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Abstract 

The main drawbacks of flax fibers have been attributed to poor compatibility with polymer matrices 

as well as relatively high water absorption. The aforementioned properties are mainly due to the 

presence of hydrophilic hydroxyl functional groups on the backbone of the flax fibers. This study 

aims to convert primary alcoholic (OH) groups on the surface of flax fiber to carboxyl groups by 

using TEMPO oxidation in order to facilitate the silane treatment process. Subsequently, carboxyl 

groups can more easily interact with silane coupling agents. The surface functionality of as received 

and treated fibers was characterized using Fourier transform infrared (FTIR) and X-ray 

photoelectron spectroscopy (XPS). Dynamic contact angle tensiometer (DCA) was used to 

compare wettability of the oxidized and non-oxidized fibers after the silane treatment. The 

interaction between flax fiber and polymer was characterized using scanning electron microscopy 

(SEM). The results indicated that the TEMPO oxidation significantly improved the bonding 

efficiency of the silane coupling agents on the fiber surface. Thus, the compatibility between the 

flax fibers and the epoxy resin was improved. In addition, the water absorption of the modified 

fibers was remarkably reduced while the contact angle of the flax fibers was increased. 
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Introduction 

Renewable materials derived from nature are very attractive for different applications, such as 

automotive industries and infrastructures, due to their special characteristics namely environmental 

friendliness, vast availability, cost-effectiveness, and biodegradability (end of life) [1]. Among 

renewable materials, cellulosic natural fibers (NF) are one of the most promising resources mainly 

because of their good mechanical properties like their high specific strength [2-3]. Various types 

of NF including cotton, jute, hemp, and flax have been used in the production of yarns. Among 

these fibers, flax fiber is the one in which the mechanical properties (e.g. specific tensile strength) 

are comparable to glass fibers [4]. It makes flax fiber a perfect choice to replace conventional glass 

fibers as reinforcement in polymer composites [5-8]. 

In spite of the numerous advantages of NF, their applications are limited. The most important 

problem is their low interfacial adhesion with most polymeric matrices leading to the reduction of 

stress transfer from the matrix to the reinforcing fibers [2]. This problem is mainly caused by the 

relatively high cellulose content of NF and the tendency of water molecules to form the hydrogen 

bonding with the existing hydroxyl groups on the cellulose structure. Furthermore, moisture 

absorption in NF leads to dimensional changes of the composites reinforced by NF and, eventually, 

low interfacial adhesion [9-10]. To improve fiber/matrix adhesion, many attempts such as 

physical (e.g. plasma and corona discharge) [11-13], chemical (e.g. silane treatment, acetylation) 

[14-15], and physicochemical treatments [16-17] have been made to modify the surface properties 

of NF. It should be noted that physical treatment methods can only modify a thin layer of the fiber 

surface and do not change the hygroscopic characteristics of the fibers [18]. Chemical modification, 

on the other hand, permanently modifies NF (on the surface and in depth) by replacing the 

functional hydroxyl groups with suitable functional groups such as amines, methacrylate, epoxides 

etc… [18]. Chemical modification can be performed by grafting polymers onto the fibers [19, 20], 
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crosslinking the cellulosic chain of fibers [21], and/or using coupling agents [22, 23]. Coupling 

agents are functional materials that can be used in small quantities to treat a surface to improve the 

interfacial adhesion. This is only possible when one end of the coupling agent molecule links to 

the surface of reinforcing materials and the other end reacts with the matrix [24]. Silane compounds 

have been recognized as one of the most efficient coupling agents which have been extensively 

employed in composite materials such as glass fiber reinforced polymer composites [25, 26]. 

Silanes can be used in NF reinforced polymer composites because NFs carry hydroxyl groups just 

like the glass fibers [22]. As a result, a proper surface treatment with the silane can normally convert 

hydrophilic NF into hydrophobic reinforcements for polymeric matrices [18, 27]. In addition, the 

creation of silane groups hinders the formation of hydrogen bonds between the NFs’ microfibrils, 

leading to a better diffusion of the polymer through the NFs’ microfibrils, and facilitates the 

impregnation of fibers with polymer matrices [28, 29]. Applications of using amino silanes, such 

as 3-aminopropyltriethoxysilane (APTES) and 3-aminopropyltrimethoxysilane (APTMS), to 

improve the interface between NF and different polymer matrices (e.g. polypropylene, polylactic 

acid, and epoxy) are reported in the literature [24]. However, amino-silanes treatment only resulted 

in a minor reduction of the moisture absorption of NF in comparison with the silanes carrying 

nonpolar groups like 3-methacryloxypropyltrimethoxysilane (MPTMS) [30]. MPTMS, which is 

primarily used to make hydrophobic surfaces, is one of the most used coupling agents available for 

improving the adhesion between polymers and reinforcements [31-32]. It is well known that 

silanes’ alkoxy groups can directly react with the OH groups in silica thereby forming Si-O-Si 

bonds [33, 34]. However, the alkoxysilanes cannot directly react with the hydroxyl groups of 

cellulosic fibers due to the lower reactivity/acidity of cellulosic hydroxyl groups compared to 

hydroxyl groups of the silica [35].  An optional strategy could be activating the alkoxysilane by 

hydrolyzing alkoxy groups and forming more reactive silanol groups. As a result, the silanol can 
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interact with the hydroxyl groups of NFs via hydrogen bonding [35]. However, there are many 

parameters (e.g. temperature, pH, concentration, and type of solution) which affect the silane 

hydrolysis and make it hard to control [36]. In addition, hydrogen bonds formed between the silanol 

molecules and hydroxyl groups of NFs do not convert into covalent bindings of Si-O-C at room 

temperature, so heat treatment (e.g. 110 ºC for 2 h) is required [33, 37-38]. To avoid the 

aforementioned additional steps (hydrolysis and curing/dehydration), a methodology is required to 

increase reactivity/acidity of the OH groups of the fiber’s surface. Carboxylic OH groups are 

significantly more reactive than the alcoholic OH groups due to the presence of the carbonyl group 

[39]. Thus, carboxylic OH groups, which can be produced by the oxidation of alcoholic OH groups 

on the NFs’ surface, are able to directly react with silane molecules and form covalent bonds as 

shown in figure 1. 

 

Figure 1. Possible mechanism of direct reaction between MPTMS and oxidized Cellulose 

Among all the oxidation methodologies, 2,2,6,6- tetramethylpyperidine-1-oxy radical (TEMPO)-

mediated oxidation is one of the most interesting modification methods of cellulose. It works under 
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mild aqueous conditions by means of the selective oxidation of primary alcoholic OH groups. 

Hence, carboxyl functional groups along with a small amount of aldehyde, that is also much more 

reactive than the alcoholic group, effectively introduce onto the cellulosic fibers [40−43]. Araki et 

al. used TEMPO oxidation to form carboxyl groups on the microcrystalline celluloses for 

subsequent coupling of the poly (ethylene glycol) carrying a terminal amino group [44]. 

Lasseuguette et al. reported successful grafting of the poly (ether-amines) onto the TEMPO-

oxidized cellulose [45]. Benkaddour et al. investigated hydrophobization of TEMPO-oxidized 

cellulose by the coupling of the alkyl ketene dimer (AKD) via esterification. The authors reported 

an efficient coupling reaction that resulted in a high contact angle (≈ 115 ˚) [46].  

The present work first aims to investigate the effect of the TEMPO oxidation on the reactivity of 

flax fiber surface for the subsequent bonding of the silane coupling agents. It should be noted that 

oxidation under mild conditions, as well as the minimization of reaction time, are crucial 

parameters in this work to retaining the mechanical properties of the fiber. Secondly, thermal 

stability, wettability, and mechanical properties of the surface treated fibers are analyzed and 

compared with the as received fiber. Finally, the interaction of the as received and silane treated 

flax fibers with the bio epoxy resin is studied. 

Experimental 

Materials 

Flax yarn bobbins were provided by Alysse-creations, France. TEMPO, 3-

methacryloxypropyltrimethoxysilane, and Sodium bromide (NaBr) were purchased from Sigma-

Aldrich. All other chemicals, such as acetone, methanol, sodium hydroxide (NaOH), hydrogen 

chloride (HCl), and sodium hypochlorite (NaClO), were provided by Fisher Scientific. The bio 

epoxy resin (Super Sap CLR) was purchased from Entropy Resins. 
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Fiber Pre-Treatment 

Pre-treatment of flax fibers was performed in three steps. First, flax fibers were treated by boiling 

acetone under reflux for 45 min to remove waxes, fats, and other impurities (which can weaken the 

adhesion at the composite interface) from the surface. This was followed by the immersing of 

dewaxed fibers in a 5 wt. % sodium hydroxide solution for 40 min and immediately rinsing the 

alkalized fibers with distilled water to neutralize the pH. Eventually, fibers were dried overnight in 

an air-circulating oven at 50 °C and kept in a desiccator. 

TEMPO Oxidation 

The TEMPO oxidation was done to carboxylate the existing hydroxyl (primary alcohol) groups on 

the surface of flax fibers. To do so, 0.13 and 4.7 mmol of TEMPO and NaBr were dissolved in 100 

ml of distilled water respectively. Next, 5.65 mmol of NaClO was added to the solution and, after 

10-15 min of stirring, the pH was adjusted to 10 ±0.1 by adding some drops of diluted HCl solution 

to the TEMPO mixture [47]. The TEMPO oxidation took place by immersing flax fibers in the 

prepared solution. One hundred ml of the TEMPO solution was prepared to oxidize 1 g of pure 

cellulose (i.e. the flax fibers have approximately 70 wt. % of cellulose in their composition). After 

immersing the fibers in the solution for 60 seconds [47], they were immediately rinsed with distilled 

water until neutral pH was reached. Finally, oxidized fibers were dried overnight in the oven at 50 

°C and kept in the desiccator for subsequent characterizations. 

Silane Treatment 

As mentioned before, 3-methacryloxypropyltrimethoxysilane was employed as the coupling agent 

in this study. Flax fibers were soaked in the neat silane for 30 min at room temperature. The 

modified fibers were washed with methanol then the fibers were extracted for 16 h with methanol 

using a Soxhlet apparatus to ascertain the removal of physically bounded Silane molecules as 
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mentioned in the literature review [36, 37]. The treated fibers were dried overnight in the oven at 

50 °C and kept in a desiccator before the following characterizations. 

Characterization of the Flax Fiber  

Conductometric Titration (Degree of Oxidation) 

The concentration of carboxyl groups, in both as received and treated flax fibers, was evaluated by 

conductometric titration (CT). CT was carried out using a conductivity probe attached to a 

pH/conductivity meter (Mettler Toledo Seven Multi™). NaOH (0.01 N standard solution) was 

dispensed from a micro burette into the fiber suspension. To protonate the sodium carboxylate, 

which formed on the surface of the TEMPO-oxidized fibers, 50 mg of flax fibers were previously 

immersed in HCl solution (15 mL of 0.01 N standard solution) and were stirred with a magnetic 

bar for 10-15 minutes [48]. 

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR technique was used to determine the functional groups on the surface of flax fibers before 

and after surface treatments. A total of 64 scans took in the range from 4000 cm-1 to 600 cm-1 using 

a JASCO-4600 spectrometer at a resolution of 4 cm-1 with an attenuated total reflection (ATR) 

probe. 

X-ray Photoelectron Spectroscopy  

Flax fiber surface analysis was performed by an X-ray Photoelectron Spectroscopy to confirm the 

formation of new functional groups after surface treatments. A KRATOS analytical XPS 

instrument was used to measure the concentration of the carbon and oxygen on the surface of the 

as-received and treated flax fibers. For the silane treated fibers, in addition to C and O, the 

concentration of Si was also measured.  
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Thermogravimetric Analysis (TGA) 

To study the effect of different treatments on the thermal stability of flax fibers and to calculate the 

amount of the silane on the fiber, a SETARAM thermogravimetric analyzer was used. Samples 

were heated from the room temperature to 600 ˚C at 10 ˚C/min under an argon flow. 

X-ray Fluorescence Spectrometry (XRF)  

XRF analysis was performed on a Philips PW2600 Wavelength Dispersive X-ray Fluorescence 

Spectrometer. Samples were fused to form a lithium borate glass bead at ~1000˚C.  

Wettability Test 

The wetting angle of fibers in distilled water was obtained by the Wilhelmy method using a 

Dynamic Contact Angle Tensiometer (DCA-100F). The contact angle can be calculated from the 

following equation:   

� = �. �. cos � 

where F is wetting force (N), γ is the surface tension of the liquid (N.m-1), P is the perimeter of the 

fiber (m), and	� is the contact angle. The fiber diameter was measured by optical microscopy and 

the average of four measurements along the fiber was calculated. Fibers were placed in the spring 

loaded clip. A 5 mm immersion depth was selected and the test was conducted at a speed of 0.1 

mm/sec. At least five specimens for each sample were tested and the average was reported. 

Scanning Electron Microscopy (SEM) 

The interfacial adhesion between flax fibers and a bio-epoxy resin before and after the surface 

treatments was investigated using a Hitachi S-3000N scanning electron microscope under an 

accelerating voltage of 5 kV. In addition and to observe the silane bonding on the fiber, energy-

dispersive X-ray spectroscopy (EDS) was coupled to SEM for elemental analysis. First, a bundle 

of flax fiber was fixed in the middle of a cylindrical steel mold and then the bio-epoxy resin was 

poured into the mold. The bio-epoxy based composite rod was cut and polished with the polishing 
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pastes (15, 3 and 1 µm particle size). The preparation process was continued by the sonication (in 

an ultrasound equipped bath) in the methanol for 1 hr. Finally, the samples were dried and their 

surfaces were sputter coated with gold/palladium for better imaging. 

Tensile test  

The tensile test was performed to determine Young’s modulus, ultimate tensile strength (UTS) and 

the elongation at break and also, to confirm that the surface modifications had no adverse effect on 

the mechanical properties of the as received fibers. All the tensile tests were carried out by applying 

a Zwick Roell Z050 testing machine equipped with a 100 N load cell according to ASTM D2256. 

For each condition, at least 30 specimens were tested with a crosshead speed of 200 mm/min and 

the average values were reported. All samples were dried in an oven overnight at 50 °C and kept 

in a desiccator before the tensile test. The relative humidity of the environment was 70% and the 

temperature was 25 ºC during the test. To measure the flax yarn cross-sectional area, almost 20 

pieces of flax yarns each 20 mm long, were cut and fixed in a vertical position and then mounted 

with an epoxy resin. All the samples were cut and polished for observation with SEM. The images 

were then analyzed to determine the average cross-sectional area. The average was used for 

calculation of UTS [15]. 

Results and Discussion 

Degree of Oxidation 

Carboxyl concentration has been expressed as the degree of oxidation (DO) according to the 

equation below: 

�� =
162 × VNaOH	 × C

� − VNaOH × C × 36
 

where C is the NaOH concentration (mol/L), VNaOH is the volume of NaOH (L) required to 

neutralize the carboxylic groups, m is the weight of the dried sample (g), 36 is the difference 
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between the molecular weight of the anhydroglucose unit (AGU) and that of the sodium salt of a 

glucuronic acid, and 162 is the molecular weight of one AGU [48]. The degree of oxidation showed 

a significant change (more than 200%) from 3.24e-3 for the non-oxidized sample to 9.74e-3 for the 

TEMPO-oxidized flax fibers indicating the increment of carboxylic group content due to oxidation. 

FTIR Analysis 

As mentioned before, to prove the efficiency of the surface modifications on the flax fiber, the 

fibers were characterized by FTIR. As is shown in Figure 2a, the peak around 1730 cm-1 

corresponding to carbonyl group vibration can be identified. The appearance of the aforementioned 

peak, in the as received fibers spectrum, indicates the presence of the hemicelluloses in the fiber 

structure [49]. After alkaline treatment of the flax fibers, the peak disappears (Figure 2b) which 

indicates the elimination of non-cellulosic (hemicelluloses) compound from the surface of the fiber. 

In addition, it was found that the O-H/C-H peaks intensity ratio (around 3300 cm-1 and 2900 cm-

1, respectively) was increased (by 40%) due to the alkaline treatment. It can be related to the expose 

of hydroxyl groups through removal of the hydrocarbon rich layer (wax) from the flax fiber`s 

surface. As previously mentioned, the alkalinized flax fibers cannot directly react with the MPTMS 

due to low acidity/reactivity of alcoholic OH groups. In fact, a great portion of the physically 

adsorbed silane molecules on the Alkali-Silane fiber surface can be easily removed after Soxhlet 

extraction (Figure 2c). The reappearance of the peak around 1730 cm-1 (Figure 2d) for the oxidized 

flax fibers confirms the formation of carboxylic acid group (through the protonation of sodium 

carboxylate ions) on the fibers` surface [45]. The intensity of the aforementioned peak was 

significantly increased after silane treatment of oxidized fibers (Figure 2e). According to the 

presence of the carbonyl group in the MPTMS structure (Figure 3), this increase in the peak 

intensity can be interpreted as the successful bonding of the MPTMS molecules on oxidized fibers. 
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Figure 2. FTIR spectrums of as received (a), alkali (b), alkali-silane (c), oxidized (d) and oxidized-silane 

(e) treated flax fibers 
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Figure 3. Chemical structure of MPTMS 

 

X-ray Photoelectron Spectroscopy 

The XPS analysis of flax fibers was conducted to investigate the chemical composition of flax fiber 

surface with different modification and to compare the silane bonding efficiency of the TEMPO-

oxidized and alkaline treated fibers. XPS results for as received, Alkali-Silane and Oxidized-Silane 

flax fibers are summarized in Table 1. In general, flax fibers contain approximately 70 wt. % 

cellulose (C12H22O10; O/C ≈ 0.83), 18 to 19 wt. % hemicellulose (O/C ≈ 0.83), and 2 to 2.5 wt. % 

lignin (O/C ≈ 0.35) [50]. Table 1 shows that the O/C ratio for as received flax fibers is around 0.44. 

This is much lower than the calculated value for a cellulosic surface (O/C ≈ 0.83). It can be 

concluded that the surface of the as received fibers is mainly covered by hydrocarbon-based wax 

[50]. The oxygen atomic concentration on the surface of fibers remarkably increased (by 38%) 

after the alkaline treatment that can be attributed to the removal of hydrocarbon waxes from the 

surface of flax fibers. Although the probing depth of infrared spectroscopy (micrometers) and XPS 

(nanometers) are different, this increase in oxygen atomic concentration, after alkaline treatment, 

is in good agreement with the FTIR results. A small amount of silicon was also detected on the 

surface of the as received fibers, which was s significantly decreased after alkaline treatment. This 

can be explained by the presence of silicon-based impurities on the surface of the flax fibers that 

were removed after pre-treatment. The Si atomic concentration has significantly increased (by 

250%) on the Oxidized-Silane fibers` surface in comparison with alkaline-silane treated fibers. 

This increase can be explained by the effective bonding of MPTMS molecules on the oxidized 
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fiber’s surface. In addition, fiber surface O/C ratio dropped from 0.61 to 0.51 due to the carbon-

richer silane coverage [37]. 

Table 1. Elemental Analysis of treated and untreated fibers 

 Atomic Concentration (%)  
O/C O C Si 

As Received 30.17 67.95 0.7 0.44 
Alkali-Silane 37.4 61.25 0.34 0.61 

Oxidized-Silane 32.8 64.35 1.2 0.51 
 

Thermal Analysis 

The thermogravimetric analysis (TGA) of the as received Alkali-Silane and Oxidized-Silane fibers 

is depicted in Figure 4. It illustrates the weight loss, the initial degradation temperatures and 

maximum decomposition temperatures (Tmax) of fibers. The initial weight loss ranging from 40 to 

100 °C is due to the evaporation of the adsorbed water. Both weight loss and differential 

thermogravimetric (dTG) curves reveal that the decomposition of the fibers mainly started around 

260 °C following a sharp weight loss in the range of 340-390°C. In the range of 260-390°C, the 

cellulose content of the fiber was entirely decomposed due to the breakdown of its molecular 

structures [49]. The TGA results imply that alkali treatment and tempo oxidation slightly modify 

the fiber’s thermal behavior by decreasing the Tmax from 360 °C for as received fibers to 358 °C 

and 355 °C for Alkali-Silane and Oxidized-Silane treated fibers, respectively. This small decrease 

could be a result of the partial degradation of flax fiber cell walls in alkaline or oxidizing 

environments [49, 51]. Meanwhile, from the difference of the weight loss (%) under argon 

atmosphere between 100–390 ºC, the quantity of grafted silanes onto the surface fibers can be 

calculated by the following equation: 

Si graft = W100-390×1000/M 

Where Si graft is the grafted silanes (mmol/gram of flax fiber), W100-390 is the difference (in decimal 

number form) of the weight loss between surface treated and as received samples, and M is the 
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molecular mass of the hydrolyzed MPTMS [49]. Results are shown in Table 2 and confirm that, 

despite strong bonding of silane on the oxidized fiber’s surface, most of the adsorbed silanes on 

the alkali fiber’s surface are removed after the Soxhlet extraction. 

 

Figure 4. Weight loss (solid lines) and Differential thermogravimetric (dash lines) of as received and 
surface treated fibers 

 

Table 2. Calculated grafted Silane through TGA and XRF analysis 

Material As Received Alkali-Silane Oxidized-Silane 

TGA Analysis 

Si (mmol/gramcellulose) ---------- 0.04 0.26 

XRF Analysis 

SiO2 (mmol/gramcellulose) 0.02 0.034 0.156 

 

To prove the presence of silicon in the decomposed fiber’s residue, about 20 grams of as received 

Alkali-Silane and Oxidized-Silane fibers were heated up to 800 ºC in a furnace. The charring 

residue was precisely weighted and characterized by XRF to determine the Silicon percentage. The 
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results are presented in Table 2 and are in good agreement with the TGA. Values of bounded silane 

calculated from XRF, XPS, and TGA results are expected to differ because of the assumptions 

required. However, the significantly greater silicon concentration on the oxidized fibers over that 

of alkali treated is consistent when measured by each method. 

Wettability Analysis 

The results of contact angle measurements are summarized in Table 3. It was found that alkaline 

treatment of flax fibers, even though followed by silane treatment, decreased the contact angle (-

22.7o) and significantly increased the flax fiber water absorption (+238%). According to the 

previous study by Boulos et al. after alkaline treatment, the presence of hydroxyl groups on the 

surface of the flax fibers was increased [52]. This is due to the removal of non-cellulosic 

compounds (hemicellulose, lignin) from the fibers, which increased the exposure of cellulose and 

hence made it more hydrophilic [15, 38]. These results also confirmed that silane molecules were 

physically adsorbed on the surface of Alkali-Silane fibers and easily removed after the Soxhlet 

extraction. In contrast to Alkali-Silane fiber, Oxidized-Silane flax fiber exhibited a significant 

decrease (≈ 210%) in water absorption and a higher contact angle (+26.7 o) which were close to the 

results of as received fibers. It can be concluded that the silane molecules reacted with the oxidized 

fiber surface and reduced the hydrophilicity of the flax fiber due to possessing hydrophobic 

functional groups.  

 

Table 3. Wettability analysis of the flax fibers 

 Contact Angle Water uptake (%) 

Average SD Average SD 

As Received 72.5 3.7 159 14.4 

Alkali-Silane 49.8 10.8 378 38.7 

Oxidized-Silane 76.5 6.6 168 11.2 
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Scanning Electron Microscopy 

The interface between flax fibers (as received and surface treated) and the bio-epoxy resin was 

shown in Figure 5. The gaps between the as received fibers and epoxy resin (Figure 5a) clearly 

demonstrate poor adhesion between the fibers and the resin which is mainly due to the presence of 

non-cellulosic compounds (such as lignin, hemicellulose, waxes, and other impurities) on the 

fiber’s surface. The observation of micrograph 5b shows that the alkaline treatment followed by 

the silane treatment partially improved the interfacial adhesion between fiber and polymer matrix. 

Since a major portion of silane molecules was removed by Soxhlet extraction, this improvement 

can be related to the elimination of non-cellulosic compounds and impurities, such as waxes, by 

alkaline treatment [53]. It can be observed in Figure 5c that the interface between Oxidized-Silane 

fibers and epoxy resin is noticeably improved due to a proper interaction between functional groups 

of flax fibers and epoxy matrix. Figure 6 demonstrates the presence of grafted silane (red dots) on 

the surface of the flax fiber via the EDS mapping. The micrograph of Figure 6b shows that silane 

molecules are entirely grafted to the surface of the Oxidized-silane fiber whereas only a negligible 

amount of silane molecules are bonded to the Alkali-Silane fibers (Figure 6a). However, it seems 

that the distribution of bonded silanes is not homogeneous. It can be related to the fact that flax 

fibers were modified by TEMPO oxidation in a heterogeneous system for 60 seconds, thus, 

oxidizing agents cannot thoroughly diffuse across the fiber to modify alcoholic groups underneath 

the surface. The EDS method also gives the information from a couple of microns beneath the 

surface. Thus, distribution of the silane molecules seems to be not homogenous. The SEM analysis 

results are in good agreement with the thermogravimetric analysis and the fiber’s wettability results 

as previously discussed.  
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a          b 

  
c 

 
 

Figure 5. SEM micrographs of fiber/matrix interface for a) as received, b) Alkali-Silane treated and c) 
Oxidized-Silane treated flax fibers 

 

Figure 6. SEM/ EDS micrographs of Alkali-Silane fiber (a) and Oxidized-Silane fiber (b) 
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Tensile Properties 

The mechanical properties of the as received, alkali and oxidized treated flax yarns, before and 

after silane treatment, are listed in Table 4. The relative Stress-Strain curves are shown in Figure 

7. It was found that Young’s modulus (E) of the flax yarns was decreased (≈ 14%) after alkaline 

treatment whereas the UTS and the strain (elongation at break) were increased by 20% and 23% 

respectively. The alkali treatment removed non-cellulosic ingredients of the flax fibers (such as 

hemicellulose, pectin, lignin, etc…) which led to interfibrillar matrix softening [54]. Subsequently, 

the release of the initial strains can help the cellulose chains to rearrange themselves in a more 

compact orientation [54]. Thus, an improvement in fiber strength can be obtained using alkali 

treatment [55-56]. Moreover, the silane treatment of alkali treated fiber was not successful and had 

no tangible effect on the mechanical properties of the fiber. 

Table 4. Average values and standard deviations (SD) of the mechanical properties of the fibers  

 E (GPa) SD UTS (MPa) SD εH (%) SD 

As Received (Y1) 30.6 4.15 557 55.2 2.6 0.25 
Alkali (Y2) 26.4 4 667 30.1 3.2 0.33 

Alkali-Silane (Y3) 25.1 4.7 682 52.4 3.3 0.32 
Oxidized (Y4) 24.2 4.2 602 56.5 2.8 0.3 

Oxidized-Silane (Y5) 28.3 3 621 58 3.0 0.3 
 

Y1, Y2 
Difference (%) 13.7 19.7 23 

P-Value ˂˂ 0.05 ˂˂ 0.05 ˂˂ 0.05 
 

Y1, Y3 
Difference (%) 18 22.4 27 

P-Value ˂˂ 0.05 ˂˂ 0.05 ˂˂ 0.05 
 

Y1, Y4 
Difference (%) 21 8 7.7 

P-Value ˂˂ 0.05 ˂ 0.05 ˂ 0.05 
 

Y1, Y5 
Difference (%) 7.5 11.4 15.4 

P-Value ˂ 0.05 ˂ 0.05 ˂˂ 0.05 
 

Y2, Y3 
Difference (%) 5 2.2 3.1 

P-Value > 0.05 > 0.05 > 0.05 
 

Y4, Y5 
Difference (%) 14.5 3.1 7.1 

P-Value ˂˂ 0.05 > 0.05 ˂ 0.05 
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The Young’s modulus and UTS of the flax fibers were slightly decreased after the TEMPO 

oxidation in comparison to alkali treated fibers (≈ 8 and 10%, respectively). This reduction is 

primarily related to the dissolution of non-cellulosic ingredients that led to the interfibrillar matrix 

softening of the flax fibers. However, the oxidized fibers still showed higher UTS in comparison 

to the as received fibers. The Young’s modulus of the oxidized fiber was improved after silane 

treatment. Again, it can be related to the bonding of silane molecules which can reduce the stress 

concentration at the surface defects by means of blunting the crack tips [57]. In order to evaluate 

the average values of the tensile properties, a statistical analysis (t-test) was carried out to confirm 

that the obtained tensile properties were statistically significant. A desired 95% confidence level 

(P-value ˂ 0.05) was considered which indicates that the dissimilarity among the mechanical 

properties is statistically reliable [15]. 

 

Figure 7. Stress-Strain curves of the as received and surface treated flax yarns 
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Conclusion 

In this study, the flax yarns were modified by TEMPO oxidation to convert primary hydroxyl 

groups into more reactive carboxyl groups. Then, in contrast to conventional silane treatment, the 

3-methacryloxypropyltrimethoxysilane was directly applied on the surface of the flax fibers 

without pre-hydrolysis and dehydration. According to the experimental results, it is concluded that: 

• TEMPO oxidation significantly increased the reactivity of the flax fiber surface. This reactivity 

improvement led to an efficient bonding of the silane coupling agent without any need for pre-

hydrolysis and curing/dehydration. 

• The bonding of 3-methacryloxypropyltrimethoxysilane on flax fibers increased the contact angle 

(with water) of the flax fibers. In addition, water absorption significantly decreased in the Oxidized-

Silane fibers. 

• Fiber/matrix adhesion was slightly improved after the alkaline treatment of flax fibers whereas 

Oxidized-Silane fibers demonstrated a good adhesion with the bio-epoxy resin.  

• Mechanical properties of Oxidized-Silane fibers were improved in comparison to as received 

fibers although the UTS was lower than the alkali treated fibers due to the partial degradation of 

microfibrils. 

Finally, it was hypothesized that TEMPO oxidation can pave the way for the direct bonding of the 

MPTMS coupling agent on the surface of flax fiber. Subsequently, the bonded MPTMS molecules 

decreased the hydrophilicity of flax fiber by means of partial replacement of cellulosic alcohol 

groups with methacrylate groups. This surface modification significantly improved compatibility 

between the flax fibers and the bio-epoxy resin. 
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