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ARTICLE INFO ABSTRACT

Economical sustainability of cellulosic ethanol technology still requires considerable improvements in efficacies
of both pretreatment and enzymatic hydrolysis steps. In this work a number of physical techniques were applied
to characterize sugarcane bagasse samples that underwent hydrothermal and/or organosolv pretreatments under
variable conditions and to correlated the observed changes with the efficiency of enzymatic hydrolysis. Confocal
and field emission scanning electron microscopy studies revealed morphological changes in lignin distribution in
the plant cell wall. The hydrothermal pretreatment caused a disorder in the arrangement of the lignin, whereas
organosolv pretreatment partially removed lignin from bagasse and fraction of it redeposited at the surfaces of
cellulose fibers. The delignification process was also analyzed by both chemical composition analysis and nu-
clear magnetic resonance. Pretreatment conditions leading to a significant increase of the efficiency of enzymatic
hydrolysis were identified. Our studies open avenues for further biophysical investigations of pretreated lig-
nocellulosic biomass, which could lead to its improved enzymatic hydrolysis.
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1. Introduction The sugarcane bagasse is mainly composed of tridimensional

structural networks of cellulose intertwined by hemicelluloses and

Dwindling reserves of fossil fuels and growing concerns about
greenhouse gas emissions and environmental impacts are increasingly
encouraging the use of renewable resources and the development of
alternative feedstocks for biofuel production worldwide. In Brazil,
bioethanol production is still largely based on sugarcane juice fer-
mentation. However, sugarcane bagasse, which is the residue from the
milling process, is an energy-rich structure, containing cellulose,
hemicelluloses and lignin (Soccol et al., 2010). The use of agricultural
residues from the first-generation ethanol production, such as su-
garcane bagasse and leaves, can contribute to the complete utilization
of the raw material in the integrated biorefineries (Dias et al., 2012).
Processing of lignocellulosic feedstock to ethanol usually involves four
major unit operations: pretreatment, hydrolysis, fermentation, and
distillation (Taherzadeh and Karimi, 2007), but these processes are still
not fully efficient and should be optimized.
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lignin (Rezende et al., 2011). Lignin is a phenolic, branched, and hy-
drophobic structure, highly resistant to degradation, that un-
productively adsorbs enzymes and hinders cellulose accessibility during
enzymatic hydrolysis of biomass (Achyuthan et al., 2010; Zhang and
Lynd, 2004). Therefore, lignin content and distribution are recognized
as important factors determining cell wall recalcitrance to enzymatic
depolymerization (Paul, 2014). Because of this, different pretreatments
are normally applied prior to enzymatic hydrolysis step in order to
unstructure the cell walls and to partially remove hemicellulose and
lignin. Pretreatments provide fractionation of lignocellulosic biomass,
thus decreasing its recalcitrance and resulting in better yields of
monomeric fermentable sugars released by the enzymatic hydrolysis
step (Himmel et al., 2007; Kumar et al., 2009; Taherzadeh and Karimi,
2007). Currently, enzymatic hydrolysis is the most widely used method
for bioethanol production, since it is a specific and environmentally
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friendly process, that can be run at low temperatures and does not
produce by-products that may inhibit the subsequent fermentation step
(Himmel et al., 2007; Sheehan and Himmel, 1999; Wingren et al.,
2005). On the other hand, enzymes are expensive and contribute to the
relatively high costs of the second-generation ethanol.

A choice of a particular pretreatment is important, because different
pretreatments have different mechanisms of action that will affect the
cell wall structure, the chemical species to be released and the in-
hibitory co-products to be generated (Himmel et al., 2007; Kumar et al.,
2009; Soccol et al., 2010). Organosolv pretreatment efficiently removes
lignin from the lignocellulosic materials through the partial hydrolysis
of lignin bonds. It decreases the lignin content in the cell wall by
breaking a-aryl ether and arylglycerol-B-aryl ether (3—0—4) bonds of
lignin macromolecule (Nakagame et al., 2011; Sarkanen et al., 1981),
imparting significant changes in the lignin structure, including in-
creases in phenolic groups, and decreases the average molecular weight
of the lignin (Gilarranz et al., 2000). This pretreatment could be more
expensive than some others pretreatment processes, but can provide
lignin-derived value-added products that might contribute to the eco-
nomical viability of organosolv pretreatment in the context of the in-
tegrated biorefineries. Hydrothermal treatment has lower costs and
reduced environmental impacts (Brodeur et al., 2011; Ma et al., 2014).
This pretreatment only utilizes water at high temperatures, which
mainly results in hemicelluloses solubilization and structural mod-
ifications of the biomass that lead to enhanced enzymatic hydrolysis.
Hydrothermal pretreatment temperatures (typically ranging from
160 °C to 240 °C) and the biomass residence time will determine the
types and the amount of sugars being released from the biomass (Yu
et al,, 2010). Hydrothermal pretreatment relies on autohydrolysis,
which makes use of acetic acid liberated from hemicellulose’s acetyl
groups to catalyze the breakdown of polysaccharides into shorter chain
oligosaccharides and simple sugars (Roos et al., 2009; Tunc and Van
Heiningen, 2011). The hydrothermal pretreatment of lignocellulosic
materials involves mostly solubilization of hemicelluloses, and also
extractives, sugars and small fragments of lignin (Vazquez et al., 2005;
Xing et al., 2011).

In this study the effects of two different pretreatments (organosolv
and hydrothermal), applied independently and/or sequentially, to the
sugarcane bagasse samples were analysed, aiming to find conditions
and pretreatment combinations that lead to more efficient enzymatic
hydrolysis. A comprehensive set of physical techniques combined with
chemical composition analyses was applied to reveal the chemical and
structural changes induced by the pretreatments in the sugarcane ba-
gasse and their impacts on the efficiency of enzymatic hydrolysis.
Insights into untreated and preteated biomass structure and composi-
tion, combined with the experimentally measured enzymatic hydrolysis
yields, provide a unique opportunity for better comprehension of the
impact of pretreatment-induced changes taking place in sugarcane ba-
gasse samples on efficiencies of their enzymatic hydrolysis.

2. Material and methods
2.1. Material

Sugarcane bagasse from the last milling step for juice extraction was
provided by the Cosan Group (Usina da Serra/Ibaté, Sao Paulo, Brazil).
This material was milled using knife mill and rinsed with hot water
(50 °C). Next, bagasse was dried in the oven at 60 °C for 24 h. Prior to
each experiment, the moisture content was measured using an analy-
tical balance (Shimadzu; Kyoto, Japan). All the analyses and mea-
surements described in this work were performed with the same batch
of samples.

2.2. Bagasse pretreatments

Sugarcane bagasse was pretreated using both hydrothermal and
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organosolv pretreatments. These pretreatments were applied separately
and/or combined under different conditions. Hydrothermal pretreat-
ment was applied using hot water as a reaction media in four distinct
reaction times: 1 min (Hyd_1"), 30 min (Hyd_30"), 45 min (Hyd_45") and
60 min (Hyd_60") at 160 °C in a reactor (AU/E-20 model, Regmed). The
pressure was kept at 7 bar and a 1:10 solid to liquid ratio (grams of
bagasse/mL of water) was used. According to previous works, the
temperature of 160 °C is close to the optimal for the sugarcane bagasse
pretreatment (Yu et al., 2013), whereas at higher temperatures and
more severe conditions, xylose and glucose degradation products were
produced at significantly highier levels. Here, four distinct reaction
times were applied to explore this particular temperature condition of
the hydrothermal methodology.

In the case of organosolv pretreatments, previous studies also
showed that they represent a potential method for delignification of
plant biomass that simultaneously preserves the cellulose fraction
(Novo et al., 2011). Novo and collaborators showed that one of the best
pretreatment conditions for lignin removal by the organosolv method
could be achieved at 190 °C. Furthermore, different reaction times have
been applied and 150 min was found to be an efficient condition (Novo
et al., 2011). In the present work, the study of shorter times were in-
cluded to verify if they could be enough to introduce significant
changes in the sugarcane bagasse structure. Thus the organosolv
treatement was carried out in ethanol/water solutions (50% v/v) he-
ated at 190°C in a glycerin bath for three different reaction times:
50 min (Org_50"); 100 min (Org_100") and 150 min (Org_150").

Finally, the combined action of both hydrothermal and organolsolv
pretreatments applied in sequence to increase the efficiency of enzy-
matic hydrolysis was also evaluated. Combined treatments consisted of
a first hydrothermal step for 30 min or 60 min at 160 °C, followed by an
organosolv step at 190°C (Hyd_30’ + Org 50% Hyd_30” + Org_100’;
Hyd_30" + Org_150’; Hyd_ 60" + Org_50’; Hyd_ 60" + Org_100;
Hyd_ 60" + Org_150"). After each pretreatment step the liquors were
separated from the solid fractions by filtration, these were firstly rinsed
with ethanol and then with tap water until reaching a neutral pH. The
solids were dried in oven for 24h at 60 °C and stored for character-
ization of its chemical composition and physical structure.

2.3. Chemical composition determination

The chemical composition for untreated and pretreated sugarcane
bagasse solids was obtained following the protocol established by
Rocha and coworkers (2011), with some modifications (Rezende et al.,
2011). Initially, the solid samples were grounded using a knife mill,
prior to passing through a 20-mesh sieve and had their dry matter
weight determined. Extractives were removed from the untreated ba-
gasse, using a 1:1 cyclohexane/ethanol solvent mixture under reflux in
a Soxhlet apparatus for ca. 8 h, followed by water extraction for 5 cycles
with 8h each. Fiber extraction with cyclohexane-ethanol allows re-
moval of waxes, lipids and tannins from the fiber surface and therefore
has been applied (Park et al., 2008; Vallejos et al., 2012). After ex-
traction, samples were dried and the content of extractives was de-
termined.

Solid biomass samples (2 g) were hydrolyzed using 15 mL of a 72%
H2S04 solution at 45°C, under constant stirring for 7 min. Then,
275 mL of distilled water were added to this mixture and the material
was kept at 120 °C for 30 min. The remaining solids were separated
from the reaction liquors by filtration in filter paper. The solid fraction
was rinsed until a neutral pH was reached and then oven dried at 105 °C
to a constant weight. This fraction corresponded to the biomass in-
soluble lignin and ashes. By calcination of this solid in a muffle furnace
at 800 °C for 2h, the ash (remaining inorganic fraction) and the lignin
(calcinated fraction) amounts were determined. The acid soluble lignin
was determined in the reaction liquor by UV-VIS, as previously de-
scribed (Rocha et al., 2011). The composition of hydrolysate liquors
including soluble sugars, organic acids and hydroxymethylfurfural was
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determined by HPAE-PAD (High Performance anion-exchange chro-
matography with pulsed amperometric detection), after neutralization
of the liquor with a 2M barium hydroxide solution. The equipment
used for HPAE-PAD analysis (Dionex ICS 5000, ThermoFisher, Sunny-
vale, CA, USA) was equipped with a CarboPac PA1l column (Thermo-
Fisher) and a 400 mM NaOH solution was used as mobile phase (flow
rate 1 mL/min) in a multistep process (10-400 mM). The cellulose
fraction was obtained accounting for the amounts of glucose, cellobiose
and hydroxymethylfurfural, while the hemicelluloses fraction was cal-
culated by taking into account the amounts of xylose, fucose, rhamnose,
arabinose, galactose, furfural, galacturonic and glucuronic acids. All
these components were quantified in duplicate, using commercial
standards, and expressed as an average ( = standard deviation). Prior
to injection, samples were filtered using a Sep-Pak C18 filter (Waters —
Milfords, MA, USA) for lignin removal. The HPAE-PAD was also used
for monomeric sugars content analysis in liquors generated by enzy-
matic hydrolysis.

2.4. 13C solid-state nuclear resonance magnetic (*>C ssNMR)

The data were collected using a Varian Inova Spectrometer (Varian,
Palo Alto, CA, USA) operating in frequencies of 100.5MHz and
400.0 MHz for '3C and 'H, respectively. A Jackobsen probe 7 mm
double resonance with sample rotation pneumatic system built around
the magic angle spinning probe with a frequency stability superior to
2Hz was used for data collection. The CPMASTOSS pulse sequence
(ramped cross-polarization under magic angle spinning and total sup-
pression of spinning sidebands) allows integration of excitation by
cross-polarization (CP) between the 'H and '3C nuclei with a radio-
frequency ramp, sample rotation around the magic angle (MAS: magic
angle spinning), elimination of sidebands (TOSS: total suppression of
spinning sidebands) and heteronuclear uncoupling of the *H channel,
which resulted in the acquisition of a high resolution 'C ssNMR
spectrum. All '3C ssNMR experiments were carried out as described in
the literature (Rezende et al., 2011). The MAS frequency was 6 kHz and
90° pulse lengths were 4.5 and 4.0ps, for *C and 'H, respectively.
Cross polarization was achieved with ramped RF amplitude (80-100%)
using a contact time of 1 ms. Time proportional phase modulated
(TPPM) heteronuclear decoupling was performed with a decoupling
frequency of 60 kHz. All *C ssNMR measurements were performed
using 5 s recycle delays.

2.5. Field emission scanning electron microscopy (FESEM)

Morphology of the sugarcane bagasse samples before and after the
pretreatments was analyzed by FESEM. Dried samples were fixed in
suitable stubs with carbon tape and then coated with Au in a SCD 050
sputter coater (Oerlikon-Balzers, Balzers, Liechtenstein). Secondary
electron images were obtained using a scanning electron microscope
equipped with a field emission gun (FESEM - FEI Quanta 650).
Analyses of the samples were performed under vacuum, using a 5kV
acceleration voltage and a large number of images were obtained at
different areas of each sample (20-25 images per sample) to guarantee
the reproducibility of the results.

2.6. Engymatic hydrolysis

Enzymatic hydrolysis assays were carried out with untreated and
pretreated sugarcane bagasse samples, using a substrate at 4% (w/V)
concentration in 50 mM sodium citrate buffer (pH 5.0). Flasks were
incubated in an orbital shaker at constant agitation (150 rpm) and
temperature (50 °C). The enzymatic blend consisted of 10 filter paper
units (FPU) of Accellerase 1500 (Genencor, Rochester, NY, USA) mixed
with 15 Beta-Glucanase Units (BGU) of Novozyme 188 (Novozymes,
Bagsvaerd, Denmark) per gram of biomass. The soluble hydrolysate
products were analyzed by HPAE-PAD, as described in chemical
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composition determination for hydrolysate liquors. The cellulose hy-
drolysis yield (HY) was determined considering the amount of released
glucose and the fraction of cellulose in a particular bagasse sample, as
previously described (Maeda et al., 2011). Hydrolysis yields were also
calculated for these samples, as the mass ratio between the glucose
amount released by enzymatic hydrolysis in a specific sample and the
cellulose amount in this sample (termed as enzymatic hydrolysis yield)
or the cellulose amount in the original untreated biomass (total sac-
charification yield). Since pretreatments generally lead to a partial loss
of glucans, a total saccharificcation yield tends to be smaller than an
enzymatic hydrolysis yield for a particular pretreatment.

2.7. X-Ray diffraction

X-Ray diffraction data were collected on a diffratometer Rotaflex
RU200 B (Rigaku Tokyo, Japan) using monochromatic radiation from a
copper rotating anode (1.5418 A) operating at 45kV and 36 mA and
equipped with a graphite monochromer, according to a previous work
(Rezende et al., 2011)

2.8. Confocal microscopy and FLIM

Confocal laser scanning microscopy (CLSM) was used to map lignin
distribution in the samples and to obtain information on its molecular
arrangement within the cell wall, by measuring lignin fluorescence
emitting spectra and its fluorescence decay times. Pretreated and un-
treated bagasse samples were suspended in water and dropped on the
coverslides. CLSM images were obtained as an average of three scans,
using a Plan-Apochromat objective lens (20x, water immersion) and a
Zeiss LSM 780 confocal microscope with a Coherent Chameleon laser
(Tisapphire) as a source for two-photons (2 P) excitation experiments.
The total number of dots per image was 1024 x 1024 and the area of
each pixel was associated with the optical resolution of the lens re-
sulting in a lateral resolution of about 300 nm. CLSM were collected
from the surface of the samples. For FLIM analysis, the 2P laser was
pulsed at 80 MHz with a time response limited to about 100 ps at
800 nm and an average power of 15mW.

3. Results and discussion
3.1. Pretreatment and chemical characterization

The content of the main components of bagasse samples before and
after the pretreatments are given in Table 1. Table 1 shows that the
hydrothermal pretreatments at 160 °C at all the reaction times (from 1
to 60 min) have little effect on the lignin fraction of the bagasse sam-
ples. Its concentration was approximately constant under the applied
conditions of hydrothermal pretreatment. There was, however, a
moderate solubilization of hemicellulose (a maximum decrease of ca.
3.8% in the total amount of hemicelluloses) under longer pretreatment
times (45 and 60 min). However, noticeable cellulose enrichment could
be observed, particularly at longer pretreatments, probably due to the
solubilization of the extractives and also hemicelluloses, and decrease
in ashes content.

Organosolv pretreatments, on the other hand, partially hydrolyze
lignin and lignin—carbohydrate bonds, resulting in a more efficient re-
moval of both lignin and hemicelluloses (Nakagame et al., 2011). These
effects may explain an observed increase in solubilization of lignin
under the organosolv pretreatment at 190 °C at different reaction times,
and especially for the samples treated for 100 min, as well as reduced
percentages of both lignin and hemicelluloses in the corresponding
pretreated biomass samples (Table 1). The cellulose fraction increases
proportionally in the samples as the amount of other cell wall compo-
nents decrease.

The combined Hyd_30” + Org_50’, Hyd_30" + Org_100’,
Hyd_60" + Org 50, Hyd 60’ + Org_ 100’ pretreatments resulted in
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Table 1
Chemical composition of sugarcane bagasse before and after pretreatments.
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Composition (%)

Concentration (mg/mL)

Pretreatments Celullose Hemicellulose Lignin

Untreated 38.3 * 0.1 20.1 = 0.1 29.0 = 1.0
Hyd_ 1 41.5 = 0.5 18.8 = 0.1 28.8 = 1.0
Hyd_30" 46.5 = 0.3 19.3 = 0.1 27.8 = 3.0
Hyd_45 50.0 * 4.0 16.3 = 0.1 28.3 £ 0.2
Hyd_60 57.0 £ 0.3 16.8 = 0.2 28.2 £ 0.8
Org 50" 55.3 = 8.0 149 + 3.1 21.8 = 2.0
Org_100" 65.6 * 5.9 7.9 = 0.1 185 + 0.1
Org 150" 69.3 + 4.3 9.1 = 0.1 146 = 0.1
Hyd_30"+ Org_50" 64.8 = 7.7 9.7 £ 0.1 21.2 = 0.1
Hyd_30’+ Org_100" 66.3 + 8.7 10.5 + 0.1 15.7 + 0.2
Hyd_30"+Org_150" 79.2 £ 0.5 52 = 0.1 109 = 0.2
Hyd_60’+ Org 50 64.4 £ 5.0 10.6 = 0.1 16.7 = 0.3
Hyd_60"+ Org_100" 63.7 = 0.9 6.8 £ 0.1 189 = 0.1
Hyd_60’+ Org_150" 76.4 * 2.1 7.4 = 0.1 13.0 + 0.5

Ash
6.0
4.5
4.0
5.5
3.7
4.6
5.3
5.7
4.2
5.6
6.0
5.2
5.0
5.3

Total Cellulose Hemicellulose Lignin
+ 0.3 100.4* = 1.9 383 £ 1 201 =1 290 + 1
+ 0.3 93.6 = 1.9 332 £ 5 150 + 1 230 = 1
+ 1.8 97.6 = 5.2 285 = 3 132 £ 1 191 = 3
+ 0.1 100.1 + 4.4 266 = 40 105 +1 181 = 2
+ 0.5 1057 + 1.8 258 + 3 105 = 2 175 = 8
+ 0.1 96.6 = 13.2 254 = 80 91 = 31 134 = 20
+ 0.1 97.3 * 6.2 203 + 59 38 +1 91 + 1
+ 0.2 98.7 £ 4.7 195 * 43 42 x1 43 =1
+ 0.1 99.9 = 8.0 228 + 77 53 £1 53 £1
+ 0.1 98.1 * 9.1 204 + 87 52 + 1 52 = 2
+ 0.3 101.3 = 1.1 187 £ 5 24 =1 23 £ 2
+ 0.2 96.9 = 5.6 207 = 50 53 £ 1 53 £ 3
+ 2.0 94.4 = 3.1 197 £ 9 32 +x1 321
+ 0.1 102.1 + 2.8 182 * 21 32 +1 32=+5

*The extractives percentage detected for the untreated sample was 7.0 + 0.4

lignin and hemicelluloses removal comparable to those obtained in the
organosolv pretreatments Org_100’ and Org_150’ in a single step. Thus,
pretreatments that combine hydrothermal pretreatment step and or-
ganosolv pretreatment with shorter residence times (of 50 min and
100 min) do not seem to be more efficient in lignin and hemicellulose
removal as compared with a single organosolv pretreatment for
100 min or 150 min. Under these conditions, a single-step organosolv
pretreatment could be more effective.

The two pretreatment combinations that stand out in terms of lignin
and hemicelluloses solubilization are the combined Hyd_30’ + Org_150"
and Hyd_60” + Org_150" pretreatments. Under these conditions, the
lignin concentrations were considerably decreased from 29.0% in the
untreated bagasse to 10.9 and 13.0%, respectively, in the pretreated
samples. As a result of lignin and hemicelluloses removal, the cellulose
content of the pretreated samples was enriched, with the cellulose
concentrations increasing from 38% in the untreated sample to 79%
and 76%, respectively (Table 1).

In order to better evaluate these results and their effects on the
sample morphology, the physical analyses focused on lignin detection
were useful. As a first approach '3C solid-state nuclear magnetic re-
sonance (*3C ssNMR) technique was applied, which allowed a detailed
analysis of the biomass samples. CPMASSTOSS '°C ssNMR spectra of
the sugarcane bagasse samples that underwent different pretreatments
are shown in Fig. 1. Chemical displacements were attributed as de-
scribed previously (Rezende et al., 2011; Templeton et al., 2010;
Wickholm et al., 1998).

The peaks between 50 and 120 ppm are typical for cellulose car-
bons, but this region also shows peaks of hemicelluloses and lignin
(Fig. 1). The peaks between 3 (62.6 ppm) and 7 (84 ppm) are char-
acteristic of carbons C6 from the cellulose amorphous fraction, while
peaks 4 (65.0 ppm) and 8 (88.9 ppm) are typical of carbons C6 and C4
from the crystalline fraction of the cellulose (Hallac et al., 2009; Hu
et al., 2011; Sannigrahi et al., 2010). Lignin peaks are distributed
throughout the spectral region including 2, 11, 12, 13, 14, 15 and 16
(peaks exclusively assigned to lignin). Hemicelluloses peaks are also
widely distributed throughout the spectral region, with hemicelluloses
carbon peaks contributions identified as 1, 3, 6, 7, 9 and 17 (Kartal
et al., 2007; Rezende et al., 2011; Templeton et al., 2010; Wickholm
et al., 1998)

The 3C ssNMR spectra of the samples hydrothermally pretreated for
different periods of times are very similar to the °C ssNMR spectrum
obtained for the untreated sample (Fig. 1A). In line with the previous
studies (Rezende et al., 2011), this suggests that these pretreatments do
not promote an efficient removal of lignin, just as indicated by our
chromatography analyses of the same samples (Table 1). In contrast,
the samples pretreated with organic solvent (ethanol 50%) for 50 min,

67

showed a reduction in hemicelluloses, as can be noticed in peaks 1, 9,
15 and 17, as well as in peaks 2, 11, 12, 13, 14 and 16 (Fig. 1B). After
100 min of organosolv pretreatment, the hemicellulose signals turn
virtually undetectable in the >C ssNMR spectra and the lignin signal
drastically reduces. These results corroborate with chromatography
analyses (Table 1) that showed a decrease of hemicelluloses con-
centration from 20.1% to 7.9% and of lignin concentration from 29.0%
to 18.5% in comparison with the untreated in natura sample. Therefore
it is possible to conclude that the organosolv pretreatment applied for
100 min is sufficient for an effective removal of both, hemicelluloses
and lignin from the sugarcane bagasse samples.

13C ssNMR spectra of the samples that underwent the combined
hydrothermal-organosolv pretreatments showed efficient removal of
both hemicelluloses and lignin (Fig. 1C-D). The reduction in the in-
tensity of signals 1 and 17 indicates a decrease in the hemicelluloses
content in the pretreated sample. Furthermore, lignin signals (2, 11, 12,
13, 14, 15 and 16) also decreased, thus suggesting that lignin was also
removed by the combined pretreatment. All these results are consistent
with our chromatography analyses that showed that the best result to
improve the cellulose content was achieved under Hyd_30’ + Org_150’
pretreatment that decreased hemicellulose content from 20.1% to 5.2%
and the lignin fraction from 29.0% to 10.9% in comparison with un-
pretreated samples (Table 1).

3.2. Structural and morphological analysis

Changes in crystallinity are often associated with the modifications
in the cellulose structure after biological, physical and chemical pre-
treatments. Due to the strong conformational dependence of the '°C
ssNMR spectra, the signals arising from the more ordered internal
(crystalline) and the ones from the more disordered (amorphous) and
external cellulose chains can be easily dintinguished. This allows the
calculation of a 13C ssNMR-based crystallinity index (ssNMR-CI), which
is estimated by dividing the integrated intensity associated to the
88 ppm (assigned to C4 from the more ordered internal cellulose
chains) signal by the total integrated intensity of the signal corre-
sponding to the C4 carbons (Park et al., 2010; Pu et al., 2006;
Sannigrahi et al., 2010). To evaluate the signals C4 signals were de-
convoluted, using Gaussian and Lorentzian lines, as reported by Park
et al. (2010). The important difference between the ssNMR-CI and the
CI calculated by XRD (XRD-CI) is that, the first index is mostly asso-
ciated to the crystallinity of cellulose as compared to the cellulose
amorphous fraction of the biomass (Bernardinelli et al., 2015), while
the latter index compares the diffraction intensities from the crystalline
cellulose with the scattering from the total amorphous fraction of the
biomass (including also lignin and hemicelluloses). The CIs of each
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Fig. 2. Cellulose crystallinity indices calculated from '3C solid-state NMR and X-ray
diffraction data for untreated sugarcane bagasse samples and the samples after hydro-
thermal (1, 30, 45 and 60 min), organosolv (50, 100 and 150 min) and combination of
hydrothermal (30 and 60 min) with organosolv (50, 100 and 150 min) pretreatments.

sample obtained by these two different techniques were calculated in
this work and compared with each other (Fig. 2 and Table 2).
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Fig. 1. CPMASTOSS spectra of sugarcane bagasse. (A)
The ssNMR spectra obtained from the samples hydro-
thermally pretreated under different residence times
and from the samples in unpretreated control group. (B)
The ssNMR spectra of Org 50; Org_100” and Org 150
compared to the untreated sample. ©
Hyd_30’ + Org 50 Hyd_30" + Org 100’; Hyd 30’ +
Org_150". (D) ssNMR spectra from Hyd 60’ + Org_50’;
Hyd 60" + Org 100’ Hyd_60" + Org_150".

Crystallinity index measured by x-ray diffraction and solid state nuclear magnetic re-

sonance.

Crystallinity index (CI)/%

Pretreatments
Untreated

Hyd_1’

Hyd_30"

Hyd_45

Hyd_60"

Org 50"

Org 100"

Org 150’

Hyd_30’+ Org_50
Hyd_30"+ Org_100"
Hyd_30"+ Org _150’
Hyd_60’+ Org_50
Hyd_60"+ Org_100"
Hyd_60"+ Org _150”

x-ray diffraction 13C ssNMR
46 + 4 33 3
50 = 3 35 + 2
55 + 2 40 = 2
55 + 1 41 =1
55 = 3 41 = 2
59 + 2 42 * 1
63 + 2 37 £ 1
67 =1 45 + 1
65 = 2 43 = 1
69 =1 48 + 1
67 =1 45 £ 1
63 = 2 45 + 2
66 + 1 43 £ 1
59 + 2 43 * 2

follow a similar rising trend (Fig. 2). However, the absolute value of the
CI obtained by X-ray is consistently higher than the one obtained by
ssNMR. This might be explained by the fact that the simplified method
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of CI calculation based on the X-ray diffractogram evaluation over-
estimates the amount of CI (Lima et al., 2014; Park et al., 2010). This
occurs essentially because CI is calculated from the height ratio be-
tween the apparent intensity of the crystalline peak (I goo—I am) and
total intensity of the peak (I o), i.€., the fact that the peak width of the
amorphous region is larger than in the crystalline phase is ignored.
However, the trends in the apparent CI values obtained by both tech-
niques are very similar (Fig. 2 and Table 2). For the mildly pretreated
samples the apparent Cls are approximately linearly proportional to the
cellulose concentration in the samples. When the harsher pretreatments
are applied and the resulting cellulose fraction becomes higher than
55%, Cls stabilize and stop growing with the increase in the cellulose
content in the samples. This probably reflects the fact that the more
vigorous pretreatments lead to unstructuring of the cellulose bundles
and to an effective decrease cellulose crystallinity of the biomass.
However, since the cellulose fraction within the samples becomes
larger, the total Cls stagnate at approximately the same levels.

Next, in order to better understand the morphological changes
caused by the pretreatments, secondary electron images (SEI) of ba-
gasse samples were obtained using Field Emission Scanning Electron
Microscopy (FESEM) before and after the various pretreatment steps.
Sugarcane bagasse is composed of fibers and pith cells (Fig. 3). The
fibers are indicated by the yellow arrows in Fig. 3A. Thus, most of the
solid material that resists the treatment consists of fibers and, for that
reason the comparison of the untreated bagasse and pretreated samples
will always refer to the fibrous regions. In untreated samples, the fiber
bundles are covered by a dense surface layer (Supplementary material,
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Fig. 3. Field emission scanning electron microscopy
(FESEM) images of the bagasse samples before and
after pretreatments. (A) A general view of the un-
treated bagasse, showing fibers (yellow arrows) and
particulate material (white arrows). Sugarcane ba-
gasse fibers after pretreatments (B)
Hyd_60’+0rg_150". (C) Hyd_.1’. (D) Hyd.60". (E)
Hyd_60’, showing a cross section of the fiber bundle,
with the fiber on the surface of the bundle becoming
more detached from the others (green arrow). (F)
Hyd_60"+ Org_150’, showing a more advanced stage
of unstructuring and lignin redeposition (red arrow).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Twesn
N Mag 10.000x |

Fig. S1 A and B). This surface layer is being gradually removed by the
pretreatments, as shown in Fig. 3B (Hyd_60’ + Org_150"). This effect
was observed for the samples that underwent organosolv pretreatment
(Supplementary material, Fig. S1C). Another effect of the pretreatment
is the separation of fiber bundles in the bagasse structure presumably
caused by the sample delignification. Lignin acts as an adhesive that
joins the fibers together and, when it is removed, the fibers lose their
tightly packed assembly and start to separate. Thus, unstructuring of
the bundles can be clearly observed (Fig. 3B). This effect was also ob-
served in bagasse samples subjected to other pretreatment methods
(Mosier et al., 2005; Rezende et al., 2011) and is more pronounced in
more delignified samples.

Moreover, the treatments studied here lead to the formation of de-
posits of particulate material on the surface, which can form smaller or
larger droplets. In particular, the droplets indicated by the blue arrows
in Fig. 3B (Hyd_60" + Org_150") are similar to the lignin deposits ob-
served in different lignocellulosic samples that underwent steam ex-
plosion, diluted acid or organosolv pretreatments (Heiss-Blanquet et al.,
2011; Koo et al., 2012; Selig et al., 2007). Formation of the deposits is
assigned to the removal of lignin from within the cell walls, followed by
its redeposition at the surface of the biomass. Considering the pre-
treatment conditions applied in the current work, the lignin deposits
are more frequently observed in the samples after organosolv pre-
treatment:  Org 50’, Org 100, Org 150’, Hyd 30’ + Org 50,
Hyd_30” + Org_100’, Hyd_30" + Org_150’, Hyd_60" + Org 507,
Hyd_60" + Org_100’ and Hyd_60" + Org_150’ (Supplementary material,
Fig. S1D and E). Notably, lignin droplets deposits are not observed in
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Table 3

Cellulose conversion after 72 h of enzymatic hydrolysis for untreated sugarcane bagasse
and bagasse samples, which underwent hydrothermal, organosolv and hydrothermal/
organosolv treatments after 72h of enzymatic hydrolysis. Standard deviations were
computed from the average values of duplicate determinations.

Cellulose conversion

Pretreatments Enzymatic hydrolysis Total saccharification yields,
yields, %" % ¢
Untreated 22.0 = 0.2 22.0 = 0.2
Hyd_ 1’ 32.8 = 0.4 29.8 = 0.4
Hyd_30" 37.9 * 4.0 29.6 + 3.1
Hyd_45 43.0 £ 5.0 313 £ 33
Hyd_60" 37.5 £ 0.6 26.5 = 0.4
Org 50" 51.0 * 16.0 355 + 11.1
Org_100" 63.0 £ 6.0 35.0 £ 3.6
Org _150’ 69.0 £ 5.0 36.8 = 2.5
Hyd_30"+ Org_50’ 48.0 = 7.0 29.9 = 4.3
Hyd_30’+ Org_100" 76.8 + 12.0 429 * 6.9
Hyd_ 30"+ Org 150’ 72.0 = 5.0 36.8 £ 2.4
Hyd_60"+ Org_50’ 47.0 = 4.0 26.7 = 2.3
Hyd_60’+ Org_100 74.0 = 7.0 39.8 + 3.7
Hyd_ 60"+ Org 150’  75.0 = 8.0 37.0 £ 39

* Yield values are expressed as an average * standard deviation of experimental
duplicates.

# The enzymatic hydrolysis yield was calculated as a percentage of cellulose conver-
sion into glucose caused by the enzymatic hydrolysis based on the amount of cellulose in
the pretreated biomass.

$ The total saccharitication yield was computed as a fraction of cellulose in the original
untreated biomass, which was converted into glucose by the action of the enzymes after
accounting for loses of glucans caused by the applied pretreatments.

the samples that underwent hydrothermal pretreatment only.

Hydrothermally pretreated samples for a short period of time
(Hid_1’) have morphologies that are very similar to the untreated ba-
gasse (Fig. 3C and Supplementary material, Fig. S2A. At higher mag-
nifications, however, small droplets distributed on the surface can be
observed, indicating lignin redeposition even under mild conditions.
These droplets are not observed in the untreated bagasse samples. The
gross similarities between these pretreated samples and the untreated
samples are in agreement with the composition data presented in
Table 1 and also with the very similar hydrolysis yields obtained from
these samples (Table 3). It is important to notice the morphological
differences between the hydrothermally pretreated samples (Hyd_1’,
Fig. 3C) and the samples that underwent combined pretreatments
(Hyd_60" + Org_150’, Fig. 3B), which highlight the contribution of the
organosolv treatment to the unstructuring of the sugarcane bagasse
samples.

The samples that underwent only hydrothermal pretreatment:
Hyd_30’, Hyd_45’and Hyd_60’, all have very similar morphologies, with
the fiber surface layers being removed and the cellulose bundles be-
ginning to separate (Fig. 3D). Deposition of particulate material at the
surface of these samples is very modest, which indicates that this effect
is indeed characteristic of more severe pretreatments. Fig. 3E (Hyd_60")
shows the transversal section of a fiber bundle in this sample, with the
green arrow indicating a fiber detaching from the bundle surface. Al-
though showing some evidence of unstructuring, most of the fibers are
still strongly bound together. The outermost fibers are the first to de-
tach from the bundle, which becomes thinner as the pretreatment
progresses.

Samples that underwent combined pretreatments,
Hyd_ 60" + Org 50" (Supplementary material, Fig. S2 B and C) and
Hyd 60" + Org_150’ (Fig. 3F and Supplementary material, Fig. S2 D)
are considerably more unstructured. The amount of particulate material
deposited on the surface is much higher, both in the form of droplets or
of cell wall pieces removed from some areas. In the case of the sample
Hyd 60" + Org_150’, the dismantling of the fiber bundles is slightly
more advanced as compared to the other samples (Fig. 3F). Further-
more, due to the significant removal of the outermost layers of the fiber
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bundle, thinner cellulose fibrils are becoming more exposed (Fig. 3F).
One of these cellulose fibrils is indicated by the red arrow in Fig. 3F and
many others are evident at the surface of the main fiber. In some areas
of the samples pretreated under the most severe conditions, even
thinner fibrils can be observed in highly amplified images. This be-
comes possible because the contour of the cellulose fibrils is much
better defined, mainly due to the removal of the layers that cover the
fibrils, but also of the interstitial material between neighboring fibers.

Regarding the effects of the organosolv pretreatments time, the
differences comparing samples Org_50’ or Org_150’ conditions were not
detected using the FESEM technique. The images obtained from these
samples at different amplifications show a very similar morphology in
both cases with comparable amounts of residues deposited on the sur-
face and a similar separation of neighboring fiber bundles
(Supplementary material, Fig. S2).

A large number of images obtained by FESEM provided a body of
evidence for the reallocation of lignin caused by the pretreatments in
the bagasse samples. To confirm this and to obtain more detailed in-
formation about the lignin-rich areas in the cell wall, confocal laser
scanning microscopy technique (CLSM) was applied. CLSM is a fluor-
escence imaging technique that allows the chemical mapping of chro-
mophores on the various sample layers, both on the surface and in the
inner regions, by adjusting the focal plane. It allows measuring the
emission spectra and also the fluorescence decay time in each point of
the image. Since the emitting fluorophore has a characteristic fluores-
cence decay time that depends on its microenvironment, evidence of
chemical changes, such as the molecular arrangement of fluorophores,
can be obtained (Gerritsen et al., 2002). In the case of plant biomass
samples, the lignin can be used as a chromophore. Previous studies
showed that both lignin degradation (Singh et al., 2006; Speranza et al.,
2009) and redistribution (Chundawat et al., 2011) in the cell wall can
be caused by pretreatments. Lignin represents around 25% of the dry
sugarcane bagasse composition and any change in its molecular ar-
rangement, for instance agglomeration or redeposition, can be easily
detected by CLSM. Our recent study showed that the emission spectrum
and the time decay of lignin are strongly modified by acid-alkali pre-
treatments (Coletta et al., 2013). In addition, the excitation using the
two-photon technique was demonstrated to be essential to obtain in-
formation on lignin agglomeration. In our experiments the confocal
plane was adjusted to obtain information from the surface of the ba-
gasse fibers, thus allowing consistent comparison among all the ana-
lyzed samples (Supplementary material, Fig. S3). Each pixel shown in
these images contains information about the emission spectrum of
lignin at that particular position. Untreated sugarcane bagasse basically
emits in a blue spectrum (400-500 nm range; Fig. 4A) and very few
spectrum alterations are observed in replicates. The samples hydro-
thermically pretreated for 1 min do not present significant spectral
changes (Supplementary material, Fig. S4A), when compared to the
untreated samples. However, the samples pretreated for 30 min, 45 min
(Supplementary material, Fig. S4 B) and 60 min show gradual altera-
tions, which are becoming more evident as the reaction time increases.
In general, all samples begin emitting at the longer wavelength region
between green and red (500-700nm). Longer wavelength and thus
lower energy emissions are associated with the formation of complex
molecular aggregates. These spectral changes report a deconstruction in
the well-structured lignin assembly within the plant cell wall, similar to
the ones observed in studies involving sugarcane bagasse treated with
diluted acid (McDonough, 1993). This similarity can be explained by
the acid catalysis involved in the hydrothermal process at high tem-
peratures, caused by the release of acetic acid as a by-product of
hemicelluloses hydrolysis.

Although the total lignin content in the biomass samples after the
hydrothermal pretreatments stays virtually constant (Table 1), the
CLSM images reveal that the hydrothermal treatment causes consider-
able redistribution of lignin (Fig. 4), which also can be associated with
changes between soluble and insoluble lignin fractions.
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Fig. 4. CLSM image of sugarcane bagasse samples in a spectral mode. (A) untreated sugarcane bagasse, (B) Hyd_30’, (C) Hyd_60’, (D) Org_50’, (E) Org_100’ and (F) Org_150". Comparison
of the fluorescence decay curves for the untreated sample and sample after hydrothermal pretreatment given in a semi-log scale (G). The decay curves can be deconvoluted in two
processes, one with a short decay time (t1; below 2 ns) and a long decay time (t2; longer than 2 ns) for all samples. (H) Normalized distributions of average lifetime calculated for each
pixel of the image FLIM for the samples after organosolv pretreatment. The curve from the reference untreated sample (filled in gray) is displaced toward longer decay times. The arrow
corresponds to the average position of distribution for the hydrothermally pretreated sample after 60 min.

Consistent with our FESEM results, the CLSM analysis confirms that
the samples that underwent hydrothermal treatments do not present
lignin droplets accumulated at their surfaces. Furthermore, in line with
the ssNMR analysis (Fig. 1A), hydrothermal pretreatments under these
conditions are not associated with significant structural chemical al-
terations of lignin. However, the spectral images obtained in samples
with longer hydrothermal treatment times have sharper two photons
fluorescence spectrum, characteristic of molecular aggregation within
the cell walls, this indicates changes in the lignin structure of the pre-
treated plant cell walls (Fig. 4B and C).

Coletta et al. observed a similar behavior in bagasse samples acid
pretreated with a 1% H,SO4 solution (Coletta et al., 2013). The pre-
treatment did not remove lignin, but induced molecular rearrange-
ments, generating lignin aggregates (Coletta et al., 2013). The fact that
the average lifetime distributions shifts towards shorter lifetimes,
without altering the format of the distribution area (Fig. 4G), is asso-
ciated to an increase in the molecular aggregation (Coletta et al., 2013),
and higher aggregation of the emitting molecules results in a decreased
decaying fluorescence time. The shorter fluorescence lifetimes can be
explained by the migration of the excited state through Foerster-type

71

energy transfer processes within the aggregates (Foerster, 1959). The
stronger the aggregation process is the higher is the probability of
finding a non-emitting light center, which leads to the reduced lifetime.
This explains shortening of the lignin fluorescence lifetime under two
photons excitation.

As for organosolv pretreatments (Fig. 4D-F), 3 out of 5 measure-
ments of the samples after a 50 min reaction time show predominantly
emission in the blue region, whereas the remaining 2 revealed fluor-
escence emission predominantly in the green region of the visible light
spectrum (Fig. 4 D). Thus, deconstruction and/or removal of lignin for
this particular pretreatment seem to be inhomogeneous. However, the
samples pretreated under organosolv conditions for 100 min showed
predominant emission in the green region (Fig. 4E). Furthermore, the
samples treated for 150 min showed mostly emission in the blue spec-
tral region (Fig. 4F), which may indicate the dissolution of lignin ag-
glomerations and their extraction by the organic solvent. In contrast,
samples hydrothermally treated for 60 min (Fig. 4C) presented only
rearrangements of lignin (emission in green spectral region), but their
dissolution has not been observed. Therefore, the return to the blue
light emission after the organosolv pretreatment for 150 min could be
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Fig. 5. CLSM image of sugarcane bagasse samples in a spectral mode. Combined pretreatments. (A) Hyd_30’+Org 50’ (B) Hyd_30’+Org 150" (C) Hyd_60’+Org. 50" (D)

Hyd_60’+Org_ 100’ (E) Hyd_60’+ Org_150".

an evidence of the simultaneous extraction and dissolution of lignin
from the bagasse samples (Table 1).

Considering the alterations in decay times for the organosolv pre-
treated samples (Fig. 4H), one can observe that the decay times for all
the samples are shorter when compared to the untreated samples.
However, the lifetime shift toward shorter times is partially reversed for
the sample treated with organosolv for 150 min, indicating that the
lignin aggregates in this particular sample were reduced in number,
when compared to other organosolv pretreated samples and also to a
sample that was hydrothermally pretreated for 60 min (indicated by
arrow in Fig. 4H). According to Coletta et al. (2013), a shift toward
longer decay times is expected, when lignin concentration in the cell
walls is reduced. It is possible to note the dissolution of the agglomer-
ates and the removal of lignin based on the lifetime distribution, based
on their proximity to the reference sample. The compositional analysis
of the pretreated bagasse samples showed an important lignin removal
in samples hydrothermally treated for 30 min, combined with a sub-
sequent organosolv step for 150 min. The final lignin amount in this
sample was only 10.9% against 29.0% in the untreated bagasse sample.
The effects of the combined treatment with a hydrothermal step for
30 min, followed by the organosolv step, are given in Fig. 5. The sample
pretreated by the hydrothermal process for 30 min followed by orga-
nosolv pretreatment for 50 min (Hyd_30” + Org_50’ shown in Fig. 5A)
has a surface covered by lignin deposition, resulting in a continuous
green emitting throughout the surface. Interestingly, for the samples
treated in this hydrothermal process followed by organosolv for 100
and 150 min (Hyd_30" + Org_ 100’and Hyd_30’+ Org_150), the accu-
mulated lignin was partly removed and the remaining lignin domains
took the form of large isolated clusters distributed on the surface, as can
be observed by the red points, in the form of spherical aggregates, as
can be observed in these images (Hyd_30’ + Org_100’, Fig. 5B and
Hyd_30’ + Org_100’, Supplementary Material, Fig. S4 B).

There is a higher tendency for lignin removal from bagasse surface
for the samples pretreated under Hyd 60" + Org 50’ and
Hyd 60" + Org_100’conditions (Fig. 5C and D, respectively), as in-
dicated by the observed strong emission contribution in the blue
spectral region. The sample Hyd_60’ + Org_150’ (Fig. 5E) lead to lignin
distributed on the surface with strong tendency to form more lignin
agglomerates. These results suggest that the deconstruction of lignin
leading to the formation aggregates within the cell wall by long
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hydrothermal pretreatments may turn it difficult their subsequent dis-
solution by the organic solvent. Therefore, there could be an optimal
ratio between the duration of hydrothermal treatment and the solvent
effects leading to dissolution and removal of lignin aggregates. This
hypothesis will be addressed in future studies. Both the SEM and the
CLSM images of the samples (Figs. 3-5), jointly confirm the reallocation
of lignin caused by the pretreatments in the bagasse structure and
provide an explanation for changes in lignin composition.

3.3. Engymatic hydrolysis

Frequently, the efficiency of a pretreatment is not being restricted
exclusively to chemical composition and physical characteristics of the
pretreated biomass and is reported in terms of its influence on enzy-
matic hydrolysis released glucose yield. Here, the yield of enzymatic
hydrolysis was first calculated based on the cellulose fraction of each
pretreated sample used in the experiment (called herein an enzymatic
hydrolysis yield) (Table 3). Next, the calculations for the total conver-
sion of cellulose with respect to the cellulose fraction in the original
non-pretreated samples were performed, taking into consideration the
losses caused by each treatment (termed a total saccharification yield)
(Table 3). Since a partion of glucan fraction tends to be lost during
pretreatment steps, the total saccharification yields are generally lower
than the enzymatic hydrolysis yields.

As one can observe in Table 3, direct enzymatic conversion of the
untreated sugarcane bagasse to glucose is quite low. An access of the
enzymes to the substrate, cellulose, embedded in the complex hemi-
celluloses and lignin matrix is restricted and this turns unpretreated
biomass into a highly recalcitrant substrate. The sugarcane bagasse that
underwent a pretreatment process tends to present a higher conversion
rate of polysaccharides to fermentable sugars. Under conditions em-
ployed in the present study, this could be verified mainly for the pre-
treatments involving organosolv ethanol/water and for the reactions
with the duration of more than 100 min at 190 °C which results in a
significantly enhanced yield of enzymatic hydrolysis raising from
22.0% for the untreated sugarcane bagasse to 76.8% in the combined
Hyd_30’ + Org_100’ treatment. The results for the combined
Hyd_30’ + Org_150" and Hyd_60’ + Org_150’ pretreatments were also
impressive, providing a conversion yields of 72.0% and 75.0%, re-
spectively.
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It is important to notice the differences in the efficiencies of enzy-
matic hydrolysis between the samples pretreated under the Hyd_60’,
Org 150’ and Hyd_ 60’ + Org_ 150’ pretreatment conditions, high-
lighting the contribution of each pretreatment for the final state of
unstructuring and degradation of the plant cell walls. Under conditions
of Hyd 60’ pretreatment, the characteristic molecular aggregation of
lignin within the cell walls has been observed, indicating changes in the
lignin structure (Fig. 3Figs. 3E and Fig. 44C), which might contribute to
the better access of hydrolytic enzymes to the pretreated bagasse. But
for this particular pretreatment, the lignin, although modified and re-
deposited, continues to be present in the biomass (Fig. 1A). For Org_150
pretreatment the dissolution and extraction of lignin take place (Fig. 1B
and Table 1), making the enzymatic hydrolysis step easier and more
efficient. The combination of these two pretreatment leads to the sig-
nificant lignin removal and chemical modification leading to the for-
mation of aggregates during the hydrothermal step and their partial
dissolution by the organic solvent at the second, organosolv pretreat-
ment step, thus further improving the efficiency of enzymatic hydro-
lysis after pretreatment (Table 3). Organosolv pretreatments prove
themselves very effective in improving the enzymes accessibility during
the hydrolysis phase, presumably due to the lignin removal, as in-
dicated by their chemical composition analysis and '>C solid-state NMR
results. Finally, the combined hydrothermal pretreatments (for 30 and
60 min) followed by organosolv for 100-150 min studied in this work
imprint very similar substrate morphologies, which is consistent with
the fact that these samples demonstrate comparable enzymatic hydro-
lysis yields on the order of 75% (Table 3).

4. Conclusions

By using the arsenal of the physical techniques and chemical com-
position analyses, it was possible to reveal structural modifications and
chemical composition changes caused by the hydrothermal and orga-
nosolv pretreatments in the sugarcane bagasse samples. Combined
biomass physical structure studies using FESEM, CLSM, FLIM, ssNMR
and LC-based chemical composition analyses conducted in this work
confirm that under the applied conditions, the organosolv pretreatment
efficiently removed lignin from the sugarcane bagasse leading to in-
creased concentration of cellulose in the pretreated substrate, as op-
posed to hydrothermal pretreatment which mainly caused a disorder in
the lignin arrangement. Moreover, as verified by FESEM, CLSM and
FLIM, the organosolv pretreatment alone and its combination with the
hydrothermal pretreatment (with the residence time of 30 and 60 min)
resulted in lignin degradation, rearrangement and non-homogeneous
deposition of significant quantities of lignin on the surface of the sub-
starate. Such two-step pretreatment removed up to 75% of hemi-
celluloses and up to 62% of lignin from the sugarcane bagasse samples.
The cellulose conversion yield was 72% for the samples after combined,
Hyd_30" + Org_150’ pretreatment, representing a considerable increase
in comparison to 22% yield for untreated bagasse. These pretreatments
were shown to result in the loss of cohesion between adjacent cell wall
layers, exposure of the cellulose fibers and dismanteling of cellulose
bundles, thus facilitating enzymatic hydrolysis. Both X-ray diffraction
and ssNMR reveal that cellulose crystallinity stagnates when the cel-
lulose concentration increases above 60% as a result of lignin removal
and hemicellulose solutibization, which coinsides with the conditions of
increased enzymatic hydrolysis yields. A combination of physical
techniques and chemical analytical methods allowed us to obtain
comprehensive information, regarding lignin disposition in the biomass
and cellulose fibril structures, thus making possible a better under-
standing of the morphological changes of the biomass samples caused
by the pretreatments and shed light on their influence on enzymatic
hydrolysis.
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