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ABSTRACT: Tall oil is one of the side products from the kraft pulping process of lignocellulosic material. The most abundant acid
found in this crude viscous material is abietic acid. Strangely, in the past, the utilization of tall oil has been limited to incineration
for cogeneration of power. In this study, tall oil rosin acids (TORAs) were used in two different applications. First, it was used to
enhance the hydrophobicity and thermal properties of hemp fibers. Second, TORAs were used to supplement epoxy for the produc-
tion of a polymeric material. The reaction conditions from a model study were mimicked using a crude tall oil rosin acid mixture to
enhance hemp fibers. Treated hemp fibers were characterized with increased surface hydrophobicity and improved thermal properties.
Also, IR and X-ray photoelectron spectroscopy confirmed successful chemical modification and grafting of carbon rich moieties onto
the surface of the fibers, respectively. Furthermore, TORAs were used to supplement epoxy resin and produced plastics with compara-
ble properties to pure epoxy based plastics. Specifically, 25% (w/w) replacement exhibited little difference in thermal stability and cur-

ing when compared to virgin epoxy plastics. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44327.
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INTRODUCTION

Recently, there has been an increasing demand for natural and
renewable products applicable to the industrial space because of
the concerns surrounding waste disposal, the depletion of non-
renewable resources, and environmental issues. Renewable resour-
ces have the potential to replace petrochemical-based platforms
through the design of bio-based systems that can compete with
the former in terms of cost. The use of biomass or byproducts
from the biomass processing for production of composites and
plastics has been identified as one of the key areas of interest.'™

The idea of using natural fibers as a possible reinforcement for
polymeric matrices has been around for a long time. Natural
fibers offer advantageous properties in that they are biodegrad-
able, low weight; they are obtained from a renewable source,
less abrasive on processing equipment, and have comparable
specific mechanical properties with glass fiber.” On the other
hand, natural fibers are limited by a high propensity to absorb
moisture from the environment, have limited thermal stability,
and the polar surfaces of the fibers form a poor interface with
non-polar polymeric matrices.’

Researchers have proposed numerous methods for modification
of these fibers to improve on the associated limitations.

© 2016 Wiley Periodicals, Inc.
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Chemical,* physical,” and biological methods” have been presented
extensively in the literature for enhancing natural fibers. Also, of
late, a lot of research has been done using compatibilizers to
enhance natural fibers. In one particular study, Tajvidi and Take-
mura (2009)° studied the effect of compatabilizers on the thermal
stability and degradation of composites made of polyethylene rein-
forced with kenaf fibers, wood flour, newsprint, and rice hulls.
They reported that the use of the compatibilizers (maleic anhy-
dride) reduced the rate of degradation of the material because of
better interfacial adhesion. However, these methods are in some
cases not practical. As outlined by George et al. (2016),” in a com-
prehensive review with a section specific to the life cycle assess-
ment of natural fiber composites, the methods best suited for large
scale commercialization of these composites should be integrated
with other processes. In other words, using industry waste, instead
of manufacturing chemicals suited for modification was one of the
big positives with respect to a green environmental footprint.

Another aspect of great interest has been the development of
protocols to produce plastics using renewable feedstocks in an
attempt to reduce the dependence on petrochemical-based
materials and to aid in the mitigation of possible harmful envi-
ronmental effects. Researchers have used different proteins such
as egg albumin,® soy protein,” and carbohydrate sources such as
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corn'® to produce plastics with properties mimicking those of
the conventional polymers. Despite being sourced from a
renewable space, most of these systems are limited by high cost
and capital investments, large quantities of biological waste as a
result of fermentation, as well as poor mechanical, and water
resistance properties.'” The unique feature of most bio-based
polymer systems is the availability of large numbers of function-
al groups that can be exploited to produce plastics via crosslink-
ing or polymerization. Based on a survey of the current
literature and the possible technologies of the futures, our
research team postulates that in order for a polymer or plastic
industry to be commercially viable, it must utilize renewable
sources that are part of byproducts from established industries.

Mekonnen et al. (2013)'" studied the possibility of thermoset-
ting proteinaceous plastics from hydrolyzed specified risk mate-
rial (SRM). SRM used in animal feed is one of the main
sources of bovine spongiform encephalopathy (BSE). As a
result, rendering plants are faced with this abundant and low
value material. These researchers produced plastics from ther-
mosetting epoxy resin with the hydrolyzed SRM and these plas-
tics were characterized with good mechanical, water resistance,
and thermal properties. As a result, in this research, we aim to
study the use of a waste material from the pulping industry as a
possible supplementation agent for epoxy plastics.

The use of tall oil rosin acids in novel chemical applications has
been a popular area of research over the past decade.! It has
been used as an additive during the production of diesel, glue,
and nylon. Tall oil is a by-product of the paper and pulping
industry. After the kraft pulping of coniferous wood, tall oil is
recovered from the black liquor. The chemical composition of
tall oil depends on the species and age of pine, as well as the
processing involved. Tall oil consists of primarily fatty acids,
rosin acids, and unsaponifiable matter (e.g., sterols, waxes, and
hydrocarbon) in an approximate ratio of 5:4:1."

In the present work, tall oil was separated into different fractions
using distillation. The heavier fraction, comprising mainly TORAs
was used for the subsequent studies. The use of this heavy fraction
of polycyclic compounds, primarily abietic acid was used to
enhance hemp fibers. In other words, the primary research aim
was to improve the surface and thermal properties of the hemp
fibers. The reaction chemistry was optimized using abietic acid as
a model compound and then the chemistry/knowledge was trans-
ferred to the crude system. The reaction time and concentration
of tall oil rosin acids were optimized. Second, TORAs were used
to supplement epoxy to produce plastics. This was done with two
main aims, to firstly reduce the environmental footprints of prod-
ucts made from epoxy by incorporating a waste material, and sec-
ondly, to study the effect of the supplementation on the
mechanical and thermal properties of the plastics made. In the
end, the thermal and mechanical properties were unaffected up to
25% replacement with the TORAs in epoxy blends.

EXPERIMENTAL

Materials
Hemp fibers (Variety X59) were grown and harvested by the
Rod Lanier’s farm, east of Lethbridge, Alberta. Fibers were
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subsequently decorticated at the Alberta Innovates Technology
Futures facility at Vegreville, Alberta. The decortication process
involved a 2-pass system through a hammer mill type decorti-
cator and cleaning duvex. The product was then passed twice
through a finer opener and step cleaner, then re-baled and
shipped to the University of Alberta for characterization and
utilization. The samples were kept in airtight bags and stored at
4 °C. The hemp fibers used in this study were of dimensions of
2 cm length and approximately 200 microns, width. Also, the
chemical composition of these fibers was reported in a previous
publication.’

Tall oil was obtained from a kraft-pulping mill in Alberta. The
tall oil was distilled to produce the different fractions. Tall oil
rosin acid (TORA) was the viscous and black liquor remaining
after the process. Thionyl chloride (97%, mol. wt. 118.19 g/
mol), pyridine (99.8%, mol. wt. 79.10 g/mol), ethyl alcohol
(99.8%, mol. wt. 46.07 g/mol), epoxy 506, and 2, 4, 6-Tris
(dimethylaminomethyl) phenol (mol. wt. 265.39) were obtained
from Sigma-Aldrich (Minnesota, U.S.A).

Enhancement of Hemp Fibers Using Tall Oil Rosin Acids
Chemical Treatment (Model System). Approximately 1.0 g of
hemp fiber was weighed into a 250 mL three-neck round bot-
tom flask. The three-neck flask was fitted with condenser, a sep-
aratory funnel, and a gas trap. Approximately 0.15 mol. of
abietic acid was dissolved in 100 mL ethanol, and added to the
flask. 0.125 mol (~ 9.0 mL) of thionyl chloride was added into
the funnel. 1.5 mL (10 mmol. per g dried hemp) pyridine was
added to the contents of the flask. The reaction vessel was heat-
ed steadily to 80-90 °C for the allotted time periods. After the
reaction, the fibers were filtered and washed with ethanol.
Treated fibers were originally Soxhlet extracted, but this was dis-
continued after it was determined that there was no difference
in chemistry between the Soxhlet and non-Soxhlet fibers. Fibers
were dried at 80 °C for 4 h and stored until analysis. Similarly,
to investigate the effect of acylating agent, the reaction was
repeated without using thionyl chloride. The treated fibers were
washed, and stored as described above.

Chemical Treatment: Tall Oil Rosin Acid System. The condi-
tions selected for this study were based on importance and rele-
vance to industry. Hence, reaction time and the concentration
of tall oil rosin acids were studied. Reaction times of 30, 45, 60,
75, and 90 min were studied. Concentrations of 0.010, 0.015,
and 0.020 g/L of the rosin acids were used. The procedure out-
lined in “Chemical treatment (model system)” section was
repeated for the TORA system with few exceptions. Instead of
abietic acid, the tall oil rosin acid system was used. A control,
consisting of everything except the TORAs was also monitored.

Determination of Optimum Reaction Parameters. Percentage
weight gain. The percentage weight gain for each system was
monitored. After each reaction, the fibers were carefully filtered
and washed. The fibers were dried until constant weight and
the change in weight was reported as the percentage weight
gained. Equation (1) was used for all calculations.
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% Weight gain=|(Treated wt. —initial wt.)/(initial wt.)]
* 100% (1

Degree of substitution. The volumetric procedure outlined by
Freire et al. (2005) was used for all analyses. A few modifica-
tions were made for this study. 0.1 g of hemp fiber was weighed
into a test tube (100 mL). 4 mL of ethanol (70%) was added to
each tube. The samples were thoroughly mixed using a vortex.
4 mL of sodium hydroxide (0.5 M) was then added and the
tubes were sealed, and kept at 30 °C for 24 h. The contents of
each tube were titrated using 0.5 M hydrochloric acid. Phenol-
phthalein was used as an indicator in all cases. An excess of
0.4 mL acid was added to each tube after the end point was
observed. The samples were left to sit for 12 h. Finally, the acid
remaining was back titrated using 0.5 M sodium hydroxide
(NaOH). The equation provided by Freire et al. (2005)*? was
used for all calculations.

It should be noted; the method outlined here was developed for
cellulosic material. But, this case, the property was used as a
measure of surface change. Hence, the results obtained are a
qualitative guide to the degree of substitution and was used
only for comparison purposes among these samples and should
not be compared to other studies.

Characterization of Hemp Fibers. Force tensiometry/contact
angle measurement. A 700 Sigma One Attension tensiometer
(Biolin Scientific-Stockholm, Sweden) was used to measure the
contact angles. All samples were pre-conditioned at 80 °C for
3 h prior to analysis. The Washburn capillary rise method was
used to characterize the fiber bundles.” For each experiment,
triplicate analysis was done for each sample with three cycles of
immersion (three measurements taken on a single fiber). An
immersion speed of 2 mm/min was used for both advancing
and receding measurements. Given the nature of the technique,
both advancing (penetration of the fiber into liquid) and reced-
ing (recession of the fiber from liquid) contact angles were cal-
culated for each cycle. Equation (2) was used to estimate the
contact angle for each sample.’

Wetting force=Liquid vapor surface tension
* perimeter of fibres * cos 6 (2)

Where 6 is the unknown contact angle. The contact angle for
each sample was calculated using the measured wetting force.
No significant difference was found between advancing and
receding angles for most samples. Hence, results were reported
as mean = standard deviation.

Fourier transform infrared spectroscopy. A Thermo Scientific
Nicolet attenuated total reflectance Fourier Transform infrared
spectrometer was used for studying the chemical changes associ-
ated with surface modification. A zinc selenide crystal was used
for all sample analysis. Liquid nitrogen cooling was used to
maintain constant temperature within the sample chamber. A
resolution of 4 cm ™' and 32 scans were used for all samples.

Morphological characterization. Micrographs of the pulp sam-
ple surfaces of untreated and chemically treated fibers were taken
using a Hitachi S-2700 Scanning Electron Microscope (SEM)
equipped with a Princeton Gamma Tech (PGT) IMIX digital
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Table I. Relative Percentage of Different Components Used to Produce the

Plastics
% Epoxy % TORAs % Hardener

System (w/w) (wiw) (w/w)
Control 95 0 5

5% 90 5 5

15% 80 15 5

25% 70 25 5

35% 60 35 5

imaging system and a Prism Intrinsic germanium (IG) detector. A
gold sputter coater was used to induce conductivity and a resolu-
tion of 4 nm was used for all samples. 0.01 = 0.001 g of hemp was
mounted on conductive adhesive tape, sputtered coated with gold
palladium, and observed using a voltage of 15-20 kV.

X-ray photoelectron spectroscopy (XPS). A Kratos Ultra 165 X-
ray Photoelectron Spectrometer with energy spectra ranging
from 0 to 1000 eV was used for all measurements. The elemen-
tal composition and the oxygen to carbon ratio (O/C) of the
surface of the different fibers following treatment were the main
foci. Both high and low resolution scans were recorded and
used for deciphering any changes. Approximately 0.05 = 0.005 g
of pulp sample was pressed into a disc with diameter of about
0.25 mm for analysis. The take-off angle was maintained at 45°
in relation to the sample surface. For each sample, three sample
locations were scanned at area of 200-400 pm?”. Raw data was
normalized and analyzed using CasaXPS program (Casa Soft-
ware Ltd., UK). The mole fractions were calculated using nor-
malized peaks based on acquisition parameters after a linear
background subtraction and consideration of experimental sen-
sitivity factors. Cls spectra were analyzed with a Gaussian prod-
uct function, by maintaining the full width at half maximum
(FWHM) of all components to within the range of 1.200-
1.600.>"

Thermogravimetric analysis (TGA). The procedure outlined in
an earlier study was used for thermal analysis of the treated
samples.” Experiments were conducted using a Thermal Analysis
Instruments TGA Q50 apparatus under a flow of nitrogen to
study the effects of heating on stability of the different treated
pulp samples. Platinum pans were used given the high tempera-
tures and the ease of cleaning. The temperature range selected
was from room temperature to 600 °C at a rate of 15°C per
min. For each sample, triplicate runs were done. All results were
reproduced to 5% error or better.

Supplementation of Epoxy Resin with TORAs: Production of
Plastics

TORAs and epoxy resin were heated in a convection oven at
60 °C for 2 h to reduce their viscosity. Mixtures of 5, 15, 25, or
35% (w/w) TORAs, along with 5% (w/w) hardener (2, 4, 6-Tris
(dimethylaminomethyl) phenol) were brought up to 100% with
epoxy, mixed vigorously for 5 min, and then placed in the
molds. The weight ratios were selected based on the possible
number of functional groups capable of crosslinking the TORAs
fractions. The different formulations are presented in Table I.
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High concentrations (25 and 35%) of TORAs when mixed with
epoxy, impeded mixing, and tended to cure faster (3 h) when
compared to the lower concentrations which took at least 15 h
to cure. Curing took place at 165 °C for 5 h followed by post
curing at 180 °C for an hour. Plastics were cooled and placed in
a desiccator overnight. It should be noted, in the preliminary
reactions, the absence of a hardener resulted in uncured
samples.

Characterization of Plastics. Infrared spectroscopy. Samples
were finely comminuted, mixed with KBr, and compressed into
a pellet for analysis. A Shimadzu 8400 S, taking 100 scans for
each samples with a resolution of 4 cm™ " was used for all anal-
yses. The spectra were obtained by smoothing with a factor of
10, to improve the sharpness of the peaks. All spectra were
reproducible for each sample.

Differential scanning calorimetry. A thermal analyzer (Q;qo TA
Instruments-Minnesota, USA) was used to study the thermal
transition temperatures of the plastics under a nitrogen atmo-
sphere. For each test, approximately 5 mg of sample were
weighed into an aluminum pan and heated at 10 °C per min
from 0 to 175 °C. Triplicate analysis was done for each system.

Thermal gravimetric analysis. The thermal stability of the plas-
tics was determined using a Qsgg series, TA instruments (Min-
nesota, USA). Plastics samples (5-10 mg) were placed in
platinum pans and heated at 10 °C per min from 20 to 600 °C
under a nitrogen atmosphere.

Mechanical properties. Test specimens with dimensions of 4 X
0.5 inches were obtained using silicon molds. Samples thickness
was within the range required for the test method used
(< 1 mm, between 600 and 800 microns). Specimens were con-
ditioned in a room maintained at a relative humidity of
45+ 5% and a temperature of 22 = 2 °C overnight before test-
ing. Mechanical properties, namely tensile strength, modulus,
and elongation at break, were determined using an Instron
(Norwood, MA) equipped with a 5 kN load cell at a crosshead
speed of 10 mm/min. A G229 Series Pneumatic Grip supplied
by Instron was used for all tests. ASTM D639-14 was followed
for all the mechanical properties measured.

Water resistance properties. Water absorption test for the dif-
ferent plastics were carried out on rectangular specimens, with
diameter of 15 mm and length of 20 mm. All specimens were
conditioned at 80 °C for 5 h and cooled in a desiccator for an
hour prior to measurements. The percentage water absorption,
M, at any time, t, was calculated by the equation:

(Wt - WO)

o

% 100 = water absorption, M; (%)

Where W, is the weight of the sample at time f, and W, is the
initial weight of the sample (t=0). The percentage water
absorption was taken as the average of at least five measure-
ments per sample.

Statistical Analysis

Statistical analyses were done as outlined by George et al
(2014).° Treatments were done in triplicates and results reported
as mean = standard deviation. The statistical analyses of the
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data were conducted using the statistical software package SAS
Version 9.4. The Kruskal Wallis Test was applied to the data
populations involved, with a 95% confidence level (p < 0.05), in
cases where the data was not parametrically distributed. In all
other instances, a t test was used.

RESULTS AND DISCUSSION

TORA Enhanced Hemp Fibers

Reaction Mechanism. The reaction mechanism for the pro-
posed chemistry is given in Figures 1 and 2. In Figure 1, the
formation of the acylated abietic acid is highlighted. The use of
thionyl chloride as an acylating agent was selected based on a
previous publication.'? Pyridine was used as a proton acceptor
and to chelate any free chloride ions in reaction mixture."*

Model Study

A number of concentrations of abietic acid (0.50-0.025 mol.)
were investigated. Higher concentrations of abietic acid treated
for periods longer than 60 min resulted in brittle hemp fibers.
As a result, data from treatments using a concentration of
0.15 mol abietic acid for 90 min will be presented.

Confirmation of Reaction Chemistry. Infrared spectroscopy
was used to study the changes in chemical functionality as a
result of the reaction. Two controls and a treated sample are
presented in Figure 3. The appearance of a peak at approxi-
mately 1750 cm ™' corresponds to the ester C=0 stretch. This
confirmed the successful reaction of the acid and alcohol to
produce the ester bond. Also, based on the NIST database used
to identify the peaks, the small peak at approximately 1680—
1620 cm ™! corresponded to the alkenyl C=C stretch. The pres-
ence of C—C double bonds within the structure of abietic acid
plausibly resulted in the appearance of the mentioned peak. In
summary, infrared spectroscopy highlighted the presence of two
important peaks arising from successful reaction.

Contact Angle. The previous section outlined the changes in
chemical functionality as a result of the successful reaction. The
next obvious question was whether there was any change in the
surface properties due to the reaction. Changes in contact angle
can be a good tool to determine the influence of chemical reac-
tions on the hydrophobicity of hemp fibers. Table II illustrates
the influence of the chemical reaction on the contact angle of
the treated samples.

Hemp fibers exposed to all the required reagents were character-
ized with a significant increase in contact angle. It is plausible
that the grafting of the polycyclic abietic acid onto the surfaces
of the fibers resulted in the reduced surface polarity. Given that
no previous study using tall oil rosin acids to modify natural
fibers has been previously published, it is difficult to foresee
how changes in the contact angle can lead to improvements in
compatibility with matrices. But, as previously reported by
George et al. (2015),"> where they treated hemp fibers with sul-
fonic acids, there was as a corresponding increase in contact
angle. This change was brought on by the aromatic nature of
the sulfonic acids used. Similarly, tall oil rosin acids are charac-
terized with these rings, which significantly increased the con-
tact angle of the fibers. This should render the fibers more
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Figure 1. Plausible reaction mechanism for the production of acid chloride from abietic acid. [Color figure can be viewed at wileyonlinelibrary.com.]

compatible based resins for

applications.

with non-polar composite

X-ray Photoelectron Spectroscopy (XPS). XPS can be used to
study the chemical changes on the surfaces of materials up to
the 10 nm. In this respect, the effect of treatment on the surface
chemical carbon signatures and O/C ratio is presented in Table
II. Hemp fibers treated with abietic acid were characterized
with a significant increase in the C—C and a decrease in any
C—C—O bonding. This is expected because the fiber surface
was plausibly coated with the polycyclic abietic acid. Reduction

Glucose moieties on cellulose

Heat

R

pyridine

in O/C corresponds with data generated in the previous section
showing a reduction in the surface polarity of the fibers.

Abietic acid was used as a model compound to investigate
whether the rosin acids present in tall oil may be an applicable
agent for modifying natural fibers. Based on the preliminary
results presented, an understanding of the chemistry and behav-
ior of materials were reported, and the next phase focused on
studying the tall oil rosin acid system.

Utilization of a Crude Rosin Acid System. The influence of
reaction time and the concentration of tall oil rosin acid were

Figure 2. Reaction of the acylated abietic acid moieties and the cellulosic network. [Color figure can be viewed at wileyonlinelibrary.com.]
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Figure 3. Infrared spectra for (a) untreated hemp fibers, (b) treated hemp
fibers in absence of SOCI, (un-acylated abietic acid), and (c) hemp fibers
treated with acylated abietic acid. [Color figure can be viewed at wileyon-
linelibrary.com.]

investigated. Concentrations of 0.01-0.02 g/L and times of
30-90 min were investigated. The reaction chemistry studied
for the abietic acid system was used as detailed in the
“Experimental” section.

Influence of reaction conditions. The influence of reaction time
and concentration of TORAs are shown in Figure 4. It is appar-
ent that the degree of substitution and percentage weight gained
were both at a maximum after 75 min. Reacting the fibers with
the chemical reagents plausibly resulted in sample degradation
of the natural fiber components after 75 min of treatment. In
fact, Freire et al. (2006)'® mentioned the effect of fiber degrada-
tion after treating cellulosic fibers with fatty acids beyond the
optimum time. They cited that the decrease could be explained
by possible competition between the esterification reaction and
the partial hydrolysis of the ester groups formed as a result of
the presence of moisture in the reaction. In the case of this
study, possible degradation of the fiber could result because of
the accumulation of unreacted species and continued exposure
at the reaction temperature.

Hemp fibers treated with 0.02 g/L TORAs were characterized
with the maximum degree of substitution and weight gain. In
terms of weight percentage gained, after 75 min, there was no
significant difference between the 0.015 and 0.020 g/L treated
fibers. When compared to a study done by Suryana and Khalil
(2011),"7 where succinic and propionic anhydride were used to
modify kenaf fibers, it was observed that the percentage weight
gain for this study was significantly lower. One possible reason
for this may be the steric hindrance due to the bulky nature of
the modifying agent used in this study. Freire et al. (2006)"
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mentioned that the accessibility of the modifying agent coupled
with the surface composition of the fibers significantly influen-
ces the extent of modification. Despite this, there was a reduc-
tion of contact angle or an increase in wettability with water
(increase in polarity) when kenaf was treated with both
reagents, while the present study illustrates an increase in con-
tact angle. This represents a decrease in polarity or hydrophilici-
ty, plausible making the treated fibers better suited for
composite applications.

Force Tensiometry/Contact Angle Measurements. In several
cases, hemp fibers treated with TORAs were characterized with
a significant (p<0.05) increase in contact angle. In other
words, the surface polarities of the hemp fibers were more
hydrophobic. Specifically, a reaction time of 75 min resulted in
fibers with significantly higher contact angle for all three con-
centrations of TORAs examined. As mentioned in the previous
section, treatment after 75 min likely resulted in degradation;
this was supported by the data presented in Table IV, as there
were no improvements in contact angle for samples treated
beyond 75 min. Interestingly, hemp fibers treated with 0.020 g/
L TORAs were characterized with the most significant change in
contact angle. One possible reason for this may be the increase
in chemical reagents that can react with the surface of the
fibers. Also, a higher number of acylated TORAs may have con-
tributed to the number of cases that were significantly
improved. Unfortunately, increasing the concentration of
TORAs in the reacting flask is not an option because there is
aggregation of reagents, instead of surface modification of the
fibers.

Fourier Transform Infra-Red Spectroscopy. Infrared spectros-
copy was used to study the changes in chemical functionality as
a result of the reaction using TORAs. The infrared spectra for a
control and each concentration are presented in Figure 5. As in
the model study, the appearance of a peak at approximately
1750 cm™" corresponds to the ester C=O stretch. This con-
firmed the successful reaction of the acid and alcohol to pro-
duce the ester bond. The reduction of the doublet peaks
intensity at approximately 2800 cm ™' was as a result of reduc-
tion in acid functionality. Finally, the appearance of a peak for
0.015 g/L treated fibers at 2000-1600 cm ™" in the finger print
region corresponds to the phenyl ring substitution. One plausi-
ble reason why this peak appeared in this spectrum alone has to
do with the resolution of the FTIR equipment, the homogeneity
of the sample preparation, and the positioning of the fibers on
the crystal for analysis. The possible reaction of abietic acid

Table II. Change in Contact Angle of the Treated Samples

Experiment Contact angle (°)
Control 1: Raw hemp fibers 88.7 = 0.35°
Control 2: Hemp fibers + AB? 88.5+0.10%
Treated: Hemp fibers + AB + SOCl» 89.6 = 0.28°

@ Abietic acid.

Data in this table are presented as means = standard deviation with a
sample size of at least 3 for each treatment. ®Means with the same
superscript letters are not significantly different at p<0.05 level.
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Table III. Abundance of the Different Cls Signatures and O/C Ratio for the Different System
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CIENCE

Chemical abundance (%)

Experiment c—C c—C-0 0—C—0 o/C

Control 1: Raw hemp fibers 52.5+3.83° 38.8+3.87° 8.77+0.47¢° 0.44 +0.02°
Control 2: Hemp fibers + AB? 38.4+3.55P 46.5+2.21° 14.9+1.39° 0.54 +0.00°
Treated: Hemp fibers + AB + SOCl> 751 +1.26° 18.5+1.35° 6.42 +0.28° 0.34+0.01°

2 Abietic acid.

abMeans with the same superscript letters are not significantly different at p<0.05 level. Comparisons were made among treatments (1, 2 and

treated) for a given category (e.g.,, C—C) and not between categories.

species with the surface of fibers may have resulted in rear-
rangement of the stabilization states. These changes in chemical
functionality support the successful grafting of the TORAs onto
the surface of the hemp fibers.

Morphological Characterization. Scanning electron micro-
graphs of untreated and TORA treated hemp fibers are shown
in Figure 6. The micrographs show that the untreated fibers are
covered with a layer whose composition as presented in an ear-
lier communication (George et al. 2014)° is probably mainly
waxy substances and pectic material. It can be seen that the lay-
er is uniformly covering the surface of the fibers and is mostly
smooth when compared to the treated samples. Reaction of the
fibers with the TORAs resulted in fiber surfaces that are rough,
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Figure 4. Changes in (A) degree of substitution, and (B) percentage
weight gained as a result of the variation in experimental conditions (con-
centration and reaction time) using TORAs. [Color figure can be viewed
at wileyonlinelibrary.com.]
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heterogeneous, and de-fibrillated. As detailed in a previous pub-
lication from our group,'® chemical treatment results in
increased surface roughness as measured and confirmed using
atomic force microscopy. These are properties that can plausibly
result in better mechanical interlock of the natural fibers with
the polymeric matrix. Removal of the upper surface possibly
occurred during the acylation reaction using thionyl chloride
and exposed the cellulosic and pectic hydroxyl groups for reac-
tion. It can also be observed that the reaction resulted in partial
surface reaction because some areas are left smooth and
untouched. In summary, chemical reaction resulted in partial
removal of surface components and increase in surface
roughness.

X-ray Photoelectron Spectroscopy. The TORA treated fiber
samples exhibited a very simple spectrum containing the two
characteristic peaks of carbon (binding energy =285 eV) and
oxygen (binding energy =533 eV). The O/C ratio and abun-
dance of the different Cls signatures are given in Table V. It can
be observed that the O/C ratio for untreated fibers varies
between 0.549 and 0.612, values close to the 0.83 of cellulose
and hemicellulose. Hemp fibers treated with 0.015 and 0.02 g/L
TORAs were characterized with a significant decrease in O/C
ratio at all time points examined. This observation correlates to
a successful grafting of the polycyclic residues onto the surfaces
of the hemp fibers. Also, partial removal of pectic material and
exposure of lignin, may have contributed to the changes in O/

Table IV. Effect of Chemical Treatment on the Contact Angle for Hemp
Fibers

Influence of concentration of TORAs
on contact angle (°)

Time

(minutes)  0.010 g/L 0.015 g/L 0.020 g/L
Control 88.6+0.18° 88.5+0.04> 88.5+0.02°
30 89.3+0.08° 88.8+0.42° 88.9+0.74°
45 88.9+0.16° 88.8+0.12> 89.2+0.01°
60 89.4 +0.08° 89.0+0.04> 89.5+0.13°
75 89.5+0.14° 89.4+017% 89.2+0.05°
90 89.1+0.39%® 885x0.92° 887+0.03°

44327 (7 of 13)

@bMeans with the same superscript letters are not significantly different
at p<0.05 level. For each concentration, the control was compared with
each time level. No comparison was made among concentrations.
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Figure 5. Infrared spectra for each system compared to control. [Color figure can be viewed at wileyonlinelibrary.com.]

C. The O/C ratio resulting from primarily lignin was quoted as
0.35 by Tserki et al. (2005)."® Both of these scenarios are advan-
tageous because the exposure of non-polar lignin and/or graft-
ing of TORAs onto the fiber surface will improve its mixing
with non-polar matrices such as polypropylene.

Additionally, there was significant (p < 0.05) increase in the car-
bon fraction (C—C) for treated fibers at all concentration levels,
especially for 75 and 90 min of treatment. The changes in
carbon-oxygen signatures did not follow a defined pattern but
when hemp fibers were treated with 0.02 g/L TORAs, there were
significant changes in O—C—O, characteristic of the main
bonds formed during the reaction. Also, increases in the
C—0—O0 signatures compliment this result for the 0.02 g/L
system.

Thermogravimetric Analysis. Thermal gravimetric analysis was
used to study the thermal changes resulting from chemical
modification of the hemp fibers. Given the number of different
treatments, for each concentration level, samples treated at the
time with the highest (HCA) and lowest contact angle (LCA)
were presented. This was done to illustrate the overall trend and
to determine whether the chemical change results in thermal
improvement of the fibers.

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
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In Table VI, the percentage degradation and initial degradation
temperature are presented. The percentage degradation was cal-
culated by estimating the amount of fiber (%) degraded
between 200 and 300 °C. This is of importance because when
natural fibers are processed into composites, they are heated
with the matrix at temperatures around 200 °C. Hence, improv-
ing the degradation around this range would make natural
fibers more attractive for composite applications. In Table VI, it
is shown that treatment of hemp fibers using any of the concen-
tration level resulted in improved percentage degradation.

On the other hand, treated samples generally exhibited
improvement in the initial temperature of degradation, that is,
the temperature where 10% of the samples degraded. One pos-
sible reason for this may have been increased rigidity brought
on by successful chemical grafting. Also, removal of thermal
labile pectic and hemicellulose material as a result of chemical
treatment, may have resulted in a more thermally stable materi-
al. Hemp fibers treated with 0.015 g/L TORAs after 90 min were
characterized with the lowest contact angle for that batch. As a
result, the onset or initial degradation was very inferior when
compared to the other systems. Plausible reasons for this may
be the partial degradation of the cellulosic network as a result
of long treatment time and or competition between the

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44327
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Figure 6. SEM micrographs of (A) 0.010, (B) 0.015 and (C) 0.020 g/L TORA treated hemp fibers (First column = the control micrographs). Red circles
indicate areas partially covered/modified with the reagent used. [Color figure can be viewed at wileyonlinelibrary.com.]

esterification and degradation reaction. Importantly, all systems
treated with TORAs showed improved maximum degradation
temperature. One plausible reason for this may have been the
selectively removal of components and the increased rigidity of
the fibers as a result of chemical reaction.

Supplementation of Epoxy Using TORAs

Reaction Chemistry and Possible Crosslinking. TORAs are
comprised of primarily abietic acid. A possible reaction scheme
for reacting epoxy with abietic acid is shown in Figure 7.

It is possible that the carboxylic or hydroxyl groups in the rosin
acids can react with epoxy as shown in Figure 7. Epoxy resins
are one of the most widely used base polymer for coatings, lam-
inates, and matrices for composite materials. The epoxide func-
tional group can react with a variety groups, including
carboxylic and alcohol groups. In this study, the hydroxyl and
carboxyl groups of TORAs were used to crosslink the epoxy res-
in. The final product went through a number of transitions,
from liquid to viscous rubbery and finally solid state. Because
of the chemical reaction that takes place upon addition of the
hardener [2, 4, 6-Tris (dimethylaminomethyl) phenol], and the
TORAEs, the solid state is irreversible.

M WWW MATERIALSVIEWS.COM
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Infrared Spectroscopy. IR spectra for epoxy, the hardener,
TORAs and the plastics are given in Figure 8. It can be observed
that the epoxide peak at around 915 cm ™' reduces in intensity
when compared to the plastic spectrum. Also, the peak at
approximately 1400 cm™ ' in the plastics is as a result of aro-
matic stretches from the TORA bonds, confirming the reaction
of the epoxide groups with the rosin acids. The —OH groups
present at 3215-3400 cm ' in the TORAs significantly dimin-
ished in the plastic samples. This also confirms the reaction of
the acid with the epoxy groups. Finally, the peak at approxi-
mately 2820 cm™' corresponds to the C=H stretch of alde-
hydes. It is not clear as to how carbonyl compounds may be
introduced or produced, but one plausible reason may be from
the TORAs, since traces of lignin fragments (rich in aldehyde
groups) can be found in the complex mix. The peaks reported
here were in agreement with the those published by Mekennon
et al. (2013)"" when they investigated the thermosetting proper-
ties of specified risk material-based plastics.

Thermal Properties. The thermal properties of the plastics were
investigated using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). TGA was used to determine
the thermal stability of the plastics at different temperatures.
The onset decomposition temperature is reported in Table VII.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44327
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Table V. Effect of Chemical Treatment on the Abundance of Cls Signatures and O/C Ratio of Hemp Fibers
Relative abundance of carbon signatures (%)
[TORA] Time (min) CHx-CH» C-0 C—C-0 0—C-0 o/C
0.010M CNT 43.7+1.02 39.8x361 12.0+2.19 4.52+0.92 0.59+0.05°
30 50.1+1.82 36.6=x211 7.24+0.33 6.11+0.04 0.52 +0.06°
45 52.3+0.98 34.1x0.45 10.0+2.24 3.56+0.81 0.51 +0.02°
60 429+393 409+2.50 122+1.60 4.07+0.16 0.54 +0.02°
75 37.4+8.01 43.7x2.50 13.5+1.02 539+x221 0.62=0.12°2
90 58.6 +3.59 306351 593+1.05 492+0.98 0.39+0.03°
0.015M CNT 41.7+4.09 45.8+6.61 11.2+0.49 1.32+0.19 0.61 =0.042
30 432+13.0 26.8+1.31 257x1.23 4.40+0.62 0.41+0.06°
45 26.5+3.82 48.0x10.1 19.2+3.54 6.13x1.42 0.47 =0.09°¢
60 39.7+4.18 429+1.15 13.1+3.16 438+0.16 0.47+0.00°
75 60.5+6.39 221+1.15 10.9+0.71 6.54x112 0.40+0.03°
90 48.3+4.20 32.0x8.20 142+3.51 4.05+1.46 0.38+0.02°
0.020 M CNT 45.7 £3.69 39.4+4.08 12.3+0.18 2.62x0.24 0.55+0.10°
30 56.5+0.64 10.7+3.01 23.4+3.47 8.74+5.85 0.31+0.02°
45 54.0x545 11.7+3.33 23.0x2.92 143+5.51 0.37+0.07°
60 50.1+£3.03 22.8+6.54 16.9+0.64 6.52+x4.12 0.34+0.07°
75 57.0x0.21 13.7+x4.17 17.7+0.82 8.62+2.73 0.30=0.05°
90 64.2+2.56 19.8+2.04 11.4+0.71 468=+0.17 0.37+0.05°

aPMeans with the same superscript letters are not significantly different at p<0.05 level. For each concentration, the control was compared with

each time level. No comparison was made among concentrations.

When compared to the virgin epoxy blend, replacement up to
15% (w/w) with TORAs can be used without altering the ther-
mal stability of the produced plastics. On the other hand, as the
concentration of TORAs increases in the plastics, there was a
corresponding decrease in the temperature needed for degrada-
tion of 10% of the samples. It was observed that the thermal
stability of the plastic gradually decreased with increasing
TORAs concentration in the formulation. Plausible reasons for
this may be the variation in the crosslinking/reaction of the dif-
ferent formulations, the superior thermal behavior of virgin
epoxy, and the heterogeneous nature of the TORAs.

Table VI. Thermal Properties for Hemp Fibers Treated with TORAs

Maximum Percentage Initial

degradation

degradation

degradation

System temperature (°C) (%) (°C)

CNT 324 +1.44b 9.21+0.31% 230+3.19°
0.010 (HCA) 346 +3.82° 6.40+0.22> 237 +4.34°
0.010 (LCA) 345+0.482 6.90+0.09° 252+3.822
0.015 (HCA) 339+5.322 460+0.05° 261+7.55°
0.015 (LCA) 335+0.482 460 +0.21° 200+1.432
0.020 (HCA) 344 +0.482 5.40+0.37° 245+1.43°
0.020 (LCA) 342 +1.20° 5.30+0.07° 238+1.63°

For each concentration, the treatment times that produced fibers with
the highest (HCA) and lowest contact angle (LCA) were investigated.

@ bMeans with the same superscript letters are not significantly different
at p<0.05 level. For each concentration, the control was compared with
each time level. No comparison was made among concentrations.
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Differential scanning calorimetry (DSC) was used to determine
the peak of curing and glass transition temperature of the
plastic samples. Curing was observed for all TORAs/epoxy for-
mulations between 125 and 145 °C. The different curing tem-
peratures for epoxy with varying ratios of TORAs are shown in
Figure 9. Curing involves the exothermic reaction when the
epoxide group of the epoxy resin and the reactive functional
group in the TORAs react. As observed in Table VII, there is a
gradual decrease in the peak of curing, plausibly as a result of

CHq

CH,

Abietic acid

5

OH

A ¢

H 0 0 =

Figure 7. Plausible reaction between epoxy and the hydroxyl group of
abietic acids found in tall oil rosin acids. [Color figure can be viewed at

wileyonlinelibrary.com. ]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44327


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

%T

Epoxy

Hardener

TORAs

W

Cured plastics

P I T T T M

1 R TR W0 P

Wavenumber (cm?)

Figure 8. IR spectra for epoxy, hardener, TORAs, and plastics. [Color figure can be viewed at wileyonlinelibrary.com.]

relative availability of functional groups in TORAs. Mekonnen
et al. (2013)"" and Wang et al. (2005)"° reported similar pattern
of results. Wang et al. (2005)" studied the effect of varying
amounts of curing agents in epoxy blends and reported on the
thermal properties. They reported similar curing as reported
here, that is, as the agent concentration increases, the curing
temperature decreases.

Another very important parameter for characterization of plas-
tics is the glass-transition temperature (T,). This is the tempera-
ture where polymers goes from a hard glass like state to a
rubbery state, and can provide useful insight into the structure
and properties of polymeric materials. As reported in Table VII,
there is a reduction in T, with increasing TORAs concentration
in the formulations. This difference can be explained by the

Table VII. Thermal Properties for the Different Plastic Blends

variability in chemical reaction, because of the heterogeneous
nature of TORAs. Also, TORAs are characterized with having
the polycyclic structures, which when introduced into the epoxy
crystalline region may have caused kinks, resulting in voids. As
a result, less energy or heat is needed to transform the material
from the brittle to rubbery state, via bonding disruption.

Mechanical Properties. An insight into the polymer integrity
under stress conditions can be obtained by evaluating the
mechanical properties of the plastics manufactured. The data
for the tensile strength, tensile modulus, and elongation at
break are presented in Table VIII. According to Mekennon et al.
(2013),"" mechanical properties of plastics depend on the cross-
linking density and network structure of the resulting thermo-
set. Supplementation of 15 and 25% of epoxy with TORAs did

Onset decomposition

Temperature for 10%

System temperature (°C) degradation (°C) -T10 Tq Peak of curing
Control 316+ 6.23° 385+ 7.21° 95.1 = 3.852 141 +1.09°
5% 314 +7.57° 385+ 6.56° 92.7 +2.30° 138+0.72°
15% 316 +8.22° 367+ 4.93° 90.4 + 3.282 136+2.87°
25% 292 +3.61° 369+1.15° 79.8+3.220 122 +3.62°
35% 275+ 6.03° 355 + 4.36° 67.6+1.94° 126 +2.71°

Systems with different letters are significantly different from each other at p < 0.05.
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Figure 9. DSC scans of epoxy with varying ratios of TORAs. [Color figure
can be viewed at wileyonlinelibrary.com.]

not adversely affect the tensile strength of the plastics. Good
dispersion and crosslinking between the epoxy resin and TORAs
plausibly contributed to this. On the other hand, replacement of
epoxy with TORAs resulted in decrease in stiffness or tensile mod-
ulus of the plastics. As mentioned above, one plausible reason for
this may be the introduction of kinks in the polymer chains of the
plastics as a result of the structure of the TORAs, resulting in
flaws. Wang et al. (2005)"® investigated the mechanical properties
of epoxy nanocomposites with exfoliated clay and reported a sig-
nificant decrease in tensile strength with increasing clay content.
They mentioned that flaws in the existing nanocomposites, as a
result of clay particles getting trapped within bubbles during sam-
ple preparation, might have resulted in the decrease in tensile
properties observed. Hence, as the volume of clay filler increases,
so does this flaw within the structure. On the other hand, as simi-
larly reported in this present study, they also noticed an increase
in tensile/Young’s modulus with increasing filler content (binder -
clay volume). Manzione et al. (1981)% reported one of the earlier
studies looking at reducing cost and amount of epoxy used in
plastics. They utilized dissolved rubber to produce rubber-
modified epoxies via careful control of compatibility and curing.
The range of tensile modulus reported in that study (0.935-1.256
GPa) was lower than those observed in the present communica-
tion. As a result, it may be possible to substitute epoxy with

Table VIII. Mechanical Properties for formulated Plastics

Tensile Tensile Elongation
System strength (MPa) modulus (GPa) at break (%)
Control 24.5+ 1.90° 2.46+0.07, 6.77 = 0.54,
5% 22.5+1.07, 1.99+0.11, 5.78+0.78,
15% 24.4+0.93, 1.91+0.22, 5.54+0.98,
25% 14.7 +1.92, 1.66+0.04, 9.02+0.71,
35% 13.6 +0.24,, 1.91+0.10, 8.86 = 0.62,

abegystems with different letters are significantly different from each
other at p<0.05.
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Figure 10. Water uptake of the different plastic formulations (percentage
indicates % of TORAs in each system). [Color figure can be viewed at
wileyonlinelibrary.com. ]

TORAs up to 35% and still produce plastics with comparable
mechanical properties, depending on the properties of the end
products that are desired.

Finally, as the percentage of TORAs increased in the plastics,
the elongation at break (%) increased. This is in agreement
with the decrease in T, observed earlier. As the concentration of
TORAs increased, there is a greater possibly of a larger number
of chain disruptions (polycyclic rings), hence allowing the mac-
rostructure of the polymer to stretch further without failing. In
summary, the supplementation of epoxy resin with TORAs has
the potential to reduce cost and produce plastics with mechani-
cal strengths that are comparable up to 15% replacement or up
to 35% replacement, depending on the application.

In summary, depending on the application, the increased elon-
gation at break can be tailored for specific applications where
reduced stiffness and strength are desired properties. For exam-
ple, one key application can be the manufacturing of epoxy pro-
tective layer for the housing industry, and so forth.

Water Resistance Properties. The water resistance properties of
the different plastic systems are presented in Figure 10. The
plastics were submerged in water and removed periodically
(wiped clean) and the weight measured on a calibrated balance.
The plastics reached equilibrium water absorption in most cases
after 48 h. When compared to the control sample (100%
epoxy), the plastics supplemented with TORAs were character-
ized with higher water uptake.

As previously reported by Bisanda and Ansell (1991),”" addition
of any other component to pure epoxy tends to increase the
moisture absorption. Several plausible reasons can account for
these observations. First, with our system, the addition of
TORAs can induce micro gaps and micro cracks that are more
susceptible to the penetration of water molecules over time.
Nevertheless, the values reported (<0.6% over 48 h) are signifi-
cantly lowered that those previously reported for epoxy based
systems, where other agents were added. Hence, these numbers
point to the polymer system as a potentially good system where
water absorption over time is a concern.

CONCLUSIONS

The proposed chemical system outlines a method for grafting a
bio-product stream, TORAs onto the surface of hemp fibers.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44327


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

The reaction system was studied using industrially important
factors of time and concentration of the acids. A reaction time
of 75 min and a TORAs concentration of 0.02 g/L resulted in
hemp fibers with superior chemical and surface properties.
Also, comprehensive surface analysis using infrared and X-ray
photoelectron spectroscopy confirmed changes in chemical
functionality and O/C, respectively. Treated fibers were charac-
terized with improved thermal properties and increased contact
angles.

TORAs can be used as a filler or supplementary agent for epoxy
based plastics. In fact, supplementation up to 15% of the epoxy
resin can be done without affecting the properties of the plastics
generated. Also, addition of TORAs to epoxy does not signifi-
cantly inflate the water absorption of the plastics, despite,
observed micro gaps and cracks. In summary, this study out-
lined two successful paths for utilizing an abundant and possi-
bly hazardous material from the pulping industry to produce
fibers suitable for composites and partial supplementation of
epoxy base plastics.
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