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Pretreatment of hemp fibers to enhance enzymatic accessibility for hemp fibers 

Diogo A. S. Silva, Instituto Superior Técnico 

ABSTRACT 

Hemp (Cannabis sativa) fibers have been considered as a sustainable biomaterial to replace man-

made fibers in composite applications, due to their low cost and density, good mechanical properties and 

biodegradability. However, for high-grade composites, the cementing materials from middle lamella (ML) 

regions must be degraded to obtain individual fibers or small fiber bundles, in order to create a strong 

interface and reduce void space between fibers (or fiber and matrix). In this context, an enzymatic 

treatment is one of the most promising and ecological methods, but the process is not efficient because 

enzymes are too large to penetrate the well lignified ML region, and thus requires an auxiliary 

pretreatment. 

Among the conducted experiments, a fungal pretreatment at controlled conditions for half a week, a 

hydrothermal pretreatment in an autoclave at 1 bar (121 ºC) for 30 min and a chemical pretreatment with 

NaOH at 60ºC for 4 h were shown to be the best solutions, by allowing partial degradation of pectin 

(decrease of 55, 41 and 67% in galacturonic acid content, respectively) and subsequently enhancing the 

accessibility of pectinases for said substrate, indicated by the final low content of GalA in final treated 

fibers. The direct combination of EDTA-2Na (0.5%) with endopolygalacturonase was also demonstrated 

as a time saving option.  

However, significant negative effects (p<0.05) in the mechanical performance of pretreated hemp 

fibers were noted, except for hydrothermally pretreated, for which only strain significantly (p<0.05) 

decreased by 40% and no apparent effects on stiffness and Ultimate Tensile Strength were recorded.  

Keywords: Hemp fibers; Enzyme; Hydrothermal pretreatment; Biological pretreatment; Chemical 

Pretreatment; Mechanical Properties 

 

1. Introduction 

Natural cellulosic fibers, such as hemp, are 

attractive as reinforcement agents in composite 

materials due to their low cost, low density, good 

mechanical properties and potential sustainability 

and biodegradability. For example, cellulose rich 

bast fibers from hemp exhibit high tensile strength 

(300-800 MPa), high stiffness (30-60 GPa) and a 

relative low density of 1.50 to 1.64 g/cm
3
. 

In order to be used for high-grade 

biocomposites manufacturing, the degradation of 

middle lamella-fiber bonding is essential to obtain 

individual fibers and/or fiber bundles, increasing 

fiber-matrix contacting area. In addition, during 

fiber extraction, the removal of non-cellulosic 

components from hemp fibers structure is 

important on one hand to increase glucose 

content, which can be correlated with its tensile 

strength, and on the other to decrease fibers’ 

hydrophilicity, improving the interaction between 

hemp fibers (reinforcement) and polymer matrix 

(usually hydrophobic). 

As regards to fiber extraction, traditional retting 

methods (Field Retting and Water Retting) are 

either time consuming and subjected to geographic 

regions or cause serious, ecological problems. 

Another alternative is the use of chemicals, but it is 

also associated to environmental problems, due to 

large amounts of chemical effluents produced, and 

usually it requires higher energy inputs, which 

ultimately increases the fiber production costs. 

Therefore, the use of enzymes (viz. pectinases) 

is seen as a promising, ecological alternative for 
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hemp fiber defibrillation. However, due to the 

complexity of lignified middle lamella, enzymes are 

too large to penetrate into hemp fiber structure, 

and the treatment is not as efficient as expected. 

Hence, a pretreatment is required prior to 

enzymatic treatment, in order to enhance 

penetration of enzyme formulations into middle 

lamella regions and, at the same time, reduce the 

dosage of enzymes needed. 

This study will focus on the use of three 

different approaches, functioning as pretreatment 

of hemp fibers to enhance the accessibility of 

enzymes for pectins in middle lamella region: the 

first is a fungal retting with the cellulase mutant 

Phlebia radiata Cel 26; the second is a 

hydrothermal pretreatment at different 

temperatures/pressures; and the last is a chemical 

pretreatment using chelating (EDTA) and/or alkali 

(NaOH) agents. The changes in morphology, 

chemical composition and mechanical properties of 

fibers were investigated on each one of mentioned 

pretreatments. 

2. Material and Methods 

 

2.1. Raw material 

Stems of hemp, variety USO-31, were used as 

raw material. The plants were sown in France at a 

rate of 45 kg/ha on May 5th 2013, by hemp 

cultivation companies Planète Chanvre and Bafa 

Neu GmbH, and then harvested at seed maturity 

developing stage (late harvested) on September 

6
th
 2013. 

2.2. Fungal Retting 

The mycelium suspension was applied on 

hemp stems according to Thygesen et al. (2013). 

The growth medium (NS medium) was prepared 

with 2.5 g/L KH2PO4, 2g/L K2HPO4, 1 g/L 

MgSO4·7H2O and 2.5 g/L glucose, all from Merck 

(Kenilworth, NJ, USA), and 1.5 g/L NH4NO3 from 

Sigma-Aldrich (Saint Louis, MO, USA). In turn, the 

mycelium suspension was prepared by 

homogenizing the fungi spores, grown on an agar 

plate, into 100 mL of miliQ water.  

Before starting the treatment, 15 g of hemp 

stem pieces, randomly selected from the whole 

stem, were wetted for 30 min in 40 ºC miliQ H2O, 

since the existence of moisture is essential for 

microbial growth. Afterwards, the stems were 

transferred into a 1 L Erlenmeyer flask, to which 

100 mL of NS medium and 25 mL of mycelium 

suspension were added. The latter was omitted 

from control experiments, i.e. without P. radiata Cel 

26 inoculation.  

The treatment itself was carried out for 0.5, 1 or 

2 weeks. 

2.3. Hydrothermal Pretreatment 

Parts of hemp stems, randomly selected, have 

been submitted to an autoclaving pretreatment at 

different pressures, viz. 0.5 bar (112 ºC), 1 bar 

(121 ºC) and 2 bar (134 ºC), in 1 L Erlenmeyer 

flasks with 100 mL of miliQ water.  

After cooling to room temperature, the fibers 

were manually peeled, washed 3 times with miliQ 

water at 40 ºC to remove superficial 

contaminations, minerals and water soluble 

components and then dried in an oven at 50 ºC for 

12 hours, before being used in enzymatic 

treatments or chemical composition analysis. 

2.4. Chemical Pretreatments 

After peeling, washing 3 times with miliQ water 

at 40 ºC and drying at 50 ºC for 12 hours, hemp 

fibers were submitted to different chemical 

pretreatments, using 0.5% EDTA-2Na.2H2O, 2.5% 

NaOH or both combined. 

The treatments have been carried out in sealed 

plastic bags incubated for 4 hours in a water bath 

at 40 ºC or 60 ºC and shaking speed of 100 rpm, 

using a fiber-to-liquid ratio of 1:40 (g/mL). The pH 

value of the EDTA solution was adjusted to 6.0 

with 5 M sodium hydroxide.  

2.5. Enzymatic treatment 

A pectinase treatment was conducted on 

fungal, hydrothermal or chemically pretreated 

hemp fibers, in order to investigate the enzymatic 

accessibility of pectinases for pectins in middle 

lamella region, combining 0.1% (w/w) of pectin 

lyase with 0.2% (w/w) of endopolygalacturonase 

(Endo-PG), except for chemically pretreated fibers, 

for which only 0.2% (w/w) of Endo-PG was used.  
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3 to 5 g of hemp fibers of interest were placed 

inside sealed plastic bags, and then submerged in 

the respective enzyme formulation (1:40 g/mL 

fiber-to-liquid ratio) at pH 6.0. The bags were then 

incubated at 40 ºC in a water bath, under a 

shaking speed of 100 rpm, during 4 hours, except 

for hydrothermally pretreated fibers, for which the 

treatment was followed throughout time, viz.  0 (t0), 

30 (t1), 90 (t2), 150 (t3), 240 (t4) and 300 min (t5). 

2.6. Chemical composition analysis 

Bast fibers were ground to a particle size of 

1mm with a microfine grinder from IKA® (Staufen, 

Baden-Württemberg, Germany), model MF.  

About 1 g of the ground samples were then 

extracted in a Soxhlet apparatus (Gerhardt GmbH 

& Co. (Königswinter, Germany) for 5 h using a 300 

mL solution of toluene-ethanol-acetone (4:1:1 by 

volume) [2]. All extracted hemp fibers samples 

were finally dried at 50 °C for 12 h. 

Chemical analysis was done using a two-step 

sulfuric acid hydrolysis at 72 % and 4 % (w/w), 

according to the protocol of the US National 

Renewable Energy Laboratory [3]. After acid 

hydrolysis, the hydrolysate was collected for 

monosaccharide analysis. Klason lignin was 

gravimetrically determined as the residue of the 

hydrolysis. 

Structural monocarbohydrates analysis was 

performed by High-Performance Anion-Exchange 

Chromatography with Pulsed Amperometric 

Detection (HPAEC-PAD), as described by Arnous 

& Meyer (2008) in an apparatus from Thermo 

Fisher Scientific Inc. (Waltham, MA, USA), using 

an ICS-3000 system consisting of a gradient pump 

(model DP-1), an electrochemical 

detector/chromatography module (model DC-1) 

and an autosampler, all from Dionex Corp. 

(Sunnyvale, CA, USA). Separation was 

accomplished using a CarboPacTM PA20 (3 mm × 

150 mm) analytical column. 

Roughly, it is considered that rhamnose, 

arabinose, galactose and galacturonic acid are 

specific to pectins, xylose and mannose to 

hemicellulose and glucose to cellulose.  

 

 

2.7. Tensile strength test of fiber bundles 

The tensile strength testing of fiber bundles was 

performed to hemp fibers from different tested 

treatments, according to Liu et al. (2015) and it 

consisted in the determination of the following 

mechanical properties: Ultimate Tensile Strength 

(UTS), strain (or elongation at break) and stiffness 

(measured as Young’s Modulus). 

The tensile strength tests were carried out on 

25 specimens (bast fiber strips with 60-80 mm long 

x 1 mm wide) for each sample of interest. The 

weight (𝑤) and length (𝐿) of each specimen were 

initially recorded to estimate its average cross 

section area (𝐴) through Equation 1, where 𝜌 is the 

density of hemp fibers (1.5 g/cm
3
). 

 

 
𝐴 (𝑚2) =

𝑤 (𝑔)

𝜌 (𝑔 / 𝑚3) ×  𝐿 (𝑚) 
 (1) 

The test specimens were made using a custom-

made holder [5], by gluing tabs on each fiber end 

with epoxy (DP 100) resin and keeping a gauge 

length of 10 mm. 

The custom-holders were kept at 20 ºC for 24 

hours and, after that time, each specimen was 

removed from the older to be used for tensile 

testing. For that purpose an Instron (High 

Wycombe, Buckinghamshire, England) testing 

machine, model 2710-203, equipped with a 1 kN 

load cell, was used at 25 ºC and 50% of humidity, 

along with a tensile speed (elongation per minute) 

of 0.5 mm/min. The mechanical properties were 

determined from common stress vs. strain curves.  

2.8. Statistical analysis 

Analysis of variance (ANOVA) was performed 

on the results obtained through previously 

described methods, for each conducted study. 

Thus, for each monosaccharide in the chemical 

composition or mechanical properties, the 

processing time or other characteristics of the 

treatments were tested at a significance level of 

5% on Minitab 17. Differences of each factor of 

interest were evaluated using the Turkey multiple 

comparison test at a 5% significance level. 
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2.9. Calculations 

The weight loss (𝑊𝐿) during fungal and 

hydrothermal pretreatments was roughly 

determined using Equation 2, where 𝑊1 is the 

initial dry weight of hemp stems, 𝑊2 is the dry 

weight of recovered fibers after the respective 

treatment and further peeling, washing and drying 

steps and 𝑎 is the yield of fibers in the whole stem. 

Based on a preliminary estimation it was assumed 

that hemp fibers account for 40 % of the total 

weight of the stem.  

 
𝑊𝐿 (%) =  

𝑎 × 𝑊1 − 𝑊2

𝑎 × 𝑊1

× 100 (2) 

The weight loss during chemical and enzymatic 

treatments was also determined using Equation 2, 

but considering 𝑊1 as the initial dry weight of hemp 

fibers and 𝑎 = 0.  

In the chemical composition analysis, the 

variation in the relative content of each 

monosaccharide in a certain treatment was 

determined through Equation 3, where −∆X is the 

reduction in the relative content (in %) of the 

monosaccharide X; and Xi and Xf are the relative 

contents (in g/ 100 g dry matter) of the 

monosaccharide before and after the treatment, 

respectively. 

 
−∆𝑋 (%) =

𝑋𝑖 − 𝑋𝑓

𝑋𝑖

× 100 
(3) 

3. Results and Discussion 

 

3.1 Fungal Pretreatment of hemp fibers 

Figure 1 represents the weight loss of hemp 

fibers during fungal pretreatment with P. radiata 

Cel 26 and respective controls (without fungi 

inoculation), while Tables 1 and 2 respectively 

shows the mechanical properties and chemical 

composition of biologically pretreated samples. 

From Figure 1 it is evident a statistically 

significant increase (p<0.05) in the weight loss of 

hemp fibers along with the retting time, which can 

be related with the increasing severity of the 

treatment, due to fungi activity on hemp fibers. In 

addition, no statistically significant difference was 

observed between test and control experiments. 
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    Figure 1 – Weight loss of hemp fibers after fungal 

pretreatment deprived of a pre-sterilization step and with 

(test) or without (control) inoculation of P. radiata Cel 26. 

 

Table 1 – Mechanical properties of biologically 

pretreated fibers as Ultimate Tensile Strength (UTS), 

strain and stiffness (as Young’s Modulus). Prxw means 

“fungal retted fibers for x weeks”. 

 

As regards to the mechanical performance of 

fungal retted fibers, both UTS and strain were 

significantly affected throughout the retting time, 

while no apparent effect was recorded for stiffness. 

In comparison with untreated fibers, Pr0.5w fibers 

show less damage on UTS, decreasing from 771 ± 

103 to 639 ± 81 MPa, while a reduction of 50% 

was observed for strain. However, after 2 weeks of 

retting, the extensive microorganisms’ proliferation 

resulted in a severe impact on UTS and strain, 

decreasing 49 and 75%, respectively, in 

comparison with raw fibers (non-pretreated). 

Sample UTS (MPa) Strain (%) 
Stiffness 

(GPa) 

Raw fibers 771
a
(103) 5.05

a
(0.92) 28.4

a
(2.8) 

Pr0.5w 639
bc

(81) 2.77
b
(0.87) 29.3

a
(6.9) 

Pr0.5w-CT 654
b
(121) 2.88

b
(1.01) 29.4

a
(5.3) 

Pr1w 555
cd

(106) 2.28
b
(0.57) 28.7

a
(6.7) 

Pr1w-CT 508
d
(115) 2.60

b
(0.95) 26.4

a
(6.5) 

Pr2w 392
e
(114) 1.55

c
(0.32) 29.1

a
(7.6) 

Pr2w-CT 303
e
(102) 1.28

c
(0.35) 26.4

a
(6.3) 
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Table 2 – Anhydrous monosaccharides and Klason lignin content of hemp fibers submitted to a fungal retting (Prxw, 

where x is the number of weeks). 

Samples 
Amount (g/100 g dry matter) 

Rha Ara Gal Glu Xyl Man GalA Klason Lignin 

RMW 0.7
a
(0.1) 1.2

a
(0.1) 2.1

a
(0.1) 68.0

a
(2.7) 1.5

a
(0.3) 4.5

a
(0.2) 7.7

a
(0.8) 5.3

a
(0.2) 

Pr0.5w 0.6
ab

(0.1) 0.5
b
(0.0) 1.6

bc
(0.1) 67.2

a
(1.3) 0.9

b
(0.1) 4.8

a
(0.3) 3.4

b
(0.1) 3.9

b
(0.3) 

Pr0.5w-CT 0.6
ab

(0.1) 0.4
bc

(0.0) 1.7
b
(0.1) 67.1

a
(0.8) 0.9

b
(0.0) 4.8

a
(0.1) 3.4

b
(0.3) 4.3

ab
(0.2) 

Pr1w 0.4
bc

(0.0) 0.5
b
(0.0) 1.5

cd
(0.1) 66.8

a
(3.7) 0.7

b
(0.0) 4.5

a
(0.2) 2.2

bc
(0.1) 4.6

ab
(0.1) 

Pr1w-CT 0.5
bc

(0.0) 0.5
b
(0.0) 1.5

bcd
(0.0) 66.2

a
(1.0) 0.8

b
(0.0) 4.4

a
(0.2) 2.4

bc
(0.1) 4.7

ab
(0.3) 

Pr2w 0.4
c
(0.1) 0.2

c
(0.0) 1.4

d
(0.1) 68.4

a
(3.5) 0.8

b
(0.0) 3.9

a
(0.2) 1.6

c
(0.0) 5.3

ab
(0.2) 

Pr2w-CT 0.3
c
(0.1) 0.3

c
(0.0) 1.4

cd
(0.1) 66.8

a
(0.8) 0.8

b
(0.1) 4.7

a
(0.1) 1.7

c
(0.0) 4.9

ab
(0.2) 

 

All non-cellulosic components, viz. pectin, 

hemicellulose and lignin, were affected after 

different retting pretreatments, as shown in Table 

2. Only the content of glucose (i.e. cellulose) was 

not statistically significant affected (F-value: 0.70; 

p-value: 0.641) by microbiological activity.  

Pectin (as rhamnose, arabinose, galactose and 

galacturonic acid) was the most affected 

component, since it is the most representative in 

ML region and thus it is more accessible for 

microorganisms than hemicellulose, which is 

mainly found in the primary cell wall and is tightly 

bound to cellulose and lignin, by hydrogen and 

covalent bonds respectively [6], [7]. It is more 

evident in terms of GalA content, which 

significantly decreased 56, 72 and 79%, 

respectively in Pr0.5w, Pr1w and Pr2w fibers.  

In respect of mechanical properties and 

chemical composition, it is noteworthy that there 

was no statistically significant difference in fungal 

retted fibers whether the fungus P. radiata Cel 26 

was inoculated or not (i.e. between test and control 

experiments). Therefore, it is clear that without a 

pre-sterilization step to prevent the growth of wild 

microorganisms, the action of P. radiata Cel 26 is 

omitted and, above all, its inoculation does not 

benefit the treatment.  

Table 3 shows the final content of GalA in 

fungal retted fibers, after the pectinase treatment. 

An enzymatic treatment of raw hemp fibers 

(without any pretreatment) can only decrease the 

content of GalA from 7.7 to 4.2 g/100 g dry matter 

(ca. 46%). However, for fungal retted fibers, there 

was an increase in the accessibility of pectinases  

Table 3 – Anhydrous GalA content of hemp fibers 

after fungal pretreatment and subsequent enzymatic 
treatment, and correspondent total reduction in content 
(Prxw, where x is the number of weeks). 

Samples 
GalA 

(g/100 g dry matter) 

GalA reduction 

in content (%) 

RMW 4.2
a
(0.6) 45.7 

Pr0.5w 2.0
bc

(0.1) 74.4 

Pr0.5w-CT 2.2
b
(0.2) 71.5 

Pr1w 1.5
bc

(0.1) 80.6 

Pr1w-CT 1.3
c
(0.0) 82.8 

Pr2w 1.3
bc

(0.0) 83.1 

Pr2w-CT 1.3
bc

(0.1) 82.7 

 

for pectins, most probably due to an increase of 

porosity in middle lamella, which is indicated by the 

extra GalA removal during the enzymatic treatment 

and the final content of GalA (Table 3). 

However, the main purpose was to find a 

suitable biological pretreatment that could partially 

remove pectin and, at the same time, increase the 

accessibility of pectinases for interstitial regions of 

middle lamella. For this purpose, only the fungal 

retting for half a week (Pr0.5w) was a reasonable 

pretreatment, where half of the GalA was removed, 

but an increase in accessibility of pectinases 

allowed an efficient extra degradation of GalA in 

the subsequent enzymatic treatment. In addition, 

the mechanical performance of said fibers was not 

significantly affected (Table 1) 

 For all of the other pretreatments, the 

galacturonic was widely degraded and the later 
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use of enzymes became unnecessary and 

inefficient.  

Thus, a natural, controlled short-period fungal 

treatment, i.e. without pre-sterilization and 

inoculation of a cellulose mutant microorganism, 

seems to be a promising pretreatment of hemp 

fibers. 

3.2 Hydrothermal Pretreatment of hemp fibers 

Figure 2 and Table 4 represent, respectively, 

the weight loss and chemical composition of hemp 

fibers after the hydrothermal pretreatment at 

different pressures and respective control (non-

autoclaved fibers). 
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    Figure 2 – Weight loss of hydrothermally pretreated 

hemp fibers at 0.5, 1 or 2 bar (A0.5b, A1B and A2B, 

respectively) and of non-autoclaved hemp fibers (UT).  

From Figure 2, it is clear that there was a 

statistically significant increase (p<0.05) in the 

weight loss of autoclaved fibers in comparison to 

non-autoclaved fibers (UT). Moreover, the weight 

loss significantly increased from hemp fibers 

autoclaved at the lowest to the highest operating 

pressure (from A0.5B to A2B).  

According to the chemical composition analysis 

(Table 4), this difference in the weight loss can be 

explained by the partial degradation of pectin 

substrates, since the content of rhamnose, 

arabinose and mainly galacturonic acid decreased 

from untreated fibers to fibers treated at the 

highest pressure. The homogalacturonan (polymer 

of repeated units of GalA) is expected to be the 

most affected component, since a statistically 

significant decrease (p<0.05) in the GalA content 

was fulfilled from 0.5 to 1 and then to 2 bar, 

accounting for ca. 26, 42 and 48% of reduction, 

respectively. In the same order, and related to 

pectin degradation, an increase in defibrillation 

degree is expected. 

On the other hand, no statistically significant 

difference (F-value: 0.71; p-value: 0.573) was 

obtained relatively to the glucose content of all 

autoclaved and non-autoclaved (UT) fibers, from 

which one can predict that the hydrothermal 

pretreatment had no significant impact on the 

cellulose microfibrils.  

Figure 3 shows the weight loss (left) and 

galacturonic acid content (right) of hemp fibers 

treated with Endo-PG and pectin lyase for different 

periods of time (0-300 min) after each tested 

hydrothermal pretreatment in the autoclave at 

different pressures (0.5, 1 and 2 bar) and 

respective control (UT).  

From Figure 3 (left) it is evident that the weight loss 

of hemp fibers in the enzymatic treatment of 

hydrothermally pretreated fibers was significantly 

higher than for non-autoclaved (UT) fibers. 

Moreover, among pre-autoclaved fibers, an 

increase in the weight loss is observable from pre-

autoclaved fibers at 0.5 to 2 bar, for the same 

duration of enzymatic treatment, and it is in 

agreement with the reduction of the GalA content 

throughout time (Figure 3-right).  

On the other hand, it is noticeable that, for all 

pre- or non-autoclaved fibers, the most significant 

decrease in the GalA content occurred in the first 

30 minutes of incubation (t1), which is in 

agreement with the results presented for the 

weight loss. More precisely, ca.  43, 29, 31 and 

23% of the initial (t0) content of galacturonic acid 

was respectively removed in UT, A0.5B, A1B and 

A2B fibers. It is truth that the highest degradation 

rate was observed for non-autoclaved fibers, but 

that is because there was more substrate available 

for the enzymes than in pre-autoclaved fibers, for 

which part of GalA had been removed in the 

autoclaving process.  

According to the statistical analysis, for all the 

experiments there is no significant difference in the 

GalA content of hemp fibers incubated from 30 to 

300 minutes. From Figure 3 (right), it is mostly 

evident for non-autoclaved (UT) fibers, where a 

plateau is identified after 30 minutes of incubation,  
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Table 4 – Anhydrous monosaccharides of hydrothermal pretreated hemp fibers, at different pressures (0.5, 1 and 2 

bar). 

Samples 
Amount (g/100 g dry matter) 

Rha Ara Gal Glu Xyl Man GalA 

Raw Fibers 1,0 (0,1) 1,3 (0,1) 2,1 (0,1) 60,0
 
(0,9) 1,2 (0,1) 3,0 (0,3) 7,3

 
(0,4) 

UT 0,7 (0,1) 1,2 (0,1) 2,1 (0,1) 68,0
a
(2,7) 1,5 (0,3) 4,5 (0,2) 7,7

a
(0,8) 

A0.5B 0,7 (0,1) 1,0 (0,1) 2,1 (0,1) 67,6
a
(0,7) 1,1 (0,0) 4,4 (0,1) 5,7

b
(0,4) 

A1B 0,8 (0,0) 0,8 (0,1) 1,8 (0,1) 68,2
a
(1,3) 1,1 (0,1) 4,7 (0,2) 4,5

b
(0,3) 

A2B 0,5 (0,0) 0,7 (0,2) 2,0 (0,1) 71,7
a
(2,0) 1,2 (0,1) 4,9 (0,1) 4,0

b
(0,2) 

 

 

Figure 3 – Dry matter weight loss (left) and galacturonic acid content (right) of fibers treated with Endo-PG and pectin 

lyase for different periods of time (0-300 min) after each tested hydrothermal pretreatment in the autoclave at different 

pressures (0.5, 1 and 2 bar) and respective control (without autoclave pretreatment). Values with different letters 

within the same time are significantly different at a confidence level of 95%. 

 

in the curve of GalA content vs. time. However, as 

regards to pre-autoclaved fibers (A0.5B, A1B and 

A2B), an exponential decrease throughout time in 

the GalA content is perceivable. From this fact, one 

can conclude that in the first 30minutes of 

incubation (t1), the enzymes acted intensively on 

GalA, but afterwards, an accessibility limitation for 

the substrate is apparent for UT fibers. For pre-

autoclaved fibers, although it is evident a 

continuous decrease in the GalA degradation rate, 

the substrate limitation most likely happened after 

90 minutes. 

Comparing the total reduction of GalA (in 

content), one can conclude that there was an 

increase in the accessibility of pectinases from 

fibers pre-treated at the lowest pressure (0.5 bar) 

to fibers pre-treated at the highest pressure (2 bar), 

most likely due to an increase in the porosity of 

middle lamella. However, no statistically significant 

difference in the final content of GalA was recorded 

in A1B and A2B fibers (Figure 3). 

Table 5 summarizes the mechanical properties 

of pre-autoclaved hemp fibers before and after the 

enzymatic treatment with Endo-PG and pectin 

lyase for 90 minutes (t2). 

As regards to the pretreatment stage, the data 

from Table 5 shows a slight decreasing tendency 

in the UTS and stiffness of autoclaved fibers, from 

the lowest to the highest operating pressure. 

Since, for both properties, the decrease was more 

significant in autoclaved samples at 2 bar, it can be 

hypothesized that higher temperatures/pressures 
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Table 5 – Mechanical properties (UTS, strain and 

Young’s Modulus) of pre-autoclaved hemp fibers at 0.5, 

1 and 2 bar (A0.5B, A1B and A2B respectively) and non-

autoclaved fibers (UT), before and after 90 minutes of 

incubation with Endo-PG and pectin lyase. For the same 

mechanical property and treatment stage, values with 

different letters are significantly different at a confidence 

level of 95%. 

 Sample 
Hydrothermal  

Pretreatment 

Enzymatic  

Treatment 

(90 min) 

UTS 

(MPa) 

UT 771
a
(104) 636

c
(61) 

A0.5B 723
a
(83) 670

bc
(84) 

A1B 686
ab

(117) 777
a
(117) 

A2B 657
b
(96) 743

ab
(163) 

Strain 

(%) 

UT 5.05
a
(0.93) 3.75

a
(0.87) 

A0.5B 3.07
b
(0.90) 2.85

b
(0.67) 

A1B 2.90
b
(0.72) 2.60

b
(0.90) 

A2B 2.85
b
(0.87) 2.50

b
(1.25) 

YM 

(GPa) 

UT 28.5
ab

(5.0) 18.4
c
(4.2) 

A0.5B 30.8
ab

(4.8) 28.8
b
(5.2) 

A1B 31.0
a
(6.1) 35.5

a
(5.2) 

A2B 27.8
b
(7.9) 26.5

b
(7.0) 

may have some negative effect on cellulose 

microfibrils. However, what is noteworthy is that 

the UTS of autoclaved fibers at 0.5 and 1 bar was 

not apparently affected, since, in comparison to 

non-autoclaved (raw) fibers, they are not 

statistically significant different. Even so, a 

significant decrease (ca. 40%) in the elongation at 

break was observed after the hydrothermal 

pretreatment of raw fibers, independently of the 

operating pressure, most likely due to a reduction 

in the adhesion and coherence of individual fibers, 

after pectin removal. 

Afterwards, the enzymatic treatment did not 

significantly affect the mechanical performance of 

pre-autoclaved fibers, since the UTS, strain and 

stiffness are comparable with just autoclaved 

fibers. On the other hand, for non-autoclaved fibers 

(UT) all the mechanical properties were affected 

after the enzymatic treatment.   

However, it is noteworthy that, after enzymatic 

treatment, the fibers that have been pre-

autoclaved show better mechanical performance 

than non-autoclaved fibers, in terms of UTS and 

stiffness, especially fibers pre-autoclaved at 1 bar.  

In short, combining the mechanical properties 

of resulting fibers, the pectin degradation rate 

(which can be correlated with defibrillation degree) 

and also the energy spent in the autoclaving 

pretreatment, the hydrothermal pretreatment in an 

autoclave at 1 bar is assumed to be the best 

pretreatment in study, both to enhance the 

accessibility of enzymes, as to obtain the best 

fibers in terms of mechanical performance.   

3.3 Chemical Pretreatment of hemp fibers 

Figure 4 shows the weight loss of hemp fibers 

in the enzymatic treatment with Endo-PG, after 

being submitted to a chemical pretreatment with 

EDTA-2Na, NaOH or both combined at 40 or 60ºC. 

For the control tests, miliQ H2O was used.  

Using the weight loss of control tests as base 

line (2.31 ± 0.43% and 2.79 ± 0.58, respectively for 

40 and 60 ºC), there was no statistically significant 

difference (p>0,05) in the weight loss of 

enzymatically treated hemp fibers after chemical 

pretreatment with EDTA-2Na at 40 and 60 ºC. 

However, when NaOH was used alone or in 

combination with EDTA-2Na as pretreatment, there 

was a significant increase (p<0.05) in the weight 

loss of the subsequent enzymatic treatment, 

suggesting that the mentioned tests might have 

increased the accessibility of Endo-PG for hemp 

fiber structures.  

Figure 5 illustrates the evolution of the 

galacturonic acid content, main component of 

pectin in middle lamella, after both chemical 

pretreatment (step I) and subsequent enzymatic 

treatment (step II).  

As regards to the pretreatment stage, the 

relative content of GalA decreased in all of the 

tested experiments, although in different extents. 

Furthermore, it is notable that chemical 

pretreatments at 60 ºC seem to affect more 

significantly the GalA, since said monosaccharide 

content is lower than for the equivalent 

pretreatments at 40 ºC. Thus, one can predict that 

temperature plays an important role on pectin’s 

removal from hemp fibers structure. 
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Figure 4 – Weight loss of hemp fibers in the enzymatic 

treatment with Endo-PG, after previous chemical 

pretreatment with EDTA-2Na, NaOH or both combined 

at 40 or 60 ºC. 

For both operating temperatures, the highest 

decrease in the relative content of GalA (and 

generally pectin) occurred in the tests, where both 

NaOH and EDTA were mixed together in the same 

treatment. However, if on one hand the GalA 

content of fibers treated with EDTA-2Na and NaOH 

at 40 ºC was statistically significant different than in 

fibers obtained from other pretreatments, on the 

other, at 60 ºC, there was no statistically significant 

difference in the GalA of fibers treated with EDTA-

2Na, NaOH or both combined. 

Moreover, in pretreatments at 40 ºC, the 

decrease in the relative content of GalA in fibers 

treated with EDTA-2Na or NaOH, is not statistically 

significant different (p>0.05) than in fibers 

incubated in miliQ water (control). Thus no 

apparent effect of said chemical agents is 

predicted on the degradation of pectin at said 

temperature, when used separately. Nevertheless, 

NaOH seems to have a bigger effect on GalA 

removal than EDTA-2Na, since at 60 ºC, the 

extension of reduction in GalA content increased 

from fibers incubated in miliQ water to fibers 

treated with EDTA-2Na and even more to fibers 

treated with NaOH.  

Afterwards, during the enzymatic treatment, an 

extra portion of GalA has been removed from 

hemp fibers, as expected, since Endo-PG has 

GalA as specific substrate.  

Now looking for all experiments as a whole, and 

considering the control test as base line, it is 

evident that all the chemical pretreatments led to 

an increase in total pectin removal in the final 

enzymatic treatment, as shown in Figure 5. In 

other words, after the chemical pretreatment, the 

enzyme was able to reach deeper zones in the 

middle lamella that were not accessible when the 

fibers were just soaked in miliQ water. Compared 

to the control test, for the study at 40 ºC, the 

extension of GalA reduction (in content) after the 

enzymatic treatment increased ca. 15, 17 and 

23%, respectively when EDTA-2Na, NaOH or both 

chemical agents mixed together, were used as 

pretreatment. On the other hand, for the study at 

60 ºC, and in the same order of experiments, the 

extension of GalA reduction (in content) after the 

enzymatic treatment increased ca. 10, 31 and 

29%.  

In sum, these results prove that EDTA and 

NaOH, either together or alone, can be used as 

pretreatment to increase the accessibility of Endo-

PG for inner regions of middle lamella, most 

probably due to an increase in porosity. The 

highest total decrease in GalA was shown when 

NaOH was used in a pretreatment at 60 ºC, alone 

or combined with EDTA-2Na, from 7.7 ± 0.8% to 

1.1 ± 0.0% and 1.2 ± 0.0%, respectively. 

4. Conclusion 

In this project it was successfully demonstrated 

that different approaches can be used as 

pretreatment of hemp fibers, in order to enhance 

the accessibility of enzymes in a subsequent 

enzymatic treatment, improving its efficiency. More 

precisely, a hydrothermal pretreatment in an  
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Figure 5 - Relative content of galacturonic acid in hemp fibers after chemical pretreatment at 40 ºC (left) or 60 ºC 

(right) – Stage I – and subsequent enzymatic treatment with Endo-PG – Stage II. Stage 0 corresponds to raw hemp 
fibers after washing with warm miliQ (40ºC) water and drying at 50 ºC for 12h. For the same stage and in comparison 
with stage 0, contents of GalA with different letters are significantly different at a confidence level of 95%. 

autoclave at 1 bar for 30 minutes, a natural short-

period fungal treatment in a controlled environment 

or an alkali treatment with 2.5% of sodium 

hydroxide at 60 ºC were shown to be promising 

solutions for a future industrial application. 

Combining the mechanical performance of 

resulting fibers, the degree of pectin removal 

(shown by a significant relative decrease in 

galacturonic acid content), together with economic 

and environmental issues, the hydrothermal 

pretreatment in the autoclave at 1 bar for 30 

minutes is assumed to be the best pretreatment 

among the conducted experiments.  

However, the next level of this study would go 

through the use of all differently treated fibers as 

reinforcements for composite manufacturing and 

compare its final performance, especially in terms 

of mechanical properties. Only then one would be 

able to conclude which pretreatment is the best for 

the final application. 
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