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Chemical grafting of acrylic acid onto pine cone powder was carried out using free radical initiation. Pretreatment by
Fenton oxidation was used for the removal of extractives, such as plant pigments, lignin, resin acids and tannins, for the
accessibility of cellulose to ceric ammonium nitrate initiator and to the monomer. The effects of temperature, monomer
(acrylic acid), initiator (CAN), time, acid (HNOj3) and mass of pine powder were investigated. The optimum conditions
were found to be 70 °C, monomer to mass of pine ratio of 7:10, 1 g of initiator, 1 g of Fenton pine cone powder, 0.9
mol/LL. HNO; and reaction time of 60 minutes. Acetone and tetrahydrofuran (THF) were used to remove the
homopolymer (poly(acrylic acid)) from the grafted copolymer. A relatively high percentage of grafting was achieved
under optimum reaction conditions. Fenton pretreatment of the pine cone powder before grafting provided the
formation of the hydroxyl radical, which improved the grafting percentage and the efficiency to 100% and 54%,
respectively. Furthermore, the advantages of using CAN provided high grafting efficiency and lower homopolymer

formation. The grafted copolymer was characterized by FTIR, TGA, DSC, SEM, XRD and EDS analyses.

Keywords: grafting, acrylic acid, ceric ammonium nitrate, Fenton reagent, pine cone powder

INTRODUCTION

Green chemistry has generated renewed
interest in novel composites derived from a
variety of agricultural waste materials.'
Agricultural by-products are available in large
quantities and have potential as inexpensive
sorbents. These natural materials are eco-friendly
due to their unique chemical composition.’
Adsorbents resulting from agricultural waste
materials are usually called biosorbents.’

Pine cone is a lignocellulose material, it is an
abundant natural resource from the wood industry
and large quantities are produced annually. It
belongs to the class of Gymnosperma and family
of Pinaceae, and is a renewable resource.” Pine
plantations are grown for the furniture, building
and paper industries and the cones are available as
a waste product. Nurseries grind the cones into
mulch or they are sold as crafts, but the consumer
demand for these cones is small, compared to the
by-products from other industries."

Ridout et al’ reported that lignocellulosic
biomass is composed mainly of cellulose (40%),
hemicelluloses (20%), and lignin (18%).%” Hence,
chemical or biological treatment to prevent the
leaching of colored organic compounds, such as

tannins, and to depolymerize others, such as
lignin, is necessary.' Different modification
techniques, which include the use of inorganic
acids (sulphuric acid, nitric acid, phosphoric acid,
hydrochloric acid, citric acid, tartaric acid), strong
bases (calcium hydroxide, sodium hydroxide,
sodium carbonate), oxidising agents (Fenton’s
reagent, potassium permanganate), organic
compounds  (ethylenediaminetetraacetic  acid,
formaldehyde, epichlorohydrin), grafting and
solvent extraction have been reported in the
literature by several authors.””"°

Ofomaja et al.® reported that chemical
treatment with potassium hydroxide (KOH)
solubilized a small fraction of the lignin as well as
soluble extracts in the plant waste, and improved
the penetration of modifying agents. They further
reported that chemical grafting using radical
initiators is known to form covalent linkages
between biosorbent and polymer molecules,
which are not reversible under low solution pH
conditions. Grafting using different monomers
onto cellulosic or lignocellulosic materials has
been used to enhance their chemical and physical
properties by allowing the attachment of a wide
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range of specific groups to the cellulose
backbone."'

Grafting acrylonitrile onto pineapple leaf
fibers improved their thermal properties, grafting
acrylamide onto coconut husk produced a
selective adsorbent for mercury (II), while
grafting acrylamide onto sisal fibers improved
their moisture absorption.'” To improve the
structural characteristics of the initial material, a
pretreatment is necessary for removing plant
organic components, such as plant pigments,
lignin, resin acids and tannins for enhancing the
accessibility of cellulose to the initiator and to the
monomer.'> Bhange ef al."” reported an increased
grafting percentage when the cellulose fiber was
pretreated by passing nitrogen through the
aqueous solution, which was agitated in the
Fenton reagent initiator.” Hence, the type of
pretreatment and initiator has an important effect
on the grafting and it determines the grafting
percentage depending on the monomer to be
grafted."?

The pretreatment by the Fenton reagent (Iron
(II) hydrogen peroxide) is cheap, because it
involves the addition of hydrogen peroxide to a
solution containing lignocellulose material in the
presence of ferrous salts, creating hydroxyl
radicals.® Bhange ef al."" investigated the effect of
Fenton’s pretreatment on garden biomass lignin
and cellulose degradation, and their results
showed that Fenton’s reagent was effective in
lignin degradation.

Additionally, the type of initiator has an
important effect on grafting, for example, ceric
ion offers many advantages due to its high
grafting efficiency and lower homopolymer
formation. Radical formation on the cellulose
backbone may occur either on the carbon (C-6) or
oxygen atom of methylol (-CH,OH) group.'""
Therefore, this study seeks (1) to pretreat the
surface of pine cone powder by using Fenton’s
reagent and (2) to graft with acrylic acid using
ceric ammonium nitrate as initiator. The resulting
composite will be then characterized using FTIR,
TGA, DSC, SEM, XRD and EDS.

EXPERIMENTAL
Sample collection

The cones were collected from pine trees
(Gymnosperma  class,  Pinaceae  family) in
Vanderbijlpark, Gauteng province in South Africa.
Megasporophylls (female pine cones), i.e. cone scales,
were used for this study. They were washed and dried
in an oven at 80 °C for 48 hours to remove impurities
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and some volatile organics, such as monoterpenes,
without destroying the pine cone matrix. The cone
scales were peeled and crushed to powder using a
pulveriser, and then sieved. The fraction with particle
size ranging between 45-90 pum was retained for
experimental use.

Reagents

All the reagents were purchased from Sigma-
Aldrich or Merck and were used without further
purification: H,O, (30%), FeCl,.4H,0 (98%), HCl
(32%), HNO; (70%), ammonium ceric nitrate (98.5%),
acrylic acid (99%), acetone (99.5%) and
tetrahydrofuran (99.5%).

Physical measurements

Infrared spectra (500-4000 cm™) were recorded on
a Perkin Elmer FTIR/FT-NIR spectrometer. TGA and
DSC were performed using a Thermal Analyzer (STA)
6000. The chemical composition and morphology were
investigated by a Scanning Electron Microscope
(SEM/EDS) at different KV magnifications, using a
VEGA 3 TESCAN model. Particle size distribution
was measured using the laser diffraction technique
(Malvern Mastersizer 2000 Instrument).

Synthesis

The sieved pine cone powder was then divided into
two parts. The first part was left untreated and the
second was modified with Fenton’s reagent and then
grafted with acrylic acid.

Fenton’s reagent

Fenton’s reagent was prepared according to the
procedure described by Ofomaja et al.® The procedure
includes measuring 303 mL of 30% H,0, and 6.993g
of Fe** as FeCl,.4H,0, which were separately placed
in 1000 mL flasks containing distilled water. The pH
of the Fe”* solution was adjusted to be between 3 and
4.5 with 0.1M HCIL. An Adwa AD8S000 pH meter was
used for the pH measurements. In a 500 mL three-
necked round-bottomed flask with a nitrogen inlet and
magnetic stirrer, 250 mL of Fe®* and 50 g of pine cone
powder were mixed and heated at 50 °C for 30
minutes. To this mixture, 250 mL of the prepared H,0,
was added and the heating was continued for another
30 minutes. The resulting bleached/oxidised mixture
was filtered under suction with a Whatman TM filter
paper. The residue was washed with distilled water
until the filtrate was clear, and then dried overnight at
80 °C.

Grafting

Table 1 shows the values of the materials and
conditions used for the grafting procedure. Fenton-
treated pine cone powder was mixed with 20 mL of
distilled water, then nitric acid was added and the
mixture was placed in the reaction setup. Ceric
ammonium nitrate (CAN) was dissolved in distilled



water and then added to the mixture. The mixture was
heated at the required temperature under vacuum for 5
minutes, and then switched to nitrogen gas for 15
minutes. The required ratio of acrylic acid was added
to the mixture gradually over 15 minutes (Table 1),
with continuous stirring. The mixture was then
centrifuged and the solid was washed with distilled
water to remove traces of initiator and acid, dried at
room temperature for 24 hours and then washed again
with acetone (2 x 30 mL) and (2 x 30 mL)
tetrahydrofuran (THF) to remove the homopolymer
(poly(acrylic acid)). The grafting percentage and
efficiency for the composite were calculated using
Equations 1 and 2.

Grafting percentage (%) = [(W,—W)/Wp)] x 100 (1)

where W, and W, are the weights of the grafted
copolymer and the original Fenton treated pine cone
powder (FPCP), respectively.'”

Grafting efficiency (GE) shows the fraction of
monomer grafted onto FPCP from the amount of
monomer converted to graft polymer plus the
remaining homopolymer, which means the fraction of
polymer that is grafted to FPCP in total polymer, and it
was calculated by using Equation 2.

Table 1

Pine cone

Grafting efficiency (%) = [(W;— Wy)/(W—-W, +W,)] x
100 @
where W, W, and W, are the weights of the grafted
copolymer, the original FPCP, and the homopolymer,
respectively.lo

RESULTS AND DISCUSSION
Fourier transform infrared spectroscopy
(FTIR) analysis

Figure 1 shows the infrared spectra for
untreated pine cone powder, FPCP and grafted
copolymer. The major peak at 3300 cm’
corresponds to the —OH band and that at 2900 cm'
to the C—H band; the main difference lies in their
intensities. The —OH band for FPCP declined
relative to that of the untreated pine cone powder,
which indicated the removal of hydroxyl groups
during the Fenton treatment.”'® The increase in
intensity of the —OH band for the grafted
copolymer is evidence that grafting with acrylic
acid was achieved.’

Variables used in the grafting procedure

Variable Value
Mass of pine (g) 1.0, 1.5, 2.0, 2.5, 3.0
Mass of CAN (g) 1.0,1.5,2.0,2.5,3.0

Temperature (°C)
Time (minutes)
[HNOs] (M)
Acrylic acid ratios

30, 40, 50, 60, 70, 80

15, 30, 45, 60

0.3,0.6,0.9, 1.1
2:10, 3:10, 4:10, 5:10, 6:10, 7:10, 8:10, 9:10, 10:10, 11:10, 12:10, 13:10, 14:10
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Figure 1: Infrared spectra of (a) untreated pine cone, (b) Fenton treated pine cone and (c) grafted pine cone

The C=O band at 1750 cm’ indicates the
asymmetric and symmetric stretching vibrations of
the ionic carboxylic acid group. The grafted

copolymer signal increased in intensity, indicating
that the carboxylic functions had been grafted onto
the surface of the FPCP material. The weakening
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of the peak at 1263 cm™ of the grafted copolymer
is due to the deformation vibration of C=0O and
stretching formation of OH for carboxylic acid.
The peak between 2750 and 2900 cm’l, which is
attributed to aliphatic C-H stretching, decreased
for both FPCP and grafted copolymer. This may
have been caused by the aliphatic fraction of
waxes, which decreased during the Fenton
treatment.” The peak at 1500 cm™ is due to the
benzene ring from lignin.>”'* The lignin finger-
print region (1830-730 cm™) might be rich in
methoxyl —O-CH, C-O-C stretching and C=C
(aromatic ring) containing compounds.'>'®

FTIR has revealed the functional groups that
were present in the three materials (such as
hydroxyl, carboxylic, methoxyl and benzene
groups). The band intensity of the —OH group for
the grafted copolymer increased compared to the
result for FPCP, which shows that the oxidizing
agent did oxidize some functional groups on the
lignocellulose material and that radical grafting
was achieved.'’

The decrease in intensity of the C-H
absorption band for FPCP may be attributed to the
reduction of the hydrocarbon content, which
resulted from the reaction of the starting material
(untreated pine cone powder) with the Fenton
reagent and grafting with acrylic acid. On the
other hand, the weakening of the C—O-C band for
the grafted copolymer confirms that cellulose is
degraded during grafting.'®

Fenton’s treatment resulted in the oxidation of
organic components in carbonaceous materials by
hydroxyl radicals generated from the reaction of
hydrogen peroxide. The radicals created were
transferred to the carbonaceous material (RH),
thus breaking down the organic matrix and
producing radicals (R"), which can be oxidized to
breakdown, as described in Equations 3 and 4:Y
Fe’* + H,0, — Fe’* +OH’ 3)
RH+HO —» H,O0+R 4

Furthermore, the cerium ammonium nitrate
(CAN) created the initiation sites for grafting on
the cellulose backbone. The radical formation on
the cellulose backbone may occur either on the
carbon (C-6) or on the oxygen atom of methylol
(~CH,0OH) group and the grafting may also occur
on C-2 carbon by the ring opening of the cellulose
backbone. Sharma er al® also reported that
grafting occurs mainly at the C2-C3 glycol unit,
and to a lesser degree at the C6-hydroxyl in the
grafting of acrylonitrile onto Cassia tora gum,
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which is a common herbaceous annual weed
growing in India.

Thermogravimetric (TGA) analysis

TGA was performed to determine the mass
changes in the composite, which happen at a
molecular level, as a function of time and
temperature. Thermal degradation of the pine
cone biomass occurred in three phases: (1)
moisture evaporation in the range of 30-150 °C,
(2) hemicelluloses and cellulose decomposition at
200-350 °C, and (3) lignin decomposition at 160-
700 °C, as shown in Figure 2 (a) and (b).*' Mass
losses are observed in the temperature range of
200-375 °C for untreated powder, while for the
grafted copolymer — at 450-750 °C.

Figure 2 (a) shows the first phase
corresponding to the initial mass loss at low
temperatures below 150 °C for the untreated pine
cone powder and FPCP, which can be explained
by water molecules evaporating from the material
due to the hygroscopic nature of the pine cone
surface.*”* The grafted copolymer showed an
initial weight loss at about 150 °C, which is
slightly different from that of untreated pine cone
powder and FPCP. Mass losses during this stage
were of about 10% for the untreated pinecone
powder, 7% for FPCP and 8% for the grafted
copolymer. The difference in mass losses
indicates a decrease in surface hydrophilic groups,
which signifies an increase in the hydrophobic
character for FPCP and grafted copolymer due to
the Fe**/H,0, treatment and acrylic acid grafting.
This information supports the results obtained
from the FTIR spectra in Figure 1, which show a
loss of hydroxyl functions for both FPCP and
grafted copolymer. The second phase (Fig. 2 (a))
shows the decomposition of hemicelluloses at
100-200 °C and that of cellulose at 200-300 °C
for both untreated pine cone powder and FPCP.
The behaviour of the grafted copolymer was
slightly  different: the decomposition of
hemicelluloses occurred at 300-450 °C, while
cellulose decomposed at about 450-700 °C. The
mass losses were of about 55% and 50% for the
untreated pine cone powder and FPCP,
respectively. However, the mass loss for the
grafted copolymer was of about 60%. It was
reported that hemicelluloses decompose at lower
temperatures owing to their random and
amorphous structure.”> Cellulose consists of both
amorphous and crystalline regions, with the
amorphous regions being oxidized at a lower
temperature, whereas the crystalline regions are



oxidized at a higher temperature. The third phase
(Fig. 2 (a)) is attributed to the decomposition of
lignin and it took place at about 100-700 °C for
the untreated pine cone powder and FPCP, while
for the grafted copolymer — at about 200-700 °C.
Lignin is chemically  different  from
hemicelluloses and cellulose, because it is
composed of three kinds of benzene—propane
units, is heavily cross-linked and has a relatively
high molecular weight.”>**
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Additionally, the thermal stability of lignin is
also relatively high. The shift that was observed
for the grafted copolymer may be attributed to the
grafting of acrylic acid onto FPCP, which
improved the thermal stability of the grafted
copolymer. Enhanced thermal and physico-
chemical properties of cellulose pine needles
grafted with butyl acrylate were also observed.”
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Figure 2: (A) TGA for (a) untreated pine cone, (b) Fenton treated pine cone and (c) grafted pine cone; (B) DTA for (a)
untreated pine cone, (b) Fenton treated pine cone and (c) grafted pine cone

The grafted copolymer showed improved
thermal stability by its both TGA and DTA
curves. The initial decomposition temperature for
the grafted copolymer increased from 250 to 450
°C. It was observed that T,,,, shifted to 750 °C for
the grated pine cone powder, as seen in Figure 2
(b), compared to the decomposition temperature
of 350 °C for untreated pine cone powder and
FPCP. These observations clearly indicate that
grafting improved the thermal stability of FPCP.
Thermal stability was found to be dependent on
the degree of grafting onto pine.*®

X-ray diffraction (XRD) analysis

XRD was used to determine the
crystallographic structure of the studied materials.
The corresponding spectra are presented in Figure
3. Compared to the spectrum of untreated pine
cone powder, those of FPCP and grafted
copolymer show a slight increase in intensity and
broadening of the peaks at 26 = 11°, 15.3°, 22.6°
and 34.5°. The spectra reveal that pine cone is
composed mainly of crystalline cellulose, as
indicated by the peak at 20 = 22.6°.> The peaks at

20 = 15° and 34.5° intensified because the
crystalline nature of FPCP and grafted copolymer
increased. The further increase of the peak at 20 =
34.5% in Figure 3 (c) may be explained by the fact
that the amorphous phase of the grafted
copolymer was further enhanced by the initiator
(CAN), creating more reaction sites on the
cellulose backbone as a result of the incorporation
of acrylic acid.”’

Scanning electron microscopy (SEM) analysis

The surface features of the three studied
materials were examined by SEM, and their
corresponding micrographs are illustrated in
Figure 4. The surface of the untreated pine cone
powder was uneven, with visible small particles,
which may be due to the lignin and other
extractives. FPCP shows less surface roughness
and the small particles are absent, which may be
because of the removal of lignin and other
extractives, such as soluble organic substances.?®
The smooth surface of the grafted copolymer can
be an indication that acrylic acid coated the
surface of FPCP.
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Figure 3: XRD spectra of (a) untreated pine cone, (b) Fenton treated pine cone and (c) grafted pine cone

Figure 4: SEM photographs of (a) untreated powder, (b) FPCP and (c) grafted copolymer

Energy dispersive spectroscopy (EDS) analysis

Table 2 shows the EDS analysis that was
performed on untreated pine cone powder, FPCP
and grafted copolymer. The amount of carbon in
Fenton treated pine and grafted copolymer
increased in comparison with that in the untreated
pine cone powder. A slight increase in the oxygen
content was observed compared to both untreated
pine cone powder and Fenton treated pine. This
signifies that the carboxylic functional groups had
been grafted onto the surface of the FPCP
material, as indicated by the FTIR results. The
main difference between the untreated pine cone,
Fenton treated and the grafted copolymer is in the
nitrogen content. This reveals that Fenton’s
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reagent managed to remove some of the
extractives, waxes and resin from the Fenton
treated pine cone powder.”” The highest percent
increase in nitrogen content was observed for the
grafted copolymer. This signifies that grafting
took place on Fenton treated pine powder.

Grafting optimization

The optimum conditions for copolymerization
were investigated in terms of FPCP mass, time,
HNO; concentration, mass of CAN, temperature
and monomer ratio, individually, while keeping
all the other reaction conditions constant (e.g.
time — 30 minutes, HNO; concentration — 0.9M,
mass of initiator — 1.0 g, temperature — 50 °C, and



monomer ratio — 2:10). The corresponding results
with respect to grafting percentage and efficiency
are shown in Figure 6.

Effect of FPCP mass

The effects of the FPCP mass were studied and
the copolymerization was carried out with various
masses ranging from 1.0 g to 3.0 g (Fig. 6 (a)).
Figure 6 (a) reveals that when the mass of FPCP
was 1.0 g, the highest grafting percentage and
grafting efficiency were of 92% and 50%,
respectively. A further increase in the amount of
FPCP showed a decrease in both parameters. This
may be because at 1.0 g of FPCP, free radicals are
generated for grafting the monomer. A further
increase in the quantity of FPCP was therefore
pointless, because the amounts of acid, initiator
and monomer were reduced and the grafting had
stopped, since there were no more active sites
available.

Effect of time

There was a slight increase in grafting
percentage and efficiency with an increase in time
(Fig. 6 (b)), the optimum values achieved being of
99% and 50%, respectively, at 60 minutes. The
increasing grafting percentage with time could be
explained by the increased interactions between
the initiator, the monomer and FPCP, which
resultze;d in further generation of free radical
sites.

Effect of nitric acid concentration

The optimum grafting percentage and grafting
efficiency of 100% and 51%, respectively, were
achieved when the concentration of nitric acid
was 0.9 M (Fig. 6 (c)). A further increase in acid
concentration showed a slight decrease in grafting
percentage, but grafting efficiency remained at
51%.

Effect of initiator (CAN)

Grafting percentage (99%) and efficiency (50%)
were the highest when 1.0 g of initiator was used
(Fig. 6 (d)). A further increase from 1.5 to 3 g in
the mass of initiator led to a slight decrease. This
might be attributed to the fact that only initiator
concentration was increased, while the
concentration of nitric acid, the mass of FPCP and
of the monomer remained constant. Nitric acid in
the grafting medium allows the initiator to create

Pine cone

free radicals on FPCP by oxidizing Ce*" ions.
Therefore, a further increase in the amount of
initiator, while the concentration of nitric acid
remains constant, resulted in an excess, because
the monomer was exhausted and could no longer
be attached to free radicals. The initial increase in
grafting percentage and efficiency was attributed
to the availability of more free radicals generated
for grafting the monomer. Maximum yields were
observed when an initiator concentration of 1.0 g
and 10 mL of HNO; were used.*

Effect of monomer

Grafting parameters started to fluctuate when
the concentration of nitric acid was 0.8M. The
highest optimum grafting percentage of 100% and
efficiency of 54% were observed when the
monomer ratio was 7:10 (Fig. 6 (e)). This may be
explained by assuming that, initially, the active
sites of FPCP were available for the monomer,
resulting with an increase in grafting percentage
and efficiency. However, a further increase in
monomer concentration caused more
homopolymer to be formed, leading to a decrease
in the grafting parameters, because there was
excess monomer and limited availability of FPCP.

Effect of temperature

The maximum grafting percentage of 100%
was obtained at 70 °C, while grafting efficiency
was 51%. The grafting parameters started
decreasing with a further rise in temperature.
These results indicate that the grafting parameters
depend on temperature. It was reported that, at 70
°C, a higher dissociation rate, diffusion of the
initiator and mobility of the monomer to the
active sites of cellulose produced a considerable
improvement in grafting parameters.”’ A further
increase in temperature beyond 70 °C resulted in
radical termination, which led to the decrease of
grafting percentage and efficiency. It was
observed that at temperatures above 70 °C, more
homopolymer was formed and the grafting
reaction decreased. Moreover, the optimum
temperature for the grafting reaction was
observed to be dependent on the initiator used.”
Grafting acrylic acid onto cellulose in a
heterogeneous medium using CAN-HNO;
initiator resulted in higher grafting percentages at

temperatures between 30 and 70 °C, but lower at
90 °C."
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Table 2
Elemental analysis of pine cone (% on dry weight basis).

Sample Carbon  Hydrogen Nitrogen Sulphur Oxygen*
Untreated pine 45.37 6.381 0.33 0.108 47.81
Fenton treated pine 46.03 6.301 0.18 0.007 47.48
Grafted pine 44.09 6.078 0.11 0.022 49.70
*Calculated by difference
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Figure 6: Grafting percentage and efficiency as a function of (a) mass of FPCP, (b) time, (c) acid concentration, (d)
mass of CAN, (e) monomer ratio (AA) and (f) temperature

CONCLUSION

Grafting of acrylic acid onto Fenton treated
pine cone powder was successfully conducted by
using the free-radical grafting procedure. The
optimum conditions for the graft polymerization
were established to be: 70 °C, monomer to pine
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mass ratio — 7:10, initiator — 1.0 g, Fenton pine
cone powder — 1.0 g, HNO; — 0.9 mol/L and time
of 60 minutes. The highest grafting percentage
and efficiency of 100% and 54%, respectively,
were achieved under the optimum reaction
conditions. The results obtained from the FTIR,



TGA, DTA, XRD, EDS and SEM analyses
confirmed the presence of acrylic acid on the
grafted product. The morphological and structural
changes observed showed that grafting was
definitely achieved because the crystallinity of the
grafted copolymer increased in comparison with
that of the untreated pine cone powder and FPCP.
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