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As a natural and the most abundant material, wood was used as a scaffold for the grafting of acrylonitrile (AN) and ethyl acrylate
(EA) to develop a novel grafted wood. ,us, chemical modification of the wood was carried out by means of grafting. It is clear
from the characterization techniques (FTIR, SEM, and XRD) that grafting of acrylonitrile (AN) and ethyl acrylate (EA) was
successfully performed on the Pinus roxburghii wood. Monomer and initiator concentration, temperature, time, and pH pa-
rameters have been varied to obtain the maximum percent grafting yield. A significant influence was observed on the physi-
cochemical properties, morphological structure, and bacterial resistant nature after the graft copolymerization of AN+EA on the
raw wood. ,is approach of grafting of wood would lead to the construction of a new class of materials with better properties and
will also promote innovative consumption of renewable wood.

1. Introduction

Nature offers a number of biological materials that could be
utilized for the preparation of new materials with desirable
properties beneficial for one or other applications. Recent
studies have revealed that bio-based materials from marine
organisms, insects, plants tissues, etc., have immense ap-
plications in diverse fields such as medicine and industries
[1–3]. ,e diverse synthetic materials have been extensively
used for environmental detoxification as adsorbents and
photocatalysts [4–7]. But their expensive and toxic nature

hinders their utilization at large scale. ,e natural bio-based
material can be a possible alternative for their substitution, if
modified effectively for desired application. ,ese materials
have been successfully used for remediation of heavy metals
and organic wastes [8–12]. Precisely, wood-based products
show better properties and have excellent features of easy
penetrability and reactivity, which are fundamentally dif-
ferent from other materials [13–18]. A number of tech-
niques, such as grafting, radiation, and chemical
modification, have been used for improving the properties of
such materials [19–21].
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,e gristly nature of wood has made it an important
biomaterial. ,e stability and long-lasting nature of the
wood composites are due to the presence of cellulose,
hemicellulose, and lignin. Its cellular structure has made it as
strong as steel [22–26]. It also helps in the transportation of
fluids throughout the plant body. Scientists are working on
increasing the stability and hardness of the wood composites
so as to replace the traditionally used steel and other lav-
ishing non-ecofriendly materials [27–31].

,e presence of hydroxyl ions in the wood increases its
rate of degradation. Scientists have found a best solution to
overcome this problem [32–34]. Chemical modification
helps in reducing the combustibility of the wood and also
helps in improving its behavior under undesirable envi-
ronmental conditions. ,ey actually chemically modify the
wood so as to make the hydroxyl ions unavailable for the
degradation process [35].

Chemical modification is based on the supposition that
there should be a direct relation between induced func-
tionality and its related property, thus making it fit for
specific application [36]. Due to chemically selective nature
of induced functionality, the undesired reaction cannot take
place on the chemically modified wood surface. ,ese
surfaces are even resistant to termites decay and help in
improving the dimensional stability [24, 37, 38].

Ethyl acrylate (EA) and acrylonitrile (AN) were chosen
as potential monomers for grafting onto raw Pinus wood
because of their unique functionalities and diverse prop-
erties. Ethyl acrylate is an acrylic monomer explored for
production of diversity of polymers and copolymers as part
of various commercially utilized goods. EA was studied for
improvisation of physical properties of natural and synthetic
polymers; the properties of polymers obtained from natural
resources, as wood cellulose and fibres were successfully
modified using EA. ,e ethyl acrylate/alkyl methacrylate
graft copolymerization efficiency and conversion into am-
ylose were investigated [39]. Similarly, grafting of hydroxyl
methacrylates/ethyl acrylate onto amylopectin was per-
formed to fabricate biocompatible materials [40]. ,e cel-
lulosic fibres were functionalized by graft copolymerization
of acrylonitrile/ethyl acrylate and were investigated for
moisture absorption nature and chemical resistance under
different environments [41]. On the other hand, acrylonitrile
contains a vinyl group linked to the nitrile group. ,is vital
monomer was investigated for the production of plastics, as
polyacrylonitrile. ,e chitosan has been modified with ac-
rylonitrile; the obtained materials showed promising anti-
bacterial properties [42]. When cellulose was grafted with
the acrylonitrile monomer, it was transformed into a decent
adsorbent with better adsorption capacity for removal of
chromium ions [43].

In the present paper, we demonstrated that how grafting
on the wood can change the properties of the Pinus rox-
burghii wood. We also demonstrated how the functionality
of acrylonitrile (AN) and ethyl acrylate (EA) can be grafted
onto the wood and the obtained functional wood material
possesses the novel profiles. ,is chemically modified wood
was used for the physiochemical studies, and its antibacterial
properties were also studied in detail.

2. Materials and Methods

2.1.Materials andReagents. Wood strips of Pinus roxburghii
were provided by Dr. Yashwant Singh Parmar, University of
Horticulture and Forestry, Nauni (Solan), Himachal Pra-
desh, India. After keeping the collected wood strips of Pinus
roxburghii at room temperature for 2-3 days, they were
immersed into water for one day at room temperature. ,e
wood strips were then taken out and dried at room tem-
perature. Acrylonitrile (AN) was purchased from Loba
Chemie Ltd., ammonium ceric nitrate (CAN) from Chem
Light Laboratories Pvt. Ltd., ethyl acrylate (EA) fromCentral
Drug House (P) Ltd., and nitric acid (NA) from Loba
Chemie Ltd.

2.2. Preexperimental Condition. ,e wood strips used here
were of the following dimension: 200mm × 20mm × 2mm:
longitudinal × tangential × radial. ,ey were then presoaked
for one complete day and then dried to obtain a constant
weight. ,e dried wood strips were then subjected to solvent
extraction for delignification (in benzene/acetone/methanol in
4 :1 :1 by v/v) for 24h. Strips were again dried at 105°C for 5 h
and then moved to a desiccator to be cooled at room tem-
perature and then weighed on the balance.

2.2.1. Acrylonitrile and Ethyl Acrylate Grafting onto Raw
Pinus Wood. ,e acrylonitrile and ethyl acrylate grafting
was carried out on the surface of Pinus wood by means of
free-radical polymerization. Optimal grafting yield was
achieved by varying parameters such as time, temperature,
monomer concentration, and initiator concentration.

2.3. PhysiochemicalBehaviorofPinus-RawandPinus-G-(AN/EA)

2.3.1. Swelling Behavior. Swelling behavior of pinus-raw and
pinus-g-(AN/EA) in different solvents (phosphate buffer
with pH 2, phosphate buffer with pH 9, benzene, DMW, and
NaCl) was studied. For this purpose, the samples, i.e., pinus-
raw and pinus-g-(AN/EA), were immersed in 100mL of each
solvent, and then, change in the weight was noted at different
time intervals (20–1440min). ,en, the excess solvent was
removed by gently pressing the samples in the folds of the
filter paper. ,e final weight of the sample was noted.
Percent swelling was calculated by using the following
formula [44]:

%swelling �
Wf − Wi

Wi
× 100, (1)

where Wf � final weight of wood strips and Wi � initial
weight of wood strips.

2.3.2. Chemical Resistivity Study. ,e study of chemical
resistance was performed by plunging samples of pinus-raw
and pinus-g-(AN/EA) wood of known weight in different
solvents of different strengths. ,e chemical resistivity of the
raw andmodified wood was considered in context of percent
weight loss. ,e change in weight was calculated at different
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time intervals (20–1440min). After each interval, the
samples were taken out and weight of each sample was noted
after removing the excess solution by gently pressing them
within the folds of a filter paper. Percent weight loss was
obtained as follows:

%weightloss �
W1 − W2

W1
× 100, (2)

where W1 � initial weight of the sample and W2 � final
weight of the sample.

2.4. Characterization Techniques. Fourier transform infra-
red (FTIR) spectra of pinus-raw and pinus-g-(AN/EA) were
recorded by using a PerkinElmer Spectrum 400 FT-IR/FT-
FIR spectrophotometer using KBr pellets and was analyzed
in the range of 400–4000 cm−1. ,e surface morphologies of
the pinus-raw and pinus-g-(AN/EA) samples were studied by
using a Quant-250 scanning electron microscope (SEM).
,e image resolution was noted at 50X and 500X. Before
focusing the electron beam on the samples, these samples
were coated with gold suspension so that they become
conducting [45]. X-ray diffraction (XRD) is an analytical
procedure used for generalizing nature of pinus-raw and
pinus-g-(AN/EA) wood. Each sample was finely powdered
and homogeneously mixed before exposing to X-rays. ,ese
homogenized samples were uncovered to X-rays from all
possible planes. ,e angle of scattering of the diffracted
beam was measured in context to the incident beam of
X-rays and relative intensity was found [46].,e radiation
used was Cu K-α−1, whereas nickel metal is used as the beta
filter.

2.5. Applications

2.5.1. Antibacterial Activity and Lead Adsorption.
Nutrient agar medium was prepared by adding 2.8 grams of
nutrient agar in 100mL of distilled water which was poured
into four Petri dishes [47]. All the materials were autoclaved
(i.e., 4 swaps, tips, nutrient medium) for 45 min, and 25mL
of this autoclaved medium was poured into each plate. ,is
mediumwas placed in the laminar for 15min so as to solidify
it. E. coliwas then swapped on the medium with the help of a
micropipette. ,e wood pieces of pinus-raw and pinus-g-
(AN/EA) of sizes 2mm, 4mm, 6mm, and 8mm were added
to the solidified nutrient agar medium. ,ese strips were
then placed in the incubator for 72 h at 37°C, and the results
were noted. To investigate the adsorption behavior of pinus-
g-(AN/EA) wood, the known amount of it was placed in lead
ion solution of known concentration for a specific time
interval. ,e concentration of lead ions was recorded before
and after adsorption experiments [48].

3. Result

3.1. Grafting Mechanism. ,e complete mechanism for the
grafting of EA and AN on the Pinus raw wood has been
presented in Scheme 1. Cerium ions of CAN generate free
radicals by their reaction with wood, acrylonitrile (AN), and

ethyl acrylate (EA) which leads to grafting of monomers
onto the surface of Pinus raw wood. ,e maximum per-
centage grafting (85.34%) for raw Pinus roxburghiiwood was
achieved at optimized parameters.

3.2. Characterization. Figure 1 demonstrates the FTIR
spectrum of pinus-raw and pinus-g-(AN/EA). ,e broad
peaks in the region of 3400–3397 cm−1 were due to the
existence of hydrogen bonded –OH stretching of cellu-
lose [49]. A peak at 2919.9 cm−1 is for C-H stretching
vibration, whereas a peak at 2117.18 cm−1 is due to the
–OH stretching of absorbed moisture. A peak at
1640.8 cm−1 is assigned to the H–O–H bending of the
absorbed water molecule and C–H deformation of lignin.
A characteristic peak at 1505.8 cm−1 was observed for
lignin aromatic ring vibration and stretching. ,e peaks
present at 1159.3 cm−1 for –C–O–C and 1050.3 cm−1 for
–C–O stretching in xylan side substituent and lignin
aromatic C–O stretching. ,e peak observed at 898 cm−1

was due to β-glycosidic linkage and at 607.11 cm−1 was
due to out-of-plane –OH bending [44, 50, 51]. In case of
pinus-g-(AN/EA), additional peaks were found at
2241 cm−1 for the –C≡N group of acrylonitrile and at
1733 cm−1 for the carbonyl group (>C�O) of α- and
β-unsaturated esters present in the ethyl acrylate.

,e variations in topography and morphology of wood
surfaces were considered by SEM. Figures 2(a) (pinus-raw)
and Figures 2(b) (pinus-g-(AN/EA)) show the change in
morphologies of raw and modified wood. It is observed that
the surface of pinus-g-(AN/EA) is highly rough as compared
to pinus-raw, which is credited to high graft density [52].,e
hole size of pinus-raw is large in comparison with pinus-g-
(AN/EA) which becomes small due to attachment of
monomers and as a result, adhesion power is increased.
Figures 3(a) and 3(b) show the patterns of XRD of pinus-raw
and pinus-g-(AN/EA), respectively. ,e peaks are observed
at 2 θ values of 22.74° and 18.42°. It shows the large difference
in peak intensities, signifying variations in the crystallinity of
cellulose [53]. ,e values given in Table 1 reveal that upon
grafting, both crystallinity index and percent crystallinity
values have reduced.,e value of crystallinity index detected
for grafted cellulose is lower which suggests that there may
be disorientation of cellulose crystals and poor crystal lattice
order in it due to incorporation of (AN+EA) chains in the
cellulose backbone.

3.3. Reaction Parameters Optimization for Graft
Copolymerization of AN+EA onto Pinus-Raw Wood
Strips

3.3.1. Reaction Temperature Effect. ,e reaction tempera-
ture effect was studied at diverse temperatures (35°C, 45°C,
55°C, 65°C, and 75°C). Figure 4(a) shows that with initial
increase in temperature, percent graft yield increases up to
74.3% for Pinus which is the optimal value observed at 65°C
and decreases with further increase in reaction temperature.
,is variation of percent graft yield with the increase of
temperature is due to an upsurge in the diffusion rate of
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monomer molecules from reaction mixture onto wood
backbone, resulting in the high percent graft yield. ,ere is
decrease in percent yield with further increase in temper-
ature, which may be due to the upsurge in the rate of chain
transfer or termination reactions between monomer mol-
ecules and grafted chain. Also, there is a combination of free

monomer radicals, which leads to decreased percent graft
yield with the rise in temperature.

3.3.2. Reaction Time Effect. ,e reaction time effect on the
graft copolymerization of AN + EA onto Pinus-raw wood
was observed after 1 h, 2 h, 3 h, 4 h, and 5 h. Graft yield
increases with the initial increase in time, reaches optimal
value at 3 h, and then decreases with further upsurge in
reaction time as shown in Figure 4(b). ,e variation of
percent graft yield with time is elucidated on the basis that
as the reaction time upsurges, more and more radicals
move onto the backbone and increases the graft yield [54].
Most of the active sites present on the backbone are
occupied by radicals after reaching the optimum value.
Now, if there is further upsurge in reaction time, the
formation of homopolymer dominates over the graft
copolymerization.

3.3.3. Initiator Concentration Effect. Ceric ions generate
CAN complexes with carbon chains on the wood surface
backbone to produce active sites. Ceric ions also generate
free radicals in the monomer and increase free ion con-
centration and percent grafting as the concentration of the
initiator increases. ,e percent grafting was studied at
different initiator concentrations (5%, 7%, 12%, 15%, and
20%) as shown in Figure 4(c). After reaching the optimal
value of 7%, the graft yield decreases with further upsurge in
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initiator concentration [55]. ,is is because chain termi-
nation reactions dominate the graft copolymerization with
increase in initiator concentration, which leads to premature
decay of the monomer radicals.

3.3.4. Monomer Concentration Effect. ,epercent graft yield
varies with the monomer concentration (Figure 4(d)) and
reaches the optimum value, i.e., 73.3% (for Pinus-raw), at
monomer concentration 0.2M EA+ 0.2M AN and then

(a) (b)

(c) (d)

Figure 2: SEM image of (a) pinus-raw and (b) pinus-g-(AN/EA).
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Figure 3: XRD image of (a) pinus-raw and (b) pinus-g-(AN/EA).
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decreases with further change in monomer concentration as
shown in Figure 4(d). ,e monomer concentration effect
may be elucidated on the basis of more homopolymer
formation at other concentrations. As the monomer con-
centration reaches the optimal value, graft copolymerization
dominates the homopolymerization, leading to rise in graft
yield [56].

3.3.5. Reaction pH Effect. ,e percent graft yield was
studied at different pH values (2, 5, 7, 9, and 14). ,e
percent graft yield increases with decrease in pH, i.e., with
increase in acidic condition and decrease in basic con-
dition, as evaluated from Figure 4(e). ,e maximum
percent graft yield has been found at pH 2. Further in-
crease in pH caused the decrease in the graft yield. ,is
could be due to premature termination of polymerization
reaction at basic pH.

3.4. Physicochemical Properties

3.4.1. Swelling Behavior. Different solvents demonstrate
unlike trends in the swelling behavior of pinus-raw and
pinus-g-(AN/EA), as revealed in Figures 5(a) and 5(b). ,e
maximum swelling is observed in phosphate buffer at pH 2
in both raw as well as grafted wood. In case of raw wood, the
phosphate buffer solution at pH 2 shows the maximum
swelling of 178% due to the presence of polar –OH groups
which shows greater affinity towards the water molecules.
But in case of grafted wood, the -OH groups are gradually
replaced by (AN+EA) chains and thus the number of –OH
groups decreases which results in decrease in percent
swelling of 70% for grafted wood as compared to raw wood.
A considerable amount of swelling occurs in case of benzene
(61%) for grafted wood as the affinity of (AN+EA) towards
benzene is high but still it is less in comparison to raw wood
(170%). In grafted woods, there is presence of alkyl groups in
(AN+EA) chains which are hydrophobic in nature and
having strong affinity towards nonpolar solvents like ben-
zene. ,e trend of swelling in different solvents is given as
follows:

Raw wood strips (pinus-raw): buffer phosphate of pH
2>DMW> buffer phosphate of pH9>NaCl> benzene

Grafted wood strips (pinus-g-(AN/EA)): buffer phos-
phate of pH 2> benzene>NaCl> buffer phosphate of
pH9>DMW

In general, overall, the swelling % decreases in the
grafted wood as compared to raw wood in every solvent, thus
revealing that chemical modification of pinus wood helped
in reducing its affinity for adsorption of solvents.

3.4.2. Chemical Resistivity Study. ,e chemical resistance
behavior of pinus-raw and pinus-g-(AN/EA) was studied in
acids and bases of different strengths. It has been observed
that the effect of different acids and bases on the modified
wood, i.e., pinus-g-(AN/EA), is less as compared to raw wood
strips, i.e., pinus-raw. Figures 6(a) and 6(b) demonstrate the
percent weight loss for pinus-raw and pinus-g-(AN/EA)
wood.,e%weight loss was about 26% for pinus-raw in 5M
HNO3+ 5M HCl as compared to pinus-g-(AN/EA), where it
is only 15%. It was observed that after the grafting, the acid-
base tolerance of Pinus wood increased . ,e detailed results
are presented in Figure 6. Hence, the covering of wood
surface with (AN+EA) chains after grafting enhances the
stability of wood against acid and base attacks. ,e acid and
base resistance for pinus-g-(AN/EA) wood can be attributed
to two reasons, i.e., the presence of AN+EA covering on
wood surface provides an external layer that protects the
internal wood structure by preventing the entrance of acid
and bases into wood pores and the other reason may be that
grafting replaces themore reactive hydroxyl groups with –C�O
and –C≡Nwhich increase resistance of pinus-g-(AN/EA)wood.

4. Applications

4.1. Antibacterial Activity. ,e antibacterial activity was
studied with the help of the disc diffusion method which
shows the high resistance of pinus-g-(AN/EA) against bac-
teria as compared to pinus-raw. In this activity, there is
formation of an inhibition zone around the raw and
modified wood. A large zone is formed around the wood of
pinus-g-(AN/EA). Due to the resistive nature of AN+EA, it
inhibits the growth of E. coli around it. However, there is a
formation of small zone around the pinus-raw and it cannot
inhibit the growth of E. coli around it as no such protective
covering is present due to which E. coli grow easily around
the wood strips. ,e maximum zone of inhibition was
observed around 8mm size of wood strips, i.e., 21mm for
pinus-g-(AN/EA).,e detailed results are shown in Figure 7.

4.2. Wastewater Treatment. Due to rapid and continual
industrialization over past decades, the accretion of heavy
metals in water and soils, discharged from various industries
(such as smelting, mining, electroplating and agricultural
activities), has become a serious environment problem [57].
We have utilized pinus-g-(AN/EA) as an adsorbent for the
removal of highly toxic Pb(II) metal ion from the aqueous
medium. For this study, 50mg of pinus-g-(AN/EA) was
shaken with 100mL solution of 50 ppm of Pb(II) metal ion.
It was noticed that 86.5% of Pb(II) metal ion was adsorbed
within 2 h which showed the high adsorption efficiency of
pinus-g-(AN/EA) towards Pb(II) metal ion. ,e results

Table 1: Crystallinity index and % crystallinity of pinus-raw and pinus-g-(AN/EA).

Sample Crystallinity index % crystallinity
Pinus-raw 0.26 58
Pinus-g-(AN/EA) 0.20 55

Journal of Chemistry 11



10

20

30

40

50

60

70

80

Pe
rc

en
ta

ge
 g

ra
fti

ng
 (%

)

35 40 45 50 55 60 65 70 75 8030

Temperature (°C)

(a)

0

10

20

30

40

50

60

70

80

Pe
rc

en
ta

ge
 g

ra
fti

ng
 (%

)

2 3 541

Time (hours)

(b)

20

30

40

50

60

70

80

Pe
rc

en
ta

ge
 g

ra
fti

ng
 (%

)

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 214

Initiator concentration (%)

(c)

0

10

20

30

40

50

60

70
Pe

rc
en

ta
ge

 g
ra

fti
ng

 (%
)

0.2M (EA) +
0.05M (AN)

0.05M (EA) +
0.2M (AN)

0.2M (EA) +
0.2M (AN)

0.1M (EA) +
0.2M (AN)

0.2M (EA) +
 0.1M (AN)

Monomer concentration (%)

(d)

10

12

14

16

18

20

22

24

Pe
rc

en
ta

ge
 g

ra
fti

ng
 (%

)

2 3 4 5 6 7 8 9 10 11 12 13 14 151

pH

(e)
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Figure 5: Swelling studies for (a) pinus-raw and (b) pinus-g-(AN/EA).
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Figure 6: Chemical resistivity of (a) pinus-raw and (b) pinus-g-(AN/EA).
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demonstrated that pinus-g-(AN/EA) was a good and eco-
nomical adsorbent and had broad application prospects.

5. Conclusion

To obtain the maximum grafting (% yield: 85.34) for Pinus
roxburghii, different reaction parameters were optimized,
i.e., initiator amount at 7%, monomer concentration of
0.2M AN+ 0.2M EA, reaction time of 3 h, and temper-
ature of 65°C. ,e desired functionality was revealed by
the FTIR spectrum which showed the characteristics
peaks at 2241 cm−1 for –C≡N group of acrylonitrile and
1733 cm−1 for the carbonyl group (>C�O). ,us, modi-
fication in physicochemical properties of raw wood can be
obtained by graft copolymerization of a binary monomer
mixture of AN + EA. Pinus-g-(AN/EA) wood showed
more resistance to attack of acids and bases, inhibited the
activity of bacteria, and also showed less swelling. Pinus-g-
(AN/EA) was also used as an adsorbent for the removal of
highly toxic Pb(II) metal ions from the aqueous medium,
and it removed 86.5% Pb(II) within 2 h. So, Pinus-g-(AN/
EA) was a good and economical adsorbent and had broad
application prospects.
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