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ABSTRACT 15 

A novel acylation approach suited to rapid bulk thermoplasticization of lignocellulose 16 

without solvents was previously demonstrated by the authors in benchtop batch studies. The 17 

method relies upon a benzethonium chloride/sulfuric acid functionalizing agent at low 18 

concentrations to act as a wetting agent for the wood pulp, similar to an ionic liquid, yet binds to 19 

the lignocellulose ester as a flow aid in the final thermoplastic. The present investigation evaluates 20 

the approach in a residence time-limited (45-90 s) continuous twin-screw reactor, where intensive 21 

mixing and heat were found to yield high acylation. The modified lignocellulose exhibited desired 22 

thermoplasticity by being melt moldable without the need for plasticizers and maintained much of 23 

the excellent stiffness of cellulose, demonstrating a maximum flexural modulus of 5.4 GPa and 24 

tensile modulus of 1.8 GPa. The influence of extrusion conditions on thermoplasticity was 25 

examined by a Design of Experiments (DOE) analysis.  26 

 27 

Keywords: Lignocellulose; Thermoplasticization; Mechanochemistry; Reactive extrusion. 28 

  29 



3 
 

1. INTRODUCTION 30 

Lignocellulose is a renewable, abundant and structurally strong biopolymer, considered to 31 

be an attractive alternative to current plastics due to declining fossil fuel reserves. This complex 32 

polymeric system is composed of cellulose, hemicellulose and lignin, and due to strong intra- and 33 

inter interactions among the present species, it lacks flowable properties attributed to 34 

thermoplastics. The absence of melt-like behavior, right up to its decomposition temperature, 35 

renders this native biomass unusable in conventional and economical polymer processing methods. 36 

Chemical modifications of the hydroxyl groups within the components of lignocellulose can 37 

interfere with hydrogen bonding and introduce side groups, which beneficially improves chain 38 

mobility to yield thermoplasticity as a result (Abe, Enomoto, Seki, & Miki, 2020; Bao et al., 2018; 39 

Chen et al., 2017; Chen & Shi, 2015; Feng et al., 2019; Guo, Chen, Su, & Hong, 2018; Xie, King, 40 

Kilpelainen, Granstrom, & Argyropoulos, 2007). The challenge for modifying lignocellulose is 41 

the lack of adequate available solvents to wet and dissolve its fibrillar structure, both quickly and 42 

extensively, such that enough hydroxyl functional groups are made chemically available for 43 

reactions. Innovative modification methods in the literature have recently focused on ionic liquids 44 

and their cosolvents (Chen et al., 2017; Chen & Shi, 2015; Guo et al., 2018; Xie et al., 2007) due 45 

to the improved chemical site accessibility found for reactions. Despite their effectiveness, an 46 

excess amount of these solvents has been reportedly needed, and due to the high expense of these 47 

chemicals, there must be costly recovery techniques deployed after a modification. 48 

Mechanochemistry, using mechanical energy to induce and assist reactions, can eliminate 49 

or dramatically reduce the solvent need for reactions (Darwish, Wang, Croker, Walker, & 50 

Zaworotko, 2019; Howard, Cao, & Browne, 2018). Mechanical techniques like milling or grinding 51 

can effectively defibrillate lignocellulose (Correia et al., 2016; Espinosa, Rol, Bras, & Rodríguez, 52 
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2019; Hoeger et al., 2013; Jiang, Wang, Zhang, & Wolcott, 2017). The defibrillation of 53 

lignocellulose is another beneficial means, like good solvents, for improving the accessibility of 54 

its hydroxyl groups for reactions (Huang, Wu, Wang, & Wolcott, 2019; Li, Thompson, & Lawton, 55 

2019; Ochiai et al., 2019). Thereby, mechanochemical modification, mainly by ball milling, has 56 

been demonstrated to be an effective method to functionalize fibrillar biomass without pre-57 

dissolving these fibrils, as a consequence, significantly reducing the amount of liquids required for 58 

the chemical modifications (Chen et al., 2019; Gan et al., 2018; Huang, Wu, Wang, Ou, & Wolcott, 59 

2020; Zhang et al., 2018). However, milling has problems with temperature control and usually 60 

needs long treatment times, especially when a high degree of modification is sought. Twin-screw 61 

extruders are designed to operate at elevated temperature with precise control and generate very 62 

high, localized mechanical stresses, making them more suitable for mechanochemistry than mills, 63 

especially if reaction rates can be matched to the short residence time of the process. Twin-screw 64 

extrusion has recently been demonstrated to be more effective in defibrillating lignocellulose or 65 

cellulose than milling (Baati, Mabrouk, Magnin, & Boufi, 2018; Baati, Magnin, & Boufi, 2017; 66 

Espinosa et al., 2019; Ho, Abe, Zimmermann, & Yano, 2015; Rol et al., 2017). Therefore, reactive 67 

extrusion has been explored for functionalizing lignocellulose or cellulose due to its suitable 68 

thermo-mechanical environment and because continuous systems like extrusion tend to offer 69 

higher quality consistency under more economical conditions compared to batch systems 70 

(Bhandari, Jones, & Hanna, 2012; Vaidya, Gaugler, & Smith, 2016; Zhang, Li, Li, Gibril, & Yu, 71 

2014). Due to challenges with the short residence time of the extruder and difficulties with 72 

conveying non-viscous lignocellulose, to our knowledge, this study is the first to modify 73 

lignocellulose into a flowable thermoplastic by reactive extrusion.   74 
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A previous paper (Li et al., 2020) introducing the modification approach used in the present 75 

study showed the effectiveness of the chemistry in a batch system but not whether it was scalable 76 

to a continuous method like extrusion. The benchtop batch method effectively modified 77 

lignocellulosic wood pulp into a thermoplastic with good flowability, demonstrated by 78 

compression molding, but in that case, lengthy reaction times were used to maximize conversion. 79 

The current work examines the benefits of mechanochemistry in order to produce comparable 80 

thermoplastics from the lignocellulose within the dramatically shorter residence time of a twin-81 

screw extruder. The influence of extrusion conditions with two different acid anhydrides is studied 82 

on the thermoplasticity and physical properties of the modified lignocellulose.   83 

2. Materials and methods 84 

2.1. Materials 85 

Lignocellulosic wood pulp containing 8.2 wt% Klason lignin (determined by TAPPI-T 86 

method 222 om-02) was received from Tembec (Montreal, Canada) as a high-yield Aspen 87 

mechanical pulp. The received pulp was pulverized in a 27 mm 40 L/D corotating twin-screw 88 

extruder (Leistritz, USA) according to a previously established method (Li et al., 2019). By this 89 

method, the received fluffy wood pulp was converted into granules with an improved degree of 90 

fibrillation, which made it convenient for feeding into the process for reactions and improved its 91 

chemical accessibility. Benzethonium chloride (hyamine, HPLC grade), sodium bicarbonate and 92 

phenolphthalein (ACS grade), and butyric anhydride (reagent grade) were purchased from Sigma 93 

Aldrich (Oakville, Canada). Acetic anhydride (reagent grade), sulfuric acid (trace metal grade), 94 

dimethyl sulfoxide (DMSO) and anhydrous ethanol (reagent grade), and 1.0 M sodium hydroxide 95 

and hydrochloric acid solutions were obtained from Caledon Laboratory Ltd. (Georgetown, 96 

Canada).   97 
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2.2. Chemical modification of lignocellulosic wood pulp by reactive extrusion  98 

Reactive extrusion of the pulverized lignocellulosic pulp was done by an 18 mm 40 L/D 99 

corotating twin-screw extruder (Leistritz, USA), as shown in Scheme 1. The screw configuration 100 

contained one 30° offset kneading block early in the process to aid wetting by further defibrillation 101 

of the pulp, followed by four 90° offset kneading blocks in a row later to supply sufficient mixing 102 

for the modification. The delayed input of substantial mechanical stresses was prudent to avoid 103 

jamming the extruder, relying on swollen and partially modified lignocellulose to lubricate the 104 

zone of most intensive mechanochemistry. Air-dried pulverized pulp was fed by a gravimetric 105 

feeder (Coperion, Germany) at a rate of 500 g/h. The feed zone temperature was maintained at 106 

25 °C by chilled water, while the other zones were all heated. Table 1 presents the series of 107 

experiments that were conducted based on a DOE method. The extrusion temperature for the 108 

butyric anhydride series (BA-series) (Table 1a) was set to 120 or 140 °C, but only 120 °C for the 109 

acetic anhydride series (AA-series) (Table 1b). The liquid modifier was injected into the second 110 

zone with an Optos Series metering pump (Eldex, USA) at a rate of 32 or 48 mL/min that 111 

corresponded to a 3.8 and 5.8 liquid/lignocellulose ratio, respectively. The liquid modifier 112 

(reactant and functionalizing agent) was pre-made by dissolving 30 g hyamine per 100 mL 113 

anhydride under constant agitation at 120 °C, and then adding sulfuric acid dropwise to the solution 114 

until the molar ratio of sulfuric acid/hyamine was either 0.95 or 1.20, according to our previously 115 

estimated procedure (Li et al., 2020). The acidic liquid modifier produced no detectable corrosion 116 

in the twin-screw extruder at these molar ratios, making the chemistry suitable for manufacturing. 117 

The screw speed of the extruder was set to either 100 rpm or 300 rpm based on the chosen 118 

experimental conditions (Table 1). The DOE presented in Table 1 was set up and analyzed using 119 

SigmaXL software (SigmaXL Inc., Kitchener, Canada).    120 
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The modified lignocellulose exiting from the extruder was collected, cooled and then 121 

suspended in distilled water for cleaning. Cleaning was necessary due to the far-from-optimized 122 

chemistry presented in this first study on the modification. The suspended material was neutralized 123 

with 1M sodium bicarbonate solution, filtered and then repeatedly washed with distilled water 124 

until the conductivity of the filtrate was close to that of distilled water (determined by a Mettler 125 

Toledo S230 conductivity meter). A cleaned sample was vacuum-oven dried at 75 °C for 24 hours 126 

prior to storage and characterization. 127 

 128 

Scheme 1. Configuration of the extruder used for modification of lignocellulosic wood pulp. 129 

  130 
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Table 1: DOE layout for studying the effects of extrusion conditions on the chemical 131 

modifications of lignocellulose, (a) BA-series using butyric anhydride and (b) AA-series using 132 

acetic anhydride. 133 

(a) 134 

Run 
No.  

Liquid injection 
rate (mL/min) 

Screw speed 
(rpm) 

Molar (sulfuric 
acid/hyamine)  Temperature (°C) 

A B C D 

B1 32 100 0.95 120 

B2 32 300 1.20 120 

B3 32 100 1.20 140 

B4 32 300 0.95 140 

B5 48 100 1.20 120 

B6 48 300 0.95 120 

B7 48 100 0.95 140 

B8 48 300 1.20 140 
 135 

(b) 136 

Run 
No. 

Liquid injection 
rate (mL/min) 

Screw speed 
(rpm) 

Molar (sulfuric 
acid/hyamine) 

A B C 

A1 32 100 0.95 

A2 32 100 1.20 

A3 32 300 0.95 

A4 32 300 1.20 

A5 48 100 0.95 

A6 48 100 1.20 

A7 48 300 0.950 

A8 48 300 1.20 
  137 
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2.3. Compression molding of the modified lignocellulose 138 

Specimens with different dimensions (D1: 50 mm × 50 mm × 0.26 mm; D2: 50 mm × 13 139 

mm × 0.45 mm; D3: 55 mm × 15 mm × 2 mm) were compression molded to test the thermal 140 

moldability of the modified lignocellulose. Molding was done in a Carver 4389 benchtop hydraulic 141 

press under 2.5 MPa for 3 mins and then 6 MPa for another 12 mins. Molding temperatures for 142 

BA-series and AA-series were 150 and 180 °C, respectively. 143 

2.4. Characterizations 144 

2.4.1. Minimum residence time  145 

The minimum residence time of the twin-screw extrusion was measured by using a carbon 146 

black tracer. The carbon black was introduced as a pulse into the feed zone along with the 147 

lignocellulose and timed until it first appeared at the exit. This characterization represents the 148 

minimum time allowed for the reaction. 149 

2.4.2. Chemical structures 150 

Infrared spectra (FTIR) were collected on a Nicolet 6700 spectrometer with a Smart 151 

iTRTM attenuated total reflectance (ATR) sampling accessory. A spectrum was generated from 152 

32 scans in the range of 4000-500 cm-1 with a 4 cm-1 resolution. Solution state 13C nuclear magnetic 153 

resonance (NMR) spectroscopy of modified samples was performed in DMSO-d6 solvent with a 154 

Bruker AVIII 700 MHz spectrometer at ambient temperature. The NMR spectra were obtained 155 

from 2560 scans with a 600 MHz magnetic field, 4 s of relaxation time and 1 s of retention time 156 

for the 13C nuclei.  157 

Acyl and benzethonium sulfate contents of the modified lignocellulose were determined 158 

by colorimetric titration and elemental analysis (Supporting Information). Dried modified 159 
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lignocellulose, 0.05 g, was put into a 25-mL glass vial, to which was added 5 mL of 0.25 M NaOH 160 

and 5 mL of anhydrous ethanol. The mixture was left to stand for 24 h before 10 mL of 0.25 M 161 

HCl was added to the system. After 30 mins, the mixture was titrated by 0.25 M NaOH with a 162 

phenolphthalein indicator. The total hydrolyzed ester content (TEC) was calculated by: 163 

𝑇𝐸𝐶	 %!!"#
$
& = 	 (&!'	&")*!+&#*"

!
																															   (1) 164 

where V1 (mL) is the volume of NaOH added to the system before the titration, V2 (mL) is the 165 

volume of NaOH consumed in the titration, C1 (M) is the NaOH concentration, V3 (mL) is the 166 

volume of HCl added to the system before the titration, C2 (M) is the concentration of HCl, and m 167 

is the weight of the sample. 168 

Elemental nitrogen (N) and sulfur (S) contents were determined with a UNICUBE 169 

elemental analyzer (Elementar). Approximately 2 mg powder sample was sealed in Tinfoil and 170 

loaded into the analyzer for testing.  171 

Inherent and intrinsic viscosity were used to assess the degradation for the modified 172 

lignocellulose samples with a Cannon Fenske viscometer (25-tube size). 40 mg dried sample was 173 

added to 40 mL DMSO solvent and stirring overnight to dissolve the lignocellulose; the insoluble 174 

part was separated by filtering and dried to determine the concentration (c) of the solution. The 175 

neat solvent or modified lignocellulose solution flowed through the viscometer held at 25 °C, and 176 

their flow times through the graduated region were recorded. Inherent viscosity (ɳinh) was 177 

determined from 	 the flow times of the DMSO solvent( 𝑡, ) and solution of the modified 178 

lignocellulose (𝑡), according to: 179 

     ɳ-./ = In	 % $
$%
𝑐⁄ &			      (2)  180 

Intrinsic viscosity was estimated as the intercept of inherent viscosity curves versus concentration. 181 

2.4.3. Thermal properties 182 
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Thermal transitions were determined by dynamic mechanical analysis (DMA) and 183 

differential scanning calorimetry (DSC). DMA testing was performed on an 850 analyzer (TA 184 

Instruments, USA). The measurements were performed in a tension model on rectangular 185 

specimens with a dimension of 30 mm × 5 mm × 0.45 mm cut from the compression-molded 186 

samples. The scanning was performed at a frequency of 1 Hz and a strain of 0.01%, with 187 

temperature ramping from 10-240 ℃ by 3 ℃/min. DSC testing was accomplished by a Q200 188 

calorimeter (TA Instruments, USA) operating in modulated mode. Modified pulp, 9 mg, was 189 

loaded and sealed into a Tzero aluminum pan. Samples were equilibrated at -20 °C, then heated to 190 

220 °C at the ramp rate of 5 °C/min, with an oscillation of 1.00 °C every 60 seconds.  191 

Thermo-flowability was quantified with a Discovery HR-2 hybrid rheometer (TA 192 

Instruments, USA) by conducting a temperature sweep after first discovering the linear response 193 

region by a strain sweep. A circular disk with 1.50 mm thickness and 25 mm diameter was prepared 194 

by compression molding for the rheology testing. The testing was performed in an ambient 195 

atmosphere by sweeping temperature from  90 to 200  °C at a rate of 5 °C/min, and under a constant 196 

shear rate of 0.1 s-1.  197 

2.4.4. Mechanical properties 198 

Tensile and 3-point flexural properties were measured on strips with a dimension of 50 mm 199 

× 13 mm × 0.45 mm by an Instron universal mechanical tester (Model 3366). The tensile testing 200 

was performed at a crosshead speed of 0.085 mm/min by following standard ASTM D882-18, and 201 

force was recorded with a 0.5 kN load cell. The 3-point flexural testing was conducted at a 202 

crosshead speed of 2.5 mm/min by standard ASTM D790, and the force was recorded with a 0.05 203 

kN load cell. The length of the support span for the flexural testing was 26 mm. Mechanical 204 

properties were reported as the average of three repeats.  205 
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2.4.5. Morphology property 206 

The cross-sections of mold specimens after bending were observed by scanning electron 207 

microscopy (SEM) with a SU8000 FE-SEM (Hitachi, Japan) operating at 5 kV. In preparation, 208 

samples were sputter coated with a 6 nm thick layer of Pt/Pd before observation.   209 

3. RESULTS AND DISCUSSION 210 

3.1. Chemical structure of the modified lignocellulose  211 

The FTIR spectra (Fig. S1) indicated that compared to the original material, the modified 212 

lignocellulose presented a strong peak at 1740 cm-1 corresponding to ester species (-COO-) (Zhen 213 

et al., 2016). Correspondingly, there was a considerable decrease in the hydroxyl functionality of 214 

lignocellulose, based on the decreasing intensity of the broad peak centered at 3330 cm-1. A sulfate 215 

functionality was detected in the modified lignocellulose at 837 cm-1 (-C-O-S- symmetrical 216 

vibration) and 602 cm-1 (bending mode of sulfate) (Böke, Akkurt, Özdemir, Göktürk, & Caner 217 

Saltik, 2004; Chen, Zhang, Zhao, & Chen, 2013). According to previous batch studies, the sulfate 218 

species were formed by reaction between hydroxyl groups and sulfuric acid or bisulfate in the 219 

liquid modifier (Li et al., 2020). 220 

  Fig. 1 shows solution-state 13C NMR spectra of the modified lignocellulose produced by 221 

reactive extrusion using acetic and butyric anhydride. Labelled with solid arrows in the plot (a), 222 

the chemical shifts at 170-174 ppm of the modified lignocellulose in the BA-series were assigned 223 

to the butyryl carbonyl group; three shifts at 13, 18 and 35 ppm corresponded to the three carbons 224 

of butyryl (Huang et al., 2011; Zhang et al., 2018). Similarly, for the AA-series in the plot (b), 225 

shifts at 169-171 ppm and 21 ppm were assigned to carbonyl and methyl carbons of the acetyl 226 

functionality, respectively (Kono, Oka, Kishimoto, & Fujita, 2017; Ralph & Landucci, 2010). 227 

Despite the short reaction time in the extruder, both reactions with the acid anhydrides forming 228 
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lignocellulose esters were significant; the minimum residence time inside the extruder was 90 or 229 

45 s, respectively, when a screw speed of 100 or 300 rpm was used. Additionally, the NMR result 230 

shows that the modified lignocellulose also included similar chemical shifts to hyamine (plot (c)), 231 

as highlighted with rectangular symbols, which were assigned to the benzethonium cation of 232 

hyamine. The attached cation could not be clearly observed by FTIR due to its weaker signal and 233 

interfering peaks by lignocellulose.  234 

     235 

Fig. 1. Solution-state 13C NMR spectra of modified lignocellulose from (a) BA-series (B2, Table 236 

1a), (b) AA-series (A7, Table 1b) and (c) pure hyamine. Rectangular boxes highlight the chemical 237 

shifts in the modified samples similar to those found in hyamine. 238 
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Understanding the nature of benzethonium and sulfate species present in the lignocellulose 239 

ester was considerably clearer by elemental analysis, as given in Fig. 2. As-received lignocellulose 240 

had a small but detectable N content, which was considered to be trace contaminants in the 241 

supplied material (though consistently present). Compared with the original material, all modified 242 

lignocellulose from both BA and AA-series showed a substantial increase in N content that can 243 

only be attributed to the benzethonium species at such relatively high values; additionally, the S 244 

content of all modified lignocellulose was also significantly increased, which was assigned to the 245 

sulfate groups detected by FTIR analysis. The molar ratio (𝑅) of N to S	elements was analyzed 246 

using the definition of: 247 

𝑅 =
(𝑁 − 𝑁-)/14
(𝑆 − 𝑆-)/32

																											(3) 248 

where assuming concentrations of the trace N and S unchanged in modified lignocellulose, N and 249 

S in the equation corresponded to the modified lignocellulose while 𝑁-, and 𝑆- corresponded to the 250 

original material. The R values for the BA-series was 1.01 ± 0.02 and while it was 1.00 ± 0.04 for 251 

the AA-series. The molar equivalence of the benzethonium cation to the sulfate group leads the 252 

authors to believe their presence was in the form of benzethonium sulfate ([C27H42NO2]+[R-253 

OSO3]-), where the sulfate was covalently bonded to the lignocellulose (R). Differences in the 254 

benzethonium sulfate content of modified lignocellulose based on run conditions are discussed in 255 

a later section. 256 
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 257 

Fig. 2. N and S elemental analysis of the pristine lignocellulose and modified lignocellulose in (a) 258 

BA-series and (b) AA-series.  259 

3.2. Thermoplasticity of the modified lignocellulose 260 

After modification by reactive extrusion, all modified lignocellulose displayed distinctive 261 

glass transitions, whereas the original lignocellulose had a barely detectable thermal transition. 262 

DSC results are presented in supplementary Fig. S3 while detailed analysis of the glass transition 263 

by DMA is given below.  Correspondingly, all modified lignocellulose in both the BA-series and 264 

AA-series displayed flowability during compression molding. Fig. 3 shows that the molded 265 

samples of (a) BA-series and (b) AA-series had smooth surfaces and well-defined edges, indicating 266 

suitable thermoplasticization of the lignocellulose to flow into all areas of the mold. Molding 267 

caused a change in the colour of the modified lignocellulose, going from light brown to uniform 268 

black, probably because of thermal oxidation of lignocellulose (Gao, Zhang, & Chang, 2004; 269 

Sandoval-Torres, Jomaa, Marc, & Puiggali, 2010), but this was not considered a negative issue 270 

since many plastics are coloured black for applications in the automotive or food packaging 271 

industries. The molding conditions were probably too long for the biopolymer, but as the 272 
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mechanical testing will show, strength was not significantly deteriorated relative to literature-273 

quoted values for cellulose. 274 

 275 

Fig. 3.  Images of compression-molded lignocellulose from the (a) BA-series and (b) AA-series, 276 

prepared in molds of different dimensions (50 mm × 50 mm × 0.26 mm; 50 mm × 13 mm × 0.45 277 

mm; 55 mm × 15 mm × 2 mm). 278 

 279 

Assessing the glass transition temperature (Tg) of the modified lignocelluloses was done 280 

by DMA testing. Fig. 3 shows Tg values for the BA-series (Fig. 3a, b) were 72-114 oC while the 281 

AA-series (Fig. 3c, d) varied between 119-153 oC, depending on extrusion conditions. All samples 282 

in the BA-series were considered to display better thermoplasticity than those in the AA-series 283 

based on the Tg. Samples prepared with a 1.2 sulfuric acid/hyamine molar ratio generally had better 284 

thermoplasticity (Tg = 72-80 oC) than those based on a 0.95 ratio (Tg = 77-114 oC) in the BA-series. 285 

An opposite tendency was observed for AA-series; Tg of samples prepared with a molar ratio of 286 

1.2 versus 0.95 was 135-153 oC versus 119-126 oC. These differences in thermoplasticity among 287 

the modified lignocellulose are discussed in a later section. 288 
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 289 

Fig. 4. Loss factor (tan (delta)) of the modified lignocellulose in (a, b) BA-series and (c,d) AA-290 

series determined by DMA testing. 291 

 292 

Dynamic rheological characterization was considered as additional evidence of 293 

thermoplasticity for the modified lignocellulose. Fig. 5 shows complex viscosity-temperature 294 

curves for the modified lignocellulose in BA-series and AA-series with differing Tg. All samples 295 

displayed a significant decrease in viscosity for elevated temperatures above their corresponding 296 

Tg. A lower Tg generally corresponded to lower viscosity. The material with the highest Tg = 153 297 
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oC from the AA-series showed the weakest decline in viscosity across the range of tested 298 

temperatures, giving a more solid-like response above 160 oC. However, even this material showed 299 

flowable properties when compression molded, at least when under appropriate pressure, e.g., 6 300 

MPa used in the present study.  301 

 302 

Fig. 5. Comparison of flowability of modified lignocellulose with different Tg in (a) BA-series and 303 

(b) AA-series.  304 

 305 

3.3. Influence of esterification on the thermoplasticity of modified lignocellulose  306 

Table 2 presents three groupings of thermoplastic lignocellulose from the BA-series and 307 

AA-series. The two samples in each group were selected for having similar grafted benzethonium 308 

sulfate content and intrinsic viscosity but differed in their acyl content. The table shows that in the 309 

three groups, thermoplastics from the AA-series had a degree of acylation nearly double the BA-310 

series, while the samples of the BA-series had lower Tg values. This analysis shows that Tg of the 311 

sample was more strongly influenced by the size of the acyl side chains rather than its content. The 312 
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butyryl group contributed more effectively to matrix mobility than the acetyl group and hence, 313 

yielded better thermoplasticity for the modified lignocellulose in BA-series. 314 

Table 2. Comparison of the degree of modification, intrinsic viscosity and Tg among modified 315 

lignocellulose in BA-series and AA-series.  316 

Sample Acyl 
(mmol/g) 

Sulfate benzethonium 
(mmol/g) 

Intrinsic 
viscosity 
(mL/g) 

Tg (°C)  

B5 1.37 ± 0.01 0.75 ± 0.01 140 80  

A1 3.66 ± 0.01 0.75 ± 0.01 158 119  

B2 1.62 ± 0.20 0.68 ± 0.01 168 72 

A3 4.30 ± 0.03 0.70 ± 0.02 174 123 

B7 1.56 ± 0.01 0.66 ± 0.01 171 87 

A5 3.75 ± 0.01 0.69 ± 0.01 147 123 

 317 

3.4. Influence of extrusion conditions on the  modified lignocellulose of BA-series 318 

DOE analysis was conducted for the BA-series (Fig. 6), considering the influence of four 319 

factors listed in Table 1a on Tg (thermoplasticity indicator) and the contents of acyl and 320 

benzethonium sulfate (reaction effectiveness). The four main factors all had a statistically positive 321 

influence (p-value <0.005) on thermoplasticity. A plot of coefficients of each factor’s significance 322 

was provided in Fig. S5a. Increasing molar ratio in Fig. 6a was most beneficial for thermoplasticity 323 

in the BA-series, since the Tg decreased from 77-114 °C at a molar ratio of 0.95 to 72-78 °C at a 324 

molar ratio of 1.20. Liquid injection rate and screw speed had a minor influence relative to molar 325 

ratio. Temperature had the least effect on Tg. 326 
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Increasing molar ratio had a positive influence (p-value <0.001) on both butyrylation (Fig. 327 

6b) and benzethonium sulfate attachment (Fig. 6d); molar ratio was the dominant factor 328 

influencing butyrylation (Fig. S5b), similar to thermoplasticity in Fig. 6a. The increasingly acidic 329 

environment present with a higher molar ratio was beneficial to both reactions. Although 330 

increasing liquid injection rate had no statistical influence (p-value = 0.27) on butyrylation, it had 331 

the highest positive significance on benzethonium sulfate attachment (Fig. S5c). Thereby, 332 

increasing liquid injection rate displayed the second-highest positive impact on the 333 

thermoplasticity in Fig. 6a. The relevance of injection rate for only benzethonium sulfate 334 

attachment was considered to be concentration related; in all cases, butyrylation was done in the 335 

presence of an excess of butyric anhydride but clearly more hyamine aided the kinetics for its 336 

attachment.  Increasing screw speed or temperature could only benefit one of the two reactions but 337 

simultaneously decreased another one, e.g., increasing screw speed improved the benzethonium 338 

sulfate attachment by 6.4%, but, at the same time, it significantly reduced the butyrylation by 15%. 339 

Thus, increasing screw speed or temperature had a much less positive impact on thermoplasticity 340 

in Fig. 6a than increasing molar ratio and liquid injection rate.  341 
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 342 

Fig. 6. Main effects plot of the extrusion conditions on (a) Tg, (b) butyryl content and (c) 343 

benzethonium sulfate content of modified lignocellulose in BA-series. 344 

3.5. Influence of extrusion conditions on modified lignocellulose of AA-series 345 

DOE analysis of the three main factors listed in Table 1b for AA-series found that 346 

increasing molar ratio was the only main factor that significantly (p-value = 0.024) influenced 347 

thermoplasticity (Fig. 7a). This was quite different from butyrylation, and so was the fac that 348 

increasing molar ratio resulted in higher Tg, indicating inferior thermoplasticity for the AA-series.  349 

Correspondingly, increasing molar ratio had a significant influence (p-value < 0.005) on both 350 

acetylation and benzethonium sulfate attachment but not necessarily positively. A higher molar 351 

ratio increased acetylation (Fig 7b), but simultaneously decreased benzethonium sulfate 352 
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attachment (Fig 7c); this influence was not seen with the BA-series suggesting that 353 

thermoplasticity was much more reliant on the benzethonium group when acetylation was the 354 

chosen modification (which is consistent with benchtop studies (Li et al., 2020)). It was possible 355 

the high degree of acetylation (4.2-7.0 mmol/g), as the molar ratio increased from 0.95 to 1.20, 356 

consumed hydroxyl functional groups to the detriment of sites for benzethonium sulfate 357 

attachment. Butyrylation occurred to a relatively lesser degree (1.6-2.3 mmol/g) and thus, 358 

competition for sites with benzethonium sulfate was less of an issue. 359 

 360 

 361 
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Fig. 7. DOE analysis of the influence of extrusion conditions on (a) Tg, (b) acetyl content and (c) 362 

benzethonium sulfate content of modified lignocellulose in AA-series. 363 

3.6. Mechanical properties of thermoplastic lignocellulose 364 

The flexural and tensile moduli of the AA-series were 3.5-5.4 GPa and 1.4-1.8 GPa, 365 

respectively, whereas the flexural and tensile moduli of the BA-series were 3.1-4.6 GPa and 1.2-366 

1.6 GPa, respectively. Thermoplastics of AA-series possessed a higher flexural yield strength of 367 

35-46 MPa compared to the BA-series of 23-32 MPa. In comparison, aspen wood pulp has a 368 

reported flexural yield strength of 36-68 MPa (Ross, 2010), indicating that the thermoplastic 369 

lignocellulose prepared by reactive extrusion was comparable in mechanical strength.  370 

Thermoplastics of the AA-series, with lower Tg, had higher mechanical properties; the 371 

sample with the lowest Tg of 119 °C had the highest flexural modulus, flexural strength, and tensile 372 

modulus, which were 5.4 GPa, 46 MPa, and 1.8 GPa, respectively. In comparison, thermoplastics 373 

in BA-series, with higher Tg, tended to have higher mechanical properties; the sample with the 374 

highest Tg of 114 °C had the highest flexural modulus, flexural strength, and tensile modulus, 375 

which were 4.6 GPa, 32 MPa, and 1.6 GPa, respectively. The trend for thermoplastics of the BA-376 

series was attributed to chain mobility of a more or less homogenous specimen; it was a reflection 377 

of the excellent thermoplasticity of this modified species. Conversely, the modified lignocellulose 378 

of the AA-series did not melt entirely as the specimens were molded (Fig. S7b). As a result, the 379 

heterogeneity in the molded specimens was felt to be causing this atypical behavior. Only the 380 

modified lignocellulose in AA-series with lower Tg temperature formed dense (i.e. non-porous) 381 

molded specimens, necessary to display the best mechanical properties.  382 
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 383 

Fig. 8. Flexural and tensile properties of the thermoplastics in (a, b) BA-series and (c,d) AA-series.  384 

4. CONCLUSIONS 385 

Despite the short residence time in the extruder, modification of lignocellulose by grafting 386 

acyl and benzethonium sulfate was achieved by a new solvent-free reactive extrusion method. The 387 

modifications took place to an acceptable degree to afford sufficient thermoplasticity for 388 

compression molding. The butyric anhydride-based modifier was superior to acetic anhydride-389 

based modifier in terms of thermoplasticization of lignocellulose relative to the degree of acyl 390 

group attachment. A DOE analysis revealed that the molar ratio of sulfuric acid to hyamine, as the 391 

novel functionalizing agent in the modification, was the dominant factor to impact the 392 
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thermoplasticity of modified lignocellulose in both BA and AA-series.  In addition to displaying 393 

good moldability, the modified samples showed excellent retention of the original wood pulp’s 394 

high mechanical properties. 395 
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