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[IpuBeneHb! pe3ynbraThl HCCIICIOBAHUS BIMAHUSA HaHoUacTHL ZnO B CTPYKType HATYPalIbHOI ApEeBECUHBI Oepe3bl
TIOBUCTION Ha ee (PU3NKO-MEXaHHIECKHE CBOWCTBA. YCTAHOBIEHA BO3MOXKHOCTh CHHTE32 HAHOPA3MEPHBIX YACTHII
ZnO B IOJIOCTSX JPEBECHHBI IT0CIIE aKTUBHPOBAHHOTO YJIBTPa3BYKOM HUMIIPErHUpoBaHust amopgHoro remnst Zn(OH),
B JIPEBECHHY M MOCJIEAYIONIEro BeICyIInBaHus npy Temmneparype 110 °C. BrisiBaeHo, UTO 10MMPOBaHHE HAHOPA3-
MepHBIM ZnO crmocoOCTByeT ruapododu3auun HaTypanbHO! ApeBecuHbl Oepesbl. [lokaszaHo, 4To BIaromorionme-
HHUe JonupoBaHHOHW ZnO NpeBecHHBI yMEHBIIAeTCs B 4 pasa, Bogonortomenne — Ha 30 %, pa30OyxaHue B pajau-
aJIbHOM M TAHT€HIIMAJIbHOM HampaplIeHHsX — B 3,5 n 6 pa3 cooTBeTcTBEHHO. ONpe/ieeHO YBeTHYeHHE KPaeBOro
yIila cMa4uBaHus B 3,5 pasa.
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peBeCHHA SBIISICTCS BO30OHOBISIEMBIM TIPUPOI-

HBIM MaTepuanoM, KOTOPBIH 00alaeT YHUKAIb-
HBIMH cBOHcTBaMu. Takue mpupoaHbie (aKTOpBI,
Kak Bjara, TemIreparypa, CBeT, pa3pyIlInuTeIbHO BO3-
JIEHCTBYS Ha JAPEBECUHY, CUJIBHO CHHMIKAIOT CPOKHU
JKCIUTyaTalluy MPOU3BEJICHHBIX U3 HEe U3JeNHil.
MaxkcuManbHO POTUBOCTOATH HEOIArONMPUSTHOMY
JIEHCTBUIO OKPY’KAOIIEeH cpeabl U BO3HUKAIOIINM
JECTPYKTUBHBIM IMPOLIECCAM MOXHO, UCIOJb3Ys
JPEBECHHY LIEHHBIX TBEP/BIX MOPOA — Ay0a, sICeHs
U JIPYTHX, 00JalalonX 3HAYUTENLHO O0Jiee BhICO-
KUMH (PU3UKO-MEXaHMYECKMMHU CBOHMCTBaMuU. Ha ux
JI0JTE0 TipuxoauTes 2,4 % o01ero 3amnaca ApeBeCHUHbI
B PO, 5TH mopozp! He SIBISIFOTCS OBICTPOPACTYLIMMH,
TOrJa Kak MoTpeOHOCTh B IPEBECHHE TAKOTO THIIA
Bce Bo3pacTaeT. [IpeBecnHa OpICTPOPACTYIIHX MTOPOJT
JIepEeBbEB XapaKTepu3yeTcs, Kak MpaBUiIo, MaJloi
IJIOTHOCTBIO U HEBBICOKOW MPOYHOCTHIO, COIEPIKUT
3HAYUTENIBHYIO JIOII0 IOBEHWIIBHOM JIpeBeCHHBI, KO-
TOpas UMeeT Xyamue (PU3NKO-MeXaHUIeCKHe CBOK-
CTBa 10 CPABHEHUIO CO 3PEIIO APEBECUHOM.

Octpo cTouT mpodiema BeIPyOKH JIECOB, HEKOH-
TPONIUPYEMOE YHUUYTOKEHHE KOTOPBIX MPUBOIUT
K YaCTHYHOMY MCUE3HOBEHHIO OTJIEJIBbHBIX BUIOB
(h1opBI U (hayHbBI, CHHIKCHHIO BHIOBOTO pa3HOOOpa-
3Wsl, BOBHUKHOBEHHIO MMOYBEHHOI 3po3un. OTcrona
CJIETyeT, UTO 3a/1a4a CO3JAaHUs TEXHOJIOTHMH, yIyd-
HIAIOIIMX XapaKTePUCTUKU JPEBECHBIX MaTepHaioB

© Asrop(s1), 2023

1 IIPOJUICBAIOIIUX CPOK CITY:KOBI U3/I€NI HA OCHOBE
HaTypaJibHOM IPEeBECHHBI MPHOOpETa aKTyalbHOCTb.

B 3TOM OTHOLIEHNN HAHOTEXHOJIOTH MOTYT TIpe-
JOCTaBUTbH MEPCIEKTUBHBIC aJbTEPHATUBHBIC Pa3-
pabOTKH HOBBIX M YPPEKTHUBHBIX METOIOB YIPaB-
JIEHUS DKCIUTYyaTallHOHHBIMHU XapaKTEePUCTUKAMHU
JpeBecuHbl. B HaHOMETpOBOM JHarna3zoHe u3Mepe-
HUI M3MEHSIOTCS MHOTHE (PU3UYECKHE U XUMHYe-
CKHE CBOWCTBA BEIECTB MO CPABHEHHIO C 00BEM-
HBIMH OOBEKTaMH, MPEXKJIE BCETO 3a CUET PE3KOTO
YBEJIWYECHUS IOBEPXHOCTH U POCTA PEaKIMOHHON
cnocoOHocTH. B HekoTopbix mybnukanusx [1-4]
MOATBEPKAACTCS 3HAYNTENBLHOE MOBBIIICHNE YCTOM-
YUBOCTH JpeBecuHbl K HaOyxauuto (ASE), ymeHb-
LICHUE BOAOTOMIONICHUS, YBETMUSHHUE TPOYHOCTH H
AQHTUMUKPOOHBIX CBOMCTB HAHOKOMITO3UTOB Ha OCHO-
BE IPEBECHHBI, IPUIAHIE JPEBECHHE MaTHUTHBIX 1
cynepruipohoOHBIX CBOMCTB 3a CUST BHEIPCHUS Ha-
HOMATepHaJoB B IPUPOTHBIH MTOTMMED KaK MaTPHILY.

B pabore [5] yka3aHo, 4To B KOMIIO3UTaxX Ha OC-
HOBE JIUCTBEHHBIX MOPOJI APEBECHUHBI, UMIIPETHU-
POBaHHBIX HaHOYACTUIIAMH cepeOpa, TMOBBIIIACTCS
OTHECTOMKOCTh. OOpaboTKa JIPEBECHBIX MATEPUAJIOB
u3 enu (Picea abies) pacTBOpaMu ¢ HAHOYACTUIIAMHA
cepebpa crocoOCTBYET YIYUIIEHUIO HEKOTOPBIX
(U3NKO-MEXaHNYECKUX CBOMCTB, B YACTHOCTH, OT-
MeuaeTcsl BO3pacTaHue YInpyrocTH, IPOYHOCTH Ha
n3rud (MOIyNb pa3pbiBa) U YCTOMYMBOCTH K yaap-
HBIM Harpy3kam [6]. [Iporutka o6pasuos [laBios-
uuu (Paulownia tomentosa) BOTHBIMU paCTBOPAMH,
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CoZIep KaIMMHU HAHOYACTHUIIBI cepedpa, Me/TH U IIIHKA,
yay4iraeT (yHTHIHIHBIE CBOHCTBA TochenHei [7].
Hcnonp3oBaHre HAaHOMATEPHAIOB HA OCHOBE ITMHKA
ipu 00paboTKe IPEBECUHBI CITOCOOCTBYIOT YBEIYe-
HUIO MPOIOJKUTEIHHOTO CPOKA CITY>KOBI U3/ICIIHIA 13
IpeBecunsl [8, 9].

OcoOplii HHTEpEC MPEICTaBISIET CUHTE3 HAHO-
YaCTHIl BHYTPHU TIOP U KaIMJUIIPOB JIPEBECHHBI, 110~
3BOJIFOIIUI OTPaHUYUTh Pa3Mep YaCTHIL pa3MepaMu
BHYTPEHHHUX MOJOCTEH APEBECUHBI. DTO OTKPBIBAET
BO3MOYKHOCTHU TIOJIYYECHHUsI KOMIIO3UTOB Ha OCHOBE
JIPEBECHHBI C KAYECTBEHHO YIYYIICHHBIMU (DYHKITHO-
HaJBHBIMH XapaKTEPUCTUKAMH, B TOM YUCIIE OTHE- U
OMOCTOWKOCTBIO, H3HOCOCTOHKOCTBIO, TPOYHOCTHIO,
TBEPJIOCTHIO, THAPO(GOOHOCTHIO.

Lenb pabotbl

Lenb paboThl — yCTaHOBICHHUE BIUSHHUS CHHTE-
3MPOBAHHBIX B MOJIOCTAX APEBECHHBI Oepe3bl MOBUC-
JI0M HaHOpa3MepHbIX yacTul ZnO Ha GU3MKO-MeXa-
HUYECKHE CBOMCTBA IPUPOJHOTO MOIUMEpa

MaTtepuanbl U meToAabl

[Tops! mpeBecHHBI UMEIOT pa3Mephl, MO3BOJISIO-
[IMe HAaHOYACTHUIAM JIETKO MPOHUKATh B CTPYKTY-
PBI IPEBECUHBI, U3MCHSISI XUMHUYECKHI COCTaB €¢
MOBEPXHOCTHU W yaydiias (pU3UKO-MEeXaHUYECKUE
cBolicTBa. KanumisipHo-miopucTas cTpyKTypa Ha-
TypaJbHOU JPEBECUHBI MOXKET BBICTYIATh KaK OT-
JINYHAsl MaTpUlla JJIs CHHTEe3a HaHo4acTui. J{ns
cuHTe3a HaHovacTul] ZnO U U3y4YCHUS UX BIIVSIHUS
Ha CBOIMCTBA MPUPOJHOTO MOJMMEPHOTO Marepuaa
BBIOpaHBl 00pa3ubl IpeBeCHHBI Oepe3bl TOBUCION
(Bétula péndula).

3011b-2e1b CUHME3 HAHOYACIMUY, OKCUOA YUHKA 8
obpazuax opesecunwt depe3vt nogucaoil. Cynecrpy-
€T MHOXXECTBO METOJIOB CHHTE3a HAaHOPa3MEPHOTO
OKCHUJA IIMHKA, TAKHE KaK MEXaHOCHHTE3, METOJ
COOCaXJCHHSI, MUKPOIMYJIbCHOHHBIN METO, TU-
JIPOTEPMAaNbHBIN CHHTE3, 30b-TeJb cuHTe3 [10-16].

30/1b-T€JIb CHHTE3 HAHOOOBEKTOB OTHOCHUTCS K
MeTolaM «MsTKoi xumumny. [Ipu npoBenennn pador
HCTIOJIh30BaIach MOAU(DUIIMPOBAHHAS IO CPABHEHHIO
C MIpeUIOKEHHOM Hamu panee [17] MeToauka cuHTE3a
HaHopasMepHoro ZnQO. B kadecTBe ocaguTens uc-
0JIb30BaIHN 25%-11 pacTBOp aMMHaKa B KOJIMYECTBE,
HEOOXOIMMOM JJIsl TIOJIHOTO OCAKJCHHS KaTHOHOB
Zn*'* B COOTBETCTBUHU C peaKIUen

Zn(NO;), + 2NH,OH = Zn(OH), + 2NH,NO.

K 300 My xunsmieit BOJAbl Ipu MepemMeninpa-
HuM 110 Karsim pobasisum 20 i1 0,5 M pacTBopa
Zn(NOs3),. Ilocnie BBeneHUs COIM KUTISTICHHE TIPO-
JoKanock 3—5 MuH. [1omydeHHBIH 3071h OXJTaKIaTH
JI0 KOMHATHOM TeMIieparypsl, a 3aTeM K HeMy 10 Ka-
IJISIM TIPU NEPEMEIIMBAHUN MarHUTHOM MeIIajIKou

no6asnsnm 4 M 0,5 M pacTBOopa amMmMuaka, 4To
MO3BOJISUIO OCTAHOBUTH PEAKIMIO HAa CTaaAMM 00-
pasosanust Zn(OH),, He nomyckas ero nepexona B
pacTBOpHMBII KomIuiekc. OOpa30BaBILMIACS Teb Iie-
peMerrBany B TeueHue 120 MuH npu Temmneparype
70 °C. B nHexoropsix paborax [18, 19] ykazano, uto
MHOTOYacOBO€ MEpeMEIInBaHue aMOP(GHOro res
Zn(OH),, ocaxxICHHOTO U3 PacTBOpa HUTpPaTa LNH-
Ka TUAPaToOM aMMHUaKa, IPUBOAUT K 0Opa30BaHUIO
BBICOKOAMCIIEPCHOTO KpHcTamndyeckoro ZnO co
CpeIHUM pazMepoM JacTull okoso 100 HM u yrens-
HOM MI0LIa b0 MOBEPXHOCTH 40 M?/T 6€3 OMOIHHM-
TEJIBHOHN CTaguH TepMOOOPabOTKH Il TepMOJIH3a
ruJpokcuaa. B nccienoBanusax nepemMennBaHue
OCTaHAaBJIMBAJH, HE AOCTUras MOJHOIO Mepexoaa
Zn(OH), B ZnO.

Jns xapakrepucTuku HaHo4yactun ZnO resne-
00pa3HbI 0CaJIOK BBICYIIMBAIH /10 TOCTOSHHON
Macchl U OTXKHUTaJM Ha BO3AYyXe IpPHU TEeMIlepary-
pe 240 °C B Teuenue 2 4. Pazmep u mopdoioruio
YacTHUIl ONPEEIAIN METOAOM MPOCBEUMBAIOIIEH
9MEKTPOHHON MUKPOCKONHUH (TIPOCBEUHBAIOIINN
MeKTpOHHBIH Mukpockon CarlZeiss Libra-120).
['ucTorpamMmy pacnpeneneHus 4acTHUIl IO pa3Mepam
CTPOMJIN C MCIOJB30BaHUEM MporpaMmMmsl Imagel,
Bepeus 1.53k.

s cunTe3a Hanowactun ZnO B ipeBecuHe Oe-
pe3bl MOBUCIONH MCIOJB30BAIN MPEABAPUTEIBLHO
BBICYILICHHBIE JI0 a0COJIIOTHO CYXOT'0 COCTOSIHUS ITPU
temneparype 103 °C oOpa3isl IpeBeCHHBI pa3Mme-
poM 20%20 MM B pajiMajJbHOM M TaHT€HIUATHHOM
HamnpaBJIeHUsAX, BbICOTON 10 MM BIOJB BOJIOKOH.
JpeBecHbIif MaTepua Ha CTaJuK Teieo0pa3oBaHus
rociie nepeMeniuBanus B tedeHue 120 MuH npu
temneparype 70 °C nomewanu B rens Zn(OH), Ha
30 muH. IIpouecc 3amnonHeHus rejaeM nop 1 Kanui-
JISIpOB Oepe3bl aKTUBHPOBAJIH YIBTPa3BYKOBBIM HU31TY-
yeHueM (ynbTpa3BykoBas BaHHa BY-09-«SI-DI1»-0)
B TeueHue 25 muH. 3areM o0Opasisl Oepe3bl BhICY-
LIMBAJIM B CYIIMJIbHOM MIKady 6 4 mpu Temmeparype
110 °C.

Onpedenenue 6000n0210UieHUS, 871A20N02TI0U4E-
HUA u Hadyxanus opeeecunsl. JI1s OLICHKU THUAPO-
(hoOHOCTH TIOTYYEHHOTO KOMIIO3UTHOTO MaTepuaia
OBUTH M3MEPEHBI BIaronoNIONICHHE, BOIOTIOTIIONIE-
HUE ¥ HaO0yXaHue APEBECHHBI B TAHTCHIIMAIbHOM U
paJvalbHOM HaIpaBJICHUAX 10 METOAMKaM, Mpej-
CTaBJICHHBIM B paborax [20, 21].

Onpeodenenue Kpaeeozo y2na cMa4ueaHus Kom-
nosumnozo mamepuaia 6oooi. Kpaesoii yroiu
CMauMBaHUs KOMIIO3UTA JUCTUILUIMPOBAHHON BOAOM
M3MEpsUIN METOJIOM JIeXKallel Karii TOHHOMETPOM.
KuakocTh HAHOCHIIM HA TIOBEPXHOCTH 00pa3ioB
Mukpotmpuinom oobemom 0,01 M. M3zobpakenne
(uKCHpOBaTU TTOPTATUBHON IUPPOBON Kamepoi
(Ruihoge, nponsBoncteo Kuraii) cpasy mocie HaHe-
CEHUSI KaIlJIi U 10 MPOIIECTBUH 5 MUH.
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DepeBoobpaboTka M xumuueckana nepepaboTka gpeBecUHbl
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Puc. 1. [IDM-u300pakenue (¢) 1 TECTOrpaMMa pacrpezaeieHus (6) Hanodactul ZnO 1o pazmepam

Puc. 2. CmaunBaHue Bogoi 00pa3loB KOMIIO3UTA HA OCHOBE JPEBECHHbI Oepe3bl: @ — KOMIIO3UT
cpa3y Iocjie HaHEeCeHHMs KaIlIM BOJBI Ha MOBEPXHOCTh; 6 — KOMITIO3HT (ciIeBa) M oOpasery
HPHUPOIHOIT APEBECHHBI (CIIpaBa) Yyepe3 5 MUH MOCIIe HAHECCHHS KaIlId BOJBI

Pe3ynbTtatbl M 06CyKAEHUE

OO0pazoBaBimiics reib, B KOTOPbIM MOMeNanu
00pasibl APEBECUHBI OEPE3bl, IPEACTABISAET JIOCTA-
TOYHO PbIXJbIid amopHbIit Zn(OH), ¢ mepeMeHHbIM
COZIepKaHNEM BOABL. DTOT relib IO MPOBOASALIMM CO-
Cy[aM MOCTyMaeT B APEBECUHY H 3aIOTHSET MOJIOCTH
IpeBecHOro marepuaia. Hamuume Monekyn BOIbI
crniocoOcTByeT npoHukHoBeHHI0 Zn(OH), B 00pasiist
Oepesbl, TOCKOIBKY JPEBECHHA XapaKTepU3yeTcs
BBICOKOH THAPOQHUIBHOCTBIO. AKTHUBALIUS YIIBTPA3BY-
KOM CIIOCOOCTBYET Pa3phIXJICHHIO MUKPOCTPYKTYPBI
JIPEBECHBIX KJIETOK MO JAEHCTBUEM YIaPHOM BOIHBI,
BO3HHKAIOIIEH TPU CXJIOMBIBAHUH KaBUTAIIHOHHBIX
KaBepH [22—24]. YnbTpa3ByKOBO€ U3TYyUEHHE BBI3bI-
BaeT KosiebaTenbHble Ae(opMalny CTEHOK KIETOK U
BBICOKOMOJICKYIISIPHBIX COSAMHEHUI B HHUX, YTO MO-
JKET IPUBOIUTS K JIECTPYKIIMU MaKpOMOJIEKYJI, H3Me-
HEHUIO MOJIEKYJIIPHOW KOH(OpMAIIHH, Pa3IBHKECHHIO
(GUOPHILIAPHBIX PSAIOB U Pa3phiBy BOAOPOIAHBIX U
MEKMOJICKYIISIPHBIX CBSI3ei CMEKHBIX BOJIOKOH. [103-
TOMY YJBTPa3ByKOBas aKTHBAIHs 00JIerdaeT MPOHUK-
Hosenwue reist Zn(OH), B oOpasiisl apeBecuHbl Oe-
pe3sl. [Ipu narpesanuu no 100 °C u Beime Zn(OH),
TepsieT BOAYy ¢ pasioxkeHueMm no ZnO [25, 26].
ABtopamu paboTsl [27] momyepKuBaeTcs, 4TO Ha-

xokaenne Zn(OH), B HaHOpa3MEpHOM COCTOSIHUU
MPUBOJUT K CHIKCHHIO TEMIIEPaTyphl Pa3jiosKeHHUs
Zn(OH), (4To B NMpHUHLIHKIIE SIBISETCS XapaKTEPHBIM
CBOICTBOM HaHOPa3MEPHOTO COCTOSIHHS BEILIECTBA) U
TIEpeXoIy ero B okcun yoke mpu tTemreparype 70-100 °C.

Takum o0OpazoM, AuaMeTp U MOPQOIOTHS HAHO-
gactul ZnO OynyT B 3HaYUTENLHOW Mepe ompeie-
JISITHCS pa3MepoM 1 (POPMOIi TIOIOCTEH HATYpaIbHON
JpeBecuHbI Oepe3bl moBucion. Hauboiee BeposiTHO,
410 00pa3oBaBIIecs HaHOYACTUIBI ZnO yrnepKuBa-
I0TCs B 00pasiax 0epesbl 3a CUeT B3aMMOJICHCTBUS
BBICOKOPEAKIIMOHHOTO MOBEPXHOCTHOTO KUCIIOPOAA
ZnO ¢ pyHKIMOHAIEHBIMU TPYIIIAMH KOMIIOHEHTOB
npeBecunsbl (Harpumep, OH-rpynnamu mestonossn)
¢ 00pa3oBaHUEM BOJIOPOHBIX CBs3ei [28].

s onieHKH pa3mepa U MOPQOIOTUN HaHOYA-
ctuil ZnO, CHHTE3UPYEMBIX 30JIb-T'€JIb METOIOM TI0]T
BIUSTHUEM YIIBTPa3BYKOBOTO M3ITyUEHUs, HAHOIO-
POIIOK HCCIIeA0BaIl METOJIOM MPOCBEUUBAIOLIHIHA
ANEKTPOHHON MUKpOcKomuH (puc. 1). OueBuaHO, YTO
YABTPa3BYK CIIOCOOCTBYET POPMHUPOBAHUIO YIIBTpa-
JCIIEPCHBIX YacTHIl ¢ GOPMOii, OTU3KOH K cdepu-
yeckoil. Pazmep npeoOnanatoniei (ppakiyuu 4acTHil
HaxOAWTCS B MHTEpBaje oT 6 10 14 HM.

AHanu3 3HAYEHUH KPaeBOro yIjla CMauMBaHUS
BOJIbI HA TIOBEPXHOCTH HEOOPaOOTaHHO! JIPEBECHHBI
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Iloka3arenu pa3dyxaHus, BJ1aro- ¥ BOAONOIJIOLICHHS
JpeBecUHbI 6epe3bl NoBHCI0i, Yo

Braronornomenue Bonomnoromenue PasOyxanue Pas0yxanne
Obpa3zen B TaHT€HI[UAILHOM B paJfaIbHOM
Leyr 30 cyr Leyr 30 cyr HanpaBJIeHUN HanpaBJIeHUN
HarypanpHas npeBecuHa 12,1 27,5 53,0 98,3 1,35 1,59
Jomuposannas ZnO npeBecuHa 3,3 18,2 29,0 69,1 4,70 10,00

Oepe3bl ¥ OIyYSeHHOTO KOMIIO3UTa (PHC. 2) MOKa3bI-
BAET, YTO MPUCYTCTBHE HaHo4YacTull ZnO B cocynax
JPEBECHHBI 3HAYUTEIHLHO NOBBIIIAET THAPOPOOHBIE
CBOICTBa ee moBepxHOCTH. KpaeBoii yron cMaunBa-
Hus yBennuusaeTcd ¢ 30 1o 105°. Yepes 5 muH nocne
HAaHECEHUs KaIuld B MPUPOAHYIO APEBECHHY BOAA
MOJTHOCTBIO BIMTHIBAETCS, TOTJA KaK Ha TIOBEPXHO-
CTH JOIMPOBAHHOH IPEBECHHBI KaIljisl COXpaHsIeTCs
MPaKTHYECKU B HEM3MEHHOM BHJIE (CM. pUC. 2, 0).

WmnperanpoBanue B MOJIOCTH IPUPOIHOH ApeBe-
CHHBI HaHOpa3MepHOro ZnO 3HAYNTENBHO CHUKAET
BJIaro- M Bojpomnorouienne odpasnos. Tak, mocie
1 cyT ucnibITaHU# BiaronorioneHue (Tadiuma) 10-
nupoBaHHOM ZnO peBecHHbl Oepe3bl COCTABISIIO
3,3 %, Toraa Kak /Ui HaTypajbHON JPEBECUHBI —
12,1 %. Ilocne 30 cyT ucnblTaHUil U1 KOMIO3UTA
ATOT MOKa3arenb yBenuuuBaetrcs A0 18,2 %, a ans
apeBecuHbl 6epessl — 1o 27,5 %. donupoBaHue
MPUPOIHOTO MOJUMEPa HAHOPA3MEPHBIM OKCHIIOM
LUHKa CHIKAeT BJIAronoryiomeHle APeBECHHBI 1M0-
cie 1 cyT ucnbITaHui mpakTudecky B 4 pasza. C teue-
HUEM BpeMeHH 3TOT 3(pdeKT yMeHbIIaeTcsi, ocTaBa-
SICh TEM HE MEHEe SIPKO BBIPAKCHHBIM (CM. TaOJHILY).
Bonomnoromenue 1onupoBaHHON HaHOYaCTUIIAMH
ZnO npeBecuHbI mociie | CyT MCIBITAHUN MEHBIIIE
Ha 32 % 1o CpaBHEHUIO C HaTypaJIbHON IpeBECUHOMN
oepessl. [Tocne 30 cyt ucnbiTanuit 3pPeKTUBHOCT
neictBusa ZnO MpakTUYECKU HE CHIDKACTCS U BOJO-
MOIIoNIeHHEe KoMIo3uTa octaerca Ha 30 % Huke,
4eM y HeoOpaObOTaHHOH JIPEBECHHBI.

JlonmupoBanue 00pa3iioB Oepe3bl HAHOYACTUIIAMHE
OKCHJIa [IMHKA MO3BOJISIET YMEHBIIUTH pa30yxaHue
Kak B paJHaibHOM, TaK ¥ B TAHT€HIIMAJILHOM HaIlpaB-
neHusix (cM. Tabnuiy). MakcumaiabHoe pa3OyxaHue
KOMITO3UTa HUKE B 3,5 pa3a B TaHTCHIHMAIBHOM U
B 6 pa3 — B paJMajbHOM HAIlPaBJICHUSX 110 CpaBHE-
HUIO C HEOOpaOOTaHHOH JIPEBECUHOMN OEpe3bl.

BbiBoabl

Wmmnpernuposanue amopduoro Zn(OH), Ha cra-
Uy 00pa3oBaHus Tejlsl B IpEBECHHY Oepesbl o0e-
CIIEYHMBACT MPOTCKAHUE PEAKIMH €T0 Pa3I0kKECHHUS
¢ oOpa3oBanueM HaHouactull ZnO. YibTpa3ByKo-
Bas aKTHBalUA YJIy4dlIacT IMPOHUKHOBCHUEC T'CJid B
JPEBECHBIC MOJIOCTH 32 CYET YBEIUUCHUS TIOIIAIN
MOTIEPEYHOr0 CEYCHHUsSI MEJIKUX COCYIOB, a TaKKe
criocodcTByeT (hopMupoBaHuo HaHodacTull ZnO ¢
(bopmoii, bu3koi k chepudeckoii, pazmep Gppakyun

gactull — oT 6 10 14 M. JlonmupoBanue oOpa3ios
Oepesbl MOBHUCIION crocoOcTByeT ruapohoOu3anyum
€€ TIOBEPXHOCTH — OTMEYAETCS POCT BEIUUMHBI
KpaeBoro yrjia cMauyMBaHUsl, TOHWKCHHUE BJIaro- u
BOJIOTIOTJIOIICHHS, YTO OTKPBIBAET HOBBIE BO3MOYKHO-
CTH HCTIOJIb30BaHMS IOTTMPOBAHHON HAHOYACTHLIAMHU
JPEBECHHBI.
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Enhancement of physical-mechanical properties...

ENHANCEMENT OF PHYSICAL-MECHANICAL
PROPERTIES OF NATURAL WOOD BY DOPING
WITH NANOPARTICLES OF ZINC OXIDE

N.A. Khodosova™, E.V. Tomina, L.A. Novikova, A.I. Dmitrenkov

Voronezh State University of Forestry and Technologies named after G.F. Morozov», 8, Timiryazeva st., 394087, Voronezh,
Russia
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The results of investigating the effect of ZnO nanoparticles in the structure of natural wood of silver birch on its
physical-mechanical properties were presented. The possibility of synthesis of nanosized ZnO particles within the
cavities of wood after ultrasound activated impregnation of an amorphous Zn(OH), gel into wood and subsequent
drying at 110 °C was established. It was found out that doping with nanosized ZnO contributed hydrophobization
of natural birch wood. It was observed that moisture absorbance of the wood doped with ZnO decreased in 4 times,
water absorbance — by 30 % and swelling in radial and tangential directions — in 3,5 and 6 times correspondingly.
An increase in the contact angle of wetting in 3,5 times was determined.

Keywords: wood of silver birch, sol-gel synthesis, nanoparticles, zinc oxide, contact angle, water absorption,
impregnation

Suggested citation: Khodosova N.A., Tomina E.V., Novikova L.A., Dmitrenkov A.l. Uluchshenie fiziko-
mekhanicheskikh svoystv natural’noy drevesiny dopirovaniem nanochastitsami oksida tsinka [Enhancement of
physical-mechanical properties of natural wood by doping with nanoparticles of zinc oxide]. Lesnoy vestnik /
Forestry Bulletin, 2023, vol. 27, no. 4, pp. 137-146. DOI: 10.18698/2542-1468-2023-4-137-146

Wood is a renewable natural material possess-
ing a number of unique properties. However,
the destructive effect of natural factors on wood
(moisture, temperature, light) greatly reduces the
service life of wood products. The wood of valuable
hardwood species as oak, ash and others, possessing
significant physical and mechanical properties, is ca-
pable of resisting, as much as possible, to the adverse
effects of the environment and the resulting destruc-
tive processes. However, it accounts for only 2,4 %
of the total wood stock in the Russian Federation
and these tree species are not the fast growing ones,
while the demand for this type of wood just has been
increasing. The wood of fast-growing tree species, as
arule, has a low density and low strength. This wood
contains a significant proportion of juvenile wood,
which has poorer physical and mechanical properties
as compared to mature wood.

The ecological problem of deforestation is ur-
gent as ever. The uncontrolled destruction of forests
leads to the disappearance of some species of flora
and fauna, causes a decrease in species diversity,
increases the content of the carbon dioxide in the at-
mosphere, and drives to soil erosion. Therefore, it is
an actual task to develop technologies that improve
the characteristics of wood materials and extend the
service life of products based on natural wood. In
this context, nanotechnology can provide promising
alternatives for the elaboration of new and efficient
methods for managing the performance of wood.
In the nanometer range of measurements most of
the physical and chemical properties of substances
change, as compared to bulky objects, first of all,
due to a sharp increase in the surface and the growth

of reactivity. The number of papers [ 1-4] confirmed
that introduction of nanomaterials into a natural
polymer as a matrix, resulted in a significant increase
of anti-swelling efficiency of wood, decreased its
water absorption, raised the strength and antimi-
crobial properties of wood based nanocomposites,
as well as imparting the magnetic and super hy-
drophobic properties to wood become possible. As
shown in [5] the fire resistance of hardwood based
composites increased after wood impregnation with
silver nanoparticles. The treatment of wood mate-
rials made of spruce (Picea abies) with solutions
containing silver nanoparticles improved some phys-
ical and mechanical properties, in particular, there
was an increase in elasticity, bending strength (ten-
sile modulus) and impact resistance observed [6].
The impregnation of Paulownia samples (Paulow-
nia tomentosa) with aqueous solutions of silver,
copper, and zinc nanoparticles improved fungicidal
properties of the latter [7]. The use of zinc-based
nanocompounds in wood processing extended the
service life of wood products [8, 9].

It is of particular interest to synthesize nano-
particles within the pores and capillaries of wood,
thus, allowing the particles size restraining by the
size of internal cavities of wood. This opens up the
possibility of obtaining wood-based composites with
qualitatively improved functional characteristics,
including the fire and bioresistance, wear resistance,
strength, hardness and hydrophobicity.

The aim of the work was to ascertain the effect
of nanosized ZnO particles synthesized within the
cavities of silver birch wood on physical-mechanical
properties of natural polymer.
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Materials and methods

The size of wood pores allows easy penetration
of small diameter nanoparticles into the wood struc-
tures, thereby changing the chemical composition of
the surface and improving the physical and mechan-
ical properties of wood. The capillary-porous struc-
ture of natural wood can act as an excellent matrix
for the synthesis of nanoparticles in wood as in a
nanoreactor. For the synthesis of ZnO nanoparticles
and elucidation of their effect on the properties of
natural polymer material, samples of wood of Silver
birch (Bétula péndula) were selected.

Sol-gel synthesis of zinc oxide nanoparticles in
the samples of Silver birch wood. There are many
methods for the synthesis of nanosized zinc oxide,
such as mechanosynthesis, coprecipitation method,
microemulsion method, hydrothermal synthesis, sol-
gel method [10-16].

Sol-gel synthesis of nano objects belongs to the
methods of «soft chemistry». In this work, the pro-
posed earlier in [17] procedure for the synthesis of
nanosized ZnO was modified. For complete precipita-
tion of Zn?* cations in the form of Zn(OH),, according
to the reaction equation, the solution of 25 % ammo-
nia was used as a precipitant in the necessary amount.

Zn(NO;), + 2NH,OH = Zn(OH), + 2NH,NO;,

The synthesis procedure starts from the dropwise
addition of 20 ml of a 0,5 M solution of Zn(NO;),
into 300 ml of boiling water under stirring, keeping
stirring for next 3—5 min. The resulting sol was cooled
to room temperature, and then 4 ml of 0,5 M ammonia
solution was added dropwise under stirring with a
magnetic stirrer, which made it possible to stop the
reaction at the stage of formation of zinc hydroxide,
preventing its transition to a soluble complex. The
resulting gel was stirred for 120 minutes at 70 °C.

It was found in a number of works [18, 19]
that many hours of stirring of an amorphous gel of
Zn(OH), precipitated from a solution of zinc nitrate
with ammonia hydrate leads to the formation of high-
ly dispersed crystalline ZnO with an average particle
size of about 100 nm and a specific surface area of 40
m?/g without an additional step of heat treatment for
thermolysis of hydroxide. In this work, the stirring
was stopped before reaching the complete conversion
of zinc hydroxide to oxide.

To characterize nanoparticles of zinc oxide, the
gel-like residue was dried until the constant mass and
annealed in the air at 240 °C for 2 hours. The size and
morphology of particles was determined by means
of transmission electron microscopy (transmission
electron microscope CarlZeiss Libra-120). The his-
togram of particle size distribution was made using
the program «ImagelJ», version 1,53 k.

For the synthesis of zinc nanoparticles within the
wood, the samples of birch wood, having dimensions
2020 mm in radial and tangential directions and
10 mm in height along the fibers, were preliminary
dried at 103 °C until the absolute dry state. The
wood material was placed in zinc hydroxide gel
for 30 minutes at the stage of gel formation after
120 minutes of mixing at 70 °C. The process of wood
pore and capillaries filling with gel was activated
by ultrasound (ultrasound bath VU-09-«Ya-FP»-0)
for 25 min. After that, the samples were dried in the
drying oven at 110 °C for 6 hours.

Determination of water absorption, moisture
absorption and swelling of wood. To assess the hy-
drophobicity of the obtained composite material,
moisture absorption, water absorption and swelling
of wood in tangential and radial directions were deter-
mined according to procedures described in [20, 21].

Determination of contact angle of wetting of
composite material by water. The contact angle of
wetting of the composite with distilled water was
measured by the sessile drop method using goni-
ometer. The liquid was placed at the surface of the
samples applying a 0.01 ml microsyringe. The image
of the drop was fixed by a portable digital camera
(Ruihoge, China) immediately after the drop appli-
cation and after a 5 min later.

Results and discussion

The gel phase formed during synthesis, in which
the samples of birch wood were immersed, rep-
resented a rather loose amorphous zinc hydroxide
with varying water content. This gel entered the
wood through the conductive vessels and filled the
cavities of the wood material. The presence of wa-
ter promoted penetration of Zn(OH), into vicinity
of birch sample, as wood has high hydrophobicity.
Activation by ultrasound served to the loosening of
the microstructure of wood cell under the action of a
shock wave arisen from the collapse of the cavitation
caverns [22-24]. The ultrasound irradiation causes
oscillatory deformations of cell walls and highly
molecular compounds in them that may results in a
destruction of macromolecules, a change of molecu-
lar conformation, an expansion of fibrillar rows and
in a disrupture of hydrogen and intermolecular bonds
of adjacent fibers. Due to this, ultrasound activation
facilitates penetration of zinc hydroxide gel into the
sample of birch wood. By heating to 100 °C and
above, Zn(OH), loses water with decomposition to
zinc oxide [25, 26]. The authors of [27] emphasized
that the presence of zinc hydroxide in the nanosized
state led to a decrease in the decomposition tempera-
ture of Zn(OH), (which, in principle, is a character-
istic property of the nanosized state of matter) and
its transition to the oxide already at temperatures
of 70-100°C.
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Fig. 1. TEM image (a) and histogram of size distribution (b) of ZnO nanoparticles

a b

Fig. 2. Wetting of the birch wood composite samples by water: a — composite sample immediately
after the application of water drop; b — composite sample (left) and sample of natural wood
(right) 5 min after the application of water drop

Indicators of swelling, moisture and water absorption
of Silver birch wood samples, %

Moisture absorption Water absorption Swelling Swelling
Sample . - . DS
1 day 30 days 1 day 30 days in tangential direction in radial direction
Natural wood 12,1 27,5 53,0 98,3 1,35 1,59
Wood doped by ZnO 33 18,2 29,0 69,1 4,70 10,00

Thus, the diameter and morphology of ZnO (Fig. 1). Apparently, the ultrasound contributes to
nanoparticles are largely determined by the size and  formation of ultradispersed particles with a sphere
shape of the cavities of natural wood of Silver birch  like shape. The size of the predominant particle frac-
filled with hydrated Zn(OH), gel. The most probable tion was in the range from 6 to 14 nm.
is that zinc oxide nanoparticles formed are retained in The analysis of values wetting contact angle for
birch samples due to the interaction of highly reactive ~ water at the surfaces of untreated birch wood and the
surface oxygen of ZnO with functional groups of obtained composite (Fig. 2) illustrated a significant
wood components of a polar reactive O-ZnO surface rise of the hydrophobic properties of wood surface
with functional groups of wood components (for in-  due to the presence of zinc oxide nanoparticles within
stance, OH-groups of cellulose) with the formation the wood vessels. The value of contact angle of wet-
of hydrogen bonds [28]. ting increased from 30 to 105°. After a 5 min interval

To estimate the size and morphology of zinc oxide  next to the application of the drop to the natural wood
nanoparticles synthesized by the sol-gel method un- sample, the water was completely absorbed, while
der the action of ultrasound irradiation, the nanopow-  on the surface of the doped wood the drop remained
der was studied by transmission electron microscope almost unchanged (Fig. 2, b).
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The impregnation of nanosized zinc oxide into the
cavities of natural wood caused a significant decrease
of the moisture and water absorption of the samples.
Thus, after 1 day of testing, moisture absorption
of the sample of wood doped by ZnO was 3,3 %,
whereas that for the natural wood — 12,1%. After
30 days of tests, the value of this indicator for the
composite sample raised to 18,2 %, while for birch
wood —to 27,5 %. The doping of natural polymer by
nanosized zinc oxide reduced the moisture absorption
of wood after 1 day of tests in 4 times. Although, this
effect decreased over time, it remained, however,
pronounced (Table). The water absorption of wood
doped with ZnO nanoparticles after 1 day of testing
was 32 % less than that of natural birch wood. Af-
ter 30 days of testing, the efficiency of ZnO action
practically did not decrease and the water absorption
of the composite remained 30 % lower than that of
untreated wood.

The doping of birch samples with zinc oxide
nanoparticles made it possible to reduce the swelling
of wood in both the radial and tangential directions
(Table). The maximum swelling of the composite
in the tangential and radial directions was corre-
spondingly 3,5 and 6 times lower as compared to the
untreated birch wood samples.

Conclusion

The impregnation of amorphous Zn(OH), at the
stage of gel formation into the birch wood ensures
the reaction of its decomposition with the forma-
tion of ZnO nanoparticles. Ultrasound activation
improves penetration of gel into wood cavities due
to an increase in the cross-sectional area of small
vessels, as well as contributes to formation of ZnO
particles of sphere-like shape and size of the particle
fraction of 6-14 nm. The doping of birch wood sam-
ples promotes hydrophobization of its surface that is
confirmed by the increasing values of wetting contact
angle, decreasing its moisture and water absorbance,
and by this mean opens up new opportunities for the
use of doped with nanoparticles wood.
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