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Abstract
The structural changes, lignin content and enzymagdrolysis of dilute acid

pretreated bagasse from 19 varieties of sugarcane mvestigated. Chemical compositions
varied significantly between the materials. Glucgseld after enzymatic hydrolysis also
differed significantly among the samples. The défeces in glucose yields were not
eliminated by increasing the pretreatment severf®ucose yield showed a positive
correlation with total dye and orange dye adsomtwhereas with blue dye adsorption it
showed a weak correlation. The crystallinity indesreased with the increasing pretreatment
severity as a result of the removal of the amorghmmponents of the biomass. The degree
of polymerization decreased with the increase airpatment severity. However, the change
in either crystallinity index or degree of polynmtion did not correlate with glucose yield.
The results suggest that the lignin modificatioallceation is a key factor for improving

cellulose accessibility of sugarcane bagasse.

Keywords. Bioethanol, Accessibility, Sugarcane bagasse, r&egof polymerization,

Crystallinity index, Lignin content.
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1. Introduction

Bioethanol represents an important biomass-deriuet] which can be produced via
the biochemical conversion of lignocellulosic bi@msalignocellulosic biomass materials
such as crop residues, sawdust, wood chips, grasaste paper and municipal solid waste
can be used for bioethanol production. The bioathgroduced from lignocellulosic
materials is named as second-generation (2G) dtl@naellulosic ethanol, while first
generation ethanol is produced from sucrose (jexteacted from sugarcane, sugarbeet or
sweet sorghum) or starch (typically extracted frgmains). Typically, bioethanol can be
produced in a four step process, i.e. pretreatmetymatic hydrolysis, fermentation and
distillation [1], where hydrolysis and fermentatiamay be combined. However, the
recalcitrance of lignocellulosic material hindehe teffectiveness of the pretreatment and

enzymatic hydrolysis steps.

Lignocellulosic biomass is made up of three maimgonents, lignin, cellulose and
hemicelluloses, which are interlinked and chemycadlined by both non-covalent and
covalent cross-connections [2]. Cellulose is thestmimportant component of lignocellulose
and has a crystalline structure. Hemicellulosesaadéverse class of polysaccharides with a
structural function in lignocellulose. Lignin is @mponent that contributes to biomass
recalcitrance, protecting cellulose fibres from marganisms and enzymatic action. The
complexity of these three components and theirngement makes the vegetal cell wall
naturally resistant and therefore making pretreatmecessary for its deconstruction, so that
it becomes amenable to enzymatic hydrolysis. A readtnent should modify the

lignocellulosic material structure, exposing théypaccharides to enzyme action [3].

Dilute acid is one among the leading pretreatmemthods employed in the
deconstruction of biomass. The target of this metisothe solubilization of hemicelluloses
leaving the pretreated material porous, enrichetth wellulose and lignin and suitable for
enzyme action [4]. During this process the moleclilgnin bonds may also be broken
followed by radical condensation and precipitatbonthe fibre surface [5]. The modification
of lignin further allows for better enzyme actiondacatalytic adsorption to cellulose [6],
thereby increasing cellulose accessibility [7].tRarmore, hemicelluloses have some sugars
with functional groups such as acetyl, which camdbr the action of both the hemicellulases
[8] as well as cellulases enzymes [9]. The rema¥ahese functional groups increases the
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hemicellulose accessibility to hemicellulases aodsequently the exposure of the cellulose
to cellulases.

Therefore, a low lignin content and a change in ghbstrate recalcitrance through
cellulose exposure are key factors for biomass e@men to bioethanol [7]. In this context,
this work is aimed at investigating the changeshm structural morphology, measured in
cellulose accessibility, of different sugarcane dssg samples in response to dilute acid
pretreatment. Physicochemical properties such esiéigree of polymerization of cellulose
and the biomass crystallinity index were evaluatealrier transform infrared spectroscopy
analysis (FTIR) and Principal component analysi€AP were used to identify structural
differences or modification in the samples befoned aafter alternative pretreatment
conditions with different severities. The glucoseld from enzymatic hydrolysis was
compared for the different pretreatment conditiomd amodifications of the material

properties.

2. Materialsand Method
2.1 Raw materials and sample preparation

Nineteen samples of bagasse from different vagedfesugarcane were supplied by
the South African Sugarcane Research Institute EBAS he samples were milled using a
laboratory ultra-centrifugal mill model ZM200 bagikResch GmbH, Germany). Prior to use,
the milled samples were sieved in a vibratory sietiaker model AS200 basic (Resch
GmbH, Germany) and the patrticles retained betwe&ahd 825 pum sieve porosity were

packed in zipped plastic bags and stored in a testyre and moisture controlled room.

2.2 Pretreatment

The pretreatment of sugarcane bagasse sampleson@iscted according to Benjamin
et al., (2013) [10]. According to this method, §.%dry weight) of sample material and 5 mL
of a sulphuric acid solution of desired concentratwas loaded into the reactor. The
pretreatment was carried out at three differentdtmms, varied according to pretreatment
severity i.e. low severity (150°C, 0.96 % w/w fds thin), medium severity (160°C, 0.96 %
w/w, 15 min) and high severity (180°C, 0.5 % w/w ftb min). The samples were also
pretreated at 200°C for 15 min without acid additio

After the pretreatment, the pretreated slurry washed with 500 mL of distilled
water to separate the dissolved sugars from thernwagoluble solids (WIS). The WIS was

4
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divided into two portions. One portion was usedstady the effect of pretreatment on
enzymatic hydrolysis and the other portion was usedinvestigate the change in
physicochemical properties of the bagasse aftergatnent. The removal of components
such as cellulose, hemicellulose and lignin wasutated considering their content (g/g) in
the untreated and pretreated material. The indiinass for the pretreatment is 1.5 g, and

after pretreatment a solid was recovered (WIS).

2.3 Enzymatic hydrolysis

Two hundred milligrams (200 mg dry weight) of umatied or control sample as well
as each of the pretreated samples materials wamsférred into 40 mL flasks containing a
total volume of 10 mL solution containing 0.05 Metate buffer and an enzyme cocktail. The
samples were placed in a shaking waterbath séi°&t, @t 120 rpm mixing speed for 60 min
to allow for adequate mixing to occur. The cellelasnzyme (Spezyme CP, Genencor-
Danisco, Denmark) was added at a loading rate ofFRB/g substrate. The cellulase was
supplemented by adding 15 1U/g substrat@-gfucosidase (Novozym 188 -Novozymes A/S,
Denmark). The reaction was stopped after 72 hodirbydrolysis of the samples. The
supernatant solution was collected and preparediugar analysis using high performance
liquid chromatography (HPLC) as described belowe Emzymatic hydrolysis assays were
performed in duplicate and average results werertep. The glucan conversion was

calculated according to Eq. (1):

. . [CGlucose ] +1.05% [Cellobioss] .
Gl d i = = 100% (1
ucan conversion (%) 1110 § [Bammt] o (1)

Where:

[Glucose] Glucose concentration (g/L) releasedrduenzymatic hydrolysis
[Cellobiose] Cellobiose concentration (g/L) relehsi@ring enzymatic hydrolysis
[Biomass] Dry biomass concentration at the begigmif the enzymatic hydrolysis (g/L)
f Glucan fraction in dry biomass (g/g)

1.053 Correction factor of cellobiose to equivadent glucose.

1.111 Conversion factor of glucan to equivaleritglocose

24 FT-ATR analysis

Fourier-Transform Attenuated Total Reflectance @IR) spectroscopy was used to
compare the changes in chemical characteristicgeleet untreated and pretreated materials.
Each sample was milled into a powder that passeaigin an 80 mesh screen. Each milled
sample was analysed using a Perkin Elmer SpectrmF¥e mg of sample material was

pressed uniformly against a diamond surface usisyriag-loaded anvil and analyzed with a
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universal ATR accessory (Smart Performer from Thermquipped with ZnSe lenses).
Infrared spectra were obtained with 32 scans imahge of 400 cit to 4000 cm'. The base
line was corrected at 1800, 1550, 1200 and 756.cm

2.5 Crystallinity Index

X-ray diffraction data was obtained using a PANabitX'Pert Pro MPD with Bragg-
Brenatno geometry, PreFix optics, with a Cu tubel @m X'Celerator detector at an
accelerating voltage of 40 kV and a current of 3. Mhe scans were done at @ &gle
between 8° and 28° with a step of 0.05° and a sanof 2°/min. The crystallinity index
(Crl) was determined as the percentage of thealtiyst material in biomass as shown in Eq
2:

Crl :MMOO% 2)

002
Where: Crl= relative degree of crystallinitypob = intensity of the diffraction from the 002
plane at B = 22.5°; L = intensity of the background scatter at=218.7°

2.6 Degree of polymerization

Alpha-cellulose extraction and viscosity measunmanod the extracted pulp using the
standard TAPPI T230 test method was performed@sted elsewhere [11]. Thecellulose
in the samples was determined by incubation oDtbey of the solid in beakers containing 20
mL deionized water, 0.188 g sodium chlorite, andu&3glacial acetic acid in a water bath at
70°C. Three more doses of sodium chlorite (0.18&rg) glacial acetic acid (63 pL) were
added after 2, 3 and 4 h. Thecellulose viscosities were measured using the TAB§t
method where 0.125 g cellulose was placed in a test tube with 12.5 nsttilted water for 1
h. Thereafter, 12.5 mL Cupriethylenediamine solutieas added and stirred for 5 min and
left for 2 h at room temperature until solubilizati of glucan was complete. The soluble
glucan pulp viscosity was measured using a Brotukfiescometer with 0.5 % glucan
solution, using 0.5 M Cupriethylenediamine as avesai. The pulp viscosity measurement
was repeated three times and the average valueiseas The pulp viscosity determined as
centipoise (cp) was converted to degree of polyraéon (DP) of polysaccharides according
to Eq 3.

DP*9%5=0.75[954 log (X) - 325], (3)
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where X is the TAPPI viscosity in centipoises. Tdssays were performed in triplicate and

average values were reported.

2.7 Interior and exterior specific surface area

Dye adsorption on the fibres was measured usingdified Simons’ stain method
[12]. 50 mg (dry mass) of each pretreated sample placed into a 15 mL centrifuge tube
and 0.5 mL of a saline phosphate buffer solutidt §p 0.3M PQ, 1.4 mM NaCl) was added.
The Direct Orange (DO) solution (10 mg/mL) was atslwled at different volumes (0.06,
0.25, 0.37, 0.5, 0.75, 1.0 mL). The Direct Blue {BBlution (10 mg/mL) was then added to
obtain a mixture of DO and DB dyes at a ratio df. T'he tubes were filled to a final volume
of 5 mL with distilled water. The tubes were inctdzhat 70°C for 6 h at 120 rpm. After the
incubation period, the tubes were centrifuged adA®@rpm for 5 min. The absorbance of the
supernatant was measured using a spectrophotoatetewavelength of 455 and 624 nm.
The concentration of the dye adsorbed onto the filzes indirectly determined by calculating
the difference between the initial and the finak dyoncentration in the supernatant. The
concentrations of the DO and DB dyes were detertnirseng Eq 3 and 4, respectively.

Aussnm= Eouss LCo + EgiassLCp (Eq 3)
Ag2anm= Eoe24 LCo + Egje24L.Cp (Eqa 4)
Where A ssnm and As.snm are the adsorption of the mixture at 455 and 62@4respectively.

Eouss and Byes represent the extinction coefficients of each congmd at the respective
wavelengths, and L is the path length (width ofd¢beette -1 cm). The extinction coefficients
of the dyes were calculated from the slopes of thteindard absorbance calibration curves at
455 and 624 nm. The values calculated and usehllisnstudy were: Euss= 25.61; Eas5=
0.86; Boeo= 3.1; and Eje2= 16.45 L ¢ cmi™.

2.8 Chemical composition of raw and pretreated materials

Extractions with 95% ethanol and then water wereedaccording to the standard
method to remove free sugars and extractives. Toeegdure described elsewhere was used
for the determination the extractives content, @sth chemical composition of the extractive-
free biomass samples [13]. The carbohydrate composiof the respective samples were
analysed via high performance liquid chromatogra(tiLC) using an Aminex HPX-87H
lon Exclusion Column equipped with a Cation-H ddge (Bio-Rad, Johannesburg, South

7
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Africa). The carbohydrate concentrations were memkuia an Rl detector (Shodex, RI-101)
operated at 65°C with a mobile phase of 5 mM suiphacid and a flow rate of 0.6 mL/min.
All analytical determinations were performed in ticgte and average results are reported.

3. Resultsand discussion
3.1 Chemical composition of the bagasse samples prior and after pretreatment

The chemical composition varied significantly betwethe samples as shown in
Table 1. In general, the percentage of glucan, imoaklan, lignin, extractive and ash
contents of the materials expressed on a dry wéigsis ranged from 36.9 to 48.6%, 24.6 to
32.8 % 13.3t0 21.5%, 4.2 t0 9.2% and 0.7 to 2/&¥pectively. The values were however in
the range of the typical bagasse samples reportetiterature [14,15]. The structural
carbohydrates content, specifically the sum of gtuand arabinan ranged between 64.0%
and 79.2 %. The samples with reduced lignin contead generally a high structural
carbohydrate content as well as low ash contentemxfor sample 10. The observed
difference could be attributed to the outcome & tireeding process used during crop
development. The samples that showed a reducedh ligpntent were obtained from
precision breeding varieties while those with hiligmin were obtained from classical
breeding varieties as reported previously [10]. Tgrecision breeding varieties were
developed by engineering the cell wall through deegulating the expression of an
endogenous enzyme UDP glucose dehydrogenase teasgcrsucrose content [16]. The
reduction of lignin and ash content are the crustEps toward the reduction of the
recalcitrant of biomass for bioethanol productiory (reference evaluation of bagasse).

The pretreated materials showed higher proportipmgglican and lignin content than
untreated materials (Tables 1 and 2), due to tn@val of hemicelluloses (arabinoxylan and
acetyl group) [5]. The removal of arabinoxylan wasreased with an increase in
pretreatment severity (88.1 to 97.6 %). Howeves,rdgmoval of arabinoxylan in the biomass
was slightly lower when no acid was used comparediilute acid pretreated material.
Uncatalysed pretreatment largely depends on thacaaeid released during cleavage of
acetyl group. The infiltration of hot water intoetHibers causes solubilization of xylan,
cleavage of acetyl group to produce acetic acid.[IWe organic acids generated act as
catalysts which accelerate the auto-hydrolysisti@ac The pretreated material generated
through this method has a lower inhibitive effddawever, most of the sugars hydrolyzed

during pretreatment remain in oligomeric form ahdréefore, cannot be directly fermented.

8



240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

257
258

259
260
261
262
263
264
265
266
267
268
269
270
271
272

Consequently, a post hydrolysis step is usuallyired prior to fermentation [18,19], which

could possibly increase the production cost.

3.2 FT-IR analysis of untreated materials

The FT-IR spectra of untreated materials are shiowngure 1A and were typical of
the structure of sugarcane bagasse [7]. Principalponent analysis (PCA) was applied to
the FT-IR spectral data to allow for the discrimioa of samples based on spectral
information, and the identification of groups ofrgales that bear similarities or differences
[20]. The PCA score plot depicts that samples vesgarated mainly on PC1 axis (Figure
2A). This axis contained most of the spectral infation (63.3 %) compared to PC2 (13.3
%). The samples were widely dispersed on the PG4 akhout group identification,
indicating that the samples were different. Thisuteis in agreement with the chemical
composition of the materials (Table 1). Furthermdne load plot for principle components
showed several discrepancies (Figure 2B). The whffierences were observed in 900, 1200,
1370, 1510 and 1550 ¢hthe regions, which are related to C-O-C of glycimsithkage, C-O
and C-H in polysaccharides and lignin, O-H phenobmpounds, C=C in lignin and C-O in

aromatic ring, respectively.

3.3FT-IR analysis of pretreated materials

The FT-IR spectra of untreated and pretreated matavere different (Figure 1). The
FT-IR spectra of the pretreated materials showed lvends at 1100 and 1050 ¢nwhile in
untreated material the spectrum showed a soft dbeoin this region. The acid pretreatment
caused several modifications in the structure &edcomposition of the pretreated materials
via the removal of hemicelluloses and alterationhef lignin structure (Table 2). This result
was in agreement with the data reported elsewlgre [

Furthermore, a new band appeared at 1100 and 10%QRigure 1, severity: low (B),
medium (C), high (D) and high with no acid (E)), ilehin the spectra of the untreated
material it was a soft shoulder. The formationto$ band is due to the deformation of C-O,
which is related to glucose ring [21]. The enricimtn@f cellulose could probably be
interfering with the intensity of this band. Howeythe band at 1730 ¢hdecreased due to
the removal of arabinoxylan component (acetyl arwhic ester groups) after pretreatment
[15,20]. Generally, the intensity of the bands hesw 1600 and 1300 increased with
increasing pretreatment severity. Conversely, thensities of the bands between 1200 and

9
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1300 cm* were reduced compared to other bands. These bepssent C-OH deformation
and C-O stretching of phenolics [22]. This was expé due to modification of lignin but its
content was less affected (Table 2). This regiorelated to lignin, and modification in its
content or structure by the pretreatment can chérgband intensity. The band at 1240%cm
wasascribed to a C-O of a guaiacyl ring. Thus, it t@nused to evaluate lignin removal
during delignification processes [21]. Similarlyskarp band observed at 1510 csignifies

a proportional increase in lignin concentration doehe removal of hemicelluloses in the
biomass after pretreatment (Figure 1).

The FT-IR spectrum bands provide evidence of strattmodifications of the
biomass after pretreatment. Glucan was removedédrage values between 4.7, 7.9-11.1 %
(based on residual mass) and lignin (3.8-15.3%gndpg on pretreatment severity. Most of
modifications observed were related to the presemo@ nature of lignin and lignin-
carbohydrate complexes (Figure 1). Thus upon m@trent, the lignin in the biomass
became more hydrophilic due to increases in cadbang hydroxyl group contents as
observed in the identified spectral bands (Figuye The principal component analysis
separated the samples into two groups based qgureétreatment conditions (Figure 3A). The
first group comprised samples treated at a modeeatperature (150-180°C) and the other
group belongs to those treated at a high temperd200°C). The PCA score plot showed
that pretreated samples were separated mainly dn &, which contained most of the
spectral information of 62.7 %, while PC2 axis skdw26.4 %. The samples pretreated at
high severity with no catalyst were discriminatadbne group, while the samples pretreated
at low, medium and high severity converged intoigech group. The observed groups could
be due to differences in chemical composition betwthe pretreated materials as revealed
by the loading plot (Figure 3B). The differenceseveelated to wavenumbers in the spectral
region between 1200 and 1600 trparticularly at 1200, 1370 and 1510 tniThese
wavenumbers could be attributed to C-O and C-H ahysaccharides and lignin, O-H
phenolic compounds and C=C in lignin.

3.4 Enzymatic hydrolysisyield

Glucose yield after enzymatic hydrolysis variedngigantly among the samples
(Figure 4). The observed differences could belaitted to the varied chemical composition
between the samples. The three samples with losogliyield (samples 5, 11 and 12) also
had high lignin and ash contents (Table 1). Theeption was on sample 9, which despite

10
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having an intermediate lignin content (17.4%), ékkd the lowest levels of glucose yield
(30.8-54.3%) at all instances. However, this san{p@mple 9) showed the highest ash
content (Table 1). The highest glucose yield inghmples was a function of the severity of
the pretreatment. Further, high glucose yields vgemerally observed on the samples with
low lignin as well as low ash contents. The ligmhatrix can impose various structural
barriers on the cellulase and prevent effectivelibig of the enzymes thereof, leading to low
cellulose digestibility [23]. Other factors thatntobute to the recalcitrance of the biomass
include lignin distribution, type of cell and congiion [24,25]. On the other hand, ash has
been proven to have negative effect on the cebultigestibility due to its neutralization
capacity when dilute acid pretreatment is used.[10]

Furthermore, the increase in the pretreatment ggveould not eliminate the
difference in glucose yields between the samplagu(E 1). Three groups could be
distinguished based the pretreatment severityo(atseverity (30.8—- to 69.5 %), at medium
severity (47.3%-70.3 %) and at high severity (5825 %)). This means that the
digestibilities of the materials were largely detered by the chemical composition of the
material (Table 1 and 2). This finding is in agremmwith the previous studies on the

evaluation of cellulose digestibly of pretreatedenals [10,26].

3.5 Accessible surface area

The enzyme accessibility as measured through tleeifgp interior and exterior
surface areas of the pretreated materials waslatadeto glucose yield using the Simons’
staining technique. The method is based on the uneas the adsorption of Direct Orange
(exterior surface area) and Direct Blue (interiorface area) dyes on biomass materials [27].
According to this method, the total dye adsorpt®determined as the sum of the adsorption
of Direct Blue and Orange dyes. The total dye gusmr represents the sum of internal and
external surface areas as determined by the adwsorpt Direct Blue and Orange dyes,
respectively. The results showed that glucose ywedd linearly correlated with total dye
adsorption (R= 0.9049) (Figure 5A). The dye adsorption ontolipeocellulosic fibre is an
indication of the material’'s available physical tawt surface area for enzyme action [28].
The removal of arabinoxylan combined with lignin difecation increases the exposed
specific surface area of the cellulose for enzyenhyidrolysis (Table 2, Figure 1). The acid
pretreatment removed arabinoxylan resulting in@pertional increase in the lignin content
of the samples (Figure 1), which in turn reallodade the fibre surface [29].
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The glucose yield also showed a linear relationglhip the available external surface
area (measured by Direct Orange dye) as depict&dgime 5B (B = 0.9064). However, a
weak correlation coefficient (R= 0.7168) was obtained between internal specifitase
area (measured by Blue dye) and the glucose yietiile 5C). The Direct Orange dye has
larger molecules with a high affinity for celluloaad easily adsorbs to the external surface of
the exposed cellulose fibre. The Direct Blue dyetloa other hand has smaller molecules
which easily penetrate into the porous structurehef fibres without adsorbing onto the
cellulose [27]. The affinity of the dyes to matértmmponents was determined and it was
found that the amount of Blue dye adsorbed was cootelated with cellulose content.
Furthermore, the amount of Blue and Orange dye rhddodid not correlate with lignin
content (data not shown). The direct comparisoadsiorbed dye in relation to the chemical
composition of the material showed that the methiad not influenced by the components of
the material. The method is based on the applicatf®d different dyes concentrations in an
increasing sequence until dyes adsorption stabikzgh no further adsorption. Further, the
maximum adsorption is based on the linearizationthed data [30]. Accordingly, the
calculated maximum adsorption is considered inlithear phase adsorption and not in the
stabilized phase to avoid a multilayer type of apgon. These characteristics bring more
confidence and robustness in the analysis of ligihdlosic material to predict the enzymatic
digestibility.

Apart from weak correlation shown between Blue dyed glucose yield, this
measurement allows for the comparison betweenthigable internal and external surfaces
of the biomass materials. In general, biomass natgguretreated at different severities will
generate WIS with variable enzyme accessibilityedasn the characteristics of their internal
and external surface areas [31,32], or even bymazyction [33]. The Blue dye molecules
are small and probably penetrate into the poregavleezyme could not reach. This kind of
behavior is observed also with techniques suchhasBET analysis, which is applied in
materials with small pores sizes. The determinatbipores sizes using different dextran
probes indicates that there is a huge diversitthénstructure and sizes of pores in different
material [35,35]. On the other hand, the Simoranahg technique measures individually the
internal and external specific surface area andethtegether can efficiently predict the
glucose digestibility. The determination of theartl surface areas is important for dilute
acids pretreated biomass as this method resulignim precipitation onto the fibre surface.
As a consequence, its percentage content increagpsrtionally (Table 2). This behavior is

12
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typically observed for high severity pretreatmecncisely, at higher temperatures. The
precipitated lignin on the fibre surface createlsaarier to enzymes access to the cellulose
[5,23]. Further, lignin removal which promotes emeyaccess to the cellulose was found to
decrease with the increase in the pretreatmentise(€able 1).

The pretreatment of the samples at different cantst generated a large range of
substrates with different chemical compositionsecdir surface areas, and consequently
different degrees of digestibility. The materialthvhigher dye adsorption were observed at
high pretreatment severity when no acid catalyst wsed. The best enzymatic hydrolysis
glucose yield was also obtained at these pretredtomnditions. These conditions were also
directly responsible for arabinoxylan removal amgphih modification (Figure 1), which in
turn resulted in increases in the substrate adubgsiby increasing the proportion of
exposed pores and also the fragmentation of thedilfFigure 5). The comparison of
different pretreatment conditions using dye adsonpis useful to determine the accessible
cellulose to enzyme action [12], which also cardbpendent of the cellulose content of the
material [7].

The comparison of pretreated samples can lead doidéntification of relations
between biomass digestibility based on glucosalyaeld total dye adsorption. For instance,
sample 3, 5, 7, 9 and 11 showed lower incrementguoose yield when the pretreatment
severity was increased (Supplemental Table 1).SEmeples had a low content of total dye
adsorbed; suggesting a poor response of the sanple®etreatment. Conversely, the best
samples in terms of glucose yield such as sampkhd®ed high glucose yield even at low
severity. This sample also had a low initial ligmiontent (Table 1 and 2). The same result

was also observed for other samples with low ligrantents (3, 14 and 17).

3.6 Crystallinity index (Crl) of biomass and cellulose degree of polymerization (DP)

The samples with different behavior to the enzymhgidrolysis yield (4, 8, 9, 11, 12,
14, 17, 18 and 19) were analysed for biomass dliystg A Crl higher than 40 % was
obtained in all samples, except for sample 4, @&l As expected, the Crl was increased
after the materials were pretreated and the inere@as related to the increase in pretreatment
severity [3]. Dilute acid pretreatment of the bi@maemoves the amorphous part of the
biomass (mainly arabinoxylan) and leaves the pa&tce material enriched with cellulose
(Table 2). However, the differences in Crl betwdlea samples did not correlate with the
enzymatic hydrolysis yield. The most severe prétneat conditions could attack cellulose
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component most likely the amorphous fraction, getireg residual cellulose that is even
more crystalline [7]. This residual cellulose coblel more resistant to enzyme action due the
crystallinity property resulting from high severjyetreatment.

Pretreated samples 11, 14, 18 and 19 were thentesléor the evaluation of the
degree of polymerization (DP) and the obtainedltesre summarized in Table 3. The DP
ranged from 553 to 818. The highest DP was obseowedample 19 and the lowest value
was obtained from sample 14. The observed resdis m agreement with the data reported
on literature, indicating a common DP value belo®0Q [36,37]. Acid pretreatment can
break down of glycosidic bonds linking cellulosetsndecreasing the length of the cellulose
chain or specifically the number of monomeric gkeanits comprising a cellulose chain.
However, an increase in the process severity pdemdid not result in extensive reduction
of the DP of cellulose. Probably, a much highedamncentration could contribute to DP
decrease due to the splitting of glucose units fitbin cellulose chain which is a typical
carbohydrate reaction under acidic conditions astimeed above. When the final DP was
plotted against enzymatic hydrolysis yield, no clieand was observed. Moreover, literature
has not shown any consensus on the effect of th@m&e hydrolysis of cellulose in the
lignocellulosic materials. Furthermore, even foreugellulose the DP effect has not been
shown to influence the total sugar yield, but eneysgnergism has been shown to be more
important in this regard [38]. The DP reductionaisdesirable effect of the pretreatment
process due to the increase in the content of ithaial cellulose ends which are exposed to
the exoglucanase action. Similarly, a low DP cebel chain could be hydrolysed by enzymes
with much ease due a lower degree of hydrogen bgngsulting into a much simpler
supramolecular structure of the cellulose, comp#&oduigh DP cellulose [37]. In the present
work, physicochemical properties have been showrbdothe major contributor to the
similarity in the glucose vyield for samples 14 d@&lwhich are different varieties in terms of
DP.

3.7 Relationship between physicochemical properties and enzymatic hydrolysis

This work investigated the relationship between phgsicochemical and structural
properties of the several samples of sugarcanesbagand enzymatic hydrolysis yield after
they have been subjected to optimized pretreatroemditions. The results indicated that
some of the selected samples were suitable as raterials in an optimized industrial
production process [10,19]. The structural and rolggical properties changed after
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pretreatment resulting in increased cellulose atbiisy of sugarcane bagasse [3,7]. The
results showed that sample with high enzymatic dlydrs glucose yield also showed high
accessibility (Figure 5, Supplemental Table 1)rdrdd analyses showed similar spectra for
both non-acid and acid catalyzed pretreatment erséimples. Acid catalysis also reduced the
acetyl content of the biomass samples through dhégisation of the arabinoxylan fraction
[39]. However, the Principal Component Analysis fGndicates that there are several
structural differences between untreated and @tetde samples (Figure 3B). Therefore,
cellulose accessibility is one of the best analysethods that can be used to predict
enzymatic hydrolysis yield for sugarcane bagasskdtlyermal (acid or not added) pretreated

in addition to chemical composition and physicocluatproperties.

Conclusion

Several samples of sugarcane bagasse pretreatbddiite sulfuric acid were
analyzed to establish the relationship betweenrga@hent severity and lignin content,
substrate accessibility and enzymatic digestibilithe specific surface area of the materials
was altered after pretreatment, improving cellulaseessibility, which was confirmed by
glucose yield after enzymatic hydrolysis. The sfiednternal and external surface areas
(accessibility) of the pretreated samples wereetated with enzymatic digestibility. The
results also showed that crystallinity increasetth\@n increase in pretreatment severity while
degree of polymerization was decreasing. High pattnent severity contributes to lignin
modification/reallocation and as a consequencéhasesults suggest, improved the cellulose
accessibility Further, while physicochemical properties are ingat, measuring cellulose
accessibility is also a very important tool as angefor predicting enzymatic digestibility of
pretreated biomass.
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Tables captions:
Table 1: Chemical composition of untreated vargetiegarcane bagasse.

Table 2: Chemical composition of varieties preedaat different conditions severity for 15
min: low, 150°C, 0.96 % w/w; medium, 160°C, 0.96 Aénwhigh, 180°C, 0.5 % w/w; and
high 200°C, no acid).

Table 3: Crystallinity index (Crl) and degree ofypoerization (DP) of the extreme varieties
based on enzymatic hydrolysis glucose yield.

Figures caption

Figure 1: FT-ATR spectra of untreated sugarcaneasssy varieties (A) and pretreated at
different conditions severity for 15 min: low, 1%8°0.96 % w/w (B); medium, 160°C, 0.96
% w/w (C); high, 180°C, 0.5 % w/w (D); and high 2@0Q no acid (E).

Figure 2. Score plots of FT-ATR of different sangplef untreated sugarcane bagasse (A).
Load plot for a data matrix containing FT-ATR spadB).
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Figure 3: Score plots of FT-IR of varieties pretegawith dilute acid (severity for 15 min:
low, 150°C, 0.96 % w/w; medium, 160°C, 0.96 % whigh, 180°C, 0.5 % w/w; and high
200°C, no acid) (A). Loads plot for a date matataining FT-IR spectra (B).

Figure 4: Profile of enzymatic hydrolysis of difést condition dilute acid pretreated
(severity for 15 min: low, 150°C, 0.96 % w/w; meaiu160°C, 0.96 % w/w; high, 180°C,
0.5 % w/w; and high 200°C, no acid) varieties withFPU/g, supplemented by 15 U/gpef
glucosidase.

Figure 5: Correlation between Total dye adsorptiéd) Orange dye (B) and Blue dye
adsorption (C) and enzymatic hydrolysis glucosddy{@5 FPU/g for 72h + 15 U/g di-
glucosidase) of the sugarcane bagasse varietigse.

Supplemental Table caption:

Table 1: Enzymatic hydrolysis glucose vyield andaltalay adsorption for the different

severity pretreated material (severity for 15 naw, 150°C, 0.96 % w/w; medium, 160°C,
0.96 % w/w; high, 180°C, 0.5 % w/w; and high 200AG,acid).
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Table 1.

Untreated material % (g)*

Sample Glucan Arabinoxylan Lignin Ash Extractives
1 44.30 (0.66) 24.97 (0.37) 16.40(0.25)  1.46(0.02)  8.87(0.13)
2 40.36 (0.61) 26.31 (0.39) 18.91(0.28)  1.60(0.02)  6.39(0.10)
30 44.06 (0.66) 24.57 (0.37) 14.93(0.22)  157(0.02)  7.32(0.11)
4 42.23(0.63) 27.55 (0.41) 16.88(0.25)  1.78(0.03)  4.56(0.07)
5 41.60 (0.62) 28.44 (0.43) 18.30(0.27)  153(0.02)  6.71(0.10)
6™ 40.50 (0.61) 27.89 (0.42) 19.71(0.30)  1.40(0.02)  6.11(0.09)
7 41.13(0.62) 26.98 (0.40) 18.95(0.28)  1.69(0.03)  7.29(0.11)
8" 42.74 (0.64) 28.19 (0.42) 19.52(0.29)  1.56(0.02)  6.88(0.10)
9 42.98 (0.64) 32.76 (0.49) 17.43(0.26)  250(0.04)  4.21(0.06)
10 42.45 (0.64) 27.12 (0.41) 16.80(0.25)  2.37(0.04)  7.54(0.11)
114 48.60 (0.73) 30.62 (0.46) 2148(0.32)  1.04(0.02)  5.51(0.08)
124 41.23(0.62) 26.31 (0.39) 19.80(0.30)  2.05(0.03)  8.81(0.13)
13 42.75 (0.64) 25.34(0.38) 17.37(0.26)  1.90(0.03)  9.22(0.14)
149 43.97 (0.66) 29.12 (0.44) 13.31(0.20)  0.80(0.01)  7.45(0.11)
15 40.19 (0.60) 28.23(0.42) 15.88(0.24)  0.94(0.01)  8.06(0.12)
16 36.90 (0.55) 27.07 (0.41) 16.74(0.25)  0.95(0.01)  7.26(0.11)
179 42.85 (0.64) 29.74 (0.45) 1559 (0.23)  0.92(0.01)  7.96(0.12)
18 41.95 (0.63) 29.97 (0.45) 16.31(0.24)  0.68(0.01)  7.80(0.12)
199 40.68 (0.61) 29.93 (0.45) 15.31(0.23)  0.87(0.01)  6.12(0.09)
Average  42.18(0.63) 27.95(0.42) 17.34(0.26) 1.45(0.02)  7.06(0.11)

(-): sample with low lignin content; (+): sample with high lignin content; (*) Numbersin bracket represents the component mass in gram present in the

material; Standard deviation lower than 5%.



Table 2:

Pretreated, composition base dry material % (g)*

Low severity Medium severity High severity High severity no-acid
Sample Glucan Arabinoxylan Lignin  Glucan Arabinoxylan Lignin Glucan Arabinoxylan Lignin Glucan Arabinoxylan Lignin
1 67.32 4.27 23.17 69.77 154 25.17 68.59 1.68 28.17 67.25 3.88 27.17
(0.64) (0.09) (0.22) (0.62) (0.02) (0.22) (0.61) (0.01) (0.25) (0.61) (0.09) (0.25)
2 63.14 4.53 26.02 67.13 1.76 28.02 66.21 1.07 31.02 65.25 3.13 30.02
(0.60) (0.09) (0.25) (0.58) (0.02) (0.24) (0.57) (0.01) (0.27) (0.57) (0.03) (0.26)
30 67.76 4.20 2277 69.45 1.16 2477  70.65 1.19 27.77 68.11 353 26.77
(0.66) (0.09) (0.22) (0.64) (0.02) (0.23) (0.63) (0.01) (0.25) (0.63) (0.03) (0.25)
4 67.05 4.85 24.69 67.53 157 26.69 67.39 1.52 29.69 65.50 3.58 28.69
(0.63) (0.05) (0.23) (0.60) (0.01) (0.24) (0.59) (0.01) (0.26) (0.59) (0.03) (0.26)
5 63.64 5.20 25.09 66.28 1.69 27.09 66.52 1.32 30.09 64.91 3.78 29.09
(0.59) (0.05) (0.23) (0.56) (0.01) (0.23) (0.55) (0.01) (0.25) (0.55) (0.03) (0.25)
6™ 61.03 5.28 27.60 62.32 1.68 29.60 63.00 1.39 32.60 61.59 3.80 31.60
(0.57) (0.05) (0.26) (0.54) (0.01) (0.26) (0.53) (0.01) (0.28) (0.53) (0.03) (0.27)
7 64.07 4.90 25.69 65.60 1.75 27.69 64.98 154 30.69 61.60 3.90 29.69
(0.60) (0.05) (0.24) (0.58) (0.02) (0.24) (0.57) (0.01) (0.27) (0.57) (0.09) (0.27)
g™ 60.90 5.84 25.94 61.18 1.82 30.94 62.95 2.35 30.94 60.23 4.35 31.94
(0.59) (0.05) (0.23) (0.52) (0.02) (0.26) (0.51) (0.02) (0.25) (0.51) (0.09) (0.27)
9 65.85 5.54 2241 69.28 1.69 2441 6811 1.20 2741 65.46 3.72 26.41
(0.62) (0.05) (0.21) (0.60) (0.02) (0.21) (0.59) (0.01) (0.24) (0.59) (0.03) (0.249)
10 65.92 4.65 24.66 63.09 1.64 27.66 66.69 1.32 29.66 65.03 354 28.66
(0.59) (0.04) (0.22) (0.56) (0.01) (0.25) (0.55) (0.01) (0.25) (0.53) (0.03) (0.23)
11 65.39 5.54 2481 67.48 1.48 26.81 66.72 1.42 29.81 64.78 3.88 28.81
(0.60) (0.05) (0.23) (0.58) (0.01) (0.23) (0.57) (0.01) (0.25) (0.57) (0.03) (0.25)
12t 62.59 5.60 25,50 67.44 1.60 2750 66.70 1.36 30.50 65.51 3.02 29.50
(0.59) (0.05) (0.24) (0.57) (0.01) (0.23) (0.56) (0.01) (0.26) (0.57) (0.03) (0.25)
13 57.28 6.35 26.63 60.47 1.64 31.63 63.53 1.67 31.63 59.71 417 33.63
(0.53) (0.06) (0.25) (0.51) (0.02) (0.27)  (0.50) (0.01) (0.25) (0.46) (0.03) (0.26)
14% 69.83 5.69 19.38 7174 1.45 21.38 71.63 1.57 2438 69.11 4.90 23.38
(0.66) (0.05) (0.18) (0.64) (0.01) (0.19) (0.63) (0.01) (0.21) (0.72) (0.05) (0.25)
15 63.96 6.40 2343 67.97 175 2543 66.56 1.68 2843 68.43 3.64 27.43
(0.59) (0.05) (0.21) (0.56) (0.02) (0.21) (0.55) (0.01) (0.24) (0.55) (0.03) (0.22)
16 61.65 5.60 25.70 64.64 1.64 27.70 65.62 1.80 30.70 60.37 3.96 32.70
(0.56) (0.04) (0.23) (0.53) (0.01) (0.23) (0.52) (0.01) (0.24) (0.46) (0.03) (0.25)
170 65.93 4.44 2159 68.73 197 2359 68.98 2.09 26.59 67.39 5.05 25.59



(0.62)  (0.04  (020) (0.60)  (0.02) (0200 (059  (0.02)  (0.23) (065  (0.05)  (0.25)

18 64.82 4.44 23.95 66.80 1.89 2595 65.25 1.84 28.95 61.96 5.85 29.95
(0.56) (0.04) (0.21) (0.54) (0.02) (0.21) (0.52) (0.01) (0.23) (0.48) (0.05) (0.23)
190 69.11 4,01 21.13 68.29 141 18.13 68.60 1.46 26.13 67.30 3.96 25.13
(0.62) (0.04) (0.19) (0.60) (0.01) (0.16) (0.59) (0.01) (0.23) (0.61) (0.04) (0.23)
Average 64.59 5.12 2422 66.59 1.64 26.32 66.77 155 29.22 64.71 3.98 28.75
(0.60) (0.30) (0.22) (0.58) (0.01) (0.23) (0.56) (0.01) (0.25) (0.57) (0.03) (0.25)
Glucan
removal (%) 476 7.94 11.11 9.52
Hemicellulose
removal (%) 88.10 97.62 97.62 92.86
Lignin
removal (%) 15.38 11.54 3.85 3.85

(-): sample with low lignin content; (+): sample with high lignin content; (*) Numbers in bracket represents the component massin gram present in the
material; Arabinoxylan and other components removal was calcul ated based on the initial and final mass (WIS), and their respective percentage; standard
deviation lower than 5%.



Table 3.

Dilute acid pretreated

Medium High High severity

Sample Untreated Low severity severity severity no acid
Crl
(%) 4 33.64 57.72 56.02 58.74 56.78
8 44.20 56.24 59.92 60.45 58.83
9 41.98 56.82 59.15 58.55 55.54
11 48.95 55.26 59.95 60.16 61.85
12 46.54 57.36 58.55 57.27 55.23
14 49.64 55.28 59.05 60.77 61.00
17 49.79 62.24 62.01 64.54 62.34
18 49.62 61.38 61.31 62.29 63.26
19 46.66 59.29 60.00 60.84 67.96
DP 11 - 702.30 687.14 687.14 716.75
14 - 617.80 619.73 562.69 553.28
18 - 791.69 778.08 768.66 762.63

19 - 818.27 802.60 813.13 768.66
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Figure 2
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Figure 4
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Highlights

The structural changes and cellulose accessibility of bagasse was investigated,

Cellulose accessihility increased with the increase in the acid pretreatment severity,

Accessibility was linearly correlated with glucose yield after hydrolysis,

Lignin modification/reallocation is key factor for improving cellul ose accessibility.



