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ABSTRACT:	� Lignocellulose conversion into cellulosic ethanol and coproducts starts with a pretreatment step. Most current 
industrial plants of cellulosic ethanol use thermochemical pretreatments under hydrothermal conditions, 
with or without addition of acid catalyst. Such pretreatments modify biomass chemistry and morphology, 
particularly at the nanoscale. In this work, we use X-ray diffraction, dynamic vapor sorption and calorimetric 
thermoporometry to investigate the biomass nanostructural changes promoted by hydrothermal conditions. 
We compare and differentiate the rind and pith fractions of sugarcane stalks in order to contribute to the 
understanding of rind-pith contrasting recalcitrance. Moreover, for both cane fractions our results point 
consistently to cellulose co-crystallization, lignin aggregation, and opening of nanoscale pores as the main 
nanostructural phenomena occurring during hydrothermal treatments. 
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1  INTRODUCTION

Lignocellulosic biomass is a vast, inexpensive renew-
able resource that can be industrially transformed into 
materials, chemicals, and liquid fuels. The choice of 
product mix and process route depends, among other 
factors, on the biomass feedstock. We are interested in 
sugarcane biorefineries. About one third of sugarcane 
dry matter is made of soluble sugars currently used 
in production of sugar and fuel ethanol [1]. The addi-
tional two thirds are lignocellulosic residues: bagasse 
(the fibrous residues left after crushing the stalks) and 
straw (leaves and green tops). Bagasse is already gath-
ered at the mill, while straw must be collected from 
the sugarcane fields. Because sugar-based (1st genera-
tion) ethanol is already well established and lignocel-
lulosic residues are available, the Brazilian sugarcane 
industry is well positioned to lead the large-scale pro-
duction of cellulosic (2nd generation) ethanol. Once 
cellulosic ethanol becomes firmly established, the 
way will be paved for more complex multiproduct 

biorefineries that harness the vast potential of sugar-
cane lignocellulose.

The process of cellulosic ethanol production con-
sists of four main steps: pretreatment, enzymatic sac-
charification, fermentation, and ethanol distillation 
[2]. Pretreatments are required to reduce the natural 
recalcitrance (i.e., resistance to deconstruction) of 
lignocellulosic biomass. Although many pretreat-
ments have been proposed, tested, and shown to be 
effective [3], so far only a few have been deployed at 
industrial scale. A recent survey among the pioneering 
industrial-scale plants of cellulosic ethanol indicated 
that 5 of the 6 global producers employ either dilute 
acid or steam explosion pretreatments [4]. Despite dif-
ferences in equipment design and operation as well as 
in usage of acid catalyst, these pretreatments actually 
belong to a common class, with the most fundamen-
tal physical chemistry determined by the presence of 
acidic liquid water at high temperature (140–200 °C). 
Here we call it the hydrothermal conditions present in 
this whole class of pretreatment technologies [5].

Pretreatments modify biomass composition and 
morphology, and the nanometric scale is especially 
important. Lignocellulosic biomass is hierarchically 
structured, from molecules up to macroscopic particles 
[6]. At the nanoscale, biomass forms fibrillar cellulose 
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crystallites 3–5 nm wide, laterally associated to form 
crystallite aggregates, organized in cell wall layers 
(lamellas) stacked to form micrometric cell walls. 
Lignin and hemicelluloses are interpenetrated through 
these levels of the biomass structural hierarchy [7, 8]. 
In addition to biomass being naturally nanostruc-
tured, enzymes have nanometric size [9]. Hence, the 
enzymatic saccharification performed after pretreat-
ment is essentially the interaction between nanometric 
biomass components and nanometric enzymes [10].

For investigation of lignocellulose nanostructure, 
we developed a strategy in which we first improved 
a set of analytical techniques and then applied them 
systematically to a wide range of lignocellulosic 
samples. Our workhorse techniques were X-ray dif-
fraction (XRD) [11], dynamic vapor sorption (DVS) 
and calorimetric thermoporometry (CTP) [12]. These 
three techniques probe complementary dimensions 
of lignocellulose nanostructure. XRD probes cellulose 
crystallites; DVS, the first hydration layers contacting 
the polymer matrix; and CTP, pores in the 1–200 nm 
size range in water-saturated samples. In previous 
studies, we employed these techniques to investigate 
nanostructural differences between the rind and pith 
fractions of sugarcane stalks [13] as well as cellulose 
co-crystallization [14] and gains in nanoscale porosity 
[15] upon hydrothermal treatments.

In this work, we generated and characterized a 
coherent set of samples to jointly investigate the rind-
pith differences as well as the nanoscale changes 
promoted by hydrothermal treatments. We revisit 
the aforementioned previous studies, which are here 
discussed in light of the present knowledge. Hence, 
we provide new data and an updated review of the 
nanoscale phenomena relevant for lignocellulose bio-
refineries based on hydrothermal pretreatments.

2  MATERIALS AND METHODS

2.1  Sugarcane Fractionation

The aboveground parts of sugarcane plants were 
kindly provided by Usina Ipiranga de Açúcar e Álcool 
LTDA, Brazil. Leaves were removed from the stalks, 
and the stalks were cut near the nodes to separate the 
internodes (Figure 1). Internodes from the whole stalks 
were collected. A bench drill was used to perforate 
the internodes, separating the center (pith) from the 
~1 mm thick periphery (rind). The pith fraction was 
compressed in a hydraulic press with load of 10 metric 
tons (distributed in a circular area of diameter 5.4 cm) 
for 5 minutes to remove sugarcane juice and then 
exhaustively washed with distilled water to remove 
residual sugars. The rind fraction was extracted in a 
soxhlet system with n-hexane to remove wax as well 

as other extractives and then washed with distilled 
water. The washed rind and pith fractions were air 
dried up to 10% moisture content.

2.2 � Hydrothermal Treatment and 
Delignification

Hydrothermal treatments were performed in a 195 mL 
stainless steel (304 grade) batch reactor heated in 
a thermostatic glycerol bath. Treatments were per-
formed with 1:10 (w/v) solid-liquid ratio, at 180 °C, 
for 1 hour. This is a process-relevant condition, which 
solubilizes most of the hemicelluloses but only a small 
fraction of the cellulose from bagasse [14]. The reactor 
was cooled in an ice-water bath and reactor content 
was filtered and washed until neutral pH. Washed sol-
ids were air dried up to ≈10% moisture content.

Delignification was conducted to selectively 
remove residual lignins for the characterization of the 
hydrothermally treated solids. Delignification was 
performed by adding 1% (w/w) sodium chlorite and 
0.3% (w/w) acetic acid to an aqueous suspension of 
2% (w/w) solids. The system was mechanically stirred 
and heated at 70 °C for 3 hours. At the end of the first 
and the second hours, 0.12% (w/w) sodium chlo-
rite and 0.04% (w/w) acetic acid were added to the 
mixture [16]. Delignification was finished by washing 
the solid with methanol and cold distillated water. The 
delignified solids were air dried up to ≈10% moisture 
content.

2.3  Composition Analysis

Biomass chemical composition was determined by 
performing analytical acid hydrolysis as detailed by 
Novo et al. [17]. Analytical hydrolysis was performed 

Juice Pressing
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Extraction Wax
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Pith Rind

Figure 1  Separation of rind and pith fractions from 
sugarcane internodes.
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in two steps: i) 12 mL of sulfuric acid 72% (w/w) was 
added to 0.8 g (dry basis) of ground sample and the 
suspension was magnetically stirred at room tempera-
ture for 2 hours; ii) the acid mixture was diluted to 3% 
and autoclaved for 1 hour at 120 °C. Acid-insoluble 
lignin was determined gravimetrically. The hydroly-
sate was analyzed by UV-Vis spectroscopy for deter-
mination of soluble lignin and by high performance 
liquid chromatography (HPLC) for quantification of 
carbohydrates and sugar degradation products. 

2.4  X-ray Diffraction

X-ray diffraction (XRD) was performed in transmis-
sion geometry with air-dried sample particulates 
inserted into capillary tubes. The instrument used was 
a Rigaku UltraX18HF rotating-anode with Cu Ka radi-
ation (l=1.54 Å), VariMax monochromating optics, and 
mar345 image plate detector. The two-dimensional 
XRD powder patterns were calibrated, corrected and 
then analyzed with the Cellulose Rietveld Analysis for 
Fine Structure (CRAFS) model [11]. Diffraction peak 
shape parameters were set as previously fixed [14].

2.5  Dynamic Vapor Sorption

Dynamic vapor sorption (DVS) was performed in a 
Q5000 SA from TA Instruments. Samples of ~5 mg were 
initially equilibrated at 50 °C and 95% relative humid-
ity. Relative humidity was decreased stepwise (des-
orption) until 0%, and then increased stepwise (sorp-
tion). Desorption and sorption isotherms were  built 
based on the measured mass at the end of each relative 
humidity step, having the sample dry mass as the ref-
erence. Isotherms are shown as water content (in unit 
of g water per g dry matter) as a function of relative 
humidity [12].

2.6  Thermoporometry

Samples for CTP were exhaustively washed and 
soaked in water to saturate the solids with water. 

Samples were then inserted into aluminum pans 
(Tzero®) and sealed with hermetic lids. CTP was per-
formed in a scanning differential calorimeter (DSC) 
model TA Q200 with autosampler and RCS90 cool-
ing unit. The instrument was programmed to freeze 
the sample at −70 °C followed by a series of heating 
ramps, each ramp followed by an equilibration iso-
therm. The heat flow signal was analyzed to determine 
the profile of freezing bound water (FBW), given in 
units of g water per g dry matter. The FBW profiles are 
cumulative pore size distributions given as a function 
of pore diameter (~1–200 nm). FBW was determined 
from the signal of ice melting below 0 °C, with tem-
perature depression caused by nanoscale confinement. 
Pore diameter d was calculated from the temperature 
depression (∆T) of ice melting by the Gibbs-Thomson 
equation, d=2Kc/∆T, with Kc = 19.8 nm K. The details 
of the method are described elsewhere [12, 18].

3  RESULTS

3.1  Chemical Composition

Raw sugarcane rind and pith show similar contents of 
the main macromolecular components: lignin, hemi-
cellulose, and cellulose (Table 1). The main difference 
between the tissues is the higher hemicellulose content 
in pith (31.3%) compared to rind (26.9%), balanced by 
slightly less lignin in pith than in rind. Hydrothermal 
treatments primarily hydrolyze and solubilize the 
hemicellulose fractions, which show up as much 
lower hemicellulose contents (4.8% and 3.3%) after 
hydrothermal treatments of rind and pith, respectively 
(Table 1). Delignification dramatically reduced the 
lignin contents to 3.3% and 2.9%, demonstrating the 
effective removal of lignin from the hydrothermally 
treated samples.

3.2  X-ray Diffraction

The XRD patterns at the area detector show the char-
acteristic rings coming from cellulose crystallites 

Table 1  Chemical composition of raw and treated sugarcane pith and rind.

Treatment Fraction

Macromolecular contents (%)

Lignin Hemicellulose Cellulose

raw Rind 25.4 26.9 48.0

Pith 23.8 31.3 47.8

hydrothermal Rind 34.8 4.8 59.9

Pith 30.5 3.3 55.0

hydrothermal delignified Rind 3.3 13.4 80.5

Pith 2.9 8.3 70.6
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(Figure  2a), demonstrating that cellulose crystallites 
are present in the lignocellulosic samples. The experi-
mental two-dimensional patterns are properly fit by 
the calculation with the CRAFS model (Figure 2b). 
Cellulose crystallite parameters are determined by the 
fit. The most pronounced differences are observed in 
the width of the diffraction peaks associated with lat-
eral dimensions of cellulose crystallites (Figure 2c), and 
more clearly for the most intense (200) peak. Sharper 
peaks are interpreted (and modeled by CRAFS) as 
greater mean crystallite width (Figure 2d). Crystallite 
width L(200) is greater in raw rind as compared to raw 
pith, evidencing significant difference between the tis-
sues. Pith also showed greater variability (error bar in 
Figure 2d), likely reflecting the variable proportions of 
parenchyma and vascular bundles present in this frac-
tion and illuminated during XRD analysis of the raw 
pith fraction.

Hydrothermal treatments cause the diffraction 
peaks to sharpen (Figure 2c). This experimental result 
is interpreted as increasing mean width of cellulose 
crystallites (Figure 2d). The underlying phenomenon 
causing sharper diffraction peaks (and wider crystal-
lites) has been termed co-crystallization [14, 19]. The 
effects of co-crystallization were more pronounced 

in pith than in rind, so that the difference observed 
in raw tissues becomes negligible after hydrothermal 
treatments (Figure 2d). Delignification promotes slight 
changes in diffraction peak width, which appear as 
slightly wider crystallites (Figure 2d). However, such 
changes due to delignification are too small to sup-
port any robust interpretation and it is therefore more 
appropriate to consider that delignification keeps the 
crystallites unaltered.

3.3  Dynamic Vapor Sorption

Moisture desorption and sorption in the lignocellu-
losic samples was investigated with DVS. In this tech-
nique, sample mass is monitored continuously while it 
responds to the programmed relative humidity steps 
(inset of Figure 3). In the measured sorption isotherms 
(Figure 3), one observes that water contents are greater 
in pith than in rind, and greater in raw biomass than in 
the hydrothermally treated ones. The amount of water 
measured in sorption isotherms is strongly influenced 
by crystallite width, with wider crystallites associ-
ated with lower water contents [20]. Hence, crystal-
lites wider in rind than in pith (Figure  2d) explains 
the sorption differences between these raw tissues 
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Figure 2  (a) Two-dimensional X-ray diffraction pattern acquired from hydrothermally treated sugarcane rind. (b) Analysis 
of the diffraction pattern with the model Cellulose Rietveld Analysis for Fine Structure (CRAFS). (c) Background-subtracted 
diffractograms of raw and hydrothermally treated rind and pith, showing the differences in (200) diffraction peak width. 
(d) Crystallite width L(200) determined from analysis of the diffraction patterns.
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(Figure  3). Furthermore, increasing crystallite width 
due to hydrothermal treatments (Figure 2d) explains 
the lower moisture sorption in the treated materials 
(Figure 3). The removal of hemicelluloses in hydro-
thermal treatments (Table 1) also explains part of the 
lower moisture gains (Figure 3), but the effect of crys-
tallite width is expected to dominate [20].

3.4  Calorimetric Thermoporometry

The FBW profiles reveal that raw pith has higher 
nanoscale porosity than raw rind (Figure 4), reproduc-
ing the finding from a previous study [13]. Indeed, 
pith is also more porous than rind after hydrothermal 
treatment and delignification (Figure 4). Hydrothermal 

treatment causes substantial gains in nanoscale poros-
ity for both rind and pith, while delignification of the 
hydrothermally treated samples modifies the shape 
of the FBW profile. The changing profile shape is 
summarized by plotting FBW < 4  nm against FBW 
between 10–200 nm (inset of Figure 4). One observes 
that hydrothermal treatments promote gains in both 
ranges of pore size, while delignification promotes 
FBW gains in the 10–200 nm range, but losses at FBW 
< 4 nm. This result was observed consistently for other 
biomass feedstocks and treatment conditions and the 
signal FBW < 4 nm was shown to be associated with 
restructured lignin left by the hydrothermal condi-
tions [15].

4  DISCUSSION

Rind and pith fractions from the stalk of sugarcane 
(as well as from other grasses) have shown contrast-
ing recalcitrance (i.e., resistance to degradation), with 
rind always more recalcitrant than pith. This result 
has been consistently reported as the distinct tissues 
have been submitted to thermochemical treatments, 
in-vitro digestibility with fungal cellulases, and incu-
bation with rumen microorganism [21–23]. The con-
trasting recalcitrance may be explained by several 
tissue-specific properties: hemicellulose composition 
and structure [24], cell wall thickness [25,  26], cel-
lulose crystallite width (Figure 2d), as well as water 
sorption and nanoscale porosity observed in this work 
(Figures 3 and 4), in agreement with a previous study 
[13]. Although all these properties may have a role in 
explaining the contrasting recalcitrance, nanoscale 
porosity is likely the most critical difference, since 
nanoscale pores limit the transport of reactants, reac-
tion products and enzymes inside the cell wall. Hence, 
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~5 nm [9] and pores larger than that are determinant of 
enzyme accessibility. Hence, we usually consider FBW 
in the 10–200 nm range as a good indicator of enzyme 
accessibility. Our results demonstrate porosity gains in 
this range of pore sizes (Figure 4). The associated gains 
in enzyme accessibility are likely the most beneficial 
alteration promoted by hydrothermal pretreatment.

Pretreatments in cellulosic ethanol production 
aimed at opening the biomass structure and the 
observed gains of nanoscale porosity (Figure 4) dem-
onstrate this is indeed an effect of hydrothermal pre-
treatments. However, cellulose co-crystallization and 
lignin aggregation are cohesive phenomena, contrary to 
the aim of pretreatments. Hence, although hydrother-
mal pretreatments do reduce biomass recalcitrance 
and enhance digestibility, it should be clear that detri-
mental phenomena co-occur with the beneficial ones. 
Therefore, as far as alterations in biomass nanostruc-
ture are concerned, avoiding the bad as well as pro-
moting the good should be the dual aim for the design 
of better pretreatments.

5  CONCLUSIONS

Lignocellulose biorefineries should be built on a 
sound scientific understanding of the phenomena tak-
ing place during biomass processing. Nanoscale phe-
nomena are especially important because lignocellu-
lose is naturally nanostructured and the enzymes for 
biomass deconstruction have nanometric size. In this 
work, we investigated the nanostructural evolution 
of sugarcane lignocellulose submitted to hydrother-
mal conditions typical of the pretreatments employed 
in the cellulosic ethanol industry. Rind and pith, two 
sugarcane stalk fractions of contrasting recalcitrance, 
were characterized by XRD, DVS and CTP. Significant 
differences between the tissues were observed for all 
the measured parameters, which help understand the 
origin of tissue-specific recalcitrance. Moreover, upon 
hydrothermal treatments, we observed the experi-
mental signatures of cellulose co-crystallization, lignin 
aggregation, and opening of nanoscale pores that 
enhance enzyme accessibility. The physical-chemical 
mechanisms associated with these nanostructural 
alterations were discussed.
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