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Abstract Horseradish peroxidase (HRP)/H2O2 system catalyzes the free-radical polymeriza-
tion of aromatic compounds such as lignins and gallate esters. In this work, dodecyl gallate
(DG) was grafted onto the surfaces of lignin-rich jute fabrics by HRP-mediated oxidative
polymerization with an aim to enhance the hydrophobicity of the fibers. The DG-grafted jute
fibers and reaction products of their model compounds were characterized by matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-TOF MS), attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC). The results clearly indicated the grafting of
DG to the jute fiber by HRP. Furthermore, the hydrophobicity of jute fabrics was
determined by measuring the wetting time and static contact angle. Compared to the
control sample, the wetting time and static contact angle of the grated fabrics changed
from ~1 s to 1 h and from ~0° to 123.68°, respectively. This clearly proved that the
hydrophobicity of jute fabrics improved considerably. Conditions of the HRP-catalyzed
DG-grafting reactions were optimized in terms of the DG content of modified jute
fabrics. Moreover, the results of breaking strength and elongation of DG-grafted jute/
polypropylene (PP) composites demonstrated improved reinforcement of the composite
due to enzymatic hydrophobic modification of jute fibers.
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Introduction

In view of the increased environmental awareness and conscious efforts to protect the
environment, the development of fully green composites (consisting of a biodegradable
polymer matrix and natural fibers) with high performance, has become one of the hottest
research areas in the world [1–3]. At present, investigations into the application of some
natural fibers [4–6], especially lignocellulosics like jute fibers [7–9], as the fiber-reinforced
material in composites are increasing due to their low density, low cost, high strength, and
environmentally friendly nature.

However, most of the natural fibers cannot be compatibilized with hydrophobic
resins, owing to their highly polar and hydrophilic nature. This reduces the mechan-
ical properties of composites significantly [10]. In order to improve the adhesion or
bonding between fibers and resins, physical [11–14] and chemical [15–17] processing
technologies have been employed, which involve modification of the natural fibers. It
should be noted that these methods still have some inherent shortcomings, like severe
damage caused to fibers during treatment, which limit the application of natural fibers
in composites.

In recent years, biological processing of lignocellulosic materials shows great
potential as a candidate to replace conventional treatments due to its superior
features, such as specificity, high-efficiency, and milder conditions. For instance,
horseradish peroxidase (HRP, EC1.11.1.7), a plant peroxidase obtained from the
roots of horseradish, can catalyze the one-electron oxidation of a wide variety of
hydrogen donors, such as aromatic compounds and even reactive radicals, in a
redox reaction, in the presence of hydrogen peroxide (H2O2) [18–20]. Lignin, a
complex three-dimensional amorphous polymer, consisting of p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) units [21], is a suitable substrate for HRP
oxidation. The enzymatic reaction between lignin and phenols [22] or poly (N-
isopropylacrylamide) (PNIPAM) [23] has been reported previously. Considering
that jute fiber contains 13.3–16.1 % lignin [21], HRP-catalyzed grafting of hydro-
phobic molecules onto the surface of jute fibers provides a new approach, by
which the hydrophobic character of jute fibers increases and they become compat-
ible with the hydrophobic resins.

In this work, dodecyl gallate (DG) with hydrophobic groups was enzymatically
grafted onto the lignin-rich jute fabric surface by HRP, as illustrated in Fig. 1. The
grafted products were characterized by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-TOF MS), attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and differential scanning cal-
orimetry (DSC). The modified jute fibers, endowed with hydrophobicity, were used as
the reinforced materials for the resin matrix composites and the mechanical properties,
such as breaking strength and elongation of DG-grafted jute/polypropylene (PP)
composites were assessed.
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Experimental

Materials and Reagents

The 100 % raw jute fabric, with a 7/7 (warp/weft) cm−1 yarn count, was supplied by
Longtai Weaving Company (Changshu, China). Horseradish peroxidase (332 U/mg),
stored at −20 °C, was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China).
PP spunlace non-woven cloth was provided by Yonghui Textile Technology Co., Ltd.
(Yangzhou, China). DG with 98 % purity was supplied by J&K Technology Co., Ltd.
(Beijing, China). 4-Propylguaiacol (2-methoxy-4-propylphenol, MP) was purchased
from Sigma-Aldrich Co. LLC. Propyl gallate (PG) was provided by Shanghai
Shifeng Biological Technology Co. Ltd. (Shanghai, China). All the other chemicals
used in this study were commercially available and of analytical grade.

Pretreatment of Jute Fabrics

The jute fabrics were Soxhlet-extracted with benzene/ethanol (v/v, 2:1) for 12 h to
eliminate organic impurities on the fabric surface. These impurities include lipophilic
extractives, which may interfere with the oxidation of substrate molecules, thereby
affecting the analysis of modified surfaces. Then, jute fabrics were immersed in
boiling deionized water for 3 h to remove the starch or polyvinyl alcohol (PVA)
sizes. Then, iodine-potassium iodide method was used to ensure the complete removal
of all the sizes. After these treatments, more lignin components were exposed on the
surface of jute fibers.
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Fig. 1 Schematic illustration of HRP-catalyzed grafting reaction of dodecyl gallate (DG) onto the jute fabric
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HRP-mediated Grafting Reaction of Model Compounds

The lignin model compound (2-methoxy-4-propylphenol, MP, 0.2 mL), 0.1 g of PG,
3.0 mL of ethanol, 0.1 mL of acetylacetone (ACAC), and 0.1 mL HRP (1 mg/mL)
were taken in a 100-mL three-necked round-bottom flask. Then, a certain volume of
phosphate buffer (0.1 M, pH 7.0) was added to the flask, taking the volume of
reaction solution to 30 mL. The reaction mixture was degassed for 30 min, followed
by addition of 0.1 mL H2O2 (30 wt%) to initiate the reaction. It was then maintained
at 30 °C for 2.5 h. The constituents of the products were analyzed by MALDI-TOF
MS. Other samples, treated with either MP alone or PG alone, followed the same
treatment conditions, as mentioned above.

HRP-Mediated Grafting of DG onto Jute Fiber Surfaces

One gram of jute fabrics was placed in a 250-mL three-necked round-bottom flask,
which contained 50 mL of reaction mixture, which included 10 mmol/L of DG, 15 %
(v/v) of ethanol, 0.5 mL of ACAC, 1.0 mL of HRP (1 mg/mL), and a certain volume
of phosphate buffer (0.1 M, pH 7.0). The entire reaction mixture was degassed for
30 min. Then, 0.75 mL of H2O2 (30 wt%) was added drop-wise. After the addition,
the reaction was maintained at 50 °C for 4 h. The resulting sample was washed twice
with a certain volume of ethanol and deionized water to eliminate the DG homopol-
ymer and HRP adsorbed on the jute surface, respectively. It was further extracted with
acetone for 12 h to remove the absorbed DG, ACAC, and the homooligomers of the
monomers. The other samples followed the same treatment conditions as the HRP
treatment [7].

It should be noted that other alcohol-soluble and hydrophobic monomers such as cardanol
could theoretically be used for the hydrophobic modification of jute fibers. In this work, we
merely focused on the grafting of DG on jute fabrics.

MALDI-TOF MS Analysis

Formations of heterocompounds between the modifying chemicals (PG, the model
compound of DG) and lignin model compound (MP) treated with different chemicals
were studied using a Bruker ultrafleXtreme MALDI-TOF/TOF MS (Bremen and
Leipzig, Germany).

For the MALDI-TOF MS analysis, the precipitates and reaction solutions were
dissolved in N, N-dimethyl formamide (DMF). A 2-μL DMF solution of the
precipitate/reaction mixture in a 1:1 ratio (v/v) along with matrix (2,5-
dihydroxybenzoic acid, DHB) was dried on the MALDI target plate at room temper-
ature. DHB solution was prepared by dissolving 20-mg DHB in 1 mL of water
containing 10 % ethanol and 1 mM NaCl solution. The positive ion mass spectra
were acquired from the dried sample spots in reflector mode. Data collection and
processing were carried out using flexControl and flexAnalysis version 3.3. The
Bruker Proflex instrument was equipped with a nitrogen laser (Smartbeam II, modi-
fied Nd: YAG laser) with a 337-nm wavelength.
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Characterization of Jute Fabric Surface

FTIR Analysis

The attenuated-total-reflection Fourier transform infrared (ATR-FTIR) spectra of jute fabrics
were recorded using a Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific, USA)
attached to an ATR apparatus. Thirty-two scans per sample were obtained in the spectral
range of 650–4000 cm−1 at a resolution of 4 cm−1.

XPS Analysis

XPS was performed at the Laboratory of Surface Chemistry, Fudan University (Shanghai,
China) to assess the binding of DG, according to the method of Dong et al. [7].

SEM Analysis

SEM (SU1510, Hitachi, Japan) was employed to obtain the micrographs of the jute fibers
under 5.00 kV at a magnification of 3.00 k to study their morphologies. The surface of jute
fiber was coated with gold by vacuum evaporation.

Thermal Analysis

TGA Analysis

TGA was conducted on a TGA/Q500 thermoanalysis system (TA Instruments, USA) in the
temperature range of 30–700 °C at a heating rate of 20 °C/min.

DSC Analysis

DSC analysis of the jute samples was carried out using a Q200 DSC (TA Instruments). The
curves were recorded in the temperature range of 30–400 °C at a heating rate of 20 °C/min.

Determination of GP

The untreated and DG-grafted jute fabrics were quantitatively titrated with hydrochloric acid
after saponification of the ester groups by alkali. One gram of jute fabric was cut into pieces
and incubated in 50 mL of 0.1 M NaOH solution at 90 °C for 2 h. The excess NaOH was
titrated against 0.1 M HCl solution using a WDDY-2008 J automatic potentiometric titrator.
Triplicate samples were measured for each treatment and the results were averaged.

The DG content of the modified jute fabric was determined as the relative molar
percentage of the ester groups regarding the hydroxyl groups consumed according to
the following equation:

DGcontent %ð Þ ¼ VHCl controlð Þ−VHCl sampleð Þ½ � � CHCl �MC19H30O5

3
� 100 ð1Þ
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where, VHCl is the volume of HCl consumed (L), C is the molar concentration of HCl
(mol/L), and M is the molar mass of dodecyl gallate (g/mol).

The grafting percentage (GP) was calculated according the following equation:

GP %ð Þ ¼ w

1 −w
� 100 ð2Þ

where w is the DG content on the modified jute fabric.

Optimization of Enzymatic Grafting

The enzymatic conditions including dosages of DG (4–14 mmol/L), ethanol (5–30 %, v/v),
HRP (0.25–1.5 mL), and H2O2 (0.25–1.5 mL), incubation temperatures (30–80 °C), and
incubation periods (2–10 h) were optimized. Grafting was expressed in terms of the GP as
mentioned above.

Hydrophobicity Measurement

The hydrophobicity of jute samples was evaluated by the wetting time and water contact angle
measurements, according to the literature method [24].

Preparation of Jute Fabric/PP Composites

Jute fabric/PP composites were prepared using a PP spunlace non-woven cloth and jute fabrics
as raw materials by a hot pressing method. First, the jute fabrics were cut into pieces, each
having dimensions of 10×2 cm2. Then, the composite samples were prepared by successively
laying two layers of jute fabrics and three layers of PP cloth in a mass ratio of 2:1. Finally, the
composite samples were compressed in a mould at 180 °C under 4-t pressure for 5 min, and
then they were taken out after cooling at room temperature without the applied pressure for
50 min.

Evaluation of Mechanical Properties of Jute Fabric/PP Composites

The breaking strength of the jute fabric/PP composite sample was determined using
a microcomputer-controlled electronic universal testing machine (KD111-5 model),
operating at a constant speed 10 mm/min. A computerized stress–strain curve of the
composite was obtained, and the data for the breaking strength and elongation were
recorded. Five specimens were measured per treatment and the results were
averaged.

Results and Discussion

MALDI-TOF MS Analysis

The hypothetical mechanism of propyl gallate and 4-propylguaiacol polymerization
catalyzed by HRP is shown in Fig. 2. Reaction of MP (a model compound of lignin)
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with gallate molecule, with the formation of covalent bonds, demonstrates that gallate
can be grafted onto lignin, which is present in the jute fibers. Furthermore, PG was
selected as a model compound for DG, as it was easy to dissolve in hot water. The
detailed structural information of the polymers formed from PG and MP by HRP was
investigated and analyzed using MALDI-TOF MS (Fig. 3). Arrows indicate a mass
difference of 164 Da for the polymer formed from MP. The m/z values of the
polymerizates that were predicted and also determined were m/z 377.29, 558.17,
603.77, and 727.00, which contained 1 to 2 units of PG and 1 to 3 units of MP
and are shown in Table 1. The results corresponded directly to laccase-mediated
polymerization reactions of phenolic compounds, such as lignans and lignin model
compounds [25, 26], and oxidative polymerization of phenols and polyphenols by
HRP and laccase [27]. From the above results, the successful polymerization of PG
and MP can be demonstrated and grafting of DG onto lignins present on the surface
of the jute fibers could be inferred.
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Fig. 2 Hypothetical mechanism of propyl gallate and 4-propylguaiacol polymerization catalyzed by HRP
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FTIR Analysis of Jute Fabrics

ATR-IR was used to demonstrate that jute fiber was chemically altered by reaction with HRP.
Figure 4 shows a comparison of the ATR-IR spectra for the DG alone-treated and grafted jute
fabric samples. Compared to the DG alone-treated sample, the grafted jute showed increased
absorption of the O–H stretching vibration (3340 cm−1), C=O stretching vibrations (1730 and

Table 1 The m/z of MALDI-TOF mass spectrum of the polymers of 4-propylguaiacol (MP) and propyl gallate
(PG)

Sample Compound Predicted m/z (Da) Detected m/z (Da) Δm/z (Da)

Polymers of MP (Fig. 3a) (MP)2H
+ 331.40 331.23 0.17

(MP)2OH
+ 347.40 346.47 0.93

(MP)2Na
+ 353.39 353.33 0.06

(MP)2O Na+ 369.39 369.31 0.08

(MP)3H
+ 495.66 495.28 0.38

(MP)3Na
+ 517.65 517.30 0.35

(MP)3O Na+ 533.65 533.28 0.37

Polymers of MP and PG (Fig. 3c) (MP)1(PG)1H
+ 377.28 377.13 0.15

(MP)1(PG)2OH
+ 603.62 603.77 −0.15

(MP)2(PG)1OH
+ 557.64 558.17 −0.53

(MP)3(PG)1Na
+ 727.85 727.00 0.85

Polymers of PG (Fig. 3b) (PG)2Na
+ 445.14 445.18 −0.04

(PG)2ONa
+ 461.14 461.16 −0.02

(PG)3Na
+ 655.20 655.14 0.06

(PG)4Na
+ 865.27 865.17 0.10
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Fig. 4 FTIR spectra of the DG alone-treated (a) and grafted (b) jute fabric sample
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1650 cm−1), and the aromatic skeletal vibrations (1590 and 1460 cm−1). Cellulose, hemicel-
lulose, and lignin were the only main components, because wax and pectin had been removed
after the pretreatment. It is well known that the hydroxyl groups and the saturated C–H bonds
were well distributed in cellulose, hemicellulose, and lignin, whereas only the carbonyl group
was derived from lignin [28]. Therefore, an increase in the vibrations mentioned above was an
indication of the transformation of lignin by HRP. In contrast to the DG alone-treated sample,
the grafted jute also showed a slight enhancement of peak corresponding to the –CH2–
bending vibration at 1320 cm−1. The structure of DG molecular, shown in Fig. 2c, contains
hydroxyl group, carbonyl group, phenyl group, and also a long methylene chain. Similar to the
grafting of gallates onto chitosan [29, 30], two new peaks corresponding to the saturated C–H
stretching vibrations appeared at 2920 and 2840 cm−1, which were attributed to the methylene
group of the dodecyl moiety. The above results demonstrated adequately that the grafting of
DG onto the surface of jute fabrics by HRP/H2O2/ACAC system was successful.

XPS Analysis of Jute Fabrics

The surface composition of jute fabrics was analyzed by XPS. The results (Table 2) showed an
increase in the C/O ratio from 1.470 (HRP/DG) to 1.614 (HRP/H2O2/DG). DG has a high
carbon to oxygen content ratio (2.85) [31]. Hence, the increase in carbon content of in the case
of HRP/H2O2/DG could be explained by the coupling of DG to jute surfaces. Compared with
the control (DG alone-treated jute), the C/O ratio of the HRP/DG or H2O2/DG-treated jute also
increased due to adsorption of tiny amounts of DG, which was less remarkable than that of the
HRP/H2O2/DG-treated sample, relative to the control. These results clearly demonstrated that
the grafting of DG onto the surface of jute fabrics indeed occurred and the HRP/H2O2/DG-
treated jute surface contained not only adsorbed DG but also grafted DG. In addition, an
increase of the nitrogen content in HRP-treated samples could be due to the adsorption of some
enzyme proteins. However, the adsorption of the enzyme on the HRP/H2O2/DG-treated jute
surface was probably suppressed, due to the incorporation of the hydrophobic DG, which
showed up in the form of a decrease in nitrogen content from 2.78 % to 2.76 %.

SEM Analysis of Jute Fabrics

Figure 5 shows the changes in surface morphologies (3.00 k magnification) of differently
treated jute fibers by SEM. It showed that the four types of jute fibers exhibited different
structures. The surfaces of the ungrafted jute fibers were smooth, tidy, and neatly
arranged with few impurities on their surfaces (Fig. 5a, b, c), especially in the case of
DG alone-treated sample. However, there still existed some small flakes which were
attributed to the non-specific adsorption of DG. After treatment with HRP/H2O2/DG, the

Table 2 XPS analysis of jute fabric surfaces after various treatments

Sample C (%) O (%) N (%) C/O

HRP/H2O2/DG 56.28 34.88 2.76 1.614

HRP/DG 53.48 36.39 2.78 1.470

H2O2/DG 54.21 36.26 2.36 1.495

DG alone 50.10 39.47 2.01 1.269

Appl Biochem Biotechnol (2016) 178:1612–1629 1621



surface of jute fiber became rough and irregular with some multispike-like particles
attached to it (Fig. 5d). Since these particles are seen on the surface of the HRP/H2O2/
DG-treated jute, they could possibly be regarded as the result of a coating of adsorbed
and grafted DG. The SEM microphotographs clearly demonstrated the attachment of DG
on the surface of jute fibers by HRP-mediated grafting.

Moreover, the grafted jute fibers exhibited porous structures, which appeared damaged. For
instance, the surface of the H2O2-untreated fibers had a smooth, complete, and compact
structure (Fig. 5a, c). In contrast, the surface of the H2O2-treated fibers showed a rough,
damaged-like, and slightly loosened structure with small pores (Fig. 5b, d). The damaged-like
porous structures of the grafted jute fibers were probably influenced by the H2O2

concentration.

Thermal Analysis of Jute Fabrics

The thermal stabil it ies of the samples were examined by non-isothermal
thermogravimetry. The TGA (in wt%) and derivative thermogravimetric analysis
(DTG) (in wt%/°C) curves obtained for the DG, DG alone-treated, and grafted jute
fabrics are shown in Fig. 6.

Figure 6a shows that DG started to decompose at a low temperature (187.92 °C),
and the main weight loss of DG ended at 367.08 °C, which demonstrated that the
heat resistance of DG was not good. The loss of absorbed water occurred during the

a b

c d

Fig. 5 Surface morphology change of treated jute fibers. a The HRP/DG-treated jute, b the H2O2/DG-treated
jute, c DG alone-treated jute, d the HRP/H2O2/DG-tread jute
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first small stage of weight loss, as observed in Fig. 6b, c. The grafted jute fabrics
began decomposing at 227.35 °C, representing a decrease of 6.67 °C, compared to
that of the DG alone-treated jute (234.02 °C). The results were consistent with the
study of Džunuzović et al. [32], according to which, a weight loss proportional to the
weight of surface-grafted gallates occurred between 210 and 800 °C. The maximum
rate of mass loss of the grafted jute was −1.33 wt%/°C at 345.35 °C, which was
almost the same as the result of the DG alone-treated jute (344.62 °C with a
maximum rate of mass loss of −1.34 wt%/°C). In case of grafted jute, there was
solid residue of 22.32 % left over, even at 695.59 °C. However, in the case of DG
alone-treated jute, 22.80 % was left at 695.58 °C.

Besides TGA and DTG, another method, DSC, was employed to study the degra-
dation behavior of the jute fibers. The DSC curves of the jute samples are shown in
Fig. 7. Compared to the endothermic peak of the DG alone-treated jute (108.42 °C),
the grafted jute showed a peak at a higher temperature of 118.82 °C. This difference
was an indication of a lesser number of free water molecules (moisture) present in
grafted jute, due to the introduction of hydrophobic –COOCH2(CH2)10CH3 chains.
The DSC profiles of the grafted jute showed a broad endothermic peak at 325.99 °C
and a broad exothermic peak at 307.96 °C. However, the DSC curve of the DG
alone-treated jute sample showed these corresponding peaks at 328.30 and 309.91 °C.
In addition to the above peaks, the two samples showed a sharp exothermic peak at
the same temperature (370.30 °C). In conclusion, the thermostabilities of the DG
alone treated jute and grafted jute did not differ much, with the introduction of DG.
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Fig. 6 TGA and DTG curves for the DG (a), the DG alone-treated jute (b), and the grafted jute (c)
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Optimization of the Enzymatic Grafting Process

The performance of jute fabrics with grafted DG can be limited by several reaction parameters
such as dosages of DG, ethanol, HRP andH2O2, incubation temperatures, and incubation periods.
Figure 8a, b indicated that the grafting percentage increased greatly with the addition of DG or
HRP until it reached its maximum value and then decreased. This indicated that an increase in
monomer or HRP concentration accelerates the homopolymerization reaction rather than getting
further grafted, beyond a certain threshold. This results in a decrease in the grafting yield.

The effect of solvents on the grafting reaction is rather complicated due to its interaction
with almost every element in the reaction media. The effect of solvent (ethanol) quantities on
grafting yields is shown in Fig. 8c. The grafting yield increased by increasing ethanol quantity,
attaining a maximum value at about 15 % ethanol concentration and then decreased again. The
reason for this declining trend may be the decrease in the catalytic activity of enzyme at a high
non-aqueous solvent concentrations [33, 34] or due to the fact that an increasing organic
concentration changes the partitioning of the substrate between the solvent and the enzyme
active site.

Referring to the curve for H2O2 concentration (Fig. 8d), the grafting percentage
decreased with increasing H2O2 concentration, due to degradation of HRP by H2O2,
which decreased the catalytic activity of the enzyme [35]. The effect of temperature on
the enzyme catalyzed grafting (Fig. 8e) corresponded roughly to the HRP activity. The
grafting percentage was greatly increased with increase in incubation period and then
decreased (Fig. 8f). This phenomenon may be explained by the slow decay of the
enzyme activity [36]. Based on the results obtained by analyzing Fig. 8, the optimum
process conditions for jute fabrics grafted DG should include an incubation of jute fabric
in 50-mL ethanol/buffer (0.1 M, pH 7.0) reaction solution with 10 mmol/L DG, 15 % (v/
v) ethanol, 1.0 mL HRP, and 0.75 mL H2O2 at 50 °C for 4 h.
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Effect of DG Grafting on Hydrophobicity of Jute Fabric

The surface hydrophobicity of the DG-grafted jute fabric, which was modified using the
abovementioned optimized reaction conditions, was investigated in terms of water
contact angle and wetting time. The jute fabrics treated with DG alone, HRP/DG, and
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Fig. 8 Optimization of the process parameters. aDosage of DG, b dosage of HRP, c dosage of ethanol, d dosage
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H2O2/DG were used as control samples, and the same stoichiometries of reagents were
maintained as those used for preparing the DG-grafted samples. As shown in Table 3, the
water contact angle of the DG-grafted jute fabric (123.68°) was obviously larger com-
pared to the three ungrafted jute fabrics (~0°) and gradually decreased with increasing
time (Fig. 9). Moreover, the wetting time of the grafted jute fabrics, prepared by using
the HRP/H2O2 catalyzed system, was also distinctly higher than the other three samples,
which was consistent with the water contact angle measurement.

In conclusion, the wetting time and contact angle of the grafted jute fiber were
more than 30 min and 123.68°, respectively, which were clearly much better than the
others. These findings indicated that the hydrophobicity of the jute fibers was en-
hanced after grafting of DG, due to introduction of the hydrophobic group –
COO(CH2)11CH3.

Analysis of Jute Fabric/PP Composites

The breaking strengths of PP composites reinforced by DG-grafted jute fabrics, which
were prepared by the abovementioned optimized grafting conditions, are shown in
Table 4. Compared to the ungrafted jute/PP composite, the grafted jute fabric rein-
forced composites showed a high breaking strength, i.e., higher values of Young’s

Table 3 The hydrophobicity of the
jute fiber Treatment Wetting time Contact angle (°)

DG alone <1 s 0

HRP/DG <1 s 0

H2O2/DG <1 s 0

HRP/H2O2/DG >30 min 123.68±3.21
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Fig. 9 The water contact angle of the DG-grafted jute fabrics
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modulus, stress, and strain which increase by 7.9, 78, and 4.7 %, respectively. There
was a large increase in breaking stress relative to the control in comparison with other
surface modification methods. For instance, the stress of maleic anhydride-grafted
jute/polypropylene (MAPP) was 48 % greater than that of the untreated jute/PP
composite, with fiber content of 38 wt% [37]. Hong et al. [17] found an increase
in tensile stress of about 16 % for silanized jute/PP composites containing 1 wt% jute.
A maximum increase in tensile strength of 58 % was obtained for 10 wt% G3003
coupling agent (MAPP)-modified PP matrix composites with 30 wt% of flax fiber
bundle [38].

These improved properties are a result of increased hydrophobicity and good
interfacial compatibility of the jute fibers with the PP resin. The results are in
agreement with the hydrophobicity of the tested jute fabrics, as seen in Table 3.
The changes in the breaking strength were an indication of improved compatibility
between the jute fiber and PP after surface hydrophobization by grafting of DG
molecules.

The interfacial compatibility can be largely influenced by the polarity of the two materials
forming the interface. The lesser the difference in polarities of the materials, the better would
be the compatibility at the interface. The surface hydrophobization of the jute fabric could
fulfill the requirement of the compatibility with hydrophobic resins to prepare fiber-reinforced
composites of high performance.

Conclusions

In this study, modification of jute fabrics by grafting reactions was performed using
DG monomer and HRP catalyst. The initiation system of HRP/H2O2/ACAC could
start the copolymerization of PG and MP (the model compounds of DG and lignin,
respectively), which was proved by MALDI-TOF MS. HRP played the role of a
catalyst in the reaction medium and was essential for the initiation of the free-radical
polymerization reaction. The characteristic absorption peaks due to C=O vibration,
C–H vibration, and O–H vibration, shown in the FTIR-ATR spectrum, the increasing
value of C/O in XPS test, and the appearance of the grafted jute fibers as rough
surfaces in the SEM image as well as a little decrease in the thermal stability, as
tested by TGA, DTG, and DSC, confirm that DG was grafted onto the surface of
jute fabrics, along with the introduction of the hydrophobic –COO(CH2)11CH3

group. The desired hydrophobicity obtained was tested by wetting time and water
contact angle measurements. The value of tensile stress of DG-grafted jute/PP
composite also showed an increase, which was greater than other surface modifica-
tion methods, due to the high hydrophobicity and good interfacial compatibility of
the jute fibers with the PP resin.

Table 4 The breaking strength of
polypropylene (PP) composites re-
inforced by ungrafted jute fabric
and DG-grafted jute fabric

Sample Young’s
modulus (GPa)

Stress
(M Pa)

Strain (%)

Ungrafted 1.52 ± 0.11 30.24 ± 6.71 8.69 ± 0.20

DG-grafted 1.64 ± 0.23 53.79 ± 5.83 9.10 ± 0.52
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