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Background: The technological developments for nanocellulose production from cheaper plant materials
compared to wood, in particular, agricultural waste is an urgent task of nanobiophysics. The discovery of
possibility of expanding the functional characteristics of materials in compositions with modified
cellulose particles essentially stimulated the interest of researchers in cellulose composites. Surface
modification of cellulose particles by functional materials, such as dyes, metal oxides, silicon, allows
applying composites with modified cellulose in various areas of modern industry. A significant
improvement in the operational performances of functionalized cellulose particles can be achieved by
using them as filler in polymers. Epoxy resin compositions with modified and unmodified cellulose
particles, studied in present work, are an example of hybrid biosystem. The interfacial interaction of filler
particles with the epoxy matrix, their concentration and dispersion can change the physical and chemical
properties of the biopolymer and the functional parameters of biocomposites. Studying the influence of
external fields on the physical and chemical properties of epoxy resin-based biosystems and their
influence on operational parameters seems to be an urgent problem of advanced and sustained materials
science.

Objectives: The purpose of this work was to develop an effective nanocellulose synthesis from plant
materials and surface functionalization of micro- and nanocellulose particles with clathrochelate iron (II)
dye as well obtaining biocompositions of epoxy resin with functionalized and non-functionalized micro-
and nanocellulose, and to explore of the morphology, chemical resistance, mechanical and thermal
properties of epoxy composites with cellulose micro and nanoparticles.

Materials and methods: The studying objects were the composites of epoxy resin Eposir-7120 with a
polyethylene polyamine “PEPA” hardener in a ratio of 6.2:1 and 10% cellulose micro and nanoparticles.
The microcellulose obtained from wood has been a commercial product. Nanocellulose has been
synthesized from organosolv cellulose obtained from Miscanthus x giganteus stalks. Surface modification
of micro- and nanocellulose was performed using the clathrochelate iron (II) dye. The specific surface
area of cellulose particles was determined using low-temperature nitrogen adsorption-desorption
according to the Brunauer-Emmett-Teller method. Mechanical parameters were determined using
universal Shopper and UMM-10 machines. Thermal analysis was performed using Q1500 analyzer.
Swelling was determined by the gravimetric method.

Results: Elastic modulus E, compressive strength ¢ and thermogravimetric parameters were determined.
It was shown that in composites with micro and nanocellulose the E rises in 7.0-12.2% while the o
increases in 9.1% for composites with cellulose micro particles. The loading resin with nanocellulose and
modified cellulose microparticles no affects the ¢ value of composites. The thermal stability of epoxy
polymer (310°C) reduces after loading with micro and nanocellulose to 290 and 300°C, respectively.
Chemical resistance of composites with both celluloses to 20% nitric acid reduces. In neutral medium
swelling characterizes by rapid sorption to saturation of 15-20% acetone in 36 hours.

Conclusions: Thus, the synthesis method of nanocellulose from plant materials and functionalization of
its surface with clathrochelate iron (II) were developed. Light response of dye was detected in visible
spectral range. Epoxy resin composites with 10% micro and nanocellulose were obtained. The filling
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effect with micro- and nanocellulose at elastic modulus, compressive strength, and thermal stability of
epoxycomposites was studied. The swelling processes run similarly in composites with cellulose micro
and nanoparticles.

KEY WORDS: epoxy composite; microcellulose; nanocellulose; synthesis; mechanical parameters;
thermal parameters; chemical resistance.
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AKTyajbHicTh: TeXHOJIOTIUHI PO3POOKH /sl BUPOOHMITBA HAHOLENIONO3M 3 JIEMIEBIIMX POCIMHHHUX
MaTepialliB y MOPIBHSAHHI 3 AEPEBUHOIO, 30KpeMa, CLTECHKOTOCIIONAPCEKUMH BiIXOIaMH, € aKTyalbHUM
3aBIAaHHSAM Cy4YacHOI HaHOOIO(i3uKku. BigKpUTTS MOXIHMBOCTI pO3MIMpPEHHS (PYHKIIOHAIEHUX
XapaKTEPUCTHK MaTepialiB y KOMIIO3UIISAX 3 MOIU(IKOBAaHUMH YACTHHKAMH IIENOJIO3H MO CYTi
CTHMYJIIOBAJIO 1HTEpeC AOCHIMHHUKIB [0 IETIOJO3HUX KOMIO3UTIB. Mojudikaiiisi moBepxHi 4aCTHHOK
LENTI0I031 (YHKIIOHATFHIMHI MaTepiajaMy, TAKUMHU SIK OapBHUKH, OKCHAN METaliB, KPEMHIH, T03BOJISIE
3aCTOCOBYBATH KOMIIO3UTH 3 MOJAM(IKOBAHOIO IEIOJIO3010 B PI3HUX 00JIACTAX CYy4acHOI MPOMHUCIIOBOCTI.
IcroTHe moMiMIIEHHs eKCIUTyaTaliiHUX MapamerpiB (YHKIIOHATI30BAaHUX YAaCTHHOK IIEJFOJIO3M MOXKHA
OTpUMaTH, BUKOPHCTOBYIOYM IX B TMOJliMEpax B SKOCTI HamnoBHIOBad4iB. [IpukianoM riOpuaHux
010KOMIO3UTIB € BUBYEHI y AaHii poOOTI KOMIIO3UTH E€MOKCHIHOI CMOJIM 3 YaCTUHKaMHU Mo ]ikoBaHOT
Ta HeMmoauQikoBaHOT wemono3n. MikdazHa B3a€MOJis YAaCTHHOK HANlOBHIOBAYa 3 EIOKCHIHOIO
MaTpHLelo, X KOHLEHTpAaLisi Ta JAUCIEPCHICTh MOXYTh 3MiHIOBaTH (i3MKO-XIMIYHI BJIACTHUBOCTI
GiomomimMepy Ta (QpyHKIIOHANBHI TapamMeTpu 0i0KOMITO3UTIB. JloCiiKeHHs BIUTUBY 30BHIIIHIX YHHHUKIB
Ha ()i3UKO-XIMiYHI BIACTHBOCTi 0i0CHCTEM Ha OCHOBI €MTOKCHIHOI CMOJHM Ta IX BIUIMB Ha €KCIUTyaTalliiHi
HapaMeTpH € aKTyaJbHOIO MPOGIIEMOO CYyJacHOTO MaTepiao3HaBCTBA.

Meta poboTH: po3podka eheKTHBHOTO CHHTE3Y HAHOIIETIOJIO3HU 3 POCIMHHUX MaTepiajiiB Ta MPOBEICHHS
(hyHKIiOHAMI3aIii TOBEPXHI MIKpPO- Ta HAHOIETIONIO3HMX YaCTHHOK Kiarpoxenmarom 3amiza (II),
OTpUMaHHsl OIOKOMIO3HUIIM ENOKCHUIHOI CMOJIM 3 BHXIJHOKW Ta (yHKIIOHAII30BAHOI MIKpPO Ta
HAHOIIEIIFOJI03010, JOCHI/DKEHHS MOpPQOJorii, XiMIi4HOI CTIMKOCTi, MEXaHIYHMX Ta TEPMIUYHUX
BJIACTHBOCTEH €MOKCHIHUX KOMIIO3UTIB 3 MIKPO- Ta HAHOYACTUHKAMH LIEJTIOJIO3H.

Marepiann ta Meroau. O0'eKTaMu JOCHIKEHHsI OyJIM KOMITO3UTH ernokcuHol cmonu Eposir-7120 3
noJjieTHiIeHno iaMiHoBuM 3arBepukyBadeM “PEPA” y cmiBBimHOmenui 6,2:1 Ta 10% wMikpo- Ta
HAHOYACTHHOK LENI0I03U. MIKpOIenono3a, OTpUMaHa 3 JIEPEeBHHH, Oyina KOMEPLIHHHUM IpPOIYKTOM.
Hanouemtono3a cHHTE30BaHa 3 OPraHOCOJIBBEHTHOI IIEJIONIO3M, OTpuMaHoi 3i creben Miscanthus x
giganteus. Mopangikanito TOBEpXHI MIKpO- Ta HAHOIEIOJIO3W MPOBOJWIN OapBHHKOM —
knatpoxenatom3amiza (II). IluromMy mMOBEepXHIO YaCTHHOK MEJIONIO3M BH3HAYANM 32 JOTIOMOTOIO
HU3BKOTEMITEpaTypHOI afacopOrii-mecopOitii a3oTy 3a MmetonoM bpynayepa-Emmera-Tennepa. MexaniuHi
mapaMeTpy BHU3HAYaJIM 3a JOMOMOTOI0 yHiBepcadbHHX MamuH Shopper Ta UMM-10. TemnoBuit aHami3
MpoBeNH 3a gornoMororo aepiBarorpada Q1500. HabyxaHHs 1ociimKyBaiy rpaBiIMETPHYHIM METOIOM.
Pesyabratn. BusHaueHo Monynb npykHOCTi E, MINHICTP Ha CTHCK G Ta TepMOIPaBIMETPHYHI
napameTpu. [Toka3aHo, 1110 B KOMIIO3UTaX 3 MIKPO- Ta HAHOIIEIJI03010 F minBuInyeTbes Ha 7,0—12,2%, a
o 30inbmyerscs Ha 9,1% JUIs KOMIO3UTIB 3 MIKpOYaCTMHKaMM 1IEN0j03u. HaroBHEHHs cMoiu
HAHOYACTUHKAMH IIEJFOJIO3M Ta MOJU(IKOBaHOI MIKPOLEIIOJIO3H HE BIUTMBAE Ha 3HAYEHHS G KOMITO3MTIB.
Tepmiuna crabinpHicTh enokcuaHoro mnoiiMepy (310°C) 3HMKyeTbes MNCIs HANlOBHEHHS MIKpO- Ta
HaHOIENM0103010 g0 290 Ta 300°C BigmoBigHO. XiMiYHA CTIMKICTh EMOKCHKOMIIO3UTIB 3 MIKpO- Ta
HAHOIENM0T03010 10 20%-1 a30THOI KHCIIOTH 3HIKYEThCA. Y HEHTpalIbHOMY CEpEeIOBHINI IPOIEC
HaOyXaHHS €TOKCHKOMITO3UTIB XapaKTepH3YEThCS IBUAKOIO copOuiero 1o HacudeHHs 15-20% aneToHoM
3a 36 TOQVH.

BucHoBku. TakuM 9uHOM, PO3pPOOJIEHO METON CHHTE3y HAHOLENIONO3M 3 POCIMHHHX MarepialiB Ta
npoBezieHa (yHKIIOHaI3alis 11 noBepxHi knaTpoxenarom 3aiiza (II). Ceitosa peakisi aqcopOOBaHOTO
OGapBHUKA BUSBJICHA y BUANMOMY CIIEKTPaIbHOMY Aiana3oHi. OTpuMaHi KOMITO3UTH €MTOKCHIHOI CMOJIH 3
10% Mikpo- Ta HAHOIICIIONIO3W. BHBUEHO BIUIMB HANOBHEHHS MIKPO- Ta HAHOILCIOIO030I0 HAa MOMYJIb
NPY>KHOCTi, MIIHICTh Ha CTHCK, TEPMIYHY CTIHKICTh ernokcukoMnosuTiB. IIporecu HaOyxaHHS
BiZI0YBaIOThCSI AHAJIOTIYHO Y KOMIIO3UTAX 3 MIKPO- Ta HAHOLIEITIOJIO3010.
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BJIUSHUE LHEJUIIOJIO3HBIX YACTHUL HA XUMHNYECKYIO CTOMKOCTb,
MEXAHHUYECKUE U TEPMAYECKHUE CBOMCTBA SMOKCUIHbIX KOMIIO3UTOB
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AKTyajbHOCTh: TexHonorndyeckue pa3pabOTKH IPOM3BOJCTBA HAHOLEIIONO3bI M3 OoJiee JelIeBhIX
pacTHTENBHBIX MaTepualioB II0 CPAaBHEHHIO C JPEBECHHOHM, B YacCTHOCTH, CEJIBCKOXO3SHCTBEHHBIMHU
OTXO/IaMH, SIBIISIIOTCS aKTyaJbHOW 3ajauell coBpeMeHHOW HaHOOMOGM3MKH. OTKpHITHE BO3MOXKHOCTH
pacmmpeHust (QYHKIHOHAIBHBIX XapaKTEPUCTUK MATEpHAJIOB B KOMIIO3MLMUSAX C MOJU(UIIMPOBAHHBIMHU
YacTHIAMH IEJUIIONIO3bl CYIIECTBEHHO CTHUMYJIMPOBAJIO HHTEPEC HCCIeAoBarenell K LEeIUTIOI03HBIM
KoMro3utaM. Moaudukanus MOBEPXHOCTH YaCTHI[ LEJUTIONO03bI (YHKIMOHAIBHBIMH MaTepHaJIaMHU,
TaKUMH KaK KpacuTelIHW, OKCHABl METaJuIOB, KPEMHHH IIO3BOJIIET TPUMEHATh KOMIIO3HUTHI C
MOIU(UIIMPOBAHHONW  IEJUIIONO30H B PA3NMYHBIX OOJACTSIX COBPEMEHHOM IPOMBIIIIEHHOCTH.
CyliecTBEHHOE YIIy4IIEHHE OKCIUIyaTallOHHBIX IapaMeTpoB (YHKLIHOHAIM3UPOBAHHBIX YACTHIL
LEJUTI0JI03bI MOXKHO JIOCTHYb, HUCIIONB3Ys WX B IOJMMEpax B KadyecTBe HamoiHuTens. lIpumepom
FI/I6pI/IJIHI)IX OHMOKOMITIO3UTOB SBIISIIOTCS N3Yy4YCHHLIC B IlaHHOﬁ pa60Te KOMIIO3HUTbI 3HOKCI/I[[HOI>1 CMOIJIbI C
YacTHLAMH MOAM(MUIMPOBAHHOW M HeMOAM(HIMPOBAHHOHN LeIIr0N03bl. MexdasHoe B3auMoeiicTBIe
YaCTHIL HANOJHUTENS C SMOKCHUIHONW Marpullel, MX KOHIEHTpAIMs W AUCIEPCHOCTh MOTYT U3MEHSThH
(pM3UKO-XMMHUYECKHE CBOMCTBA OHOIONIMMEpPa M OSKCIUTyaTallMOHHBIE IapaMeTpbl OHOKOMIIO3UTOB.
HccnenoBanye BIUSHUS BHELIHUX BO3JIEHCTBUN Ha (PU3MKO-XUMHUYECKHE CBOWCTBA OMOCHUCTEM HA OCHOBE
STIOKCUIHOM CMOJBI M HMX 3KCIUTyaTalMOHHBIE IMapaMeTphl MPEICTaBIAETCS aKTyaJIbHOH NHpOoOIeMOn
COBPEMEHHOT'O MAaTepHAJIOBEICHNSI.

Ieapr pabdoThl: pazpaboTka 3¢G(HEKTHBHOTO CHHTE3a HAHOILETIONO03bI W3 PACTUTEIBHBIX MaTEpPHANIOB,
npoBeeHne HYHKINOHATH3AINH OBEPXHOCTH YaCTUIl MUKPO- M HAHOLIETIONO03bI KJIATPOXENaTOM JKele3a
(Il), nomyueHnne  OHMOKOMIIO3MTOB  DMOKCHIAHOW  CMONBI €  (YHKIMOHAIW3UPOBAHHOH
He()yHKIMOHAIIM3UPOBAHHOM MMKPO- M HAHOILEIIONO030H, W HCCIeJoBaHHE MOP(OIOTHH, XUMHUYECKOH
CTOﬁKOCTH, MEXaHUYECKHUX HU TCPMHUYCCKUX CBOICTB ONOKCHUAHBIX KOMIIO3UTOB C MHUKPO- U
HAaHOYACTHUIIAMU IIEJUTIONIO3HI.

Marepuansl u MeToabl. O0beKTaMK HCCIeIOBaHKs ObLIM KOMITO3UTHI SMOKCUAHON cMoubl Eposir-7120
C NOJIUATWIEHNONMaMUHOBBIM oTBepauteneM “PEPA” B cootnomenuu 6,2:1 u 10% MHUKpOLELTION03b] U
HAHOYACTHIl LEJUTIOI03bl. MUKpPOLEIIIIoNo3a, IOMydYeHHas W3 JPEeBECHHBI, OblIa KOMMEPYECKHM
npoxykroM. HaHomenrono3za cHMHTE3MpOBaHa W3 OPraHOCOJIBBEHTHOW IIEIUIIONIO3bI, ITIOJyYEHHOH W3
crebneit Miscanthus x giganteus. Mogu(uKanuio MOBEpXHOCTH MUKPO- M HAHOLEINIOIO3bI TPOBOVIH
KpacuteneM — KiarpoxenaroM skenesa (II). Y nenbHyro HOBEpXHOCTh YaCTHIL LEIUTIOJIO3bI ONIPEAEIISIIN C
MIOMOIIBI0 HU3KOTEMIIEPAaTYPHO! afcopOuuu-aecopomu azora no Merony bpynayspa-Ommera-Temnepa.
MexaHuueckre MapaMeTpbl OMpeNesisuld ¢ MOMOIIBI YHHBepcanbHbiX MaiiuH Shopper 1 UMM-10.
TeroBod aHaNM3 BBINOJNHSIIM C noMolbio JepuBarorpada Q1500. HaOyxanue ompenessiu
IPaBUMETPHYECKUM METOIOM.

PesyabTaTsl. OnpeneneHbl MOIY/b yIPYrocTH £, MPOYHOCTh Ha C)KaTHE G U TEPMOTPaBUMETPUUECKHE
napameTpsl. [1okazaHo, 4TO B KOMIIO3UTaX ¢ MUKPO- M HAHOLEN0I0301 £ noBbimaercs Ha 7,0-12,2%, a ¢
yBenmuuBaercs Ha 9,1% ais KOMIO3WTOB € MHKPOYAcTHUIIAMH II€JUTIONO3bl. HarongHeHne cMoJb
HAHOLIEILTION030M W MOJIU(PHUIIMPOBAHHON MHKPOLEIUTION030H HE BIMSET HA BEIUYMHY G KOMIO3UTOB.
Tepmudeckas craOmiIbHOCTE 3rokcuaHoro nonumepa (310°C) cHuKaeTcst 1mociie HaloJIHEHUS MUKpO- U
HaHo1emo01030# 10 290 1 300°C cooTBETCTBEHHO. XMMHUYECKast CTOMKOCTh STIOKCHKOMITO3UTOB C MHUKPO-
1 HaHOLEMoI0301 K 20%-i1 a30THOI KHCIOTe CHIbKaeTcs. B HeWTpanbHOH cpexe mpouecc HaOyxaHWs
XapakTepusyercst ObICTpoii copOrueii 1o HackimeHus 15-20% areroHoMm 3a 36 4acos.

BeiBoabl. Takum 00pa3zoM, pa3paboTaH METOM CHHTE3a HAHOLIENONO3bl U3 PACTUTENILHBIX MAaTEPUANIOB U
mpoBefeHa (QYHKIIMOHAIM3AIMs €€ TOoBepxHOCTH KiarpoxenmaroMm kene3a (II). CeeroBas peaxnms
aZicOpOMpPOBAHHOTO KpacuTessi OOHapyXKeHa B BHIMMOM CHEKTpaIbHOM Juana3oHe. I[loirydeHsl
KOMITIO3HUThI 3HOKCI/II[HOI>1 cmoiel ¢ 10% MUKPO- U HAHOUECJIIIOJIO3bI. I/I3yqu0 BJIMAHHUC HAIIOJITHCHHA
MHUKpPO- U HAHOIIEIIOJI030i Ha MOJYJb YIPYrOCTH, IPOYHOCTH Ha CXKAaTHE, TEPMHUUYECKYIO CTOHKOCTB
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SIIOKCHUKOMIIO3HUTOB. HpOI.[CCCBI Ha6yX3HI/I$I IMPOTEKAOT aHAJIOTMYHO B KOMIIO3UTaX C MHUKPO- H

HAHOLIEJUITIOJI030H.
K/IIIOUEBBIE CJIOBA: »Sn0KCHKOMIIO3UT, MHUKPOLC/UIIOJ03a; HAHOLEIUIIOI03a; CHHTE3; MEXaHUYeCcKHe
napaMeTpbl; TEPMUUECKHIE TapaMeTphl; XUMHYECKas CTOHKOCTb.

The development of a technology for the production of micro and nanocellulose from
cheaper plant materials compared to wood, in particular, agricultural waste is an urgent task
of modern materials science [1-4]. Interest in micro and nanoparticles of cellulose increased
significantly after the discovery of possibility of expanding functional characteristics of
materials in compositions with modified cellulose micro and nanoparticles [5, 6]. Thus, the
loading with cellulose particles of structural materials allows reducing their weight while
maintaining the strength of composites, in particular, the filling of polymers with
nanocellulose leads to an increase in the strength of biocomposites [7, 8]. Surface
modification of cellulose particles by electrically conductive or photoactive compounds, such
as dyes, metal oxides, silicon, allows applying composites with modified cellulose in micro-
and optoelectronics [9-12].

It should be noted that in hybrid polymer composites, cellulose is often applied as a
structural material, which, on the one hand, reduces the composite weight and, on the other
side, is a reinforcing component of the material. Reinforcement is achieved by increasing the
surface reactivity of micro and nanocellulose particles by grafting atomic functional groups
that can chemically interact with the polymer chain atoms and enhance the polymer structure.
In addition, to expand the operational performances of composites, for example, optically,
biologically, and photo-active functional groups can be grafted onto the cellulose surface. In
the hybrid polymer biosystems with modified cellulose their physical and chemical properties
essentially depend both on the interfacial interaction of active surface sites of modified
cellulose particle with atomic groups of polymer chains and the influence of polymer matrix
on the interaction of atomic groups of functional modifiers with the surface centers of
cellulose particles. Interfacial interaction can significantly change the polymeric matrix
structure, the electron density distribution in the composites, and, accordingly, their
operational parameters. Besides, the structural organization of the hybrid biosystem depends
on the dispersion and surface reactivity of the organic filler. Therefore, for a controlled
change in the functional parameters of created biocomposites, it is essential to know the
physical behavior of hybrid biosystem under the influence of external factors. In this work as
external factors acting on biocomposites the mechanical compression load, temperature field
and action of aggressive environment were used.

In recent time there are three methods used to produce nanocellulose from plant matter,
namely, mechanochemical [13, 14], enzymatic [15] and chemical [16]. The latter synthesis
method was used in present work since it is the least energy and financially expensive.
Synthetic cellulose is obtained from many cellulose-containing materials [17-21]. In this
work the stalks of plant material promising for cellulose production [22] were used for the
synthesis of nanocellulose.

The purpose of present work was to develop an effective environmentally friendly
organosolvent method for producing nanocellulose from Miscanthus x giganteus stalks to
modify its surface with an optically active dye and to study the morphology of particles,
chemical resistivity, mechanical and thermal properties of polymer composites with cellulose
micro and nanoparticles. Wood micro sized cellulose was used to compare the surface
reactivity effect of cellulose obtained from various sources on the hybrid biocomposite
properties. The micro sized cellulose dispersion was chosen so that it has the order of the
nanomaterial dispersion. An epoxy resin was used as the polymer matrix of composites.
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MATERIALS AND METHODS

The epoxy resin composites with both celluloses upon filling of 10% wt have been
investigated. We use commercially available wood microcellulose.Microparticles of cellulose
have an irregular shape with transverse sizes in the range of 50-300 um. Nanocellulose has
been synthesized from cellulose obtained from Miscanthus x giganteus stalks using
environmentally safer organosolvent method. Organosolvcellulose was obtained in two steps.
In the first stage, the miscanthus stalks are treated in a mixture of glacial acetic acid and 35%
hydrogen peroxide in a volume ratio of 70:30% at the liquid to solid ratio 10:1, at temperature
95 £ 2°C during 30-240 min. In the second step, the obtained cellulose was subjected an
alkaline treatment at the liquid to solid ratio 12:1, at a temperature of 95 + 2°C during 15—
240 min. Alkaline treatment of organosolvmiscanthus cellulose (OMC) was washed with hot
distilled water to neutral pH and stored in sealed packages under constant temperature
conditions. The quality of parameters for obtained OMC samples were determined by
standard methods [23].

To obtain nanocellulose hydrolysis of the wet OMC was carried out with a solution of
sulfuric acid at a concentration of 43% and 50% at the liquid to solid ratio 10:1 at
temperatures of 40 and 60°C for 30—90 minutes. The calculated amount of sulfuric acid with
the relevant concentration was slowly added to flask with the OMC suspension. The reaction
temperature was maintained in the range of 40-60°C. At the end of the reaction time the
hydrolysis was stopped by ten-fold dilution with distilled water and the suspension was
cooled to room temperature. The hydrolyzed nanocellulose was washed three times with
distilled water by centrifuging at 4000 rpm and subsequent dialysis until neutral pH was
reached. Ultrasonic treatment of the nanocellulose solution was performed using an ultrasonic
disintegrator UZDN-A (SELMI, Ukraine) with 22 kHz duration of 30 to 60 min. The
cellulose suspension was placed in an ice bath to prevent overheating during processing. As a
result, the suspension had the appearance of uniform gel-like dispersion. The obtained
particles have the form of nanofibers with transverse sizes of 1040 nm and a length of
several micrometers [5, 14, 22].

Resin Eposir-7120 (Italian product) with a hardener polyethylene polyamine "PEPA" in a
ratio of 6.2 : 1 was used as polymer composite matrix. To create resistant to external factors
the color of polymer composites with nanocellulose the clathrochelate iron (II) dye was added
in the nanocellulose dispersion [24]. For staining in red colora suspension was prepared
containing 1.2 g nanocellulose particles in a solution of 1.5 mg iron (II) clathrochelate in
10 ml methylene chloride. Obtained suspension was treated by ultrasound with frequency
22 kHz and duration 20 min. The resulting suspension was poured into a weighed portion of
epoxy resin and uniform mixing of the mixture was achieved by mechanical stirring. The
residual solvent was removed sequentially by heat treatment at 40°C and vacuum treatment at
133.3 Pa. Then the hardener was added to the uncured epoxy resin composition with a dye.
Air bubbles formed by stirring the mixture were removed from the uncured resin by vacuum
at 40°C. Samples for physical investigations were prepared from the obtained composition.
The distribution of colored nanocellulose particles at the epoxy composite surface is shown in
Fig. 1, where the light spots are caused by the red light emission from dye adsorbed on the
nanocellulose.

The structural formula of cellulose-dye complex for cellulose macromolecule with
adsorbed clathrochelate Fe (II) is presented in Fig. 2. Dye molecules bind to the surface sites
of cellulose particles forming relatively strong complexes. Hydroxyl groups are surface sites
forming hydrogen bonds with adsorbed molecules. Surface centers form chemical bonds after
preliminary chemical activation of the surface [25, 26]. An example of a hydrogen bond



62

N.V. Sigareva, V.A. Barbash, O.V. Yashchenko, S.V. Shulga,
D.L. Starokadomsky, B.M. Gorelov

between the macromolecular cellulose surface site and an adsorbed dye molecule is shown in
Fig. 2.

-3 Wi ™

Fig. 1. Distribution of colored cellulose particls at the epoxy composite surface.

Iridescent paints are widely used to protect against the counterfeits using color copiers.
Clathrochelate composite materials allow you to get an individual red “imprint” of the touch
marks on the object.

Cellulose

OJHO- T

0
d OH
CH, OH " CH,OH
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Fig. 2. Structural formula of cellulose-dye complex.

Mechanical parameters of polymer composites were determined using universal
machines Shopper and UMM-10. Thermal analysis was performed using Q1500
derivatograph with heat rate 10°C/min. Swelling was determined by the gravimetric method

at room temperature. Swelling was calculated as Ag = q(t) —q(O) , here q(t) is the weight

of samples after being in solution for time ¢, q(O) is the sample weight before a start of

swelling process. Scanning electron microscopy (SEM) was performed using a PEM-1061
SELMI microscope, Ukraine.

RESULTS AND DISCUSSION

Microcelluloseand nanocellulose particles distribution in epoxy matrix
Microcellulose particles are approximately uniformly distributed in the epoxy matrix.
The particle size is in the range of 50-350 um (Fig. 3 a), and the microparticles have a
developed surface with complicated morphology (Fig. 3 b).
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Fig.4 shows a CEM image of the surface of epoxy composite with cellulose
nanoparticles. It can be seen from the figure that the filler contains particles ranging in size
from 1 pum to large associates, consisting of several nanocellulose fibers with transverse sizes
up to 10 um and a longitudinal size of up to 30 um.

It should be noted that nanocellulose particles have a less developed surface compared to
wood microcellulose particles (Fig. 3 b). However, measurements of the specific surface area (s)
by the Brunauer-Emmett-Teller method showed that the specific surface area of nanocellulose
particles is 4.7 m*/g and more than 3 times exceeds the specific surface of microcellulose particles
s = 1.5 m*/g. Coating of cellulose particles with molecules of clathrochelate (0.1 wt. %) leads to a
reduction in the nanocellulose specific surface to s = 2.3 m*/g, while the s value of microcellulose
particles coated with clathrochelate increased to 1.9 m%/g.

The decrease in the specific surface area of nanocellulose is apparently due to the fact
that the cellulose agglomerates visible in Fig. 4 are globular formations of entwined cellulose
nanofibers. Coating with cumbersome clathrochelate complexes of the surface of upper
cellulose nanofibers forming globules overlaps the surface sites of cellulose nanofibers
located inside the globules, excluding them from participation in surface reactions and
reduces the specific surface of globular formations.

o

WD=19.8mm 20.00kV __ x50.0 20.00kV __ x500
a b

Fig. 3. CEM image of the surface layer of epoxy composite with microcellulose (@) and the surface of
cellulose microparticle (b).

20.00kV  x3500
Fig. 4. CEM image of the surface layer of epoxy resin filled with nanocellulose.

The growth in the specific surface area of cellulose microparticles modified with
clathrochelate is related to an increase in the surface reactivity due to oxygen and OH sites
ofclathrochelate molecules grafted to the surface sites of microparticles (Fig. 2).
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Thus, in the epoxy matrix the high dispersion of cellulose nanoparticles is related with
cellulose nanofiber globules. Particles of microcellulose do not form aggregates in the epoxy
matrix.

Mechanical parameters
The elastic modulus £ and the compressive strength ¢ have been determined from the
loading curves of the epoxy resin and its composites with micro and nanocellulose. The
ovalue or, in other terminology, the forced elasticity limit separating elastic and inelastic
deformation regions corresponds to the P extremum on the loading curves (Fig. 5).
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Fig. 5. Dependence of deformation
of neat epoxy resin (a) and its
composites with nanocellulose (b)
and microcellulose (¢) on loading.
Dashed lines correspond to the
values of the forced elasticity limit.
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In unfilled resin samples the loading curves characterize by a region of elastic
deformations, where the strain ¢ linearly varies with increasing loading, and a region of
conformational strains where & is weakly dependent on loading and whose volume is
proportional to the polymer free volume. The elastic deformation takes place in all samples,
while the volume magnitude of configurational deformations of polymer chains depends on
the filler origin. The elastic modulus value for a neat resin is 1127.7 MPa, and the
compressive strength value is 92.6 MPa. The introduction of nanocellulose increases the E
modulus to 1206.2 MPa and practically does not affect the strength value ¢ equal to 90.8
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MPa. In addition loading with nanocellulose lowers the region value of configurational
deformations of polymer chains and the free volume magnitude in the polymer matrix (Fig. 5,
b).

Filling resin with microcellulose significantly increases both the modulus £ to 1265 MPa
and the compressive strength to 101.5 MPa. Besides, in the matrix the free volume decreases
and the configurational deformation of polymer structure is suppressed (Fig. 5, c).

Thus the loading of polymer with micro and nanocellulose particles leads to an increase
in the elastic modulus of composites. The £ module behavior is due to the filling epoxy resin
with a more plastic dispersed component and, as a consequence, a growth in the composite
compressibility. Besides, the obtained nanocellulose do not have a reinforce effect on the
strength of the epoxy composite. The reinforce effect of functionalized cellulose nanofibers
on the strength of their compositions with epoxy resin have been observed in [27, 28].
Microcellulose particles give raises the most significant effect on the strength of composites.
Such effect can be depended both on the free volume magnitude of polymer matrix and a
greater surface reactivity of cellulose microparticles in comparison with the surface reactivity
of nanocellulose particles. It is known [29] that the chemical bonding of polymer
macromolecule atoms with the surface sites of filler particles leads to stabilization of the
polymer structure and arising its strength.

To check the effect of surface state on the composite strength, the resin was filled with
microcellulose particles coated with 0.1 wt. % of clathrochelate. Coating microcellulose with
clathrochelate molecules, which bind to the surface sites of microparticles (Fig. 2), increases
the number of active sites and the reactivity of microcellulose surface with grafted molecules.
Mechanical loading of composites with modified cellulose having a large surface reactivity
shows that the growth of £ modulus weakens to 1206 MPa, while the strength ¢ remains
practically unchanged and amounts to 93.3 MPa. Besides, in composites with modified
microcellulose the region of configurational deformation reveals at loading curves. Their
loading curve is similar with that shown in fig 5b. Hence the behavior of composite strength
does not depend on the surface reactivity of cellulose particles.

Thus, in epoxy composites their strength behavior is determined by the free volume value
of polymer matrix, while variations in the elastic modulus are related to the elasticity of
cellulose particles.

Thermal properties

The results of thermogravimetric analysis of the neat resin indicate that the thermal
degradation of polymer occurs in the temperature range of 270—750°C with heat release and
has a thermal oxidation character and a thermal stability of 310°C (at the level of mass loss of
12%) (Fig. 6 a).

Loading resin with cellulose reduces the thermal stability of the polymer matrix, which in
the nano- and micro cellulose composites is 300 and 290°C respectively. In addition, a
reduction in heat release in a result of decomposition reactions of composites with
nanocellulose by 9.0% and microcellulose by 12.0% (Fig. 6 b, ¢).

Thus, the filling of the epoxy polymer with micro- and nanocellulose particles reduces
the thermal stability of the composite matrix and the heat release intensity in a result of
thermo-oxidative destruction of the defect-free polymer structure.

The behavior of the thermal parameters of composites is due to changes in the polymer
structure upon the loading with filler particles. The reduction in the thermal stability of
composites is caused with an appearance of unbound fragments of polymer chains and cross-
links in the polymer structure. It is known [30] that the destruction of unbound or unfasten
moieties begins at lower temperatures than the temperature of thermal decomposition for a
defect-free polymer structure. Hence a decrease in the thermal stability of composites is
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related with beginning destruction of unbound fragments of polymer structure. Moreover such
process is more pronounced in composites with microcellulose where the reduction in thermal
stability is 20°C.

i) I O ' [ O 2 T 7 ]
oo [T INATT TN ] 1
L INEEE ANENE
s HNENARNEE NDT
D,Q—- T / T \:{} 1 ! 40
LA TIN |
D,Q—-:_/. | | \ DTG G0
D'?__- A \_‘Y\ - a0
oaf N
| | | | | | | T+ 100
: = I BE i i | ] ® Fig. 6. Results of thermogravimetric
=
= 00y \ ~ b I (TG), differential thermal (DTA) and
W / \ \ DTA 20 »¢  thermogravimetric (DTG) analyzes
~ 3 ST - =  of neat resin (a) and its composites
0.2 // \\-::} 40 7 with micro- (b) and nanocellulose
(o).
L7 AN DIG
0.0 B0
TN LI N
_0'2_, \L/ \\ 5
e N | TG
; : —r— i | | —— 100
! £ 0
06 AY Cl i
o I TN, \[Da| |
[]IQ_- // \i“} E_‘-_' 40
U-U-V/ N DTG %60
1 \ P e \_,_J E
_O,Qi \/ \\ 580
0.4 < TG
0 a00 o0 o0 s 1000
T .°C

The appearance of unbound atomic groups and polymer structure disturbances apparently
leads to diminish in the energy of intra-atomic bonds in unbound moieties and polymeric
atomic groups located near polymer structure violations. Hence the destruction of the violated
polymer structure occurs with releasing less heat.

Chemical resistance
The chemical resistance of materials was determined in an oxidizing medium — 35%
hydrogen peroxide solution, acidic medium — 20% nitric acid solution, and neutral medium
— organic solvent, acetone (analytical grade). The swelling kinetics of composites with micro
and nanocellulose in an oxidizing medium indicates that the resistance of materials to
swelling grows with filling and does not depend on the origin of cellulose particles and the
polymer structure strength (Fig. 7).
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Fig. 7. Swelling curves in a 35% solution of Fig. 8. Swelling curves in a 20% solution of nitric
hydrogen peroxide of neat resin (1) and its acid of neat resin (1) and its composites with nano
composites with nano (2) and microcellulose (3). (2) and microcellulose (3).

Curves are the exponents obtained by theoretical fitting of experimental results.

In aggressive acidic environment the chemical resistance of composites decreases
(Fig. 8). In this case a correlation of 4g with the mechanical strength of the polymer structure
takes place. So the swelling of composite with nanocellulose significantly exceeds the Ag
value for the composite with microcellulose. Note that the swelling kinetics in an oxidizing
and acidic medium are described by an exponential dependence, which may indicate a similar
mechanism for the diffusion of hydrogen peroxide and nitric acid molecules in the composite
bulk.

The swelling kinetics of neat resin and its composites with cellulose in a neutral medium
characterizes by rapid absorption of acetone for 20-30 minutes. Then the slight changes in
swelling for neat resin and a slow smooth increase in swelling for composites with increasing
t. The composites with nanocellulose, for which the increase in 4g for 480 h was 18%,
compared with the rise in Ag for neat resin up to 23% has the highest chemical resistance to
swelling. Their chemical resistance grows up 12%. At the same time the chemical resistance
of composites with microcellulose reduces in 12% in compare with that for neat resin (Fig. 9).

T T T T T T T T T
0 150 300 450
t, h
Fig. 9. Swelling kinetics in an acetone solution of neat resin (1) and its composites with nano (2) and
microcellulose (3).
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Note that in the composites the swelling value in a neutral medium and its intensity
significantly exceeds the 4¢g values in an acidic and oxidizing environment for time of 450 h.
Thus the loading of epoxy resin with particles of micro- and nanocellulose weakly affects the
chemical resistance of the composites. Composites with nanocellulose particles are most
resistant to oxidizing and neutral environments.

The swelling behavior depends on the physical processes at the interface and in the
polymer volume, such as the magnitudes of the surface and diffusion barriers. It can be
assumed that the rapid increase in swelling in a neutral medium is due to the weak influence
of the surface barrier on the embedding solvent molecules into the materialvolume and a
small diffusion barrier contributing rapid filling of the polymeric free volume with solvent
molecules.

CONCLUSIONS

The two-stage method for producing nanocellulose from plant materials using acid
hydrolysis of organosolv cellulose was carried out, the modification of micro and
nanocellulose surface with a dye was fulfilled and their compositions with epoxy resin have
been obtained. Surface morphology of cellulose particles was studied.

Surface functionalization of cellulose particles with iron clathrochelate increases the
surface reactivity of microcellulose particles and reduces the reactivity of the nanocellulose
surface. The light response from red dye adsorbed on the surface of the cellulose particles
incorporated in the epoxy matrix has been recorded. The epoxy environment does not affect
the internal molecular electronic transitions in the dye.

Changes in mechanical, thermal properties and chemical resistance of composites with
micro- and nanocellulose in three aggressive environments have been investigated. Loading
of epoxy resin with particles of micro and nanocellulose weakly affects the chemical
resistance of composites. Composites with nanocellulose are most resistant to influence of
oxidizing and neutral environments.

The introduction of both types of cellulose into the epoxy resin leads to an increase in the
elastic modulus of composites. However, the compressive strength in composites with
microcellulose increases while in composites with microcellulose modified with dye and
nanocellulose that practically does not change. The magnitudof the composite strength is
related to variations in the matrix free volume upon filling and it does not depend on the
surface reactivity of filler particles. The reinforcing effect of fillers increases with a free
volume reduction in the composites. Filling epoxy polymer with particles of micro and
nanocellulose reduces the heat resistance of the composite matrix and the intensity of heat
release during thermal oxidative destruction. The influence of cellulose particles on the heat
resistance of composites is attributed to appearance of unbound moieties of polymer chains in
the matrix upon filling whose thermal destruction realizes with less heat release.
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