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Abstract: Valorization of argi-waste polymers into value-added materials is essential for sustainable development of polymeric industry.
Reported herein is a 1-step and 2-step strategy for fabrication of flexible and stretchable thermoplastics prepared by compression molding from
two structurally different arabinoxylans (AX). The synthesis was accomplished using n-butyl glycidyl ether whose epoxide ring opened on
hydroxyl group and resulted in introduction of alkoxide sidechains for the 1-step synthesis. AX was preactivated by periodate oxidation as 1%
step for the 2-step synthesis. Two structurally different AXs, i.e. wheat bran extracted arabinoxylan (AXws, araf/xylp=3/4) and barley husk
extracted arabinoxylan (AXen, araf/xylp=1/4) were used to understand the effects of the araf/xylp on thermoplastic properties because melt
processability has been rare for low araf/xylp AXs. AXsn-derived samples demonstrated melt compression processability. AXws and AXgn
derived thermoplastics featured dual and single glass transition (Tg) characteristics respectively as confirmed by DSC and DMA, but AXgx
derived thermoplastics had lower stretchability (maximum 160%) compared to AXws samples (maximum 300 %). Higher araf/xylp and thus in
turn longer alkoxide side chains in AXws derived thermoplastics explained differences in stretchability.

Introduction

The quest for a sustainable and bio-based economy has led to the development of technologies for converting polysaccharide-
based polymers such as arabinoxylan into materials and chemicals. In this context, use of industrial polymer processing techniques,
e.g. injection molding, compression molding etc. for thermoplastic materials are favored due to minimal solvent requirement, scalability,
fast and efficient processing.' Recently developed synthesis methods have shown enabling melt processability of arabinoxylans having
the ratio of a-L-arabinofuranosyl units (Araf) to B-(1,4)-linked xylopyranosyl units (Xylp) [arafixylp] > 0.7.2 Despite this progress, it is not
known whether or not arabinoxylans having low araf/xylp ratio (<0.5), e.g. barley husk arabinoxylan and xylan can be melt processed.
The structural complexity of arabinoxylans and their variance both with botanical origin and isolation methods interacts with how we
can process them to chemicals and materials. By studying such interactions, we may gain knowledge of not only polymer structures
but also their structures-properties relationships, e.g. correlation between polymer composition and stretchability. This will help to
broaden the potential application spectrum for the development of advanced materials and polymer science and will be central in
enabling technology for future biorefineries.® In this study, we isolate arabinoxylans from two major agricultural-waste streams namely
wheat bran and barley husk to get two structurally different arabinoxylans (high and low araf/xylp ratio respectively) and submit them
to two different chemical modification strategies with aim to enable their melt processability with the objective of identifying structure
and compositional factors that may be linked primarily to stretchability and to thermomechanical properties.

Bran and husk are the external protective envelopes of wheat and barley grains. Wheat bran and barley husk are cereal/agro waste
products and are valued for their renewability and abundance. These agro wastes are currently fed to livestock. These feedstocks
require complete and efficient valorization approaches for conversion to chemicals and materials to compete and replace with fossil-
based products.* These are composed of mainly cellulose, arabinoxylan, lignin and other carbohydrate polymers. These natural
polymers can be harnessed for materials owing to their excellent functionality. A lot of research focus has been strategized towards
using cellulose and lignin for bio-based chemicals and materials.

Next to cellulose, xylan is the second most ubiquitous plant polysaccharide polymer. Cereal arabinoxylan structures are far more
complex and diverse than cellulose and vary across plants. For example, the arabinoxylan of wheat bran (AXws) often contains the
high ratio of a-L-arabinofuranosyl units (linked at C-2 and/or C-3 positions) to main-chain -(1,4)-linked xylopyranosyl subunits
(araf/xylp= 0.7 to 1.1) compared to the arabinoxylan of barley husk (AXgn) (araf/xylp= 0.1 to 0.4).25-'% This dispersity causes to loosen
the intramolecular interactions in AXwsimparting it increased flexibility in solution and thus high-water solubility compared to AXgn.""'2
Taking the advantage of these inherent and diverse functionality and properties, the design and synthesis of more diverse AX-based
functionalized materials with an objective of expanding application spectrum is highly needed.

AXs’ hydrophilicity and brittleness are among major hurdles making them incapable to thermal processing techniques, e.g. melt
compressing molding etc. It is an amorphous polymer having an extensive hydrogen-bonded network that makes it brittle and non-melt
processable. Strong hydrogen-bonding manifest as a narrow window between melting/glass transition and degradation temperature.
For these reasons, AXs have to submit to chemical modification to further disrupt hydrogen-bonding and to lower Tq downshift from Ta.
Chemical modifications,® e.g. esterification, etherification, oxidation etc. of hemicelluloses are commonly used to enhance processability,
properties'®'* and functionality such as thermoplasticity,%'®> hydrophobicity'®-'® and conductivity.?® Even after chemical modification
hemicelluloses are only processable via organic solvents. Scaling-up via solvent processing is not feasible due
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Scheme 1. Schematic diagram of the experimental steps. Wheat bran and barley husk were alkali extracted to get arabinoxylans (AXws and AXgn) with different
structural compositions. The arabinoxylans were chemically modified via two methods and the chemically modified products were compression molded on a bench-
top manual press.

to bulk requirement of solvents and time-intensive process. To harness the functionality of hemicelluloses to products, it would be
advantageous if they could be processed via industrial polymer processing methods such as melt extrusion, melt compression molding.
These processing methods facilitate fast processing with no or minimal solvent and low energy input. Xylans have been subjected to
etherification via hydroxypropylation and with n-butyl glycidyl ether (BuGE) to produce thermoplastic xylans.'®?' Melt processing of
cellulose, cellulose acetate, starch have been a success with and/or without the usage of external plasticizers.?>?°> When external
plasticizers are used, their migration and re-crystallization over time result in poor product performance and shorter life of thermoplastic
materials; besides, these should be environmentally benign. Melt processing of hemicelluloses has not been reported until recently.?2

We have previously demonstrated that high araf/xylp ratio (0.8 and 1.1) AX after a one-step and two-step functionalization with
BuGE can potentially be processed via polymer processing technique®? (and Manuscript | and 11). In essence, the hydroxyl groups of
AX were deprotonated into alkoxides after reacting with epoxides in these studies. We have also established the relationship between
molar substitution of BUGE and obtained properties of AX-derived thermoplastics. However, thermal processability was only achieved
when the Araf/Xylp ratio was 0.8 and 1.1. This remains to unravel how and why AX with particular structure and composition enables
its thermal processing ability and yield flexible and stretchable thermoplastic materials. In this regard, one can have AX with different
arafixylp ratio a) either by tailoring araf/Xylp ratio enzymatically b) or by selecting two naturally available polymers with different
araflXylp ratio. The former is a rather tedious owing to unavailability of pure enzyme components which are capable of attaching specific
sites?” and the latter offers advantages in terms of easy availability and being representatives of real industrially feedstock isolated
polymers. Moreover, next challenge remains is to efficiently harness the significant untapped potentials of innate structural complexity
and diversity of AX polymers of industrially available feedstocks to materials.

So we set out to better understand the structural, compositional and property attributes of AX with respect to the melt processability.
In this work, we choose wheat bran and barley husk to extract arabinoxylans with different Araf/Xylp ratios. The primary goal is to find
out whether or not possible to enable melt processability in barley husk arabinoxylan (low araf/xylp ratio). We engineer AX-derived
thermoplastic materials with diverse flexibility and thermal properties by exploiting different Araf/Xylp ratios of AXs and by elongating
existing groups and/or creating new alkoxide chains using BUGE. The modified AX materials are processed by the melt compression
molding technique. We also attempt to identify the relationship between chemical structure and stretchability.

Experimental Section

Materials and reagents

Wheat bran and barley husk (dry matter 90 %) were provided by Lantmannen AB (Stockholm, Sweden). Arabinoxylan (AX) was
extracted from wheat bran and barley husk according to the previous literature® with slight modifications and the details are in SI. The
araf/xylp ratios are % and 4 for AXws and AXsn (Table S5). All chemicals, reagents, enzymes and solvents were purchased from
Sigma-Aldrich (Schnelldorf, Germany) or Fisher Scientific (Sweden) except ethanol which was purchased from Solveco AB (Sweden).
Unless otherwise stated, the chemicals were used as received. Distilled water was used throughout. Dialysis tubing (Spectra/Por®,
MWCO 3500) was from Spectrum Laboratories Inc., CA, USA.

Synthesis of arabinoxylan ethers and activated arabinoxylan ethers

Scheme 1 shows a schematic presentation containing the experimental steps used in the study.

Activation of arabinoxylan. AX was activated via a successive step of periodate oxidation and reduction (Scheme 2and b) according
to the reported literature.?®2?° To a glass bottle with screw cap equipped with a stir bar, AX (4g dry basis, 30.30 mmol) and 10 mL 2-
propanol in 165 mL water were added. The mixture was stirred under N2 protection at 50 °C for 1 h until all reagents were completely
dissolved. Then sodium meta periodate (0.25 mole/anhydrous sugar units dissolved in 25 mL water) was added. After stirring at 20 °C
for 14 in dark, 2 g sodium borohydride NaBH4 (reducing agent) and 0.3 g of sodium mono phosphate NaH2PO4 (used as pH buffer to
keep the pH constant) in 50 mL water was added slowly to the reaction mixture giving 1.6 % concentration (Table 1). Upon completion
of reduction, 300 mL methanol and diethyl ether mix (2:1) was poured into the reaction content to precipitate the product. The product
i.e. activated AX (A-AX) was recovered after centrifugation and used without drying for etherification reaction.

Syntheses of arabinoxylan ethers (E-AX) and activated arabinoxylan ethers (E-A-AX). The activated AX and neat AX were
etherified (Scheme 2a and b) according to the reported literature'® with some changes. To a glass bottle equipped with a stir bar, the



activated AX (A-AX) or AX (4g dry basis, 30.30 mmol) and 60 mL H20O were added, and the mixture was stirred at 50 °C for 1h. The
aqueous NaOH solution (3 and 5 mole NaOH/ASU in 45 mL- Table 1) was added after cooling the reaction to room temperature and
was stirred at room temperature (20 °C) for additional 1 h. The etherification reaction was carried out after adding 3 and 5 mole of n-
butyl glycidyl ether/ASU dropwise over a period of 30 min at 45 °C for 16 h (Table 1). Then the mixture was cooled and neutralized to
pH 7.0 with 2M CH3COOH. 150 mL methanol and diethyl ether mix (1:0.7) was added to the reaction to precipitate the product. The
product was recovered after centrifugation and dried under vacuum at room temperature for 14 h.

Compression molding and specimen preparation

The synthesized products were cut into small pieces to get homogenous melt and placed in either a 80 x 80 x 0.5 or a 50 x 50 x 0.5
mm (L x W x T) steel frame covered with transparent heat resistant plastic sheets as release surface and pressed between two flat hot
platens at 150 °C without compression in a manual bench-top press for 3 min for melting. Afterwards the simple melt was compressed
molded in another manual bench-top press under 50 KPa pressure at 140 °C for 3 min. The molded film was cooled to room temperature
in ambient conditions and was removed from the frame. AXws and AXgx films were prepared by solution casting because they were
not compression moldable. The samples were dissolved either in H20 at 20 g/L and stirred at 50 °C for 1 h. The solution was poured
into petri dish after cooling and dried at room temperature. Rectangular specimens with gauge dimensions of 20 mm length, 5.6 mm
width and 0.4 mm thickness (0.1mm thickness for solution cast film) were cut for tensile testing. Rectangular specimens with dimensions
of 30mm length and 6 mm width and either of 0.4 mm thickness (0.1 mm thickness for solution-cast films) were cut for DMA.

Table 1. Codes and syntheses parameters and characterizations of samples

Activation via succesgve oxidation Etherification!?
_ and reduction
£ Sample IDP!
g Mole of ~ OXidation  Oxidation Mole of
PIASUS level 119, level 20, NaOH and
% % BuGE/ASU
1 E3.0-AXws - - - 3
2 Es.0-AXws - - - 5
3 E3.0-AXsH - - - 3
4 Es.0-AXsH - - - 5
5 E3.0-A-AXwe 0.25 19 24 3
6 Es.0-A-AXwe 0.25 19 24 5
7 E3.0-A-AXgH 0.25 15 28 3
8 Es.0-A-AXgH 0.25 15 28 5

[a] Entry 1-4 and 5-8 are synthesized without and with activation respectively. [b] Ex-AXy (entry 1-4) and Ex-A-AXy (entry 5-8)- x denotes number of moles of BuGE,
y denotes origin of AX and A stands for activated AX. [c] mole equivalence of periodate (Pl) per anhydrous sugar (pentose and hexose) unit (ASU), reduction
reaction’s parameters were similar for all reactions. [d] UV-Vis determined oxidation level. [e] oxidation level based on sugar content reduction after activation. [f]
mole equivalence of NaOH and n-butyl glycidyl ether (BuGE) per anhydrous sugar unit (ASU) were similar.

Uniaxial tensile testing

Specimens were tested on a universal testing machine Instron 5565A (Norwood, MA, USA), equipped with a load cell of 100 N at
30 mm min—-1 crosshead speed at room temperature. They were air-dried and were kept at 23 °C and 50 % RH for 24 h until
measurement. Results reported are the average of at least five test specimens.
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Scheme 2. Schematic presentation of the two synthesis procedures used to get thermoplastic AX. a) Arabinoxylans were directly etherified with n-butyl glycidyl
ether (BuGE) to obtained AX ethers in the 1%t synthesis procedure b) Arabinoxylans were first activated via successive periodate oxidation and reduction, and then
etherified with BUGE to obtained activated AX ethers in the 2" synthesis procedure.



General characterizations

Oxidation level. Oxidation level was quantified by periodate consumption and the sugar content reduction upon oxidation using
eqg.1 and 2 given in SI.

Carbohydrate composition and NMR spectroscopy. Samples were hydrolyzed by the 2-stage sulfuric acid hydrolysis according
to the NREL procedure.®® 1 mL aliquot of the hydrolyzed sample was used for carbohydrate analysis and the rest was neutralized and
freeze-dried, and then used for NMR analysis. The n-butyl glycidyl ether substitution was determined both by HPLC and NMR using
eg. 3 and 5 given in SI. The solubilized monosaccharides were quantified on a Dionex ICS-4000 HPAEC system equipped with PAD
(Both from Dionex, Sunnyvale, CA, USA) coupled to a Dionex CarboPac PA1 analytical column for carbohydrate analysis. 1H NMR
spectra of freeze-dried monosaccharide samples (ca. 20 mg) dissolved in 0.7 mL in NMR grade D20 at 50 °C for 1h were recorded
on a Varian MR-400 MHz spectrometer (Agilent Technologies) at 25 °C.

Infrared. ATR-FTIR spectra were obtained on a PerkinElmer Frontier FT-IR spectrometer (Waltham, MA) equipped with an ATR
accessory on room temperature dried samples successively conditioned at 23 °C and 50 %RH for 24 h between 400 and 4000 cm~" at
2 cm™ resolution.

Gel Permeation Chromatography (GPC). GPC was performed on a PL-GPC 50 plus integrated system equipped with Rl and UV
detectors (Polymer Laboratories, Varian Inc.) set at A=280 nm and series-coupled Polar Gel-M column and a guard column (300 x 7.5
mm? and 50 x 7.5 mm?, 8 ym) using DMSO/LiBr (10 mM) as eluent (0.5 mL/min). Samples were dissolved in the eluent (2 mg/mL) and
filtered through syringe filters (0.2 pm). Molecular weights were calculated based on the retention time of Pullulan standards (180-
708000 Da).

Thermal analysis

Differential scanning calorimetry. Calorimetric analysis was performed on a Mettler Toledo DSC2 calorimeter equipped with a
HSS7 sensor and a TC-125MT intercooler under nitrogen flow of 50 mL min~". Approximately 5 mg of each was placed in 40 pl
aluminum pans. A heating/cooling/heating procedure was applied over a temperature range from 30 to 250°C and -100 to 230 °C for
neat AX and A-AX, and E-AX and E-A-AX samples respectively. All heating and cooling rates were 10 °C min~'. Two samples of each
material were analyzed and T4 was taken as the inflection point of endotherm transition in the second heating cycle. Representative
DSC heating-cooling-heating cycle curves and endothermic transition highlighted second heating curves are shown in Fig. S7-S12.

Thermogravimetric analysis (TGA). TGA was performed on a TGA/DSC 3+ Star System (Mettler Toledo, Columbus, OH, USA).
Samples of about 5 mg were heated from 20 to 500 °C at a ramp rate of 5 °C min~" under a N2 flow (50 mL/min).

Dynamic mechanical analysis (DMA). DMA was performed on a Q800 DMA (TA Instruments) in tension mode. The samples
were scanned a heating rate of 3 °C/min and a frequency of 1 Hz with 0.02 % strain.

Results and Discussion

Synthesis of arabinoxylan ethers and activated arabinoxylan ethers

A series of AX ethers and activated AX ethers were successfully synthesized from wheat bran AX (AXws) and barley husk AX (AXgH)
with 3 and 5 moles of BuGE (Scheme 2, reaction parameters in Table 1). Appearance of the peaks at 3000 - 2850 cm™" (C-H stretching),
1500 - 1350 cm™" (C-H bending), and 740 cm™" (CHz rocking)®"*? confirms the formation of ether linkage between hydroxyl group of the
polymer and epoxide ring of BUGE (Figure 1a and b). The peak at ~3300 cm™ (O-H stretching) shifts slightly towards high wavenumber
indicating the loosening of hydrogen-bonding in the E-AX and E-A-AX. The molar substitution (MS) and intact carbohydrate substitution
(ICS) data further support the successful introduction of BUGE in the polymers (Figure 1c and Table S6) because the substitution
increases with an increase in BUGE moles. The IR and MS results are in agreement with previously reported results.?2

Substitution on arabinosyl units on side chains are favored to xylosyl units in polymer backbone as the intact arabinose substitutions
(IAS) are higher than intact xylose substitutions (IXS) (Table S5). For example, the intact arabinose substitutions (IAS=0.68 and IAS=
0.78) on E3oAXws and E30AXesH are higher than intact xylose substitutions (IXS=0.51 and IXS= 0.69) (Table S5). Difference in BuGE
substitutions on arabinosyl and xylosyl units are higher between AXsy and AXws derived samples when 3 moles of BUGE were used
to compare to those samples when 5 moles were used (Table S5). We attribute these results to higher araf/xylp (3/4) in AXws (compare
to lower araf/xylp (1/4) in AXsn) which hinders BuGE substitution.

The Mus of the AXws ethers and AXgn ethers are lower than AXws and AXgn (Table S6). AXws has higher MW (46 kDa) than that
of AXsn (21 kDa). Moreover, degradation due strong alkaline medium in the reaction and precipitation with methanol used to recover
product may have caused this reduction in Mw. The reduction in Mus of E-A-AXws and E-A-AXgH is even more pronounced due the
degradation occurred in the activation step (successive periodate oxidation and reduction) plus precipitation step.333* Note that Mws of
A-AXws and A-AXsn could not be obtained due the insolubility of theses samples in DMSO/LiBr. However, reduction in molecular
weights and narrowing of molecular weight distribution (MWD) is expected. Indirect proof of these observation is present in this work
because both AXwe and AXsH synthesized samples have lower molecular weights than those of their starting materials, i.e. AXws and
AXgH. In addition, their MWDs are narrowed (Figure S2-S4) because the polydispersity indices are reduced (Figure 1d and Table S6).
The degradation after periodate oxidation resulting in reduction in Mw®*3® and polydispersity indices®® was also reported in previous
studies.
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Figure 1. IR spectra of the neat AX, activated AX, AX ether and activated AX ethers acquired from a) wheat bran arabinoxylan (AXws), b) barley husk arabinoxylan
(AXsH), c) 'H determined molar substitution (MS, BB E3) and HPLC determined intact carbohydrate substitution (ICS, %) of the AX ether and activated AX ether
samples of the arabinoxylans of wheat bran and barley husk and d) Average number molecular masses (== = = =) and polydispersity indices (©) of the
samples

Melt compression molding

To find the thermal processability of the synthesized samples, we used melt compression molding (at 140 °C and 50 kPa) which
is one the industrial polymers processing techniques. All synthesized samples could be successfully compression-molded, and the
obtained films are shown in Figure 2b and c. The films were flexible and foldable (Figure 2d and e). The compression moldability of
AXws synthesized samples whose araf/xylp ratio is ¥ was expected (Figure 2b) and has been shown previously when araf/xylp ratios
were 0.8 and 1.1.2 Interestedly, AXsH synthesized samples (araf/xylp ratio %) were also compression moldable (Figure 2c). This is the
first ever instance when thermal processing was enabled for such low araf/xylp (V) AX.

Properties of AX-based thermoplastics

Thermal properties of E-AXs and E-A-AXs. DSC analysis was used to find out endothermic transitions. The DSC data of neat AXs
(AXws, AXsH) and AXen derived thermoplastics show one glass transition (Figure 2a, Figure 3a (ii) and Figure S7-S8). The presence
of dual glass transitions was recorded for AXws derived thermoplastics from DSC (Figure 2a and Figure 3a (i)). These dual transitions
are often evident for thermoplastic polymers suggesting phase separation and were reported for multiblock synthetic polymers,’%
conjugated polymers,* esterified cellulose,?? lignin based thermoplastics,3*38 thermoplastic elastomers (TPE).>® The first (lower) glass
transition (-75 to -48 °C) plausibly originated from the side chain extension by alkoxide chains in the native AX and activated AX
[shadowed region annotated as Ty1 in Figure 3a (i) and (ii)]. The second (upper) glass transition (153 to 173 °C) can be attributed to
the xylan backbone AXws derived thermoplastics [shadowed region annotated as T42 in Figure 3a (i)]. Contrarily the AXsn derived
thermoplastics did not show the second glass transition (T¢2) because the glass transition has shifted close to or beyond degradation
temperature (Td) as evident in Figure 3a (ii).
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Figure 2. a) DSC (left y-axes, == == and ¥) and DMA (right y-axis, O) determined Tgs of neat AX, activated AX, AX ether and activated AX samples obtained from
two different types of arabinoxylans. Tq1 (=m =) and T42 (¥) denote the Tgs determined from the above-ambient and sub-ambient endotherm transitions of the
second heating DSC curves (Fig. S7-12 and Table S8). Tgs (DMA, O) were obtained from the peak of the loss modulus (E”) curves (Fig. S13-17). Minor DMA
transitions (%) were also observed for some samples (Fig. S15b, S16b and S17a). b) compression molded films from AXws derived samples. ¢) compression molded
films from AXsn derived samples. d) a film showing flexibility. ) a representative film folded around a marker to show foldability of the film. Note: Chalmers logo

used with permission and does not claim any copyright.

Thermomechanical response of the compression molded films of AXws and AXgn derived thermoplastics and solvent cast films of
AXws and AXgn was recorded on DMA (Figure 3b and Figure S13-S17). Note that AXws, AXsn, A-AXws and A-AXgH were solvent cast
because these materials are not compression moldable and A-AX films (solvent cast) were too brittle to be measured by DMA. The Tgs
obtained from loss modulus peaks are shown in Figure 2a and Table S8. T4 annotated storage modulus, loss modulus and tan & curves
are shown in Figure S13-S17. DMA confirmed the presence of first glass transition in AXws derived thermoplastics [Figure 2a ,
shadowed part in Figure 3b i, iii, v, vi (representative DMA curves) and Fig. S14-17].

Table 2. Tensile testing and TGA results obtained for neat AX, activated AX, AXws and AXsH synthesized samples

Tensile mechanical propertiest® TGA datal
Sample
E, MPa ot, MPa &, % Tonset, °C Tinflection, °C Tendset, °C FR, %

AXws 2672 (153) 702 (11.2) 43(1.1) 256 (9) 274 (7) 286 (6) 29.6 (1.4)
A-AXws - - - 267 (5) 286 (2) 307 (4) 40.8 (2.9)

E3.0-AXwe! 6.9 (0.6) 2.7 (0.5) 176.7 (22.5) 167 (18) 235 (3) 307 (4) 16.1 (0.2)

Es.0-AXws 0.7 (0.1) 0.5 (0.1) 260.2 (17.9) 189 (2) 227 (9) 267 (5) 10.7 (0.4)

Es.0-A-AXwsl 1.4(0.2) 0.9 (0.3) 269.7 (49.2) 223 (1) 292 (1) 317 (1) 18.1 (0.5)
Eso-A-AXwel  0.05(0.02)  0.03(0.01)  301.1(13.5) 206 (4) 238 (4) 318 (4) 11.2 (1.0)
AXeH 2455 (395)  39.6 (5.8) 2.4(0.7) 252 (13) 274 (8) 286 (4) 27.9 (1.4)
A-AXenH - - - 263 (1) 282 (0) 296 (1) 32.2(0.5)
Es.0-AXgH®! 39.9 (2.1) 4.1 (0.4) 116.5 (16.4) 196 (3) 241 (16) 295 (5) 16.3 (1.0)
Es.0-AXgH®! 0.9(0.2) 0.3 (0.06) 52.1 (5.7) 206 (4) 251 (1) 275 (1) 13.7 (0.7)
Es.0-A-AXaHl 3.2 (1.4) 1.2(0.2) 160.8 (17.8) 198 (2) 236 (5) 312 (3) 17.4 (0.7)
Es.0-A-AXgH! 0.3 (0.09) 0.2 (0.03) 140.7 (15.6) 179 (8) 266 (0) 315 (3) 12.1(0.2)

[a] data are mean (n=5) values and bracketed values are standard deviations; E Young’s modulus, otmax tensile stress, e»tensile strain at break, - data not available
as solvent cast film was too fragile/brittle. [b] data are mean (n=2) values and bracketed values are standard deviations, Tonset initial degradation temperature, Tinflection
temperature at the maximum degradation rate, Tendaset final degradation temperature, final residue (FR)- char content at 500 °C



a) DSC plots b) DMA plots
59 °C | 10* . - - 10° || 10° T T T T 10° ||| 10°
ng + AXyg ﬁ Eso AXwg
67 °C + S eBBOOnon00E00080s + ]
- E30AXws 153 °C _ | TTTTeeeseEEE Beg 1044 10
E] & 5] 4 VY-
s 30 10°4
: =5
= [T 10 10° 107
§ 3 § 1024
3 2
é =" 102
© 3 10'4
° 88
] s
l 2 -5 104 Tg1
T T T T T T T T 10" . . . B | 102 10" . . v 102 . T r 102
100 -50 0 50 100 150 200 250 50 100 150 200 250 -150 -100 -50 0 50 150 -100 -50 0 50
Temperature, °C Temperature (°C) Temperature (°C) Temperature (°C)
i iV 1o 100 V 10° 100 Vi 109 10°
+ E; o AXgy E; oA AXgy A
<] ] ssece
3 + __10%4 10 10 @
-
3 S8
< £s }
) =102
= 'y 10 10" 107 107
2 EE 107 1024 =
T 33 e
B =104
=% 10" 10"
28
o e
8 £
l al ———— s —— » 10° T91 10 10°4 Tg1 L, 100 Tg1 .
: X : ; : ——+10° ; T : ——+10°
-100 -50 0 50 100 150 200 250 150 200 250 150 -100 -50 0 50 150 -100 -50 0 50
Temperature, °C Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3. a) DSC plots of AXws and Asn derived thermoplastics. b) DMA of representative samples from AXws (1%t row) and AXgn (2" row) derived thermoplastics
at 3 °C/min, 1 Hz frequency and 0.02 % strain. DMA of i) AXwa, ii) Es0AXws iii) E3.0A-AXws iv) AXeH, V) E30AXsH, Vi) E30A-AXon showing first glass transition
temperature of the two glass transition temperatures (Tg). The shadowed part highlights the Tgs from storage modulus, loss modulus and Tan & curves. The 2™ T
which was > 50 °C could not be recorded on DMA as these materials soften above 50 °C.

The alkoxide chains formed after epoxide ring opening of BUGE and specially linked to the hydroxyl groups of arabinosyl units and ring-
opened arabinosyl residues makes enough long side chains (evidenced by IR data, i.e. 740 cm™" CH2 rocking, Figure 1a) to create a
separate thermal transition corresponding to these side chains (Scheme 2 and Figure 4a). The second glass transition AXws derived
thermoplastics detected by DSC (Figure 3a) could not be recorded by DMA because the films became too soft to record thermal
transition above 50 °C. Note that the differences (10-20 °C) in Tq values (Figure 2a and Table S8) by DSC and DMA are likely due to
the differences in data collection method (e.g., DMA and DSC measure dynamic and thermodynamic signal).3®4° T4 obtained from the
peak of E" is lower than that obtained from tan & peak; however, it is shown to agree better with DSC.*°

Thermal stability was evaluated by TGA and Table 2 contains the TGA data. Figure S18 shows the thermograms. The initial
degradation (Tonset) and inflection (Tinfiection-maximum degradation rate point) temperature of AXws and AXgH derived thermoplastics
(167-223 °C, 227-266 °C) are lower AX and A-AX samples (252-267 °C, 274-286 °C). The final residue (char content at 500 °C) of A-
AXs (28-30%) are higher than AX (32-40%). A-AXs after periodate oxidation and reduction reactions may have high amount of salts,
which usually gives high amount of char yield. AXws and AXsn derived thermoplastics have lower final residue. Overall these results
are consistent with previous reports.?3341
Tensile mechanical properties of AXws and AXsn thermoplastics. The AXws and AXsn derived thermoplastics (along with AXs)
stress-strain behavior was determined by uniaxial tensile testing. Representative stress-strain curves are shown in Figure 4 ¢ and d,
and the elastic modulus (E), tensile strength (at), and elongation at break (ev) are listed in Table 2. All samples show linear stress-strain
relationship. As expected, AXws and AXsn are brittle having failure strain of 4.3 ((z1.1) and 2.4 (£0.7). The AXws and AXgH derived
thermoplastics feature elastomeric behavior as evident from higher elongation at break and low to medium Young’s modulus.
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Figure 4. Proposed structure of a) AXws derived thermoplastic and b) AXsn derived thermoplastic. Representative stress-strain curves of c) AXws and AXws derived
samples and d) AXsn and AXsn derived samples.



The AXws derived thermoplastics have higher stretchability (177-301 %) compare to those of the AXsn derived thermoplastics (52-
61 %) (Table 2). The elongation ranges for AXws derived thermoplastics are consistent with previously reported values??®. Higher
stretchability is achieved at the expense of reduction in elastic modulus and tensile strength*? as becomes evident from the lower elastic
modulus and tensile strength values of AXwes and AXgH derived thermoplastics in comparison to AXwe and AXgn. Such high stretchability
was not ever reported for low araf/xylp AX, i.e. AXsn derived thermoplastic processed via compression molding. However, solvent-cast
films of modified reinforced (with PVA) xylan were shown to have elongation up to 133%.43

The melt processability (Figure 2b-e) and stretchability () (Table 2 and Figure 4c-d) of AXws and (specially of) AXsn derived
thermoplastics are adequately promising. This encourages us to compare these with polysaccharide (cellulose acetate,**“% starch,*647
xylan,*348 arabinoxylan®%)-based and commercial bio-based thermoplastic (polylactic acid-PLA**%%) processed by solvent casting
and/or industrial polymer processing techniques (Figure 5). The best preference in terms of melt processing and competitive elongation
at break for AXsn synthesized thermoplastic is evident. This processability and elongation combination for low araf/xylp arabinoxylan
has been reported in literature. Similar to our results in this work, arabinoxylan (having araf/xylp ratio between 0.8-1.1)-derived
thermoplastics with such processability and elongation combination have instanced in previous reports.22

Cellulose acetate thermoplastics have poor elongation at break (35 and 2 %) but better tensile strength (29 and 26 MPa) compare
to the thermoplastics in this study.***5 Thermoplastic starch is both solvent and melt processable but have lower &, than AXgn derived
thermoplastic.*®#” Polylactic acid (PLA) is, although not a commodity plastic a bio-based commercial plastic. It can have similar e, with
superior tensile strength.*®% Note that cellulose acetate, starch and PLA thermoplastic are semi-crystalline to highly crystalline
structures.! Xylans have never been shown melt processable*3“8 but may have comparable &,.*3
Effect of structural composition of AX-thermoplastics on stretchability. Both 1-step and 2-step strategy enabled thermoplasticity
in AXws and AXsn synthesized samples as shown by compression molding. This suggests that the linked alkoxide side chains on
hydroxyl groups of xylan backbone and/or of intact or ring-opened arabinosyl units in the side chains of AX serve as an effective internal
plasticizer. These bonded alkoxide side chains are supposed to reduce the hydrogen bonding between AX molecules allowing them to
slip over each other when heated above Tg. Such structures were proposed for AXws and AXgn derived thermoplastics and depicted in
Figure 4 a and b respectively.
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Figure 5. Melt processability (left y-axis, == =) and elongation at break (right y-axis, o o - o m a#) of thermoplastics of this study (14 and 15 in the Figure, shadowed
part) compared with literature (polysaccharide-based and polylactic acid thermoplastics). Figure reference: thermoplastic sourcel-terature referencel = 1.2:Cgllulose
acetate,**45 3-4: starch,*47 5-7: polylactic acid-PLA,*>%° 8-9: xylan,*3#8 10-13: arabinoxylan,??® 14-15: AXws and AXan (this work). Non-melt processable denotes
solvent (water or organic) processable. Araf/xylp of AXws and AXgn are % and Va.

This is to note that higher alkoxide side chains should attach on hydroxyl groups of intact or ring-opened arabinosyl units compare
to on hydroxyl groups of intact or ring-opened xylosyl units in the backbone. This is due to the easy access of hydroxyl groups of intact
or ring-opened arabinosyl units being on the side chain. The araf/xylp of AXws and AXsn are % and Y4 (Table S5). Given these facts,
the degree of reduction of hydrogen bonding between AXws molecules will be higher than that of between AXsx molecules. Figure 4c
and d and Table 2 show that the elongation of AXws derived thermoplastics are higher than that of AXws derived thermoplastics. These
results suggest that the differences in elongation could be explained on basis of difference in araf/xylp ratio.

In this study, a successful attempt of synthesizing thermoplastics from the constituent polymer of natural and renewable resource
opens up new avenues to use agri-waste for value-added materials. Our thermoplastics are partly bio-derived because arabinoxylan is
bio-sourced but n-butyl glycidyl ether (BuGE) is currently a petrochemical. The renewable content can surely be increased if either
BuGE can be obtained from bio-sourced routes or an already bio-sourced molecules (such as cardanol from cashew nutshell or lignin
modified to increase their reactivity with arabinoxylan) can be used.

Conclusion



To summarize, we demonstrated that a 1-step and 2-step synthesis routes could be used to produce flexible and stretchable
thermoplastics from low araf/xylp arabinoxylan (AX from barley husk). The synthesis strategy used only direct incorporation of BUGE
or pre-activation (successive periodate oxidation and reduction) of AX following incorporation of BUGE. A salient feature of these AXgn
derived thermoplastics is that they could be processed via melt compression molding (one of the industrial polymer processing
techniques) which was rare for low araf/xylp arabinoxylans. This work provides an example of converting a major constituent of agri-
waste lignocellulose biomass into a value-added product.
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