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MeToAOM OKMCIUTENbHOIrO O030/1IEHWUSI U LLEJIOYHOM 3KCTPaKUUM noJiyyeHbl 06pasubl 6MOreHHoro
KpemMHe3ema (SiOz) C coAepXaHueMm LenieBoro KoMrnoHeHTta 76,4-99,9%. UccneposBaHo UX BAUSIHUE
Ha TeMJIOCTOMKOCTb U MEXaHNYEeCKYH MPOYHOCTb KOMMO3ULMOHHOIO MaTepurasa Ha OCHOBE 3MOKCUAHOIo
onuromepa 3[1-20, oTBepXAEHHOro nso-metunterparugpodraneebiMm (M30-MTI OA) aHrMApULOM.

Samples of biogenic silica (SiO,) were obtained with a target component content of 76.4-
99.9% by means of calcination in oxidative ashing and alkaline extraction. Influence of the
prepared silica on the heat resistance and mechanical strength of a composite material was
studied based on the ED-20 epoxy oligomer cured by iso-methyltetrahydrophthalic (iso-

MTHPA) anhydride.

BBEJLEHUE

AMOpOHBIN KpeMHe3eM o61alaeT BBICOKOM XHMH-
yeCKOM aKTHBHOCTBIO M Ha 3TOM OCHOBAHO €ro
M POKOe IPHUMeHeHHe KaK HAaIllOJHUTeIsS U MOLH-
dukaropa [1]. AHaNKU3 MUPOBOrO PHIHKA CHHTETH-
YeCKOTro (0CaskIeHHOTO U IIMPOreHHOro) aMoppHOro
KpeMHe3eMa I10Ka3blBaeT HaJlH4He IeJIOro psafa
TeXHHYeCKMX HaMMeHOBAaHHUM U TOPrOBBIX MapoK
C XapaKTepHBIMHU QHU3UKO-XMMHUYECKMMHU Mlapame-
TpaMu, HanpuMmep, "Aspocun’, "6benas caxka" [2].
TeM He MeHee IOJy4YeHHe IHPOTeHHOTO KpeMHe-
3eMa (coflepskaHHe OCHOBHOIO BelllecTBa, Si0,, 99,5%
U BbllIe) TpebyeT 60/NBIIMX SHEPro3aTpaT U 3allUT-
HBIX Mep I10 B3peiBobe3onacHOCTU. OcakJeHHBIH
KpeMmHe3eM (comep>kaHue SiO, BApbUPyeTCs B AHaATIa-
30He 60,0-90,0%) Ioy4aloT, KaK IPaBUJIO, U3 ">KU/-
Koro crekaa" (Na,Si0O;), 4TO B TeXHUYECKOM ILJIaHe
HeMHoOro Ipoule u 6ezomacHee [3]. Crocob monyye-
HUS OllpeJesisieT CBOMCTBA KOHEUHOIO MPOAYKTa:

pasmep 1 GOpMY HACTHL, HAJTUYHE UIU OTCYTCTBHE
IIOP, CBOKCTBA II0BEPXHOCTH [2].

[llnpoKkoe NpUMeHeHHe KpeMHe3eMa B KauecTBe
HAIOJHHUTE/NEeN IIOJIMMePHBIX MaTepPHaJIOB JelaeT
ero MepcreKTUBHBIM 06beKTOM COBPeMEeHHBIX Hayu-
HBIX HCclefoBaHUM [4-7]. [IUPOreHHBIN AUOKCU],
KpeMHUS 59 PeKTHBHO IIOBBIIIAET MeXaHHUYeCKYIO
[IPOYHOCTD SIIOKCUAHBIX KOMIIO3UTOB [4, 5].

[lepCrIeKTUBHOCTh OHMOTeHHOI0o KpeMHe3eMa
U CII0CO6BI ero BBIIeJIEHUS U3 PACTUTEIBPHON MaCCHl
paccmoTpeHsbl B paboTax [8-17]. PocCUHCKUMU CIie-
LHaJUCTaMU pa3paboraHbl crmocobrl monayde-
HUS BBICOKOYHUCTOTO (70 99,99%) aMopdHOro THUOK-
CHIa KpeMHHS U3 PHUCOBOM ILIENYXH C BBIXOLOM
mo 22,0 mac.% [2, 8, 10].

LlenpI0 UCCIEOBAHMS CTAJIO BBIJeIEHHE KPeM-
He3eMa U3 pacTeHUU KpeMHedHI0B (LIeTyXHU puca,
XBOIIlA JIECHOr0) U MCC/IeLOBaHHEe ero B KadecTBe
HAITOJTHUTeIS SIIOKCHAHT U PULHOTO [0 Mepa.

depepanbHoOe rocyaapcTBeHHoe 6104KeTHOe yupexaeHne Hayku defepanbHblii UCCNeA0BATENbCKUI LLeHTP "KOMU Hay4HbIV LEeHTp YpanbCKoro otaene-
HWs Poccuinckon akagemun Hayk" (O6ocobneHHoe noapasaeneHve MHCTUTYT xummn OUL, Komu HLLYpO PAH), r. CeikTbiBKkap / Federal State Budgetary
Institution of Science Federal Research Center "Komi Scientific Center of the Ural Branch of the Russian Academy of Sciences", Syktyvkar.
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METOAbI UCC/IEJOBAHNA

O6BbeKTaMU UCC/IeJOBAHUS SIB/ISUIACh: KpeMHe3eM PHCo-
Bow menyxu (PII) u xBoma ecHoro (XJI), Iony4eHHbIe
METOZOM OKMC/IUTE/IBHOTO 030JIEHH I K METOOM OCasK-
JleHU S U3 IIeJ0YHBIX PACTBOPOB. KOMIIOHEHTHBIH
COCTaB PaCTHUTEIbHBIX 06Pa3L[0B HCCIeJ0BAH COITIACHO
MeToAHKaM, IIpe/iCTaBIeHHEIM B MoHorpaduu [18].
ComepskaHue TUTHHUHA OIpPeIeIsiii CepHOKKUCIOT-
HBIM METOZOM B MoAHouKauu KoMapoBsa, comepsKa-
HUe LleJI/II0/I03b — MeTofoM KiopuiHepa (3KCTpaKIHeHn
pacTUTenbHOro 06pasia a30THO-CIIMPTOBOL CMECHIO).
s onpenesieHys BajJOBOIO COMEP>KaHUSA KpeMHe-
3eMa IIPUMEeHSIIM MeTOJ, CIIJIaBJIeHHU S CO LIe/I0YaMH
[19].

Hccnenyemble 06B5eKTH (C BapHaljHeH MpeBapu-
TeJIPHOU MOATOTOBKH: HM3MeJIbueHHe, 3KCTPAKI UK
PacTBOPOM KHCJIOTEL, SKCTPAKLIMK PACTBOPOM I'MAPOK-
CHJa HAaTpUs) NOABepraau 030JIeHHI0 B Mydesb-
HOI [Ie4YH B TOKe BO3JlyXa. O6pa3u1;1 Maccou 0,2-0,3T
HarpeBaJt oT 25 10 600-1000°C co ckopocThio 8°C/MUH
B JMHaAMH4YeCKOH aTMocdepe BO3/lyXa CO CKOPOCTBIO
IIOTOKA 5 JI/MHUH.

O6pa3iubl IOABEPrajly 3KCTPAKIUU BOLOU U/UIH
0,1 H. pacTBOpoM constHOM KucaoTsl (HCl) mpu Temre-
patype 90°C B TeueHHe 60 MHH C IT0C/IeyIoLel QUIIb-
TpalMel U cymKkoHn [11-12].

O6pasisl ofBepraay 3KCTPAKLHHU 2,5 H. pacTBOpe
ruapokcuaa HaTpus (NaOH) npu temmnepartype 90°C
B TeyeHHe 60 MMH C II0JyYeHHeM 3KCTPaKTa Iejode-
PaCTBOPUMBIX KOMIIOHEHTOB PAaCTHUTe/IbHOK MaTPHIIBL
(kpeMHe3eMa, JUTHHHA, IIeKTUHOBBIX BellleCTB,
reMHUIIe/I/TI0/103) K TBePAbIM OCTATKOM (L[eJI/TI0JIO3BI).

MuxkpodoTorpaduu o6pa3ioB ObIIM IONYyUeHB
C IIOMOIIbI0 CKAHHUPYIOLIEro 3/IeKTPOHHOI0 MUKPO-
ckoma Tescan Vega III SBU (pupma Tescan, Yexwus,
2010 r.). KauecTBeHHBIHN 31eMeHTHBIM COCTaB OIpe-
JleJISIIA C IIOMOILBI0 PeHTI@HOBCKOI0 3HeProfMCIIep-
CHOHHOTO MHKpoaHanu3atopa AZTECENERGY/X-ACT
TESCANVEGA 3 SBU.

XapaKTepUCTHUKH IIOPUCTOM CTPYKTYPHL (ymenn-
HY0 [UIOIa/b [IOBEPXHOCTH (Syy), CYMMapHBIH obveM
nop (Vg), anametp 1op (d,,)) OIpesensiiu ¢ oOMOLIbIO
npubopa NOVAStationA. Ilnomiaap yAeapHOM IIOBEPX-
HOCTH COryIacHO MeTony bIT paccYHUTHIBAIH 110 K30~
TepMe TeIlJIOBOM cOpbLiry a3oTa.

PeHTreHOCTPYKTYPHBIN aHA/IN3 IIPOBOJUIHU C IOMO-
mbI0 AUPpaKTOMeTpa peHTreHoBckoro SHIMADZU
XRD-6000 (SHIMADZU, Simonust, 2007T.).

B KauecTBe MopuHULIPyeMOro 06beKTa BEIOpaHA
KOMIIO3UIIMS Ha OCHOBE 3MOKCHIHOTO OJIMIOMepa
3/1-20, OTBep>KAEHHOI0 M30-MeTH/ITeTparugpodrare-
BBIM aHTHPUIOM (130-MTIL®A).

KOMIIO3UILIMY FOTOBUJIMCH CIeAYIOIUM 06pa3om:
B 3IIOKCH/IHOE CBSI3YIOIllee COCTaBa ~ SIIOKCUAHAS A1a-
HoBas cMoJia 3J1-20 (100 mac.%), u30-MTI'PA (80 mac.%),
yckopuTenb 2,4,6,-TpuUc(AHMeTHIaMUHOMETHII)HeHO
(1,5 mac.%), BBOLM/IM HAIIOJHUTENH (HCCIenyeMble
06pa3nbsl OMOTeHHOTO KpeMHe3eMa) B KOJINYecTBe
0,5-10 mac.% oT OCHOBHOI'O COCTaBa KOMIIO3UIIHH.
CMelleHHe KOMIIOHEHTOB IIPOBOAUJIOCH IIPU TeMIIe-
patype 70-90°C, roMoreHU3al Ml CUCTEMBL JOCTHU-
rajgach nyTemM JUCIEPrupoBaHMUA YAaCTHUIL HAIOJ-
HHTeJIsI B HU3KOBSI3KOM OTBepAHTe/ie C IIOMOIIBIO
yABTpPa3ByKoBoro reHepartopa IL-10-0.1 c yacTtoTon

INTRODUCTION

Amorphous silica has a high
chemical activity and it makes
the basis for its widespread use
as a filler and modifier [1]. Anal-
ysis of the global market of syn-
thetic (precipitated and pyrog-
enous) amorphous silica shows
a number of technical descrip-
tions and trademarks with spe-
cific physical and chemical
parameters, such as "Aerosil",
"silica white", etc. [2]. Neverthe-
less, it is necessary to spend a
lot of electrical energy and apply
security measures to ensure
explosion safety in order to
obtain pyrogenous silica (with

the content of base substance,
Si0,, 99.5% and higher). Usu-
ally, the precipitated silica (SiO,
content varies in the range of
60.0-90.0%) and can be obtained
from "liquid glass" (Na,SiO;)
because of technical simplicity
and safety [3]. The production
metod determines the proper-
ties of the end product, such as
dimensions and shapes of the
particles, presence or absence of
pores and surface properties [2].

The widespread usage of silica
as a filler for polymer materials
makes it a perspective object of
modern scientific research [4-7].
Perspectives of biogenic silica

and methods of its extraction
from the plant biomass are con-
sidered in [8-17]. Russian spe-
cialists have developed the pro-
duction methods of high-purity
(up to 99.99%) amorphous sili-
con dioxide from rice hull with
a yield of up to 22.0 weight per-
centage [2, 8, 10].

The aim of the study was to
extract silica from plants of sili-
cophiles (rice hull, bottlebrush)
and its study as a filler for the
epoxy anhydride polymer.

METHODS OF RESEARCH
The research objects were: sil-
ica extracted from rice hull (RH)
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Tabauua 1. KomnoHeHMHbIU cocmag uccaedyemblx 06pasiios
Table1. The composition of the samples

ash, PS, Cell,
Buomacca Mac.% I;"v':iag Ch:/" Mac.% Mac.%
Biomass weight percents weight weight
percents percents percents
PLL 21,0+1,0 41,0+1,0 8,0+1,2 38,5+0,5
XN 8,2+0,6 7,0+0,4 54,0+0,6 20,0+0,5

Tabauya 2. Xapakmepucmuka 0b6pasuos Ha codep)kanue KpemHesema
Table 2. Silica content in samples

ash, SiO, B 3011€, q
Mac.% Mac.% ik OGEasue,
Bbuomacca weight ined s Mac.%
Biomass e SiO, in a sample,
per weight weight percents
cents percents
PLLI 21,041,0 83,0 16,9+0,5
XN 8,2+0,6 86,0 7,310,3

22 kI't 1 MomiHOCTHI0 1000 BT ¢ rmocineyoIuM CMe-
IIHBaHHEM CO CMOJIOM U JJPYyTHMH KOMIIOHEHTaMH.
OTBepXAeHHe KOMIIO3UIHUK IIPOBOAUJIOCH IO CTY-
[IeHYaTOMy pekKUMY IpU TeMmmepartype: 120°C - 14
1 160°C-3u,

HccnenoBaHue KUHETUKU OTBEPKAEHH A SII0KCUIIO-
JTHMePHOU MaTPHLBL U TeMIIepaTypbl CTeKJI0BaHHUS
[IPOBOAMJIN MeTOLOM JUPPepeHIIHa/IbHOM CKAaHHUPY-
fomert KanopumeTpuu ([ICK) Ha mpubope SHIMADZU
DSC-60.

TermioBele 3¢ PeKThl IIPU IMOTUKOHAeHCAa MU I/1-20
¢ u30-MTIT'®A B IpUCYTCTBUH HHOreHHOTO KpeMHe3eMa
oIpeje/ieHbl Ha OCHOBAHUU JaHHBIX JICK, IT0y4YeHHbIX
B MHTepBaJie TeMIiepaTyp 25-250°C co CKOPOCThIO HarpeBa
5°C/MuH. [l pacyeTa SHePruy aKTHBALMH IIPUMEH SIH
peskuMm: MHTepBaJ TeMIeparyp - 25-250°C, cKOpoCTh
Harpesa -3, 5, 10°C/muH. Ha Tepmorpammax GUKCHpOBa-
J1ach TeMIIepaTypa Havajia npouecca T,,,, TemIepaTypa
MaKCHMYyMa TeIlJIoBbIe/IeHus T, MOIIIHOCTb TeILJIO-
BbIZeeHUs Q.

IIUK?

DHepruo akKTHUBAllUK peaKlUH B3aUMOLELCTBHUS
37120, n30-MTI'PA 1 6rioreHHOr0 KpeMHe3eMa PaCCIUThI-
BaJIX MeTO,0M KPAaTHBIX CKOPOCTeH HarpeBa, KOTOPEIM
JleslaeT BO3MOKHBIM OIlpefie/IeHHe SHePriuy aKTHBALIUU
He3aBHUCHMO OT IIOPS/IKa PeaKILIuHU IIPH Pssie CKOPOCTer
Harpesa [20, 21].

TeMIlepaTypy CTeK/JIOBAHMS II0JIYYeHHBIX IO Me-
poB orrpenensiu 110 KpuBbIM [ICK (0T 25 10 300 °C, cKo-
pocTh Harpesa - 10 °C/MuH).

MexaHHYeCKHe CBOKMCTBA MONTYyYeHHBIX KOMIIO3H-
LIMOHHBIX MaTepHasoB (paspyllallee Hallpsi>KeHHe
IPH PacTSIKeHUU U U3rube) HcciegoBaay MO CTaH-
JapTHBIM MeTOAHKaM (22, 23] c IOMOIIbIO UCIIBITA-
Te/bHOM MamKHBI KP 5057-60.

PE3Y/IbTATbI U OBCYXXAEHUE

HcTOUHUKU OHMOTEeHHOrOo KpeMHe3eMa — PHUCOBas
IIeTyXa U XBOLI JIECHOM XapaKTepHU3YIOTCS OIpese-
JIeHHBIM KOMIIOHEHTHBIM COCTaBoM (Tabs.1) u comep-
>KaHHeM KpeMHe3eMa (Tabi.2).

and bottlebruch (BB) by oxidative
ashing and precipitation from
alkaline solutions. The compo-
nent composition of plant sam-
ples was studied according to the
methods described in the mono-
graph [18].

The lignin content was deter-
mined by the sulfuric method
modified by Komarov, the cytase
content was determined by the
Kurschner method (extraction
of the plant sample with a nitro-
gen-alcohol mixture). The total
content of silica was determined
by melting with alkalies [19].

The studied objects (with
variants of the preliminary

preparation, such as shredding,
extraction with an acid solu-
tion, extraction with a sodium
hydroxide solution) were sub-
ject to ashing in a muffle fur-
nace in a stream of air. The sam-
ples of 0.2-0.3 g were heated
from 25 to 600-1000°C at the
rate of 8°C/min in a dynamic air
atmosphere at flow rate about
51/min.

Samples were extracted with
water and/or 0.1 N hydrochloric
acid solution (HCI) at 90°C dur-
ing one hour followed by filtra-
tion and drying [11-12]. Sam-
ples were extracted by 2.5 N
with sodium hydroxide solu-
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tion (NaOH) at 90°C during one
hour followed by preparation of
the alkali-soluble components
extract of the plant matrix (sil-
ica, lignin, pectic substances,
hexosan) and solid residue (cel-
lulose).

Micrographs of the sam-
ples were obtained using a Tes-
can Vega III SBU scanning elec-
tron microscope, Tescan, Czech
Republic, 2010. Qualitative ele-
mental composition was deter-
mined using an AZTECENERGCY /
X-ACT TESCANVEGA 3 SBU X-ray
energy dispersive microanalyzer.

The characteristics of the
porous structure (specific sur-
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KpeMHe3eMOB IIpeACTaBIeHBI
B Tabn.3.

CTeneHb YUCTOTHl KpeMHe3e-
MOB 3aBUCUT OT IIpeBApPUTENb"
HOU MOJTOTOBKH PaCTUTENbHOU
bromMacchl. B pesyabTaTe o3oie-
HUS HUCXOJHOMN PacCTHUTENbHOHU
maccel PII1 molay4Yuaud Kpem-

60 - Ca

204 Mn|| Mg

Mmn/cek/3B

Naj
Ca Fel I K

He3eM C cojlep>KaHHeM OCHOB-
HoTO BemecTBa (Si0,) - 86,0%,
a XJI1-83,0%.

Ha puc.l1 mpenmcTaBeHBI
pe3y/IbTaThl CKAHUPYIOLIek 3/1eK-
TPOHHOM MHUKpockonuu (COM)
Y SHepProJMCIepPCHOHHOIO aHa-
nu3za (OJA) 06pa3ioB KpeMHe-

Fe sema (PIII, XJ11).

Mn | Fe

HUccnemoBaHU4 MOPCDOJ'IOI‘I/I‘

Puc.1. COM u 3[4A obpasuos: a - PLLUL; 6 - XJ11
Fig.1. SEM and EDX of the samples: a - RH1; b - WH1

OCHOBHOe cofepskaHue 6oMacChl IpeICTaBIeHO
LIe/LJII0/I030H, TI0/IMCAXapUAaMU K TUTHUHOM, C KOTO-
PBIMU KpeMHHUM 06pa3yeT KOMILIEKCEH [24]. IIpy 3ToM
CoJlep>KaHHe OCHOBHBIX KOMIIOHEHTOB B PaCTUTe/Ib-
HBIX 06pa3ljax MHUPOKO BapbUpyeTCsi. BrieneHue
KpeMHe3eMa KU3 pPacTUTeSbHON MacChl IIPOBO-
OUIN MEeTOLOM 030JIeHHS U MeTOJOM OCa kKIeHHUS.
TexHOJOTHYECKHe XapPaKTePUCTUKU I10TyUeHHBIX

YeCKOM CTPYKTYPBHI IIOTy4YeHHBIX
KpeMHe3eMOB II0Ka3a/ik, 4TO
YaCTHIbl KpeMHe3eMa 06pa3syoT
amopoHble rnobynsl (PII1) unu
YJamyHuKky, cobpaHHBIE B arjioMe-
patsl (XJI1). CTereHb YUCTOTHI [IOTyYeHHBIX 06pa3Liom
aHa/IM3UPOBaIU ITocpencTBoM DA (puc.l). ITokasaHo
HaJIM4He B 0307Ie CONYTCTBYIIIHUX MHUHEPaJIbHEIX
KOMIIOHEHTOB, KOTOpOe TaK’Ke B 3aBUCHMOCTH OT BH/a
PacTUTeTbHOM MACChl INKPOKO BAPbUPYeTCS.
IKCTpaKLus 6MOMacchl pacTBOPaMH MUHepasb-
HBIX KHCJIOT [103BOJISIeT YAA/IUTb U3 JTUTHOLe/II0-
JI03HOM MAaTPHIIbl BCe PaCTBOPHMBble MHUHepaJbHBbIe

Tabauua 3. TexHonozuyecKue xapakmepucmuKku NoAy4YeHHbIX KpeMHe3emos

Table 3. Technological characteristics of the obtained silica

TexHosOrnyeckas xapakTepucTuKka
Technological characteristics

O6pasew, ®YHKLMOHA/IbHAsA CXeMa
Sample Function diagram o o
l:,ch;sm3 Bo,. % Csio % PE]'Ism3
PLLIT 81%’;2?;‘; 0,1003 20,00 86,0 0,1319
PLL2 81%’%:;"]'3 . 0,1200 19,68 99,8 0,2140
DKCTPAKLMA KNCIOTON - 030/1€HNE
A Acid extraction - cinefaction CHeEel Y 250 Ol
DKCTpaKLMS KNCIOTON - 030/1eHNe
A2 Acid extraction - cinefaction TR el Ee Bollen
LLlenoyHas akCTpakLms - oCaKaeHne
P Alkali extraction - sedimentation 01005 A0 e 0,1640
DKCTPaKLMSA KNCIOTOM = LeN0oUYHAA SKCTpaKLmMa -
PLLI4 ocaxaeHuve 0,1200 21,4 98,6 0,2515
Acid extraction - alkali extraction -» sedimentation

Vor.12 No. 7-8 (93) 2019 NANO INDUSTRY
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Puc.2. COM u 31A obpasuos: a - PLL2; 6 - X/12
Fig.2. SEM and EDX of the samples: a - RH2; b - WH2

KOMIIOHEHThI, KpOMe KpeMHHMS, U IIOJy4YUTh B IIPO-
Liecce 030JIeHUSI aMOpOHBIN KpeMHe3eM C YHUCTOTOU
10 99,9% (8, 10] (puc.2).

Y4YuThBasg QU3HUKO-XUMHUYECKHE XapaKTepHu-
CTUKH KpeMHe3eMa, [IPH BblJleJIeHUH ero U3 MUHe-
PaJIBHOTO KJIK PACTUTEIBHOTO ChIPbS HIMPOKO IIPH-
MeHSIIOTCS MeTOJ bl IleJIOYHOMN 3KCTpaKuuu (8, 10,

face area (Syﬂ), total pore volume The

(Vg), pore diameter (dnop)) were

compositions
prepared as follows: in the

25]. IIpu BBIIleTaYMBAaHHUU KpeMHe3eMa M3 JIUI-
HOLLeJITIO03HOM MaTpHIB IIPHU MOC/Aeyllen
MHHepalHu3aluu mosydeH SiO, BBICOKOH CTe-
IleHH YUCTOTEL - 76,4% (PII3), a mpefBapUTelbHOE
KHC/IOTHOE BhIIe/JIaYMBaHHUe IIOBBICUJIO CTEIIeHb
YHCTOTHL KpeMHe3eMa 10 98,6%. Ha puc.3 npen-
CcTaBJieHBl pe3ynbTaThl COM M 3JJA KpemMHe3eMma
(PIII4).

ITpu 3TOM, KpOMe KpeMHe3eMa, II0Jy4eH BTOPOM
LleJIeBOM MPOAYKT ~ PUCOBAs Lie/JIF0JI03a, KOTOpas
XapaKkTepusyeTcs He6ONBIIMM COflep)KaHHueM KpeM-
Hus - 1,4-2,3%.

[Tony4yeHHBle KPeMHe3eMbl PeHTTeHOaMOPHEL
(puc.4). PeHTreHOTpaMMBbl XapaKTepHU3yITCS MU PO-
KHM Pa3MBITHIM MaKCHMYMOM B paHoOHe TJaB-
HOTO0 3KCTpeMyMa (MUK a-KpucTobanuTa) 2q=20-26,
YTO CBUMETEIbCTBYeT 06 aMOPPHOM COCTOSHHUU
06pasLos.

ITony4yeHHBble KPeMHe3eMbl XapaKTepHU3YIOTCS
yIelnbHOU II0BePXHOCTHI0 240-260 M?/T, 06muM obbe-
MoOM 110p - 44 cM>/T, cpegHUM paguycoMm 1mop 8,29 A.

O6paswbl KpeMHe3eMa ObIIHM NPOTECTUPOBAHEI
B KadeCTBe HAIOJHHUTeleu-MOAUPUKATOPOB 3IIOK-
CHUHBIX ITIOJIMMEPOB.

[Tpupona MogudHUKaTOpa OKa3blBaeT 3HAUHTE/Ib-
HOe BJIIMSIHHe Ha CTPYKTYPy M CBOMCTBA 3MOKCHUJ-
HBIX KOMIIO3UIIUH. MeTofom nuddepeHIHATBHOU
CKaHUpYIoIel KasopumeTpuu ([JCK) usyden mpo-
L,eCC OTBePKAeHU S SIOKCHUIHOM CMeCH C MOAUHU-
LUPYIOUUMU KpeMHe3eMaMHU. B Tab.4 moka3aHsl
TeIlJioBble 3Q(eKTHl M pacCYMTaHa SHeprus aKTHUBa-
uuy peakuuu (E,) MONTHMKOHAEHCALMU SIIOKCUHOTO

were  ultrasonic generator with a fre-

quency of 22 kHz and a power

determined using a NOVASta-
tionA instrument. The specific
surface area according to the
BET method was calculated by
the isotherm of thermal nitro-
gen sorption.

X-ray diffraction analysis was
performed using a SHIMADZU
XRD-6000 X-ray diffractometer,
(SHIMADZU, Japan, 2007).

The composition based on
the ED-20 epoxy oligomer cured
with iso-methyltetrahydroph-
thalic anhydride (iso-MTHFA)
was chosen as a modifiable
object.

epoxy binder of the compo-
sition - ED-20 epoxy resin
(100 wt.%), Iso-MTHFA
(80 wt.%), accelerator 2,4,6,
-tris(dimethylaminomethyl)
phenol (1.5 wt.%), fillers were
introduced (test samples of bio-
genic silica) in the amount of
0.5-10 wt.% of the main compo-
sition.

The components were mixed
at a temperature of 70-90 °C,
homogenization of the system
was achieved by dispersing the
filler particles in a low-viscos-
ity hardener using an IL-10-0.1
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of 1000 W, followed by mixing
with resin and other compo-
nents. The compositions were
cured in a stepwise mode at a
temperature of 120 °C for 1 hour
and at a temperature of 160 °C
for 3 hours.

Kinetics of curing the epoxy
polymer matrix and the glass
transition temperature was
studied with the aid of the dif-
ferential scanning calorimetry
(DSC) method and a Shimadzu
DSC-60 instrument.

Thermal effects during poly-
condensation of ED-20 with iso-
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Si

40

20+

Mmn/cek/3B

Puc.3. COM u 34A obpasuos PLL3
Fig.3. SEM and EDX of the sample RH3

onuromMepa ¢ u30-MTI'PA B IpUCYTCTBUH MOOHPHUKA-
Topos (PIII1, XJI1, PIII2, XJI2, PIII3, PII14).

BBemeHMe B 3TIOKCUIHYIO KOMIIO3HULIMIO MOAUDH-
KaTopa IIOBBEIIIAeT TeMIIepaTypy Hauajla OTBepsKe-
Hud Ha 20,0-37,8% (mo 114,0-130,8°C), 4TO MOsKeT OBITH
CBsI3aHO ¢ 06pa3oBaHUEM CBsI3eH MeXAy QyHKIIHO-
HaJIbHBIMHU TpyNIaMU KpeMHe3eMa U KOMIIOHeH-
TaMU SIIOKCHAHTUAPUAHON CMeCH, TakK KakK FUJIPo-
bubHBIe TPYNIBE IIOBEPXHOCTH HAIIOJTHUTENIA
MOJISIPHBIE U CIIOCOOHBI 00pa30BBIBATH BOLOPOLHELE
CBSI3M C TAKHUMHU >Ke FPYIIIIaMHU KOMIIOHEHTOB CMeCH.

KoHe4yHas TemMIlepaTypa OTBEpPKIAEeHU I HECKOJIbKO
yMeHbIIAeTCS A/ BCeX MOAUPUIIMPOBAHHBIX
KOMIIO3MIIMH, 3a HCKIAmYeHHeM XJI2 (Ha Tom
>Ke YpPOBHeE), YTO yKa3blBaeT Ha YCKOPeHHMe Ipo-
Iecca OTBepXKIeHMS H3-3a U3MeHeHHUS CTeXHUOMe-
TPUHU peaKLHUU IOJUKOHAEHCAL UK 3IOKCHUIHOTO

a-kpuctobanuT | a-cristobalite

MMpOreHHbLIN
Pyrogenous

a-kBapu | a-quartz

OcaxaeHHbIN
/ Precipitated

( ( a-TpuamMMUT | a-tridymite
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Puc.4. PeHmzeHozpamma uszyyaembix KpemHe3emos
Fig.4. XRD pattern of the studied silicas

oJIMroMepa C aHTUAPUIOM B IIPUCYTCTBUU LOIIOTIHHU-
TeJIbHBIX HeyuUTeHHBIX OH-TPyIII HAaIlOMTHUTeS.

JHeprusi akTUBAllMU PeaKI MU ITIOJTUKOHeHCAIU K
SMOKCHAHTUIPUIHOTO IOJIMMepPa CO BCeMHU HM3yvae-
MBIMU MoAHHUKATOpaMHU CHHUXKaeTcs Ha 30,3-33,7%.
Takum 06pa3oM, MOKHO CKa3aTh, YTO Habnlonaercs
MeXaHO-XHMHYeCKoe B3aHMO/IeMCTBHE MOTUPUKATO-
POB C 3IIOKCHAHTHJPHUIHOU MaTpPHULIEH.

B coorBeTcTBUU ¢ aHHBIMU [ICK cocTaB/IeH OIITU-
MaJ/IbHBIK TeXHOJOTHYeCKUU (TeMIlepaTypHO-Bpe-
MeHHOM) peXKUM I10/1y4eHU s SIOKCUaHTUAPUIHOIO
KOMIIO3HTA C pacxomoM HamoaHutens - 0,5; 1; 5;
10 mac. %: npu tremnepatype 120°C-14 1 160°C -3 4.

MTHTFA in the presence of bio-
genic silica were determined
based on DSC data obtained in
the temperature range 25-250 °C
at a heating rate of 5 °C/min. To
calculate the activation energy,
the following regime was used:
temperature range - 25-250 °C,
heating rate - 3, 5, 10 °C/min.
Thermograms recorded the
temperature of the beginning
of the T,,, process, the tem-
perature of the maximum
heat release T,,,, and the heat
release power Q.

The activation energy of the
interaction reaction between
ED-20, iso-MTHFA and bio-

genic silica was calculated by
the method of multiple heat-
ing rates, which makes it possi-
ble to determine the activation
energy regardless of the reaction
sequence at a number of heating
rates [20, 21].

The glass transition temper-
ature of the obtained polymers
was determined by DSC curves
(from 25 to 300 °C, heating
rate - 10 °C/min).

The mechanical properties of
the obtained composite materi-
als (ultimate tensile and bending
stresses) were studied by stan-
dard methods [22, 23] using an IR
5057-60 testing machine.

RESULTS AND DISCUSSION

Sources of biogenic silica, rice hull
(RH) and bottlebrush (BB), are
characterized by a specific compo-
nent composition (see Table 1) and
silica content (see Table 2).

The main biomass content is
represented by cellulose, poly-
saccharides and lignin, with
which silicon forms complexes
[24]. Moreover, the content of
the main components in plant
samples varies widely. Silica
was extracted from the plant
mass by ashing and sedimenta-
tion. The technological charac-
teristics of the obtained silica
are presented in Table 3.

Vor.12 No. 7-8 (93) 2019 NANO INDUSTRY
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Tabauua 4. TepmoduHamu4eckue xapakmepucmuku moou@uuu-
posaHHol 3noKcuaHzudpudHoL crmecu

Table 4. Thermodynamic characteristics of a modified epoxy
anhydride mixture

Mopaudukatop T . ° T.° T_.°C

Modifier Hay!
SAC 95 137 164 247 106
PLLT 19,2 137,3 150,5 327,9 75,7
XM 122,6 140,4 157,3 248,6 73,8
PLL 2 116,9 138,5 155,3 363,8 73,4
XN2 130,8 149,5 164,1 3473 72,3
PLL 3 14,0 135,0 150,3 336,2 75,5
PLL 4 n74 | 1359 149,9 | 328,0 | 75,7

I[Ipy KCCIefOBAaHUHU BIHUSHUS OHOreHHOTO KpeMHe-
3eMa Ha QU3UKO-MeXaHUYeCKHe CBOMCTBA 3IIOKCHAH-
TUIPHHOTO KOMIIO3UI[MOHHOT0 MaTepraia Ioay4eHa
3aBUCHUMOCTh OTHOCHTEIBHOTO M3MeHEeHHUS MOIYIS
IOHTra (puc.5, 6), UMeoIIasi CXOKUI XapaKTep He3aBU-
CHMO OT ITPOUCXOKIEHU I PACTUTEIBHOI0 KPeMHe3eMa.

Kak BUHO U3 IIPeCTaBIeHHBIX 3aBUCHMOCTeH,
MOJYJIb YIPYTOCTH 3MOKCUIHOTO MaTepuaa s
BCeX MIPUMeHEeHHBIX MOAHUPUKATOPOB B UHTEPBaJIe

E/E,
1,2 q
11 4
19
0,9 A 1
be3 HanonHuTens
w/ofiller
0,8 T T T T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 10 1
C, macc.% | C, w. percents

Puc.5. 3asucumocmb 0MHOCUMENbHO20 U3MeHEeHUSs MOJYAs
KOHza 3nokcuaHzudpudHO20 KOMNO3UMa om KoOHUueHmpauuu
mooudukamopa 8 cpagHeHuu ¢ 06pasuyom 6e3 HanoAHeHus.:
1-X11;2-X12

Fig.5. The dependence of the relative change in the Young's
modulus of the epoxy anhydride composite on the concentra-
tion of the modifier in comparison with the unmodified sample:
1-WH1;2-WH?2

Manbx KoHLeHTpauuu (0,5-1,5 mac.%) IOBBI-
maercsa B cpegHeM Ha 10%. IIpu HMOBBIIIEHUU
KOHLIeHTPalL UK MoguduKaTtopa A0 5% U panee
o 10% mpUBOAUT K IOCJIeL0BaTe/JIbHOMY CHHU-
JKeHHUI0 OTHOCHTEJIbBHOTLO MOXY/ISL YIHPYyro-
CTH [0 3HAYEeHHUSI KOHTPOJBHOTO obpasna UIH
HeCKOJIBKO HaJgaeT. DTO MOXXeT OBITh CBSI3aHO

The degree of silica purity
depends on the preliminary
preparation of plant biomass.
Silica with the content of the
main substance (Si0,) - 86.0%
and ChL1 - 83.0% was obtained
by ashing the initial plant mass
RShl.

Fig.1 shows the results of
scanning electron microscopy
(SEM) and energy dispersive
analysis (EDA) of silica samples
(RSh, ChL1).

Studies of the morphological
structure of the obtained sil-
ica showed that silica particles
form amorphous globules (PSh1)
or cups joined in agglomer-

ates (CL1). The degree of sample
purity was analyzed by EDA (see
Fig.1). Presence of the accompa-
nying mineral components in
the ash was shown, which also
varies widely depending on the
type of plant mass.

Extraction of biomass with
solutions of mineral acids makes
it possible to remove all soluble
mineral components from the
lignocellulosic matrix, except
silicon, and obtain amorphous
silica with a purity of up to 99.9%
in the course of ashing [8, 10] (see
Fig. 2).

Considering the physicochemi-
cal characteristics of silica, alka-
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line extraction methods are
widely used when it is extracted
from mineral or plant materi-
als [8, 10, 25]. When silica was
leached from the lignocellulosic
matrix with subsequent miner-
alization, high purity SiO, was
obtained - 76.4% (PSh3), and pre-
liminary acid leaching increased
the silica purity to 98.6%. Fig.3
shows the results of SEM and EDA
of silica (RSh4).

In addition to silica, a second
target product was obtained - rice
cellulose, which is characterized
by low silicon content - 1.4-2.3%.

The resulting silica are X-ray
amorphous (see Fig.4). X-ray dif-
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E/E,
124"
1,1 - - I T
1
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4
0,9 A
be3 HanonHuTens
w/o filler
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Puc.6. 3agucumocmb 0MHOCUMEAbHO20 U3MEHEHUS MOOYAS
KOHza 3nokcuaHzudpudHo20 KomMno3uma om KoHUueHmpauuu
mModupukamopa 8 cpagHeHuU ¢ 06pasyom b6e3 HaNoAHEeHUSs:
1-PWI;2-PW2;3-PW 3,;,4-PLLU4

Fig.6. The dependence of the relative change in the Young's
modulus of the epoxy anhydride composite on the concentra-
tion of the modifier in comparison with the unmodified sample:
1-RH1;2-RH2;3-RH 3;4-RH4

c nedpeKTaMH B IPOCTPAHCTBEHHOMN CeTKe TPex-
MepHOHM MaTpHIIbl, 06Pa30BAaHHBIMHU IIPU X€MO-
COpOIMM KOMIIOHEHTOB PeaKLHUU Ha MOBepX-
HOCTH HaNOJHHUTensi. OTIHUYUTeNbHOE IIoBefe-
Hue obpasma ¢ moguduraTopom PII1 MOKHO 06B-
SCHUTH 60ee MeIKOLUCIEPCHBIM COCTOSHHEM
MogudHUKATOPA U, KaK CIeCTBHe, 6oslee pa3BU-
TOU ITIOBEPXHOCTBHIO.

T,°C
140

130

120+
110+
100 +
90
80
70+

60

besmog-pa  XJ11 XNn2
w/o mod-er

PLU1 PLLI2 PLL3 PLLI4

Puc.7. Temnepamypa cmekA08aHUS MOOUPUUUPOBAHHBIX INOK-
CUAH2UOPUOHbIX NOAUMEPOS.

Fig.7. Glass transition temperature of modified epoxy anhy-
dride resins.

TeMmIepaTypa CTeK/JI0BaHHUSA XapaKTepU3yeT CTPYK-
TypHBIE U3MeHEeHUS II0JIMMepa 1 ero Teliopusuye-
CKHe CBOKMCTBa (pHC.7).

Ha puc.7 moxkasaHo, 4TO TeMIepaTypa CTeKJI0Ba-
HH S STIOKCHAHTHUIPULHOTO ITOJIMMePa MOAUULIUPO-
BaHHOro KpeMHe3eMoM XJI mmoBbILIaeTcs Ha 6,0-9,0%,
a kpeMHe3eMmoMm PII - Ha 19,0-22,7%. BepxHsad r'pa-
HHIA TeIJIOCTOMKOCTH BCeX 3MOKCHAHT U PUHBIX

fraction patterns are character-
ized by a wide diffuse maximum
in the region of the main extre-
mum (peak of a-cristobalite)
2q=20-26, which indicates the
amorphous state of the samples.
The resulting silica are char-
acterized by a specific surface
area of 240-260 m?/g, a total
pore volume of 44 cm?/g, and the
average pore radius of 8.29 A.
Silica samples were tested as
filler modifiers of epoxy polymers.
The nature of the modifier
produces a significant effect on
the structure and properties of
epoxy compositions. Using dif-
ferential scanning calorime-

try (DSC), the process of curing
an epoxy mixture with modify-
ing silica was studied. Table 4
shows thermal effects and acti-
vation energy parameters of the
polycondensation of the epoxy
oligomer reaction (E,) with iso-
MTHFA in the presence of mod-
ifiers (RSh1, XL1, RSh2, XL2,
RSh3, RSh4).

Introduction of a modifier
into the epoxy composition
increases the curing start tem-
perature by 20.0-37.8% (to 114.0-
130.8 °C), which may be due to
formation of bonds between the
functional groups of silica and
the components of the epoxy

anhydride mixture, since the
hydrophilic groups of the filler
surface are polar and can form
hydrogen communication with
the same groups of components
of the mixture.

The final curing temperature
decreases slightly for all mod-
ified compositions, with the
exception of XL2 (at the same
level), which indicates an accel-
eration of the curing process due
to a change in the stoichiometry
of the polycondensation reac-
tion of the epoxy oligomer with
anhydride in the presence of
additional OH-groups not taken
into account.
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KOMITO3UIIMOHHBIX MaTepHaoB [IOBLIIIALTCS, U, Clle-
JoBaTe/lbHO, pabourie TeMIepaTypbl MOAUPHULIPOBAH-
HBIX PAaCTUTETbHBIM KpeMHe3eMOM 3II0KCUAHT U PUJ-
HBIX MaTepHaJIOB [IOBBIIIAIOTCS.

BbIBO/bI

ITpeni0oKkeH Cr10cob KOMIITIEKCHOK IlepepaboTKU KpeM-
He3eMcoJep>Kallled PacTUTeIbHOM MacChl C IIoayde-
HHeM I1eJI/TI0JI03bI ¥ aMOPPHOIo KpeMHe3eMa BhICOKOH
CTeIleHU YUCTOTHI.

[Toka3aHa MepCrIeKTUBHOCTD HUCIIONb30BAHUS OHO-
TeHHOro KpeMHe3eMa PasIruyHOro PACTUTEIBHOIO IIPO-
HCXOXKEeHUS B KaueCcTBe MOAHUOULIMPYIOIel 106aBKHU
3TIOKCUIIOIMMEPHBIX KOMIIO3UIIHOHHBIX MaTepHaJjIoB.
Metonom guddepeHIINATBHON CKaHHPYIOIIeL KaI0pH-
METPHH YCTAHOBJIEHO, YTO BBefIeHHe OMOreHHOr0 KpeM-
He3eMa Ha CTaJuH [IOJTUMepPHU3aLIuK OJITUTOMepa MapKH
3/1-20 c ©30-MeTH/ITeTPAruApodTa-jIeBbIM aHTULPUIOM
CHM>KaeT SHePruio aKTUBaLMH I1poriecca 10 30% 3a cuer
MeXaHOXHMMHYeCKOro B3aUMOZEHCTBUS MOTUPHUKATOpa
C 3MIOKCHAHTHUJPUTHOM MaTpHLeH. [Toka3aHo, 4TO OTHO-
CUTeNIbHBIN MOAY/b FOHTa MoBhIIIaeTcs Ha 10% IIpH BBe-
JeHUU MOIHU(PUKATOPOB B MHTepBajle MaJ/IblX KOHIIeH-
Tpanui (0,5-1,5 Mac.%), a TEIIOCTOMKOCTh KOMIIO3UTA
yBeJIMUMBaeTCs [0 25,0%, YTO BeCbMa BasKHO /1 3II0K-
CHJIHBIX COCTaBOB.

Paboma evinoAHeHa ¢ ucnoAb3osaHuem 060pydosaHus
LIKIT "Xumuga" Pedepaaprozo 20cydapcmeetHoz0 brodkemHo2o
yupeskdenus Hayku Pedepanbro2o uccAe008amMeAbCK020 UeHmpa
"Komu Hay4Hoz20 ueHmpa Ypaabckozo omdeaeHus Poccuiickoil aka-
demuu HayK".
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The activation energy of the
polycondensation reaction of
the epoxy anhydride polymer
with all the studied modifiers is
reduced by 30.3-33.7%. Thus, we
can say that there is a mechan-
ical and chemical interaction
of the modifiers with the epoxy
anhydride matrix.

In accordance with the DSC
data, the optimal technological
(temperature-temporal) mode
for producing an epoxy anhy-
dride composite with a filler
flow rate of 0.5 was compiled;
the filler consumption was 0.5;
1; 5; 10 wt.%: at a temperature of
120 °C-1hr, and at 160 °C - 3 hr.

When studying the influence
of biogenic silica on the physi-
cal and mechanical properties
of the epoxy anhydride compos-
ite material, a dependence of
the relative change in Young’s
modulus (see Fig.5, Fig. 6) was
obtained, which has a similar
character regardless of the ori-
gin of plant silica.

As can be seen from the pre-
sented dependences, the elas-
tic modulus of the epoxy mate-
rial for all applied modifiers in
the range of low concentrations
(0.5-1.5 wt.%) increases by an
average of 10%. When the modi-
fier concentration is increased to
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5% and further to 10%, it leads to a
sequential decrease in the relative
modulus of elasticity to the value
of the control sample, or decreases
slightly. This may be due to defects
in the spatial network of the three-
dimensional matrix formed dur-
ing the chemisorption of reaction
components on the surface of the
filler. The distinctive behavior of
the sample with the RSh1 modifier
can be explained by the finer dis-
persed state of the modifier and,
as a consequence, by a more devel-
oped surface.

The glass transition tempera-
ture characterizes the structural
changes of the polymer and its
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thermal and physical properties
(see Fig.7).

Fig.7 shows that the glass
transition temperature of the XL
silica modified epoxy anhydride
polymer increases by 6.0-9.0%,
and that of RSh silica - by 19.0-
22.7%. The upper limit of the heat
resistance of all epoxy anhydride
composite materials increases
and, consequently, the working
temperatures of the plant-modi-
fied silica-modified epoxy anhy-
dride materials increase.

CONCLUSIONS
A method for the integrated pro-
cessing of silica-containing plant

mass and production of cellulose
and high purity amorphous silica
is proposed.

The prospects of using bio-
genic silica of various plant ori-
gin as a modifying additive of
epoxy-polymer composite mate-
rials are shown. Using differ-
ential scanning calorimetry, it
was found that the introduction
of biogenic silica at the stage of
polymerization of ED-20 oligo-
mer with iso-methyltetrahy-
drophthalic anhydride reduces
the activation energy of the
process by up to 30% due to the
mechanical and chemical inter-
action of the modifier with

the epoxy anhydride matrix.
It was shown that the relative
Young’s modulus increases by
10% when keeping the modifi-
ers in the range of low concen-
trations (0.5-1.5 wt.%), and the
heat resistance of the compos-
ite increases to 25.0%, which is
very important for epoxy compo-
sitions. ]

The work was carried out using the
equipment of the Chemistry CCE of the
Federal State Budgetary Institution of
Science of the Federal Research Cen-
ter "Komi Scientific Center of the Ural
Branch of the Russian Academy of Sci-
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Vor.12 No. 7-8 (93) 2019 NANO INDUSTRY



