58 43.20 2.160 216.00 89.5 96.38
7 36–50 11.30 0.565 5.65 90.2 79.67
8 37–59 46.90 2.345 23.45 93.2 87.67
9 13–21 12.60 0.630 11.45 85 88.48
10 9–20 11.60 0.580 10.54 83.9 88.38
11 9–19 11.60 0.580 10.54 83.2 86.78

* 25 min, 50% of amplitude and 100 g/L of biomass.
** 24 h hydrolysis yield.

Fig. 5. Energy consumption versus % saccharification of the experiments.
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