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ABSTRACT: Efficient modification and decrystallization of cellulose If in
lignocellulosic biomass are potential ways to overcome biomass recalcitrance and
facilitates enzymatic degradation. Herein, we have treated moso bamboo and
microcrystalline cellulose separately by either alkali or ethylenediamine (EDA)
treatments, as well as using both in succession. The pretreatments successfully
transformed the initial cellulose If allomorph into cellulose II, I1I;, and cellulose 1.
Crystal structures and crystallinities were determined by Rietveld X-ray diffraction and
CP/MAS 3C NMR. Comparatively, the samples that were sequentially treated by EDA
and NaOH had low crystallinity (~50%), larger d-spacings of ~4.4 A for the
hydrophobic (110) planes, and less condensed microfibrillar aggregation. The factors
simultaneously contributed to as high enzymatic hydrolysis yield as 89.5% and 91.7%
respectively, followed by the yields of mercerized cellulose II and cellulose IIIn
allomorph. The stepwise allomorphic transformations may provide new strategies on
improving efficiency of saccharification process and biomass utilization.

Keywords: crystalline cellulose; stepwise pretreatment; allomorphic transformation;

cellulose Iir; biorefinery

1. Introduction

The efficient conversion of cellulose to fermentable sugars by cellulase enzyme-
catalysis has been receiving considerable attention and is making important
contributions to the development of a sustainable society (Mosier et al., 2002). Native

cellulose is a linear polysaccharide composed of B-1,4-linked glucopyranose residues.
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These glucan chains are joined by inter-molecular hydrogen bonds and dispersive
forces into partially crystalline microfibrils. The crystallinity and accessibility in native
lignocellulose materials are thought to be a major factor contributing to “biomass
recalcitrance”, which inhibit the accessibility by cellulolytic enzymes (Karimi and
Taherzadeh, 2016). Meanwhile, the coalescence of microfibrils in the cell wall leads to
larger macrofibrils with diameters up to 60 nm (Donaldson, 2007). This multi-scale
organizations also contributes to the recalcitrance during enzymatic conversion. Thus,
exploration for methods of efficiently deconstructing the -cellulose-containing
macromolecular complex, especially for the modification or disruption of crystalline
cellulose, is key to a viable and desirable cellulosic biorefinery (Gomide et al., 2019).
The predominant allomorph in crystalline cellulose from plants is I with two
chains packed parallel in a monoclinic unit cell (Nishiyama et al., 2002). Due to its high
density (1.63 g/cm?, 1.60 for cellulose II, 1.54 for I1I;, and 1.59 for I1ly), cellulose IB is
the form most difficult for enzymes to hydrolyze (Zhong et al., 2008). Therefore, it is
important to establish pretreatment procedures to disrupt the compact structure of the
IB allomorph and the tight association within microfibrils. Other cellulose allomorphs,
including cellulose I1, III and IV can be converted from cellulose I by different chemical
treatments (Kim et al., 2013). Cellulose 11 is commonly created by alkaline treatment
(also called mercerization) or the regeneration of dissolved cellulose. The formation of
cellulose II from cellulose I is irreversible. We recently reported the effect of alkaline
concentration on the allomorphic transformation from cellulose I to cellulose II (Ling

et al., 2017). That work suggested that mercerization of moso bamboo began to take
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place by treatment with 8 wt% NaOH, while the complete allomorphic transformation
occurred with 14 wt% NaOH. With antiparallel packing of its glucan chains, cellulose
IT crystals have a slightly enlarged spacing between adjacent cellulose sheets, reduced
crystallite sizes, and typically decreased crystallinity (Horikawa et al., 2013; Nam et al.,
2016). The supramolecular transformation and decrystallization from the NaOH
treatment have improved the enzymatic digestibility of cellulose with an approximate
3-4-fold increase, widely expanding its application in biomass processing. Cellulose
III; can be prepared by soaking cellulose I in anhydrous liquid ammonia or in organic
amines (Wada et al., 2004) and subsequent removal of the ammonia and amine.
Cellulose III; has a synergistically enhanced cellulase susceptibility because of a
different hydrogen bond network and the greater distance between hydrophobic crystal
planes (Chundawat et al., 2020, 2011; Igarashi et al., 2007). An 80% increase of glucose
yield was achieved for ammonia induced cellulose I1I;, though the increase was not as
great as for cellulose I1. It is likely attributable to the different crystallite sizes and lattice
plane spacings for hydrophobic stacking surfaces between the two allomorphs (Sousa
et al., 2019). In addition, the morphologically thinner fibrils caused a relatively lower
enzymatic conversion efficiency than experienced for swollen and coarse cellulose 11
fibers (Jin et al., 2017; Ling et al., 2018). Real-time hydrolysis results indicated that
cellulase slide unidirectionally along the cellulose III; crystalline chains and halted
collectively, causing traffic jams on the surface of the substrate (Igarashi et al., 2011).
To achieve an ideal enzymatic conversion yield of fermentable sugar from

lignocellulosic biomass, allomorphic transformation is widely applied in conjunction
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with other treatments (Li et al., 2019; Wu et al., 2020; Yuan et al., 2018). Steam-assisted
alkaline pretreatment, together with allomorphic transformation to cellulose II,
facilitates the decrystallization of corn stalks, achieving a high glucose yield at a rather
low enzyme loading (Liu et al., 2020). Stepwise pretreatments by aqueous ammonia
and ethylenediamine (EDA) indicated that further conversion to cellulose III; and
amorphous cellulose took place at the EDA pretreatment stage, while aqueous ammonia
was more responsible for swelling the fibrils and increasing the surface area (Zhu et al.,
2018). EDA also enhanced the ionic liquid treatment of cellulose, which contributed to
a mixture of cellulose II/IIl; with extremely low crystallinity (Xu et al., 2020). The
reported stepwise or co-pretreatments showed satisfactory cellulose deconstruction by
efficient decrystallization and changing the allomorph from recalcitrant cellulose I.
However, the allomorphic conversions were commonly performed with just one of the
treatment stages. Rarely studied is the enhancement of pretreatment by successive
allomorphic transformation, which could improve the efficiency of subsequent
enzymatic hydrolysis.

In the present work, moso bamboo holocellulose and microcrystalline cellulose
were stepwise pretreated first by NaOH or EDA and then with the other agents to unveil
their effects on the efficiency of bioconversion. Cellulose 11l arises from NaOH
treatment followed by EDA, and cellulose II results from treating first with EDA and
then NaOH. The original as well as the single- and double-treated samples were then
subjected to cellulase enzymatic hydrolysis. Thus, the effects of both allomorphic

conversions on enzymatic digestibility of cellulose were systematically studied. The
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effects of these pretreatments on the multi-scale structures of cellulose and subsequent
enzymatic degradation were characterized by chemical, microscopic, FTIR, Raman, X-
ray diffraction and NMR analyses. These detailed studies involving various
allomorphic transformations may provide better understanding of biomass recalcitrance
from the point of view of cellulose supramolecular structure, which will guide the

development of pretreatment protocols with lower enzyme and energy consumption.

2. Materials and methods
2.1 Materials

Moso bamboo (Phyllostachy edulis) was harvested from the Forestry Center in
Sichuan Province, China. After milling with a Wiley mill to pass through an 80-mesh
screen, the bamboo powder was treated by toluene/ethanol (2:1, v/v) Soxhlet extraction
for 6 h to remove the extractives, followed by oven drying at 60 °C overnight. To
remove the effects of lignin on the cellulose structural analyses, the extracted samples
were treated by 30 wt% NaClO» at 75 °C for 4 h, at the solid/ liquid ratio of 1:15. Acetic
acid (HAc) (2 wt%) was added each hour to keep the pH lower than 4.0.
Microcrystalline cellulose (Avicel®, PH-101) was purchased from Sigma-Aldrich
(Shanghai, China) as a model of the crystalline cellulose Ip. The Raw moso bamboo,
the delignified holocellulose from bamboo, and microcrystalline cellulose were named
as MB, HC and MC respectively.
2.2 Stepwise pretreatments

The two-step allomorphic transformations of HC and MC were conducted
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according to the previous studies (Cheng et al., 2011; Horikawa et al., 2013). Cellulose
IT was obtained by soaking HC and MC in 14 wt% NaOH at 45 °C for 1 h, followed by
filtration with deionized water, and oven drying at 60 °C overnight. The resulting alkali-
treated samples were designated as HA and MA. Afterwards, HA and MA were treated
with 75 % (v/v) EDA aqueous solution at room temperature for 24 h (Roche and Chanzy,
1981). After careful washing with ethanol and acetone, the cellulose Il type HC and
MC were respectively denoted as HAE and MAE. Similarly, with reversing the order
of the alkaline and EDA stepwise treatments, cellulose III type samples HE/ME and
alkali mercerized cellulose III samples HEA and MEA were obtained. All the samples
were oven dried to remove the sample moisture to avoid effects on the subsequent
enzymatic hydrolysis (Kobayashi et al., 2012). The treatment process and notation of
the samples in this work are exhibited in Scheme. 1.
2.3 Characterization

Chemical compositions of the samples were determined by the National
Renewable Energy Laboratory (NREL) protocol (Sluiter et al., 2012). Raman spectra
were measured on a confocal laser micro-Raman spectrometer (Thermo Fischer DXR,
USA) equipped with a diode laser of excitation of 532 nm (laser serial number:
AJC1200566). The laser was focused onto the sample with an Olympus x50 long
distance objective. FTIR spectra of the samples were obtained by using the FTIR
spectrometer (Thermo Nicolet™ 6700; Thermo Fisher Scientific, USA) at a resolution

1

of 2 cm ™! and wavelengths from 4000 to 500 cm™'. The spectrometer was equipped with

an Attenuated Total Reflectance accessory (ATR-IR) and the ATR-IR spectra were
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baseline corrected by the software OMNIC 8.2 version.

13C solid-state CP-MAS NMR spectra were acquired using a Bruker Advance 11
400MHz; 9.4 Tesla) spectrometer with a 4 mm MAS HCN probe. The CP contact time
was 1 ms and the magic-angle spinning frequency was 10 kHz.

Morphologies of the cellulose powders were observed by a JEOL JSM-7600F field
emission scanning electron microscope (FESEM). Samples were coated with carbon
and accelerating voltage was 15 kV. Meanwhile, longitudinal sections (12 um, Leica
SM2010R microtome) of moso bamboo holocellulose were also pretreated and scanned
by an atomic force microscope (AFM, Bruker Dimension Edge) for exploring the
microfibril swelling. Images of these sections were interpreted with NanoScope
Analysis (Bruker) and ImagelJ software to determine height distributions and fibril sizes.

Crystal structures of the various allomorphs were analyzed with a Rigaku Ultima
IV X-ray diffractometer with Ni-filtered Cu-Ka radiation (A =0.1542 nm), generated at
35kV and 40 mA. Scans were 5-40° (20) with scanning speed of 2°/min. Blank sample
holder was also scanned for further subtraction by the powder patterns of cellulose
samples. The patterns were analyzed using the pseudo-Voigt peak shape with Maud
Rietveld software (Version 2.7) (Lutterotti et al., 2007). The crystallinity index (Crl)
was calculated by Eq. (1), where Acys 1s the area below the calculated crystalline

cellulose pattern and Aumorpi 15 the area below the calculated amorphous curve.

Crl = —2avstal 5 100% (1)

Acrystal+Aamorph

The Rietveld analyses were based on the assumed presence of a single crystalline phase

and an amorphous phase. The crystalline phase was chosen by the visual agreement of
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the observed pattern and the idealized patterns (French, 2014) and the expected
allomorph, given the chemical treatments. The amorphous phase was modeled based
on a small-crystal version of the cellulose II structure (Langan et al., 2001). The
necessary crystal information files were taken from the supplementary materials in
French (2014). Rietveld refinement variables included a second-order polynomial
background, scale factor, a-, b-, and y lattice constants, March-Dollase compensation
for preferred (001) orientation and general (hkl) variation, isotropic crystallite size, and
phase percentage.

The d-spacings were calculated from the refined unit cell dimensions via Bragg

equation (Klug and Alexander, 1974):

nA = 2dy; Sin 6 (2)
where n is an integer; A is the wave length of the X-rays (here A =0.1542 nm), 0 is the
scattering angle; and d is the distance between the atomic layers.

Crystallite sizes perpendicular to each lattice plane (Luki) of cellulose allomorphs

were calculated by the Scherrer Equation (Eq. 3) (Holzwarth and Gibson, 2011):

0.94
Bpkicos @

Ly = 3)
Where A is the X-ray wavelength, Buw is the angular FWHM (full width at half
maximum) in radians of the calculated crystalline peaks, and 0 is the scattering angle.
2.4 Enzymatic hydrolysis

Samples were hydrolyzed by commercial cellulase (SAE0020, Sigma-Aldrich)

with the activity of 20 FPU/g of filter paper. Solid powder (0.5 g) was added in 50 mM

citrate buffer (pH= 4.8) with a substrate loading of 5% (w/v). The reactions were run at
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48 °C in a rotary shaker (150 rpm) for a total of 72 h. At times of 2 h, 12 h, 24 h, 36 h,
48 h, and 60 h, 0.1 mL hydrolysate aliquots were taken from the flask and centrifuged
at 10000 rpm for 10 min to remove the solids. The concentration of the yielded glucose
was determined by an Agilent 1200 high-performance liquid chromatograph (HPLC)
(Lai et al., 2018). The glucose yield from enzymatic conversion was calculated using

Eq. 4. All assays were performed in triplicate.

) __ Glucose in hydrolyzate (g)x0.9
T Initial glucan in substrate (g)

Glucose yield (% X 100% 4)

Where 0.9 is the correction for C-6 sugars for concentration calculation.

3. Results and discussion
3.1 Chemical composition

The chemical compositions of moso bamboo and the microcrystalline cellulose
samples are presented in Table 1. Raw bamboo was dominated by cellulose (45.3%),
followed by lignin (27.0%) and xylan type hemicelluloses (17.0%). Delignification
diminished the lignin content to 10.3% for the HC sample. The alkaline and EDA
pretreatments partly removed hemicelluloses and lignin as previously reported (Bali et
al., 2015; Qin et al., 2015) , which retained most of the cellulose in the HA and HE
materials. The second step of the pretreatment could not further reduce the xylan or
lignin contents of the samples initially treated with NaOH but did reduce the xylan
content of the samples first treated with EDA. We note that the hemicellulose content
of the bamboo samples was sharply reduced in both HA and HEA samples. However,

more hemicellulose was removed in the alkaline pretreatment than in the EDA

10
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pretreatment. The amount of lignin removed from HC by either NaOH or EDA was
comparable. A small amount of xylan was detected in the MC samples, mainly due to
the low-molecular-weight xylan retained during MC production (Yavorov et al., 2020).
For MC-based samples, cellulose accounted for 85%-90%, when immersed in alkaline
and EDA solutions.

3.2 Morphology

The morphologies of the stepwise treated MB and MC were observed by FESEM
and AFM. As illustrated in FESEM images (Fig. S1), untreated MB has an intact and
dense structure with cellulose fibers embedded in the lignin and hemicellulose matrix.
After delignification, the long fibers were more visible for HC. Alkaline pretreatment
smoothened the surface and loosened the condensed fibers while the EDA treatment
resulted in rougher surfaces for HE and ME. Also, the swollen HA and MA fibers would
return to a thinner and more condensed state after the second-step EDA treatment (HAE
and MAE). HEA and MEA exposed the most visible macro- and microfibrils, indicating
the importance of following the alkaline treatment with a second step of EDA treatment
to further the disaggregation of the cellulose fibrils.

AFM images of HC longitudinal sections together with the size analyses on the
microfibrils are displayed in Fig. 1. Height images from AFM were used to calculate
the diameters of cellulose nanoparticles (Bian et al., 2020), except for the MB sections
that had a high content of lignin covering the surface of cellulose fibrils (Fig. S2). After
delignification, HC showed visible fibrillar structure, with tiny particles and cracks
mainly due to the unremoved lignin. The average diameter of HC fibrils is 9.0 nm,

11
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slightly higher than the AFM-reported value for cellulose fibrils (Torlopov et al., 2018),
which is attributable to the hemicellulose associated with cellulose by hydrogen
bonding. Alkaline pretreatment not only removed the hemicellulose, but also twisted
and swelled the cellulose microfibrils, resulting in a larger dimension of 11.3 nm (Fig.
1b). The second-step treatment of EDA led to an even larger average diameter (16.4 nm)
for HAE microfibrils. However, for the one-step EDA pretreatment, the HE sample
presented a sharp height distribution and fewer pores, with the average fibril size of 6.3
nm. A denser microfibril network has been reported for EDA-treated cellulose materials,
likely caused by the conformational transitions of the primary alcohol hydroxyl group
on C6 position (Liu et al., 2019; Sawada, Kimura, Nishiyama, Langan, & Wada, 2013).
The second-step treatment with NaOH contributed to mild swelling of microfibrils and
broader size distributions. More pores and higher surface area are observed from the
AFM images of HEA (Fig. le), which might be beneficial for enzymatic permeability
and biomass digestibility.
3.3 Spectroscopic characterizations
ATR-IR and Raman spectroscopy provided more information for chemical
structural changes during the stepwise pretreatments (Fig. S3). The ATR-IR spectrum
of MB shows typical peaks at 1600 cm™ and 1740 cm™ assigned to aromatic C-H
stretching and the carbonyl groups in lignin. Those peaks are greatly reduced or even
missing for other samples, proving the successful delignification for HC. Similar
changes of the peak location at 1600 cm™ were also detected in Raman spectra, further

supporting the above results (Fig. S3c). Alkaline pretreatment significantly removed
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the xylan-type polysaccharides as indicated by the weakened peak intensity of
carbohydrate carboxylic vibrations at 1245 cm™. The slight peak shift from 2900 cm-
!'t0 2892 cm™! for HA and MA are due to the changes in the C-C stretching vibrations,
which resulted from C6 groups rotating from #g conformation of cellulose I to the gt
conformation of cellulose II or III. A sharp peak at 3481 cm™! was visible for EDA
treated cellulose, due to the strong intermolecular, bifurcated O3-H---O5°, O3-H:--06’
hydrogen bonding of cellulose III (Ford et al., 2005). Interestingly, the peak remained
in the spectra of HEA and MEA samples, likely due to similar O6 orientations
resembling that in cellulose III. The peak at 1372 cm! is generally considered to be
characteristic for the crystalline part of cellulose (Carrillo et al., 2018). Besides, there
is a significant increase of the band at 1462 cm™ after both treatments, which contained
the contributions of cellulose II/III as well as amorphous cellulose. It can be seen that
the alkaline and EDA pretreatments both caused the decrease of the peak intensity in
this area in spite of treatment order and the feedstock (Barnette et al., 2012; Fischer et
al., 2005). It was seen that there appeared overlaps between the bands at 1481 c¢cm
and 1462 cm’!, probably due to residual hemicelluloses. The lower proportion of
crystalline material may facilitate the subsequent hydrolysis.

The carbohydrate regions are presented in solid-state CP-MAS '*C NMR spectra
(Fig. 2). The HC and MC samples mainly have broad peaks at around 65.0 ppm that
correspond to C6 groups with zg conformation in cellulose I (Agarwal et al., 2021;
Horii et al., 1983; Li et al., 2017). The signals of gt conformations (and likely with
some gg conformers) in the disordered domains or cellulose surface are expected at
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62-63 ppm, but they exist as shoulder signals and remained unresolvable with the
current spectral resolution limit. Spectra of the mercerized MA sample showed C6
signals toward 62 ppm and broader shoulder peaks at 106-107 ppm (instead of 105
ppm) for the C1 region, indicating the formation of cellulose II (Idstrom et al., 2016;
S Nomura et al., 2020). A similar change in the C6 region was observed in the HA
sample. These observations are consistent with the ATR-IR results described above.
The signals at 80-92 ppm are characteristic for C4 resonances in the interior and
on the surface of the crystallites. The 80-85 ppm region mainly originates from
amorphous cellulose on the surface and the 85-92 ppm region is due to the inaccessible
crystalline cores (Foston, 2014; Maunu, Liitid, Kauliomiki, Hortling, & Sundquist,
2000). For EDA-treated samples (HE and ME), it was observed that a significant shift
of the dominant peak (C2, C3 and C5) appeared from 76 ppm to 72 ppm, indicative of
the cellulose III allomorph (Chanzy et al., 1987). Deconvolution was conducted on 1D
3C CP spectra with the DMfit software using a Gaussian model on a 50-120 ppm
chemical shift window (Massiot et al., 2002). The simulated spectra (red) were
overlaid with experimentally measured spectra (blue) (Fig. S4). The bottom panels
show the deconvoluted peaks. This was achieved by directly loading the CP spectrum
in the DMfit software, with a baseline correction applied. Six major peaks and three
minor peaks were used for the fit convergence, with the assignment consistent with
literature-reported cellulose chemical shifts mentioned above (Agarwal et al., 2021;
Horii et al., 1983; Idstrom et al., 2016; Satoshi Nomura et al., 2020). Hemicellulose

peaks are relatively minor. The computation and fit results gave the amplitude, widths,
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and peak area of different peaks.
The Crl of the pretreated celluloses can then be estimated by comparing the peak

area of different spectral regions (Eq. 5):

Crl = —285-92mpm 10309, (5)

Ago-85 ppmtAss-92 ppm

Where the peak area of the 85-92 ppm region (Asgs-92 ppm) corresponds to the signals of
crystalline cellulose C4, with contributions from all cellulose polymorphs present in a
sample, while the Ago-s5 ppm corresponds to the peak area of the 80-85 ppm region,
which is primarily attributable to the interior cellulose C4.

This method carries a considerable error margin because of the limited resolution
of 1D NMR spectra. Although matrix polysaccharides and lignin linkages have
relatively low abundance in these samples, their signals overlap with the cellulose
peaks, especially for the surface cellulose signals. Therefore, the crystallinity index
reported for a sample rich in hemicellulose should be slightly lower than its actual
value. Advanced solid-state NMR methods, such as relaxation-based spectral editing,
selective excitation techniques, or natural isotropic-abundance methods, could
partially alleviate this issue and provide a better estimate of cellulose crystallinity
(Addison et al., 2020; Kang et al., 2019; Zhao et al., 2021).

3.4 Crystal structure analyses

XRD patterns directly indicate the particular allomorph and crystallite size in a
sample (Fig. 3). For the HC and MC samples, typical peaks corresponding to (1-10),
(110), and (200) lattice planes of cellulose I3 were found at 260=14.8°, 16.8° and 22.5°.
The (1-10), (110), and (020) lattice planes of cellulose II at 26=12.0°, 20.0° and 22.0°

15
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are visible for the mercerized HA and MA samples (French, 2014; Nam et al., 2016).
However, the one-step treatment seemed to achieve incomplete allomorphic
transformation (especially for HA and HE) as the remained bands at around 26=16.8°,
although the methods used here are commonly repeated. It may be ascribed to the high
amount of hemicelluloses in HC samples, affecting the allomorphic transformation.
Thus, the components of cellulose I were firstly attempted to be included
quantitatively in the following CrI calculations for these samples.

HAE and MAE showed cellulose Illi patterns with peaks at 26=12.1° and
20=21.0°, respectively ascribed to the hydrophilic (010) lattice planes and hydrophobic
(1-10) lattice planes. HAE and MAE showed patterns similar to those of HE and ME,
except for obviously larger peak widths, revealing (by applying Eq. 3) the smaller
crystallite sizes after the second-step EDA treatment. The second-step of alkaline
treatments caused the allomorphic transformations from cellulose III; to cellulose 11
structure (HEA and MEA), which had patterns similar to cellulose II. Meanwhile, the
broad peaks also proved the smaller crystallite sizes after the stepwise pretreatments.

The crystal structural determination (crystallite sizes and d-spacings perpendicular
to crystal lattice planes) were responsible for analyzing the supramolecular variations
and the properties of cellulose microfibrils. Specifically, hydrophobic planes are the
sites of enzymatic adsorption and degradation of the crystals, which vary among the
cellulose allomorphs (Lehtio et al., 2003). Cellulose I has hydrophobic (200) planes,
while cellulose II and cellulose I1I; basically have (020) and (1-10) crystal surface for
adsorption by cellulase enzymes (Ling et al., 2018; Serizawa et al., 2013). HAE and
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MAE samples have the cellulose I1lj crystal structure with anti-parallel cellulose chains,
which expose the hydrophobic (1-10) plane (26=21.0° in XRD patterns) (Wada et al.,
2009). Meanwhile, HEA and MEA cellulose II are believed to have a similar
hydrophobic (020) plane at around 26=22.0°. In this work, we considered the major
cellulose allomorph (cellulose II for HA/MA and cellulose III; for HE/ME) of each
sample for discussing the crystallite sizes and d-spacings perpendicular to hydrophobic
planes (Fig. 4). MC generally has larger crystallite sizes than bamboo cellulose. The
increase of crystallite sizes and d-spacings from those in HC is more significant for
HEA (0.4 nm) than HE, which would be greatly beneficial for the subsequent enzymatic
hydrolysis. MAE and HAE (cellulose IIIi) have slightly larger distances (both were
0.43 nm) between hydrophobic surfaces than initial cellulose If crystals (0.405 nm and
0.398 nm for HC and MC, respectively). Comparatively, HE and ME had limited
changes in crystallite sizes and d-spacings, which agreed with the tighter and thinner
microfibril aggregations observed by AFM. The EDA pretreatment would therefore be
expected to result in less efficient enzymatic conversion than the alkaline pretreatment.

The Crl values of the HC- and MC-based allomorphs are also key factors affecting
enzymatic digestibility. Crl values were calculated based on both XRD and NMR data
(Fig. 5). The selected equations and calculated values of Crl are recorded above (Ling
et al., 2019). HC sample had a high CrI of 80% even though it was composed of 32%
hemicelluloses. It may be due to some xylan chains located on the surface of the
crystallites, which increased the calculated Crl (Xiang et al., 2020). These XRD Crl

results showed that alkaline pretreatment caused a 20 % decrease of Crl for HA, while
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the decrease was not that notable for MA. More cellulose If remained for MA,
indicating a partial allomorphic conversion to cellulose II. Cellulose III samples based
on the one-step EDA pretreatment were also less crystalline than the initial cellulose I
samples (67% for HE and 57% for ME), although the treatment also remained little
amount of cellulose If3. The stepwise treatments caused more significant decreases in
the Crl values, especially for HEA and MEA, with rather low Crl values of 55% and
58%. Comparatively, the trend of Crl of each sample determined by XRD and NMR
methods are similar (Fig. 5c¢ and d). It is in accordance with previously reported
crystallinity estimation by these measurements (Kim et al., 2013). It is estimated that,
the sequential treatments are also responsible for the enlarged crystallites in addition to
the lowered Crl. The EDA treatment on the first step changed the conformation of
crystals, thus enhancing the rearrangements of cellulose chains during second-step
alkaline mercerization. However, the exchanged order would inhibit the enhancement,
which may be influenced by the condensing EDA-treated microfibrils by SEM. It also
explained the recrystallization that induced slightly higher Crl of MAE than the MA
from first-step alkaline pretreatment.
3.5 Enzymatic hydrolysis performance

The yields of fermentable glucose from these different allomorph/source cellulose
samples are shown in Fig. 6. The delignification and a series of pretreatments greatly
improved the cellulase enzymatic digestibility of cellulose (Fig. 6a), due to the
gradually removed lignin and hemicelluloses. The one-step EDA pretreatment

contributed to the significantly improved conversion values of 70.2% for HE and 69.8
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for ME, which are, however, lower than the yield of HA (85.1%) and MA (86.9%). The
phenomenon indicated the optimal hydrolysis performance by swelling and expanding
cellulose microfibrils. After both treatments, HEA and MEA presented surprisingly
high conversion yields of 89.5% and 91.7%, mainly due to the lower Crl as well as the
cellulose II structure with expanded d-spacing for the hydrophobic (110) planes. There
was limited enhancement on the enzymatic digestibility of HAE and MAE, possibly
because of the less prominent decrystallization and the recrystallization behavior of
cellulose Il type MAE. The effects of xylan removal on the enzymatic conversion was
exhibited in Fig. 6¢. Five samples (HC, HA, HE, HAE and HEA) that can exactly reflect
impacts of the embedded hemicelluloses were plot in this figure. It can be clearly seen
that the high xylan removal yield during both treatments greatly improved the
enzymatic hydrolysis yield. The relationships between d-spacings perpendicular to
hydrophobic lattice plane and the enzymatic conversion is illustrated in Fig. 6d-f. By
classifying and zoning the points with different allomorphs, it can be seen that the
enlargement of hydrophobic d-spacing plays an important role in the enhancement of
enzymatic conversion yield. Cellulase enzymes tend to adsorb the molecules on the
hydrophobic lattice surfaces, contributing to better hydrolysis performance (Imai et al.,
2020). When the crystallites swell to the state where the hydrophobic d-spacings are
larger than 4.4 A (MA, HEA and MEA), the glucose yield reached 90%. Generally,
mercerized samples with cellulose II structure showed highest conversion yield,
followed by EDA treated samples at the last step. Moreover, the trends were consistent
at different time intervals, indicating the consistency of hydrolysis yields and hydrolysis
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kinetics.

Another key factor, Crl, is well-fitted with the glucose yield for the polymorphic
cellulose (Fig. 6g-1). Optimal conversion rate and yield are obtained at low Crl region
by comparing different hydrolysis time despite the type of the allomorphs, which is
mainly due to the better enzymatic digestibility of amorphous cellulose. Taking the
allomorphic transformation into consideration, samples with higher amount of cellulose
IT showed conversion yields higher than 80% especially for holocellulose samples,
which agrees with above results on analyzing d-spacings.

3.6 Proposed structural modification by stepwise pretreatments

Satisfactory enzymatic hydrolysis performance was acquired for the stepwise
pretreated samples together with the multistep allomorphic transformation. Multi-scale
variations were observed to enhance the enzymatic digestibility. As presented in Fig. 7,
two kinds of stepwise treatments lowered the density of the initial cellulose Ip
microfibrils, inducing the rearrangements of cellulose chains for cellulose Illn
(HAE/MAE) and cellulose II (HEA/MEA). The two allomorphs both antiparallel
cellulose chains induced by mercerization. The more evident decrystallization took
place for cellulose I samples transformed from cellulose 111y, retaining a much thinner
interior crystalline core and more accessible amorphous surfaces (Phyo et al., 2018).
Meanwhile, the HEA and MEA elementary fibrils have enlarged spaces between
crystalline cellulose chains, especially the direction perpendicular to hydrophobic
planes. Therefore, the two-step allomorphic transformations caused loosened structure
at multi-scale, by which the morphology and sizes of macro- and microfibrils were
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altered, in addition to the rearrangements of cellulose chain stacking. Deconstruction
of cellulose multi structure, thus, may greatly improve the enzymatic hydrolysis

performance for the stepwise pretreated polymorphic cellulose.

4. Conclusions

In conclusion, stepwise alkaline and EDA pretreatments were carried out with
exchanged orders, resulting in the corresponding allomorphic transformations of moso
bamboo and microcrystalline cellulose. The pretreatments improved the enzymatic
conversion performance of bamboo and microcrystalline cellulose compared to one-
step pretreatments, due to the loosened microfibril morphology, the lowered Crl and
the rearranged crystal structure. Because of the enlarged hydrophobic d-spacings (~4.4
A) and less- condensed microfibrils, highest enzymatic conversion yields of glucose
were observed for HEA (89.5%) and MEA (91.7%). The proposed stepwise
pretreatments emphasized the supramolecular structural variations of the renewable
cellulose materials as well as the importance of treatment in the bioconversion

processes.

E-supplementary data of this work can be found in online version of the paper.
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696  Table 1. Chemical compositions of moso bamboo and microcrystalline cellulose before

697  and after various pretreatments.

Glucan (%) Xylan (%)  Insoluble Soluble Lignin (%)  Solid
Lignin (%)*  Lignin (%) Recovery (%)

MB 453+0.8 17.0+1.3 25.6+1.3 1.4 +£0.08 27.0+2.1 -

HC 57.9+0.7 22.0+2.5 9.8+1.2 0.5+0.10 103+1.3 76.6 + 1.8
HA 84.3+0.3 69+04 1.1+0.2 0.4+0.10 1.5+£0.3 524+1.3
HAE 81.7+0.3 7.5+0.5 1.1+0.1 0.2+0.05 1.3+£0.2 492+09
HE 78.6+1.2 11.7+1.5 1.1+0.2 0.8 £0.08 1.9+0.3 50.7 1.1
HEA  86.9+0.3 6.4+0.2 1.0+0.1 0.8 +£0.02 1.8+0.2 424+£12

MC 85.2+0.1 7.8+ 0.6 - - - -

MA 88.0+0.1 6.5+0.3 - - - 953+14
MAE 84.7+1.1 5.6+0.2 - - - 96.1£1.3
ME 853+04 7.0£0.5 - - - 949 +1.1
MEA 89.4+09 57+£0.3 - - - 91.6£1.0

698  ?Lignin was not detected in microcrystalline cellulose samples.
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Figure Captions:

Scheme. 1. The treatment process and acronym denotation for each sample.

Fig. 1. AFM images and height distribution for HC (a), HA (b), HAE (¢), HE (d) and
HEA (e). The best-fit Gaussian curve and the averaged fibril diameter are shown for
each sample.

Fig. 2. 13C solid-state CP-MAS NMR spectra of the HC and MC powders before and
after the stepwise pretreatments. The type-assignments for the major peaks are labeled.
Dashlines were used to guide the comparison between samples.

Fig. 3. XRD patterns of HC (a) and MC (b) samples with different allomorphic
transformation treatments.

Fig. 4. The crystallite sizes (a) and d-spacings (b) perpendicular to hydrophobic crystal
lattice planes of each sample. Blue columns represent holocellulose and red columns
represent microcrystalline cellulose.

Fig. 5. Crl values of (a) polymorphic holocellulose cellulose and (b) microcrystalline
cellulose samples calculated by XRD and their comparisons with Crl value obtained
from NMR spectroscopy.

Fig. 6. Enzymatic conversion yields of glucose for polymorphic cellulose derived from
(a) moso bamboo and (b) microcrystalline cellulose; The fitting results on the
relationship between conversion yield and remaining xylan content (c), d-spacing
perpendicular to hydrophobic planes (d, e, f) and crystallinity index (g, h, 1) at time
intervals of 24 h (d, g), 48 h (e, h) and 72 h (f; 1).

Fig. 7. Proposed schematic models for the crystalline cellulose after the stepwise
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722  alkaline-EDA (a) and EDA-alkaline (b) pretreatments.
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725  Figures:

726  Scheme. 1

Delignification
by NaClO,

NaOH EDA NaOH EDA
treatTent treatment :r:atr:lent treatment
14 wt%, 75%, 24 h wit%, 75%,24 h
45°C,1h 45°C,1h

v

Alkali treated MC EDA treated MC Alkali treated HC EDA treated HC

(MA) (ME) (HA) (HE)
EDA NaOH EDA NaOH
treatment treatment treatment treatment
75%,24 h 14 wt%, 75%, 24 h 14 Wt%,
45°C,1h 45°C,1h
EDA treated MA Alkali treated ME EDA treated HA Alkali treated HE
(MAE) (MEA) (HAE) (HEA)
127
728
729
730

37



731

732
733

Fig. 1

Counts (%)

04

0.2

Counts (%)

Height (nm)

Average: 16.4 nm

Height (nm)

Counts (%)

(d)..

Counts (%)

20

16

08

0.4

0.0

Height (nm)

Average: 6.3 nm

0 15 20 25
Height (nm)

30 35

38

(e)

Counts (%)

04

0.2

Average: 8.7 nm

5 10 15 20 25 30 35 40
Height (nm)



734 Fig.2

735
i/s2/3/5 /s2/3/5
T T T T T T T 1 T T T T T T T 1
120 100 80 60 40 120 100 80 60 40
736 13C chemical shift (ppm) '3C chemical shift (ppm)
737

39



738

739
740

Fig. 3

(a) (b)

HEA
MEA
HE
ME
HAE
MAE
HA
MA
HC
MB mc
5 10 15 20 25 30 3 40 5 10 15 20 25 30 35 40
2 theta (°)

2 theta (°)



741

742

743
744

Fig. 4
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745  Fig. 5
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Fig. 6
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751 Fig. 7
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