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In last two decades the intensive growth in the number of publications devoted to plant fibers as reinforcements
for polymer matrices is observed. Considering ecological issues natural fibers are recognized as an appealing
alternative to synthetic ones. Unlike hemp fiber, which is frequently used for given needs, its by-product named hemp
woody core (HWC) has not yet gained much scientific attention in this sphere. Nevertheless, owing to the set of its
unique properties HWC is also may be a promising filler. Application of HWC in composites would additionally
contribute to its proper utilization. However, among the distinctions of lignocellulosic reinforcements is their
hydrophilicity that requires to be reduced to ensure strong interface interaction with the matrix and good durability of
the resulting composites. Herein, mercerization (alkali treatment) and/or subsequent modification of HWC with
epoxidized soybean oil (ESO) or 3-aminopropyltriethoxysilane (APS) was used for this purpose. Si-containing
epoxyurethane polymer matrix was synthesized from sodium silicate, polyisocyanate and ESO as epoxy component.
Four series of molded samples with high plant filler content (60 wt. %) were elaborated. The results of contact angle
and water uptake measurements showed that all applied types of treatment led to hydrophobization of the surface.
Thus, the values of contact angles of composites with modified HWC exceeded 90 °, and their surface energy was lower
than the one of neat samples. Regardless of quite high polarity of composites containing silanized HWC due the
presence of amino and silanol groups, the formation of covalent bonds between filler and APS coupling agent turned
out to be crucial for such characteristics as water resistance and mechanical performance. Particularly, equlibrium
moisture content decreased by 31 % compared to that of the samples with pristine HWC, whereas tensile and flexural
strength improved by 19 and 65 %, respectively. The highest microbial stability of the specimens with silane treated
filler estimated within soil burial test is another evidence of enhanced interfacial adhesion in this case.

Keywords: hemp woody core, chemical modification of filler, mercerization, silane treatment, epoxidized soybean
oil treatment, epoxyurethanes, natural fiber reinforced polymer composites, hydrophobicity, soil burial test,
biodegradation

INTRODUCTION treatment with alkali, also called mercerization,
or/and further functionalization with either
epoxidized soybean oil (ESO) or 3-amino-
propyltriethoxysilane (APS) was used for hemp
woody core (HWC) filler.

HWC (hurds or shives) is a chopped interior
part of the hemp stem that comprises 60—-80 % of
the whole plant mass. The most amount of it, as
of a side product of hemp industry, simply ends
up in landfills [8]. However, HWC is believed to
serve a good natural filler for composite
fabrication [9]. There were already some studies
in this field, particularly, HWC was used to
reinforce MgO-cement  for  lightweight
construction composites [10], cement, clay and
starch for energy efficient building materials [11],
polypropylene for composites with enhanced
panel properties [12], polyvinyl alcohol for
UV-shielding composites [13], polyurethane

Natural plant fibers like hemp, flax, jute, sisal
and kenaf continue to gain considerable scientific
interest as promising reinforcement for polymer
matrices. It is attributed to their renewable nature,
high specific strength, light weight, low cost,
thermal and acoustic insulation, reduced energy
consumption and biodegradability [1-3].
Although a set of these properties makes
lignocellulosic fillers attractive alternative to
synthetic glass and carbon fibers [1, 2], still they
cannot substitute them in applications, where high
mechanical performance and water resistance are
required [3,4]. Thus, the main restrictions of
plant fibers are linked to their hydrophilicity and
low interfacial adhesion to polymer matrices
[5, 6]. Such approaches as physical, chemical and
biological modification are practiced to moderate
them [5,7]. In the research given chemical
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foams for materials with improved thermal
stability and flame retardancy [9]. In majority of
the studies mentioned HWC was exposed to
different types of chemical modification.
Mercerization of hemp hurds resulted in better
water resistance although lower strength and
thermal conductivity of composites [10].
Impregnation of hemp shives with sunflower or
tung oil led to better thermal characteristics and
water resistance but deteriorated mechanical
performance [9]. The addition of a silane coupling
agent contributed to suppressed water absorption
and thickness swelling [12].

Combination of lignocellulosic fibers with
urethane or epoxyurethane polymer matrices is
especially efficient since it ensures in situ
formation of covalent bonds via isocyanate
groups of matrices and hydroxyl groups of fillers
[14, 15]. In our previous works chemically treated
HWC was used for reinforcing of epoxyurethane
matrices obtained from prepolymers containing
castor oil as a polyol constituent [16, 17]. Herein,
Si-containing epoxyurethane on the basis of
polyisocyanate, sodium silicate, and ESO as an
epoxy component have been synthesized.

The aim of this research is to investigate the
effect of HWC chemical treatment on surface

properties, water  absorption, mechanical
performance and biodegradability of the
composites.

EXPERIMENTAL

Materials. HWC applied as filler was derived
from non-narcotic types of hemp and given by
Institute of Bast Crops of the National Academy
of Agrarian Sciences of Ukraine. Sodium
hydroxide (NaOH) used for mercerization was
obtained from Chempol, Czech Republic.
Functionalization agents APS and ESO were
supplied from Sigma-Aldrich, USA.

For polymer matrix synthesis the following
reagents were used. Polyisocyanate commerci-
alized under the name of “Lupranat M 20S”
IsoPMDI 92140 that is a mixture of isomers of
diphenylmethane diisocyanate and oligomeric
compounds (the content of NCO groups = 30.0 %,
density = 1.2446 g/cm®’) was purchased from
BASF Polyurethanes GmbH, Germany. ESO
(epoxy equivalent = 250 g/mol, epoxy group
content = 6.1 %) was obtained from Sigma-
Aldrich, USA. Aqueous solution of sodium
silicate (silicate module = 2.9-3.0, the content of
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free  water = 56.0 %)
Dniproskloservis, Ukraine.

Treatment of filler. Initially HWC was
washed with water, dried at 80 °C for 4 hours to
constant weight and then chopped. The particles
of the desired size, particularly of (0.05-5.0) mm,
were selected by fractionation through a sieve
(model 029). For mercerization HWC was
immersed in 5wt % solution of sodium
hydroxide at room temperature for 24 hours. Then
the particles were rinsed with acidified water to
neutralize alkali residues, washed with distilled
water and dried at 80°C for 8 hours.
Mercerization was applied separately or as pre-
treatment for further modification of HWC. Oil
treatment was conducted by immersing pre-
mercerized HWC into 3 wt. % ESO solution in
acetone, followed by mixing at room temperature
for 3 hours and drying at 80 °C to constant
weight. Silane treatment was performed by
immersing pre-mercerized HWC into 5 wt. %
aminosilane solution at room temperature for
24 hours. After that HWC particles were washed
with distilled water and dried at 80 °C to constant
weight. APS solution was prepared in 50/50 w/w
ethanol/water mixture by stirring it during 1 hour
to ensure a complete silane hydrolysis.

Polymer matrix synthesis. Epoxyurethane
matrices were obtained from three components,
namely, isocyanate (polyisocyanate), epoxy
(ESO) and inorganic (sodium silicate) ones
combined in a weight ratio of 80/20/20. ESO was
introduced into the polyisocyanate and stirred at
900 rpm for 3 min at 20+1 °C. Then sodium
silicate, which was used to provide UV-, fire- and
thermal stability of matrices, was added under
3 min stirring at 900-1000 rpm and 20+1 °C.

Composites  preparation. To  obtain
composites 60 wt. % of unmodified, mercerized
or functionalized HWC was soaked into liquid
epoxyurethane mixture under stirring. Then the
samples were fabricated in the molds at 140 °C
and 10 MPa by a hot press machine.

Contact angle measurements. The contact
angles (#) of water and linseed oil as liquids of
different polarities were measured. Using a digital
ocular camera of a horizontal microscope MG,
microphotographs of the droplets reached
equilibrium were taken. The photographs were
adapted by the image processing software
package Imagel [18]. The contact angles were
computed by DropSnake algorithm implemented
in the Drop Shape Analysis plug-in. The contact

was  supplied by
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angle values reported were obtained from the
mean of at least five measurements at different
locations on the same substrate. They were used
to evaluate surface energy by means of Owens
and Wendt equation [19]:

1 1
v (1 +cos8) = 2(yd -y + 2(v? - ¥P)% (1)

where y; — surface tension of liquids;

pr and Y& — polar and dispersive components of

surface energy for liquids, respectively;

y? and y& — polar and dispersive components of

surface energy for solids, respectively.
According to this approach total surface

energy (¥s) consists of dispersive and polar

components [19, 20]:

Ve =¥ +s. 2)

Water absorption studies. To estimate water
resistance of the composites investigation of
water absorption behaviour and diffusion
parameters were performed following the ASTM
D570. For this 50x50x5 mm sized samples were
immersed in distilled water at constant room
temperature. They were taken out periodically
and, after wiping out the water from the surface
by filter paper, weighed immediately on a precise
five-digit balance Kern ABT 120-DM. Then the
specimens were submerged into water again. The
measurements were carried out once an hour
during the first day of experiment and then once a
day till the constant gain in mass was reached.
Altogether, the testing was performed for
310 hours (13 days). The percentage of water
absorbed at any time was calculated using given
equation:
=% 100,

Wo

AW (3)

where W, is the weight of the sample at time ¢ and
Wy is its initial weight (at # = 0).

At the saturation level W, is equal to
equilibrium moisture content (W), from which
sorption coefficient (S) can be calculated by the
following equation:

g =Wn
Wy

4

Another quantitative parameter is diffusion
coefficient (D, mm?/s), which is computed from
the initial slope of W, /W, dependence on #"*/h
(where ¢ is soaking time, hours; 4 is the thickness
of the sample, mm) by means of the formula
given:

_ m [AWt/Wm)]?
b A (t1/2/h)] :

)

By production of the values of sorption and
diffusion coefficients permeation coefficient
(P, mm?/s) can be found [21, 22]:

P=DXxS.

" 16

(6)

Mechanical testing. Tensile and flexural
strength of obtained composites were measured
for molded samples with a size of 150x20x5 mm
each. The average values of five determinations
are presented.

Soil burial testing. Previously dried and
weighted samples of composites were buried in
soil (pH=6). After 14 months they were
removed, washed with distilled water, and dried
to a constant mass.

RESULTS AND DISCUSSION

Surface properties. Contact angles of
epoxyurethane composites were measured to
estimate the changes in their wettability due to
chemical treatment of HWC. The values of
contact angles (¢) of water and linseed oil together
with that of surface energy (ys) and its
components, namely dispersive (y&) and polar
(¥¥) ones, calculated on their basis, are given in
the Table 1.

Table 1. Surface parameters of composites
2
Type of HWC modification water 0, degrei?nsee 2ol o Surface en;;;gy, mJ/m ”
Untreated 83 10.3 32.67 3.93 36.60
Mercerized 103 12.1 32.47 0.03 32.70
Oil treated 104 14.0 32.22 0.02 32.44
Silanized 94 8.9 32.79 2.92 35.71
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From the Table 1 it can be seen that the
specimen filled with untreated HWC exhibits the
lowest value of contact angle of water indicating
its highest hydrophilicity. This is quite expected
taking into account the large amount of hydroxyl
groups on the surface of lignocellulosic fillers. In
the meantime, all the types of HWC chemical
modification lead to less water wettability of
composites with the values of contact angles even
above 90 °, which is considered to be a criterion
of hydrophobic surface. In the case of alkali
treatment it is accounted for the dissolution of
hemicelulloses known to be the most hydrophilic
components of plant fibers [23]. Their removal
during mercerization of HWC has been evidenced
by means of FTIR investigations [16]. For
composites with functionalized filler the masking
of surface hydroxyl groups may also occur [24]
along with their additional consumption for
formation of bonds with modifiers. Among the
specimens with chemically treated HWC, the ones
containing aminosilanized filler are characterized
with the lowest contact angle of water. Despite the
introduction of additional polar -NH, and —Si—
OH groups onto the surface of HWC, its
hydrophilicity decreases after APS treatment.
Similar behavior of aminosilane treated samples

N
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was observed by other scientists and explained by
the consumption of polar functionalities via
formation of hydrogen bonds between amino and
hydroxyl groups [25] as well as via rapid self-
condensation of —Si-OH groups and their
condensation with C—OH groups of filler induced
by the catalytic effect of the amine group [24, 25].
The proceeding of both condensation reactions
for given samples were confirmed before [16].

Analyzing the values of surface energy and its
constituents it may be noticed that dispersion
component remain almost unchanged. According
to data available in literature [24], such
phenomenon is predictable. Alternatively, total
surface energy increases with the augment in its
polar component. Furthermore, the lower values
of surface energy correlate well with the higher
ones of contact angles of water. This trend
demonstrated in Fig. 1 was also noticed in [24] for
silane treated cellulose. At the same time,
analogous correlation with the contact angles of
linseed oil, which serve as auxiliary parameters,
is not so pronounced due to small difference
between their values. Therefore, their
contribution in computing surface energy is less
than the one of contact angles of water.
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Composites with

untreated HWC
oil treated HWC

Fig. 1.

Water uptake. The water uptake profiles of
the composites with different reinforcements are
plotted in Fig. 2. The slope of the curves indicates
that the samples containing functionalized HWC
absorb water slower than the ones containing raw
or mercerized HWC. After some period of time
the velocity of gain in weight of the specimen
with alkali treated filler also starts to decrease
resulting in medium equilibrium moisture content
after levelling off. The values of qualitative water
absorption parameters obtained by formulae 4-6
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mercerized HWC
silanized HWC

together with the ones of thickness swelling (75)
are collected in the Table 2.

Naturally, the values of equilibrium moisture
content (W,,), diffusion (D) and permeation (P)
coefficients are the largest for composites with
untreated filler (Table 2), as it is the most
hydrophilic among them (Table 1). From the data
in the Table 2 it may be also noticed that even
providing similar values of water contact angle
and surface energy to the ones of composites with
ESO treated reinforcement (Fig. 1), mercerization
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of HWC almost does not ensure changes in the
diffusion coefficient. Like in other works [26]
mere alkali treatment cannot be as efficient in
improving water resistance as its combination
with further functionalization that in our case

80 -
Composites with
70
60
50
40+

30+

Water uptake, %

20+
10+

[ 1)—m—untreated HWC

2) —A— mercerized HWC
[ 3)—e—oil treated HWC
L 4)—e—silanized HWC

evokes in situ formation of extra bonds with
polyurethane matrix via amino groups of APS or
epoxy groups of ESO as well as simultaneous
minimization of microvoids in the resulting
composites.

AWy

Fig. 2. Water absorption curves of composites

Table 2. Water absorption parameters of composites

1‘8
Time, hl/2

16

Type of HWC modification W, %o T8, % S D, mm?/s P, mm?/s

Untreated 72.3 5.40 1.34 1.57-10°7 2.10-10°°

Mercerized 59.9 6.98 1.11 1.51-10° 1.67-107

Oil treated 54.5 6.06 1.36 7.03-10°¢ 9.56:10°°

Silanized 49.2 6.63 1.45 6.25-10°° 9.06-10°°
Interesting enough, notwithstanding the triglyceride, whereas during treatment with APS

higher hydrophilicity and surface energy of the
samples containing silanized HWC as compared
to those containing oil modified HWC (Table 1),
they exhibit the lowest values of both permeation
coefficient and equilibrium moisture content with
the last being by 31 % and 10 % less than the ones
of composites with pristine and ESO treated filler,
respectively. Indeed, the presence of polar groups
in the structure of APS may contribute to the high
sorption of water (S). However, most attention
should be paid to the permeation coefficient that
is the smallest here. Depending on both the rate of
water movement through the sample (diffusion)
and the relative weight of absorbed water at the
saturation point (sorption) [21, 22] it seems to be
the most informative among the absorption
parameters. Retarded diffusion of water
molecules inside the composite with silane treated
HWC determines its less overall permeation.
Such behavior may be originated from the
character of interaction of a modifier with
lignocellulosic filler. Its treatment with ESO gives
rise to hydrogen bonding between hydroxyl
groups of HWC and ester or epoxy groups of

556

not only formation of hydrogen bonds via silanol
or amino groups is possible but also of Si—O-C
covalent bonds with the surface of plant filler as
it was shown in [16]. In other words, in
comparison with the application of modified oil
the one of aminosilane leads to denser structure

caused by stronger matrix/filler interfacial
connection.
Mechanical characteristics. Fig. 3

demonstrates the results of flexural and tensile
strength testing for the composites on the basis of
chemically treated and untreated HWC. As it has
been turned out, modification of filler is
especially effective for improving flexural
strength of composites. Changes in tensile
strength of the samples are not so remarkable.
Still, in both instances the specimens with APS
treated HWC show the best mechanical
performance with 19 and 65 % increase in tensile
and flexural strength, respectively, if compared to
that of composites with raw hemp filler. Thus, like
in the case of impact on water resistance, the
presence of additional covalent bonds provided
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by silanization is found to be crucial for
mechanical properties.

Biodegradability. The biodegradability of
composites is commonly estimated by their
weight loss within soil burial test [27]. Weight
loss by the samples of composites after testing is
given in Fig. 4.

It is generally known that unlike neat
synthetic polymers composites reinforced with
natural fibers acquire ability to degrade in
biological environment. It is accounted for
increased hydrophilicity and moisture absorption
that along with the occurrence of cavities due to
filler loading promote the adhesion of
microorganisms [28,29]. The reason of quite
significant entire decrement in weight observed in
given research (Fig. 4) may be associated with the
high content of plant filler, which has been

28,6

reported to enhance the degradability of
composites under soil exposure [29, 30]. Like in
other investigations [30, 31], the specimens with
untreated filler degrade better than those with
alkali treated one that is accounted for higher
sensitivity to water and weaker matrix/filler
interaction. In accordance with similar studies
[29, 31], functionalization of pre-mercerized
HWC particles results in more retarded
biodegradation of composites. Once again, in
spite of polar functional groups in the structure of
aminosilane  coupling agent, composites
fabricated by means of its application are the least
susceptible to the action of microbiota, since
strong interfacial adhesion is believed to play the
pivotal role in the resistance of composites to
biodegradation [28].

Composites with

untreated HWC
mercerized HWC
oil treated HWC
silanized HWC
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Fig. 3. Mechanical strength of composites: a — flexural and b — tensile
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Fig. 4. Weight loss after soil burial exposure
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CONCLUSIONS HWC with epoxidized triglyceride leading to
formation of only hydrogen bonds between filler
and modifier was found to be less efficient than
modification with aminosilane providing the
occurrence of corresponding covalent bonds also.
Particularly, composites containing silanized
filler exhibited the best water resistance
manifested in the lowest values of equilibrium
moisture content, diffusion and permeation
coefficients. Moreover, they demonstrated the
utmost mechanical performance, including 19 %
higher tensile strength and 65 % higher flexural
strength as compared to the samples with
unmodified reinforcement. The appearance of
dense interface in the case of APS treated filler
prevented attacks of microorganisms during
biodegradability test that resulted in 18 % of
weight loss after 14 month of exposure under soil
burial conditions against 44 % of the one by the
composite containing untreated hemp woody
core.

Composites on the basis of epoxyurethane
matrix with ESO as an epoxy component were
elaborated. Four types of HWC particles served as
natural reinforcement: raw, mercerized and
functionalized after previous mercerization either
with ESO or APS. Surface, mechanical and
biodegradable properties of obtained composites
as well as their water absorption were
investigated. Contact angle determination and
calculation of surface energy together with its
components evidenced hydrophobization of the
surface as an outcome of application of all types
of chemical modification. The effect of
silanization was not so pronounced owing to the
presence of polar amino and silanol groups in its
structure. However, the results of other
measurements indicated that the strength of
interfacial matrix/filler adhesion rather than
hydrophobicity was responsible for acquiring
important characteristics. Thus, treatment of

BaacTuBoCTi KOMIIO3UTIB HA OCHOBI XiMiYHO 00P00J1€eHOI KOHOIJITHOI KOCTPHILI i
€MOKCHYPETaHIB 3 eNOKCHI0BAHOK COEBOIO OJII€I0

T.®. Camoiinenxo, JI.M. Slmenko, H.B. fIposa, O.0. bpoBko

Incmumym ximii eucokomonexyaapuux cnonyk Hayionanvnoi Axademii Hayx Yxpainu
Xaprxiscoke woce, 48, Kuis, 02155, Ykpaina, s_t fl@ukr.net

3a ocmanni 06a Oecsimupiuusi CROCMEPI2AEMO THMEHCUBHE 3POCMAHHS KIIbKOCMI NyONiKayill, npucesieHux
POCTUHHUM BOJIOKHAM 5K RIOCUTIOBAYAM NONIMEPHUX Mampuyb. 3 YPaxy8amHaM eKON02iYHUX npooiem npupooHi
B0JIOKHA PO3271A0AlOMb AK NpUeadausi aromepHamusu cunmemuunum. Ha eiominy 6i0 xononnanozo 8on0KHa, ske
4ACMO BUKOPUCMOBYIOMb OISl Yux nompeod, 1020 nobiunull npodykm nio Haseow xkononuina kocmpuys (KK) we ue
npueepHy8 00CMamubo y8azu Haykosyi y yiti eanysi. Ilpome 3a80saku Hu3yi yHikareHux enacmugocmeti KK makooic
Modce Oymu nepcnekmusHuUM HanosHrogauem. 3acmocysanns KK 6 komnosumax dodamkogo cnpusno oOu ii
payionaneriti  ymunizayii. OOuak, 00 0coOIUEOCMell NICHOYENIONIO3HUX HANOBHIOBAYI8 HaNedcumv [ iXHs
2i0poinbricmy, SAKY HeOOXIOHO 3HUUMU, WOO 3a0e3neuumu MIYyHy MiNCA308y 63aeMo0ilo 3 Mampuyeio ma
3a008i1bHY 0068208IUHICMb BULOMOBTIEHUX KOMNO3UMIB. ¥ pobomi 3 Yi€ro Memor 8UKOPUCTATIU MePCePU3AYII0 (TYHCHY
06pobky) ma/abo nodarvuty  Mmoougpixayito  enoxcudosanoio  coegowo  onielo  (ECO) abo  3-amino-
nponinmpuemoxcucunranom (AIIC). Si-emicny enoxcuypemanogy HOAIMEPHY MAMPUYI0 CUHMEIVBAIU 3 HaAmpii
cunikamy, noniizoyianamy ma ECO sx enokcuoHoi cknadoeoi. byno suecomoeneno vomupu cepii popmosanux 3paskis
3 BUCOKUM BGMICMOM pPOCIUHHO20 HanosHiosaua (60 mac. %). Pezynrvmamu eumipiosanuss Kymie 3MOUY8anHs ma
6000N02TUHANHS NOKA3AU, WO YCI GUKOPUCMAH] mMunu 06pooKu 3ymosunu 2iopogobizayiro nogepxui. Tax, 3HauenHs
KYmi8 3MOYy8anHss Komnozumie 3 moougixosaror KK nepesuwunu 90 °, a ixus nosepxnesa enepeisi 0yaa HUNCYOIO,
HidiC 0N BUXIOHUX 3paskis. Hezsaowcarouu na docums UCOKY NONAPHICMb KOMNO3umis 3 cunanizosanoro KK enacnioox
HAA6HOCMI AMIHO- MA CULAHOILHUX 2PYN, YVINBOPEHHS KOBAIEHMHUX 36 3KI8 MIdHC HANOBHI08AYEM Md AMIHOCULAHOBUM
cnonyunum aremmom AIIC gussunocs Kiouoeum 018 MAKUX XAPAKMEPUCMUK K 68000CMIUKICIb | MeXaHiuHa
Miynicmob. 3o0Kkpema, pieHo8adcHULl eémicm onocu 3menwuscs Ha 31 % nopieHano 3 makum OaA 3pAasKie 3
Hemoougixosanoio KK, a miynicme na pospug i na eueun noainuwunucs na 19 i 65 %, éionogiono. Haiisuwa mikpoona
cmabinvbHicmb 3pA3Kie 3 HANOBHIO8AUeM, 0OPOOIEHUM CUTAHOM, BUSHAYEHA Ni0 YaC mecmy npu 3aKONY8aHHi 8 IPYHM,
€ We 00HUM QOKA30M NOJINUEHOT Midchaz060i adeesii 6 yboMy GURAOKY.
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Knrouosi cnosa: kononisina kocmpuysi, XiMiuHa MOOUQpIKayis HAno8HIE8aYA, Mepcepu3ayis, 00pobIMoK CUTAHOM,
06pobKa enokCcUO08aHOIO COEBOIO OTIIEID, eNOKCUYPEMAaHUL, NIOCUNEHT NPUPOOHUMU BOLOKHAMU NOJIMEPHT KOMIO3UMU,
2i0poghobHicmb, mecmy8anHs NPU 3aKONY8AHHI 8 IDYHM, DIOPO3KIAOAHHS
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