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YsaranbHeHO pe3y/nbTaTy JOCTIIKEHb IPOLECIB TEPMiYHOTO 3HEBOJHEHHSA NPOTOHOBA-
HIIX Ta rigpaToBaHux ¢pocdaTiB JBOBaJICHTHMUX METAJIiB, a TAKOXX IXHIX aMiayHMX i aMOHi-
HYIX NOXiTHMX, SIKi OIMCaHO 0OOPOTHMMM Ta HeOOOPOTHMMIU peakiisvu. [TokasaHo BIIMB
TUCKY Ta TEMIIEPATYPHOIO PEXXMMY HarpiBaHHA Ha YMOBM OJ,€P>KaHHA IPOMDKHUX Ta KiHIje-
BUX OPOAYKTIB Tepmonisy dpocdaris Mn?*, Co?*, Cu®*, Zn**, Cd**, Sr**. BcraHoBreHO cTa-
IiVHICTD IPOLIECIB AeTifipaTaliil Ta JeaMOHi3alil 3a/Ie)KHO Bifi IPUPOAY MeTaay Ta CKIamy
MOYAaTKOBYX cHOMyK. OMMCaHO MeXaHi3MM YTBOPEHHS NMPOMDKHUX (a3 Ta IXHIO CTiMKiCTh
3a PiSHMX TeMIepaTypHUX YMOB. BusHaueHO KiHEeTMYHi IMapaMeTpy OCHOBHUX CTaJliil Tep-
MIiYHOTO PO3KIafaHH JocmimKeHnx pocdariB. OTpuMaHi pe3ynbTaTit MOXKHA BUKOPUCTATH
JUTSL OLITMMi3allil TEXHOMOTTYHMX IIPOLIeciB OTpUMaHHA pisHUX ¢pocdaTiB BKa3zaHUX MeTaliB.

KnrodoBi cnoBa: ¢pocdaryu 1BOBaeHTHUX MeTaiB, TepMiYHUII aHAIi3, TEPMOIi3, AeTif-
pararnis.

BCTVYII. Ilpouecu perigparanii pocdatis —
Lle BOK/IVBUI JTAHLIIOT OKPEMMUX CTaJiil TEXHO-
noril BUpOOHMIITBA XiMiYHUX peaKTUBiB, Mi-
HepaIbHMX JOOpUB, TIOMiHOOPIB, HIrMeHTIB,
KaTaji3aTopiB, creliaJIbHMUX IJeEMEHTIB i CKIIa,
CETHETOENEKTPUKIB Ta IHIIMX MaTepialiB Cy-
vyacHoi TexHiku [1-7]. Tomy gani mpo 3akoHO-
MIpHOCTI IIpOLIeCiB 3HEBOJHEHHA TifipaToBa-
HUX (ocdariB MOTPiOHI JI BUSHAYEHHS Tep-

MiYHOI CTI/IKOCTi IEBHMX CIIONYK Ta HAOyTTA
okpemumu popmamu GpocdatiB TaKMX CIIeLn-
¢bivHMX 0cobMMBOCTel, K IHAVMBIAYa/NbHICTD
CKJIaJly Ta CTPYKTYpHU, 3abapB/ieHHs, AuCIep-
CHICTb, KaTaJiTMYHA AaKTUBHICTb, IIPOTOHHA
IIPOBiJHICTbH TOILIO.

Metoro 1jiei poboTu 6yno ysaraabHeHHA
pesynbTaTiB [NOCHiKEHb TepMOi3y rifpa-
TOBAaHUX TeTepOMeTaNTbHUX MOHOQoCPaTiB
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IBOBAJICHTHMX MeTaJliB Ta IXHIX aMiauyHUX i
AMOHIMHUX MOXiAHUX [J/15 BUSABIIEHHS MO/ -
BOCTI ofiep>kaHHs CKIafHuX ¢ocdatiB pery-
JTbOBaHOTO KaTiOHHOTO Ta aHIOHHOTO CK/Iafly.
EKCIIEPYIMEHT I OBI'OBOPEHHA PE-
3VJIPTATIB. O6’exTaMy HaIIMX JOCTiIKEHb
Oymu rigparoBani pocparn Mn*, Co*, Cu*,
Zn*, Cd**, Sr** pisHuX TUIIIB CIIONYK, Ceper
SAIKUX CepefHi, IPOTOHOBAaHI 1 OCHOBHI COJI,
a TAaKOX IXHI aMOHINHI i amiayHi IOXifgHI y
dopMi reTepoMeTaTPHUX aKBAAMiHOKOMII-
nekciB. Crocobu ofep>kaHHA IUX CIOIYK
pO3pO0OJIeHO 1 OmMCcaHO HaMM B HAYKOBill JIi-
tepatypi [8-19]. TepmiuHi mnepeTBOpeHHSA
cuHTe30BaHuX (ocdaTiB BUBYAIM MeTOOM
TE€PMIYHOTO aHaJIi3y 3 BUKOPUCTAHHAM JI€pU-
Batorpady Q-1500D y punamiuHOMY i KBasi-
isoTepmiuHOMY pe>xmMax HarpiBaHHA [8-11].
Y nuHaMiuHOMY peXMMi HarpiBaHHA TeMIle-
parypa MiiBMUINYBajgach JHIIHO 31 CTaIO0X0
mBuAKicTIO (2,5-3,0 °C/XB) 3a mapiiiaIbHOTO
TUCKy ~0,2 aT. 3pa3ok HarpiBaBCs y Herep-
METUYHOMY IUIATMHOBOMY THUIJI, IO /I03BO-
JIAJI0 BU3HAYaTM TEMIIEPATYPHi iHTepBamn
($ha30BMX MepexXofiB, TEPMIYHOTO PO3K/IATaH-
HA, Aerifparauii tomo. JuHaMidyHnin pexxum
3aCTOCOBYBaIM I PYTUHHUX TEPMiYHMX
IOCTIi/IKeHb, 30KpeMa Il TI0OY/IOBY TepMO-
rpaBiMerpnunux (TT), zudepeniianpHo-rep-
mivanx (OTA) Ta pudepeHLiaTbHO-TEMIIE-
parypHo-rpaBiMerpuunnx (HOTT) xpusux.
Y xBasiisoTepmMi4YHOMY peXuMi TeMIieparypa
3MiHIOBajIacsA CTYIIHYACTO: 3pa3oK HarpiBaB-
cA 3a mapuianbHOro TMcKy ~0,8 ar 3i mBua-
KicTio 2,5-3,0 °C/XB y TepMeTMYHOMY TUIJi
IO MOMEHTY TIIOSIBM €K30TepMid4HOro abo
eHJJOTepMiYHOTrO eQeKTy, IiCcIs YOoro Jitoro
n
2 M3 (OH,), (PO,), |- (m - xH,0 > M

n+2

2

P,0

BUTPUMYBAIM 3a JOCATHYTOI TeMIIEpaTypu
IpPOTATOM ITIEBHOTO Yacy (isoTepMiyHmii me-
piox). [lani HarpiBaHHA TOHOBJIIOBA/IN JJO Ha-
CTYIHOrO TepMiuHOTrO edekry. Takmit pe>xxum
JI03BOJISAB fieTajibHillle JOCHigUTU IIOBiIbHI
abo OararocTafiiifHi mporecy, AKi MOXYTb
Oy TV HelOCTaTHBO BUPAKEHUMIU 32 YMOB [INI-
HaMiuyHOro HarpiBaHH:A. KBasiisoTepMiuHuit
PeXUM BUKOPUCTOBYBAIU JIsl TIOTINOTIEHO-
IO BUBYEHHA KIHETUKM TE€PMIYHUX IIPOLECIB
I YTOYHEHHs TeMIIepaTyPHUX MEeX BiJIIOBif-
HUX peaKIiil.

Meronuka BU3HaYeHHA XiMi4HOI CyTi Tep-
Morti3y ¢ocdariB BKIIOYaIa OflepyKaHHA 3pas-
KiB NIPOMDKHMX IPOAYKTIB 3HEBOJHEHHSA B
XapaKTepPHMX TOYKAX KPUBUX TEPMIYHOTO
aHaji3y Ta IXHbOIO NOCHIIIKEHHA METOJaMMU
XiMiYHOrO aHamidy i KiZIbKiCHOI IIamepoBoi
xpomatorpadii [8], [4- cnekrpockomii 3a mo-
nomoroio crekrpodoromerpa Specord 75-IR
[19-21], penTrenogasoBoro aHamisy gudpax-
toMmeTpoM «IPOH-YM1» [22, 23].

Tepmonis ziopamosanux moHogpochamis
Co(II), Ni(II), Cu(l), Zn i Cd. Y pesynsb-
TaTi BUKOHAHUX JOCIi>KeHb BUABIEHO OC-
HOBHI TeMIIepaTypHi iHTepBalM TEpMOIIi3y
Co,(PO,),-8H,0, Ni,(PO,),-8H,0, Cu,(PO,),-
-2,2H,0, Zn,(PO,),-4H O, Cd,(PO,),-5H0O i
BCTAHOBJIEHO CKJIaJi IPOMDKHUX Ta KiHIIEBUX
IIPOAYKTiB 3HEBOJHEHHA KPUCTANIOTiIpaTiB, a
TaKOX 3a flanuMu [Y-cnekTpockomnii po3paxo-
BaHO eHeprii 30yprolunx BOJZHEBUX 3B S3KiB
H,0 3a remneparyp (6musbko 100-150 °C) mo-
YaTKYy il BUIa/IeHHA 3 KOOP/MHALIINIHOI cep.

basoBorw peakuiero ia TepMiyHUX IHepe-
TBOPEHb Tif[paTOBaHMX cepemHix ¢ocdaris
Co(II), Ni(II), Cu(II) 6ygme [5]:

[+ -1)MO +mH20—>121M3(PO4)2_

3n+
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Y Bumnagxy gperigparanii akBagocgaris Zn
i Cd xonpeHcauii ¢ocar-aHiOHIB He BUAB-
JIEHO, L0 TOSACHIOETHCA IXHDBOIO IPOMIKHOIO
CTPYKTYPOIO MiDK KOOPAMHALIIHUMU 1 aKOOP-
AVMHALTHYMM TifpaTamiu, ie BOJHEBI 3B SI3KI
$bopMyOTBCS MiXK BOJOI0 30BHILIHBOI cepn
i KOOpAMHOBaHMMM MOJIEKY/IaMU BOAu abo
docdar-anionom BHyTpiurHbOI chepu. [Ipn
npoMy Ha kpuByx JITA ¢ocdaris Zn i Cd pe-
ripaTanisa CynmpoBOJ KYETbCA NUIIE EHJOTEP-
MiuHMMU edeKTaMy aX IO IOBHOTO 3HEBOJ-
HEHHA KPUCTAJIOTIAPATIB 3 YTBOPEHHAM OJHO-
¢asunx a-Zn,(PO,), i Cd,(PO,)..

Oodepscanns inousioyanvHux ougocpamis.
ba3oBoro peaxlji€o /Il BMBYEHHS OCOOMM-
BOCTEll YTBOPEHHA 6€e3BOIHIIX IHVBiyaib-
Hux pudocdaTiB ABOBAJIEHTHUX METANliB €
Tepmonia  rigpodocdaris  (MHPO,nH,0),
nopasiiiHux ¢ocdariB Merany - aMoOHilo
(MNH,PO,mH,O) ra rigparoBanux audoc-
daris metanis (M,P,0,-xH,0). Himxye B cxe-
Max IIpoleciB Jerigparalii, CKIaJileHuX 3a pe-
3y/IbTaTaMy KOMIIEKCHUX JJOCTIIKeHb [5, 16,
17, 23], KypcuBOM BKa3aHO BUXi/IHIi pe4OBMHMA
Ta IMPOMDXKHI 1 KiHIIeBI IPOJYKTH, 10 MAOTh
cTabinmpHui (iHVBigyaIbHNIT) CKIA/:

ouHaMiyHuit pexnm HarpiBaunusa (Pno~0,2ar)

20-140°C

155-330°C

nMnHPO4+3HO ———— > nMnHPO4+H,O ————>

n—2

—

2

330-540°C n .
MnO +Mn, ,P.O, ,— > EMn2P207, aen=1+5.

KBa3iisoTepMiuHuil pexum HarpiBanHsa (Pro~0,8ar)

90-100°C

120-140°C

nMnHPO43H,0 —————> nMnHPO+yH,0 —————>

145-150°C

nx
—  n(1-x))MnHPO4-(1-m;)H,0 + 71 Mn,P,07 — ===

160-310°

— n(1-x2)MnHPO4-(1-m2)H>O + T MnP,O7 —mM8M8M8M8™—>

n-—2

2

310-500°C

MnO +Mn P, 0, — 2 %anPz 0,

ne 10 160°C n = 1+2; x1~0,25 (25%); x2~0,35 (35%); mi<m<1; npu 160-310°C n = 1+3.

BuHaMiuHNit pexum HarpiBaumusa (Pno~0,2ar)

20-145°C

145-200°C

nCuHPO4yH,O ———— > nCuHPO4(1-n)H:20 ——>

200-550°C

— xCuHPO4 (1-n-m)H20 + yCu:P207 ————— o - Cu, P, 0,,
Je n+tm <l; n<m; x:y~4:1.

KBa3iisoTepMiuHuil pexum HarpiBanusa (Pmo~0,8ar)

160°C

255-400°C

CuHPO+H;O ———> CuHPOy ——— > 0,5Cu, P, O, .

BuHaMiuHuit pexxum HarpiBauusa (Pno~0,2ar)

100-150°C

180-265°C

CuNHPO4+H,O —————> CuNH4PO4-0,7H,0 —————>

https://ucj.org.ua
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655°C

— nCuNH4PO4 + m y -Cu2P207 ——— > a -CuzP207,
ae n=89-94%; m = 6-11%.

KBagiidoTepmiunuim pexum "HarpiBaunusa (Pmo~0,8ar)

145-220°C

295-320°C

CuNH,PO+H; O —————> CuNH,PO4 ———F—F———>

390°C

— Y -CuxP,0;———> a -Cu2P:0;.

JUHAMIYHUNA pPeXUM
40-200°C

HarpiBaunHsa (Pno~0,2ar)
200-240°C

nCuxP>07-5,3H, O ————————> nCu>P>07-2H>0 + n3,3H. O —————>

— [nCu2(OH)xHxP207-yH,0] —————

240-335°C
2Cu H,P, O, ., +

n+2-x
2

0
+ (n-24x)CuO(OHy) + yH,0 —3228YEC s o o CusP2057 + (n-2+x)H:0,

nex<0,51<y<2;2<n<3.

AMHAMIYHUMIM PeXUM HarpiBaHHA

490°C

500—600° C

SrHPO40,1H:0 —22< 5 Sr_ ,P O, + S0 —2X90C

800°C

2

— ,B -SroP207 — > o — S}’Z})207, aen=1+3.

kBasiisoTepMiuumit pexxum Harpisanus (P'mo~0,8; P2~0,2 ar)

1 0 . 2 0
B -SrHPO0,1H,0 — LB CEDN0C o 6 11PO,)2(P207) ——>

(P?)490-750°C

PH435°C 910°C
£) >a— S B0, ¢«———

>a - S, P,0, « 5-Sr,P,O, _‘

IMuHaMiduuumii pexxum HarpiBauusa (Pmo~0,2ar)

70-150°C

180-300°C

CdHPO4+H>O ——— > xCdHPO4yCd,P.O07 —M8MMM8M88—

0
— yCdHPO4-xCd>P207 S, SUSCHEN Cd,P,0;,nex>y.

KBasiizoTepMiuHui pexum HarpiBaunusa (Pmwo~0,8ar)

0 0
CAHPOH,0 —10120°C o cappo, —28030°C

300-340°C

— yCdHPO4xCdoP2 07 ——M88 0,5Cd2P20 s
e Y 3SMeHIIyeTbCA 3 94 10 7%, a X 3pocTae 3 6 10 93%.

CriBcTaB/IeHHsI CXeM TepMiYHUX IIePeTBO-
peHb docdariB MapraHifio, Miji, CTpoHIIi0 Ta
KafiMil0 {03BOJIsIE 3pOOUTY BUCHOBKY IIPO Te,
110 TEPMiYHI IEPEeTBOPEHHA 3 KOHJIEHCALlI€I0
docdar-aniony 3amexxaTp, I[OHANIMEHIIIE, Bif
PEYOBMHHOTO CK/Ially BUXiJHIUX CIIONYK Ta pe-

JKMMY IXHBOT'O TEPMOJIi3Y 1 XapaKTepU3yThCsA

HACTYITHUMU 3aKOHOMiPHOCTAMM:

— piBeHb NiABUILEHHA TeMIIEpaTyp IIOBHO-
IO 3HEBOJHEHHSA OFHOTUIIHUX CIIONYK i
YyTBOpeHHs iHAMBigyanbHux maudocdaris
MeTaJliB y JUHAMIYHOMY PeXUMi Harpi-
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BaHHA I10 BiIHOIIIEHHIO 10 KBa3iizoTepmiy-
HOTO IIPOLIECY Y T€PMETM30BAHOMY peak-
Topi (PH,O ~ 0,8 ar) sMiHIO€THCA y TaKii
nocnigosHocri: MnHPO,-3H O (+40°C)
< CdHPO,H,0O (+110°C) < CuHPO,-H,0
(+155°C) < SrHPO,-0,1H,0 (+170°C) ;

- y mpomeci omepxaHHA paudocdary Mini
JeTigpaTalli€lo pisHUMX BUXIJHUX pevo-
BUH Yy [MHaMiYHUX YyMOBaX HarpiBaH-
HA KiHIleBa TeMIepaTypa 3HEBOJHEHHA
spoctae B papy: CuHPO,-H O(555°C) <
CuNH,PO,-H,0(655°C) < Cu,P,0.-5,3H,0
(830°C), B TONI Yac sAK y KBasiisorepmiu-
HOMY PeXKUMi HarpiBaHHA LA pisHULA
manonomitia:  CuHPO,_H O(400°C) >
CuNH,PO,-H,0(390°C);

- KBasii3orepmiunmit, KBasiisobapHmit pe-
KM 3HEBOJHEHHS NPOTOHOBAHMX Ta Tif-
paroBaHux Qocdaris 3abesneuye piBHO-
Ba)KHi1 YMOBM 3[Ii/ICHEHHA OKPeMUX CTafin
JerifgpaTalil i MO>K/IMBICTb BUIIEHHA IIPO-
MDKHUX CIONYK iHAMBIZya/NbHOTO CKIAZY,
sk CuHPO,, CuNH PO, Sr,(HPO,),(P,0.),
CdHPO,, cunTes AKux iHmmmu cnocobamu
po6IeMaTUIHUIA.

Oodepscanns iHousioyanvHux oxcugocda-
mis. Ba3oBOI0 peaxIji€ro jis1 BUBYEHHS 0CO0-
JIMBOCTEN YTBOPEHHA IHAMBIZYaNTbHUX OKCU-
¢docdariB JBOBaJIEHTHUX METATiB € TEPMO-
nis  rigpokcodocdaris  (Me,OHPO,-nH,0).
IIi mpouecu BiJHOCATH [O MaJIOBUBYEHHX,
OCKi/IBKM [I0 HeflaBHbOrO 4acy Oynm Bimomi
nuiie ocHOBHI ¢docdary KiTbKOX eleMeHTIB
[25, 26], mepermik AKX HaM BJJa/IOCS PO3IINPU-
T CHHTE30M iHAMBIZya/NbHUX rigpokcodoc-
¢datiB mBOBaNEHTHUX Mifi, Ko6aHbTy, LVHKY,
Kagmito i cTponito [5, 16, 27, 28]. Hmxde B
cXeMax IIpOlleCiB IXHbOI AeTifpaTaliil, CKia-
INEHMX 32 pe3y/lbTaTaMi KOMIUIEKCHUX JIO-
cmmkeHb [5], Ak i B IONepefHbOMY BUIIAf-
Ky KYpCMBOM BKa3aHO BMXi/IHI PEYOBMHMU Ta
IIPOMDXHI 1 KiHIIeBi TPOAYKTY, 1110 MaXOTh CTa-
6inpHmit (iHpmBigyanbHumit) cxmap. Crip Big-
3HAYUTH, 1O IOCTiIOBHICTh IPOLECY JeTif-
pararii ocHOBHMX (ocdaTiB Majo 3aneXXuTh
BiJ| pe>XMIMy HarpiBaHHA, ajie P IiABULEHH]
MApLiIHOTO TUCKY ITapy BOIY B PeaKTOPi CII0-
cTepiraeMo Oi/bII YiTKe pO3JiNeHHs Mpolecy
Ha OKpeMi cTafiii (3By>KeHHA TeMIepaTypHIX
inTepBanis):

pnerigpatanisa CuxOHPO4'0,2H>O (Ph.0=0,05-0,2 ar)

40-220°C

220-515°C

Cu;OHPO4+0,2HO ——————— > CuOHPO4-0,15H>0

—> Cu2OHPO4

515-565°C

%ClMO(POz;)z

nerigparania Zn,OHPO4-0,2H,O (Px.0 ~ 0,8 ar)

50-130°C

230-450°C

Zn>OHPO+0,2H0 ——> Zn;OHPO40,1H, O ———>

475-500°C

500—580°C

—>Zn,0OHPOy ———————>27n0-0,5P>05-0,36H>0

1 1
—> S @ Zn0F0y:  865-840°C - B n0r0);

perigpartanisa CoOHPO4-0,07H2O (Pu.0~ 0,2 aT)

70-150°C

400-550°C

Co:OHPO+0,07H20 ——————> Co0,OHPO4y ———F—F——>

550—595°C

630°C

1
—>2C00-0,5P205-0,4H, 0 ——————>2C00-0,5P2,05 ———> 5 Co40(PO4):
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merigpartamis CdOHPO4:0,2H20 (PH.0~ 0,2 ar)

50-250°C

250-420°C

CdOHPO+0,2H,0 ——————— Cd,OHPO4-0,15H,0 ————>

420-450°C

455°C

1
—> Cd:OHPO4y —————>2Cd0O-0,5P,05 ————> E CdsO(POy)2

perigpartanisa SrOHPO40,1H,O (Pu,o~ 0,8 aT)

60-140°C

Sro2OHPO4+0,1H,0 ———— > Sr2OHPO4

140-220°C

0
—— 25r0:0,5P205-0,25H,0 —2897329°C_ 45610-0,5P,05-0,1H,0 —>

360-400°C

ChiBcTaBlieHHA CXe€M TEpPMIYHUX IIepe-
TBOpPEeHb OCHOBHUX (ocaTiB KoOanbTy, Mifi,
IIVHKY, CTPOHIIi0 Ta KaJMilo 03BOJIAE 3poou-
TU BUCHOBKM IIPO Te, 110 IXHi TepMidHi mepe-
TBOPEHHs 3a7Ie)KaTh JIMIIE BiJj PEYOBMHHOIO
CKIaly BUXIJHUX CIIONyK Ta TeMIEPaTypu i
XapaKTePU3YITbCA HACTYIHVMM 3aKOHOMIip-
HOCTSIMIU:

— TEpPMOJi3 He CYHNPOBOJKYETbCA KOHJEH-
canieo gocdar-aHioOHy, 1[0 CBITYUTH NIPO
BI[ICYTHICTb peaKliil J10r0 IMPOTOHYBaHHs
BHAC/IIOK  BHYTPIIIHbOMOJIEKYIAPHOTO
Tipoisy;

— TeMIlepaTypa II049aTKy IIPOLeCy 3SHEBOJHEH-
Hs cronyk cknagy M OHPO, sanexxuts Bif
tuny Kariona (M) i 3pocrtae B psapy obep-
HEHO IPONOPIIHO Ko po3Mipy ioHiB M*":
Sr,OHPO, (390°C) < Cd,OHPO, (425°C) <
Zn,0OHPO, (500°C) < Cu,0HPO, (515°C) <
Co,0OHPO, (540°C);

— KOpEALIVIHAM aHaJ1i30M pO3pax0BaHO PiB-
HAHHA JIiHIIHOI perpecii MK TeMmIepary-
pOIo IOYATKY Tpoliecy 3HeBoiHeHHA (t °C)
cronyk ckmamy Me OHPO, ta papmiycamn
kationiB (R, M) :

t = (789+27) - (3,6102+0,3002)-R.

Koedinient xopenanii r = - 0,6538 cBig-
4UTh NPO ONMM3bKY MO JiHINHOI 3aleXHiCcTh

% SrsO(PO4)>

MK BKa3aHMMM IIOKa3HMKaMH, a JI0T0 Bill €M-
He 3HaYeHH IOsACHIOEThCA CIIATHNM XapaKTe-
POM 3a/IeXKHOCTI.

AHaJi3 JaHMX JIiTepaTypy BKa3ye, 10 Hall-
Oinpumr 1iHHI enekTpodi3nyHi BIACTUBOCTI
TEeXHIYHMX MaTepialiB BUABIAKTb CKIaJHI
retepoMeTanbHi MoOHO- i momidocdatu [2].
OpHak icHy0Th TpymHOLIi 1of0 GopMyBaH-
HA CTPYKTYPU CIHOMYK, IO MICTATh BOFHOYAC
nBa abo Oible KaTiOHIB JBOBAIEHTHUX MeTa-
JIiB IIJISAXOM CIIBOCAIPKEHHS a00 CIIaBIeHHS.
Y KpaujoMy BUIAJKy BIA€ETbCA OfEpPXKYBaTU
nozBiitHi pocdartu — TBepAi posunHu 3 0OMe-
JKEHVMM IHTEPBAJIOM 3aMillleHHA OJHOTO MeTa-
ny Ha inmmit [25], Toni Ak ixHi WiHHI BIacTH-
BOCTi MOXXYTb BUABJIATUCA AKPa3 32 MeKaMI
nporo iHtepsany. Tomy B Xximii docdaris 3a-
JIIAETBCS AKTYaJbHUM INTAHHA CUHTE3y
docdariB perynpboBaHOro KaTioHHOro i aHi-
oHHoro cknmapy. IIpukmagom Takoro crocoby
OJlep)KaHHA TeTepoMeTaAbHIX 1 3MilllaHO-aHi-
onHux ¢ocdaris Co**, Ni**, Cu**, Zn**, Cd*,
pospobnenoro Hamu [18], € BucomoBaHHs 3
BOJJHO-aMiauHMX PO34YMHIB MOHO- i indocda-
TiB IBOBa/IEHTHNX d-MeTajiB TBEpAUX CTPYK-
TYp Y BUITLAAL akBaaMiHodocdaTiB perynbo-
BAHOTO KaTiOHHOTO Ta aHIOHHOTO CKJIafy, SIK
II0Ka3aHo Ha puc. 1.
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Axeaaminodocatn
peHTreHoamopdHi Kpucraniuni

| [Cos(NHz)s(H20):(PO4)2]-6H20 |
[ [Zn3(INH3)4(H20)1.1(PO4)2] |
| [Cus(NHz)3(H20):(PO4)2]-1.1H20 |
| |
| |

Cd3.0(P0O4)2'1.0NH3°4,.0H20
Ni3(PO4)2-3.5NH;3-8.9H20
NizxZnx(PO4)2-nNH3-mH>0, Co2,5N10.5(PO4)2-6,2NH3-8,7H20

x=05-2,5 Co,sNi1 s(POs)2-3.5NH;3-7.9H20
Co1,0N120(PO4)2-3,1NH3-7.6H20
Coo,3sN125(PO4)2-3.5NH3-7.5H20
C03.xNix(POs)>-nNH3-mE10, x = 0.5-2.5
Zn31xCdx(PO4)2 n(NH3)-m(H20). ge x=0.6+2.4; Co25Zn0,5(P04)2-3,4NH3-7,7H20

e C02.0Z01,0(PO4)2-3.8NHs-6,7H20

Co1,5Zn15(PO4)2-4,3NH3-5.2H20
CoixZne(POs)2-nNH3-mH20, x = 0.5-1,5

ZnzCu3x(PO4)2-0NH3-mH20, x =0,5-1; x = 2-
2.5

CuxCd3.(POs)2-nNH3-mH20, x =2-2 4 Cui15Cd1 5 (PO4)2-2.6NHz3,0H20
Cu1,0Cdao (PO4)2 2,3NH3'3,6H20
CupgCdz 4 (PO4)2°1.9NHz'4.3H20

CuxCdax(PO4)2-nNH3-mH>0, x=0,6-1.5

Zn15Cu15(P0O4)2-3NH33,5H20

Nip,0Cd1p (PO4)2 "4.8NH3'6.2H20

Ni1,5Cd15 (PO4)2 2.2NHa5.3H20

Ni1,0Cda,0 (PO4)2 "1.5NHa5.9H20
NixCd3x(POs)2-nNH3-mH20, x = 1-2

Cu15Zn0,75Cdo.75 (POs)2,0°3.0NH32,8H20
Cu1,0Zn10Cd1 0(PO4)20°2.3NH;32,8H20
Cuo,75Zm15Cdo75 (PO4)2,02.9NH32.5H20
CuxZnyCd3x+{POs)2-nNH3-mH20,
x=0.75-1.5: y=1.5-0.75

NixZnyCdix+(PO4)2-nNH3-mH:z0,

x=0.75.1 5.y = 1.5-0.75 Nig,75Zn0,75Cd1,5(PO4)2,0°2,0NH3°2 9H20

Puc. 1. Cxema «fiepeBa» akBaaminodocdaris d-mMeTasiB 3a 03HaKaMy 3MiHM CK/Iafly i CTaHY pe4OBUHY

Fig. 1. Scheme of aquaamminophosphates of d-metals “tree” with characters of changes
in the composition and state of the substance.
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Ockinbku 3a po3pobnenum ciocobom 6yno  Cu?t, Zn**, Cd*, To Tepmornis ix posrisgaemo
BUZIIIEHO 3 pPO3YMHY y TBEpAOMY CTaHi Ta Ha IPUKIAAi OKPeMUX IIPe[CTaBHUKIB Ipyll
ineHTHdiKOBaHO YNCTIEHHY I'PyIy aKBaaMiHO- MoHOdocdariB, MOABIHNX i MOTPITHUX CcO-
docdarnux xommrekcHux crnonyk Co*', Ni**, e [5-15, 18].

nuHaMiduHui pexum "HarpiBauusa (Pno~0,2ar)

145-208°C

[Cd3,0(NH3)0,05(H20)2,67(PO4)2] ———————— 0,08NH3 + 0,74H,0 +
(0]
+ [(NH3)09Cd3.0(0H2)1.0(PO4)1 7(P207)0.15] — 22528 °C o 0.53NH;3 + 1,0H:0 +
258-570°C

+ [(NH3)03Cd3,0(OH2)0,9(POa4)1,4(P207)03] > 0,3NH3 + 0,9H20 + [Cd3,0(PO4)2,0].

Kinumesnit mpopykT TepMmoridy, oTpuMaHuii 3a 763 °C, € KpHUCTaIiuYHUM, CTPYKTypa SKOTO
Bignosigae Cds(POy), .

,Z[I/IHaMi‘IH]/Iﬂ pexum HarpiBaunusa (Pmo~0,2ar)
-103°¢ 103-170° ¢
[Cu3(NH3)3(H20)3(POs4)2]-1,1H20 e 1,1 H20 + [Cu3(NH3)3(H20)3(PO4)2] —— 0,7NH3

170-355° ¢

+ 1,7H20 + [Cuz(NH3)23(HOH);3(PO4)2] —— 1,8NH;3 + 0,8H>O + xCuxP>07 + xCuO +
—6452

y[Cu3(NH3)o,5(HOH)o,5(PO4)2] 34) Cuz(POs4)> .

KBasiisorepmiunuit pexum Harpisanusa (Puo Nu; ~0,8 ar)
90-200% ¢
[Cuz(NH3)3(H20)3(PO4)2]-1,1H, 0 —— 0,8NH3; + 3H20 + [Cu3(NH3)22(HOH)1,1(PO4):]
280-310° C 310-420° C
— s 1,6NH3 + 0,9H,0 + 0,2Cu2P207+ 0,2CuO + 0,8[Cuz(NH3)o6s(HOH)o2(PO4)2] ————

0,6NH3 + 0,2H20 + 0,3CuxP>0O7+ 0,3CuO + 0,7[Cuz(NH3)0,1(PO4)2].

HuHaMiuuuit pexxum HarpiBauusa (Pno~0,2ar)

60-300° C 315-500° C
[Zn3(NH3)4(H20)1,1(PO4)2] —— 3NH3 + 1,1H20 + [Zn3(NH3)1(PO4)2] ———— Zn3(POa4)> +
NH;.
KBa3ii30TepMquM17[ pexum HarpiBauusa (Pro,nu,~ 0,8 ar)
—220°9¢ 225-425°% ¢
[Zn3(NH3)4(H20)1,1(PO4)2] —) NH; + 0,9H20 + [Zn3(NH3)3(H20)0.2(PO4)2] —— 2NH;
425-450° C

+ 0,2H20 + [Zn3(NH3)(PO4)2] ———— NH3 + Zn3(PO4)s.

BuHaMidyHuit pexum HarpiBauusa (Pno~0,2ar)

25-205° ¢
[Co3(NH3)5(H20)3(PO4)2]- 6H.0 — 34NH3; + 6,5H,O0 + [Co3(NH3)1,6(H20)2,5(PO4)]
210-305°% ¢
— [,INH3 + 1H2O + x[Co03(NH3)0,5(H20)1,5(PO4)2] + yCo2P207 + yCoO (me x : y=9: 1)
435-575°%¢C

— > 0,5NH;3 + 1,5H20 + Co3(PO4)s.

10 ISSN 2708-129X. VKp. Xim. XypH., 2025
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KBa3iisoTepMiunuit pexum HarpiBauusa (Pmo N ~

25-185% ¢

[C03(NH3)5(H20)3(PO4)2] -6H,0 ——  3,7NH;

190-390° ¢

0,8 ar)

+ 7,1H20 + [Co3(NH3)13(H20)1,0(PO4)2]

—  1INH3 + 1,2H20 + x[Co03(NH3)0,3(H20)0,7(PO4)2] + yC02P207 + yCoO (me x : y=30: 1)

390-515%¢

— = 0,3NH3 + 0,7H20 + Co3(PO4)s.

puHaMivHui pexxuMm HarpiBauHsa (Pno~0,2ar)

(2]

-223°¢C

609 C 60-2
[Ni3(NH3)3.5(H20)82(P04)2]-0.7H2O —— 0,7H20 + [Ni3(NH3)35(H20)32(PO4)2] ——— 1,9NH3

90

223-3
+ 6,7H20 + [Ni3(NH3)1.6(H20)1.5(PO4)2] ———— 0,4NH3 + 0,5H>0 +

319-543% ¢

+ [(NH3)12(NiO)o,3Ni2 7(OH—H)1,0(PO4)134(P207)0,33] —— 0,6NHs + 0,7H,0 +

543-662° C

+ [(NH3)0,6(NiO)o,3Ni2, 7(OH—H)0 3(PO4)1,4(P207)03] —— 0,5NH;3 + 0,3H,0 +

662—780° ¢

+ [Ni3(NH3)0.1(PO4)1,5(P207)0,25] ————— 0,1NH3 + Niz(PO4)2.

3arajoM mpolecu TEepMiYHOTO PO3KJIa-
JlaHHsI KpUCTaNoTifipaTiB cepenHix gocdarin
IepexiIHMX ABOBAJICHTHUX METAJIIB Ta IXHIX
aMiayHMX IOXIJHUX JIyXKe 6n1m3bKi, 3aBep-
IIYIOTbCS YTBOPEHHSM 0e3BOJNHMX CepefiHixX
CoJeil i BiIpiSHAIOTHCA JMILE TeMIlepaTyp-
HYMM IHTe€pBalaMyU OKpEMUX CTafiil TepMO-
ni3y. BpaxoBytoun pisHuio B cknaji ta Oy-
MOBI IIMX CIIO/NTYK, MOXXHA BUIIMTA 3arajibHi
3aKOHOMIPHOCTI B IOBEAiHIII BOAM IIiJi 4ac
TepMivHOI ferifparanii Tpusamimenux ¢oc-

¢daTiB JBOBAJIEHTHUX IEepeXiHNX MeTasliB, a
caMe: [0 CK/Iafly KpMUCTaOTigpaTiB BXOAUTD
LIOHAaJIMEHNIE [iBa BUIU MOJIEKYN BOJMU, AKi
BiIpiSHAIOTbCA HacaMIlepel, IHTEHCUBHIC-
TIO B3a€EMOII 3 KaTIOHOM Ta aHiOHOM, TOOTO
eHepriero H-3BA3kiB itonis H* monekyn Bogu,
KOOPIMHOBAHMUX JIOHOM-KOMIIJIECOYTBOPIO-
BaueM [29].

Tepmiuni nepemeopeHHs nodBiliHUX AK6a-

ZuHaMiuHuit pexxum HarpiBauusa (Pno~0,2ar)

o

60—208
[Zn15Cd1.5(PO4)2(NH3)1.4(H20)3.2(PO4)2]

o

20 43
+ [Zn1.5Cd15(NH3)0.7(H20)0.6(POs)2] ——— 0.5NH3 + 0.6H>O +
+ [Zn1.5Cd1.5(NH3)02(H20)0.03(PO4)1.7(P207)0.17] ————— 0.08NH3 + 0.01H>O +

+ [Zn1.5Cd1.5(NH3)0.12(H20)0.02(PO4)1.8(P207)0.1]
+ Zn15Cd1.5(POs)2.0.

BuHaMiuHNit pexuMm HarpiBaumHsa (Pmo~0,2ar)

02

[Cui,5Zn1,5(NH3)3 5(H20)2(PO4)2] ——— 0,5H>0 + 0,5NH3 +

a2

130-2
+ [Cu1,5Zn1 5(NH3)3,0(H20)1,5(PO4),] ———— 1,3NH3+ 0,3H,0 +
+ [Cui.5Zn1.5(NH3)1.7(H20)1 2(PO4)1 8(P2O07)0.11 ——— NH3+ H.0 +

aminogpocgpamis Cu**, Zn**, Co**, Cd*, Ni*'

[12, 15, 30]

0,7NHs + 2,6H.0 +
343-392°9¢C

2-710°C
——— 0.12NH3 + 0.02H20 +

238-352°C
1
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352-670% C

+ [Cui1,5Zn1,5(NH3)0,7(H20)02(PO4)2] ——— 0,7 NH3+0,2 H2O + Cui 5Zn1,5(POs)s.

BuHaMiuHuit pexum "HarpiBanusa (Pwo~0,2ar)

63—-151° ¢

[Ni1,5Cd1,5(PO4)2(NH3)2,2(H20)s 3] ———  0,7NHs + 2,6H,0 +

151-2339¢

+ [Ni1,5Cd1,5(PO4)2(NH3)1 5(H20)2,7] ———— 0,3NHs + 0,7H,0 +

233-285°¢C

+ [Ni 5Cdi 5(PO4)2(NH3)1 2(H20)20] ———  0,7NH;3 + 0,7H20 +

285-350° ¢

+ [Ni1,5Cd1,5(PO4)1,8(P207)0,1(NH3)0,5(H20)1 3] ———— 0,2NH3 + 0,6H>0 +

350-810° ¢
+ [Niy,5Cd1,5(PO4)1,9(P207)0,0s(NH3)0,3(H20)0,70] — 0,3NH;3 + 0,7H20 +

+ Ni1,5Cdi,5(POs)>.

IuHaMiyHMi pexuMm HarpiBaunusa (Prno~0,2ar)

o2

[Co1,5Ni1 5(NH3)3,5(H20)79(PO4)2] ——— 1,2NH3 + 1,1H.0 +

120-180°

+ [Co1,5Ni1 5(NH3)23(H20)68(PO4)2] ——  0,5NH3 + 3,3H>0 +
180-258° ¢

+ [Co1,5Ni15(NH3)1,8(H20)3,5(PO4)2] —  0,8NH3 + 2,0H20 +

30

258-363% C
+ [Co1,5Ni1 5(NH3)1,0(H20)1,5(PO4)2] ——— 0,4NH3 + 0,4H>0 +

a

263-505° ¢
+ [Co1,5Ni1,5(NH3)0,6(H20)1,1(PO4)2] ———— 0,5NH3 + 0,2H,0 +

505-830°¢C

+ [Co1,5Ni1,5(NH3)o,1(H20)0,9(PO4)2] ——— 0,2NH3 + 1,8H20 + Ni3(PO4)2 + C03(PO4)s.

ZuHaMiuHuit pexxum HarpiBauusa (Pno~0,2ar)

12

80—-101° C
[Co2,0Zn1,0(NH3)38(H20)6,7(PO4)2] —— 0,4NH;3 + 1,5 H20 +

o

101—-144% ©
[C02,0Zn1,0(NH3)3.4 (H20)52(POs)] ———— 0,5NH3 + 1,6H,0 +

o

144-173% ¢
+ [Co2,0Zn1,0(NH3)2,0(H20)3,6(PO4)2] —— 0,5NH3 + 1,5H>0 +

@

173-193° ¢
+ [Co02,0Zn1,0(NH3)2,.4(H20)2,1(PO4)2] ——— 0,5NH3 + 0,2H.0 +

@

193-240° €
+ [Co2,0Zn1,0(NH3)1,9(H20)1,9(POs)2]. ——— 0,7NH3 + 0,5H,0 +

3a BCTAaHOBJIEHOI IOCTiIOBHICTIO TEpMid-
HUX IIepeTBOPEHb MO/BIIHNX aKBaaMiHO(dOC-
dariB Cu*, Zn*, Co**, Cd*, Ni** ogep>kaHo
Oe3BopHi mopBiitHi MoHOQoOcharu y dopmi
KPUCTaMIYHUX CIONYK 1 TBEpPAMUX PO3YMHIB
CK/Iafty: Niz’OCdl’O(PO4)2, Nil,SCdl,S(PO4)2’
Niz,szno,s(PO4)2’ Nil,sznl,s(PO4)2’
Nil,oznz,o(PO4)z’ Nio,sznz,s(PO4)2’

12

COZ)OZnLO(PO‘l)Z, Col)sznl’s(POQZ,
CoZ)SZnO’s(PO[})Z, Cuz,OCdl,O(PO4)2’

Cu, ,Cd, (PO,),, Cu, Cd, (PO,),
Cu0)6Cd2)4(PO4)2, Cul’San’S(PQ&)z,
Zn0’6Cd2’4(PO4)2, an,ZCdl,S(PO4)2’

Zn (Cd, (PO,), Zn Cd (PO,),

Zn, Cd, (PO,),.

[Toka3zaHO MOXXIUBICTb BMKOPUCTAHHS IIO-

ISSN 2708-129X. YKp. XiM. XypH., 2025



M. C. Cno6oasuuk, B. A. Koninesuy, J1. B. Boiitenko, [l. A. CaByenko, I. 1. Xunsk, T. K. Manuyk, H. M. Mpokonuyk, JI. M. A6ap6ap4yk YXX Ne 5/ TOM 91

IBiifHOTO MOHOGpoOCPATy UIMHKY - KafMiko Tepmiuni nepemeopeHHs NOMPIUHUX AKEA-
(Zn, _Cd (PO,), ax poromominodopis i3 pu-  aminogocpamis Cu**, Zn**, Co*, Cd*, Ni**
Ba/IM ITC/ISACBITIHHAM. [12, 15, 31-33].

240-295° ¢C
+ [Co2,0Zn1,0(NH3)1,2(H20)1 4(PO4)2] ———— 0,6NH3 + 0,5H,0 +

295-473° ¢
+[Co2,0Zn1,0(NH3)0,6(H20)0,0(PO4)1,94(P207)0,03] —— 0,5NH3 + 0,9H.0 +

+ [Co2,0Zn1,0(NH3)0,1(PO4)2].

BuHaMiuHNit pexum HarpiBaumusa (Pno~0,2ar)
[Ni1,5Zn1,5(NH3)2,3(H20)42(PO4)] i) 0,3NH3+ 1,5H,0 +
Niy sZn1 s(NH3)2.0(H20)2.7(PO)s] % 0. 2NH; + 1,0H:0 +
Nii5Zn1,5(NH3)1,8(H20)1,7(PO4)2] w) 0,7NH; + 1,4H,0 +

+1
1
+ [Ni15Zn1,5(NH3)1,1(H20)0,3(PO4)2] u) 0,4NH; + 0,1H,0 +
+1
+1

495-775° ¢
Nii5Zn1,5(NH3)0,7(H20)0,2(PO4)1,88(P207)0,06] —— 0,7NH3+ 0,2H>0 +

Nii sZn1,5(PO4)2].

,I[]/IHaMi‘{HI/II}'I pe>1<1/[M HarpiBaunHua (Pno~0,2ar)

-138°
[Cui,5Cdi,5(NH3)2,6(H20)3,0(PO4)2] 4) 0,3NH;3+ 1,7H,0 +

138-237° ¢
+ [Cu1,5Cd1,5(NH3)2,3(H20)1 3(PO4)2] ————— 0,3NH;3 + 0,1H20 +

237-306° ¢

+ [Cui,5Cd1,5(NH3)2,0(H20)1,2(PO4)2] —) 0,9H,0 + 1,4NH3 +

306-404° ¢
+ [Cui,5Cd1,5(NH3)0,6(H20)0,3(PO4)1,9(P207)0,0s] ————— 0,2H,0 + 0,2NH3

404-892°%¢

+ [Cui1,5Cd1,5(NH3)0,4(H20)0,1(PO4)2] —————  0,1H20 + 0,4NH3 + Cuy 5Cdi 5(PO4)o.

ZuHaMiuHuit pexxum HarpiBauusa (Pno~0,2ar)

58-195%¢C
[Co1,0Ni1,0Zn1,0(NH3)13(H20)7,1(PO4)2] _— 0,3NH3 + 5,7H>,0 +

a

200-2
+ [Co1,0Ni1,0Zn1,0(NH3)1,0(H20)1,4(POs)2] —— 0,2NH3+ 0,6H,0 +

270-395° ¢

+  [Co1,0Ni1,0Zn1,0(NH3)08(H20)0,7(PO4)1 86(P207)0,07] —  0,3NH; + 0,3H.O0 +

395-665° ¢
+  [Co1,0Ni1,0Zn1,0(NH3)0,5(H20)04(PO4)1,90(P207)0,0s] —  0,5NH; + 0,4H.O0 +

+ [Co1,0Ni1,0Zn1,0(PO4)2].
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OUHaMidHMUIA pe)KI/IM HarpiBanusa (Pmo~0,2ar)

—-1159¢

[Cui1,0Zn1,0Cd1,0(PO4)2,0(NH3)23(H20)2,5] 4) 0,5NH3 + 0,7H.O +

115-221° ¢
+ [Cu1,0Zn1,0Cdi,0(PO4)2,0(NH3)1 8(H2O)2,1]] ———  0,4NH;3 + 0,9H.0 +

221-283°%¢

+ [Cu1,0Zn1,0Cd1,0(PO4)1,0(P207)0,05(NH3)1,4 (H20)12] ——

283-332°¢

0,6NH3 + 0,4H20 + [Cu1,0Zn1,0Cd1,0(PO4)1,8(P207)0,1(NH3)0,8(H20)0,8] ——— 0,1NH3 + 0,6H20

332-782°¢C

+ [Cu1,0Zn1,0Cd1,0(PO4)1,9(P207)0,05(NH3)0,7(H20)0,2] — 0,7NH;3 + 0,3H20 +

Cui,0Zn1,0Cd1,0(PO4)2,0.

ouHaMiuHUL pexXum HarpiBaunusa (Pmo~0,2ar)

o

60—188° C
[Ni1,0Zn1,0Cd1,0(PO4)2,0(NH3)2,9(H20)33] ——— 1,7NH3 + 2,1H>O +

o

18
[Ni1,0Zn1,0Cd1,0(PO4)2,0(NH3)12(H20)1 2] ——— 0,5NH3 + 0,8H.0 +

345-770° ¢

[Ni1,0Zn1,0Cd1,0(PO4)1,9(P207)0,0s(NH3)0,7(H20)04] ———— 0,7NH3 + 0,4H20 + 0,5ZnNi2(POs4)>

+0,5Cd>Zn(POy); .

3a BCTAaHOBJIEHOI IOC/i/IOBHICTIO TepMid-
HIIX IIepeTBOPEeHb MOTPINTHNX aKBaaMiHO(pOC-
¢aris Cu*, Zn*', Co*", Cd*, Ni** omepkaHO
6e3BoiHI MOTpiTHi MOHO(l)OC(l)aTI/I y dopmi

Kpucraniauux cnonyk: Nij o Zn  C d .(PO,),
Col)ONiLOZnLO(PO‘l)z, Co, Ni075 O75(PO)
COO 75NiO 75 (PO4)2’ COO,751\Ii 075(PO )
Cu, Zn Cd, (PO ), Cu Zn Cd0’75(P04)2
Cu Zl‘1075 075(PO) 075zn075Cd1,5(PO4)2'

Yy vaam(y peHTreHoaMopdHOI CIIOyKH, SIK, Ha-
npuknag, [Ni, Zn Cd, (PO,), (NH,), (H,0),,],
IPOAYKTaMI IIOBHOTO TEPMOJIi3y € CyMill
KPUCTAMUYHNX  HOABiNHMX MoHOpocdartis
ZnNi (PO,),iCd,Zn(PO,), .

BJICHOBKJA. Y po60Ti gocmifikeHo nocti-
TOBHICTb TEPMIYHMX II€PETBOPEHD TiZfpaTOBa-
HUX reTepoMeTaabHNX MoHOdoChaTiB BOBA-
JIEHTHUX MeTaJIiB Ta IXHiX aMia4yHMX i aMOHiii-
HIUX TOXiJHUX 3 METOI BU3HAYEHHA TeMIle-
paTypHUX iHTepBasiB ofjep>kaHHs 6E€3BOTHIX
cxmapHux ¢pocdaris i3 pery1boBaHNM KaTiOH-
HIM Ta aHIOHHUM CKJIaJIOM.

14

BuByeHO MNOCHiJOBHICTh TEpMiYHMX IIe-
PETBOPEHD Ti/[paTOBAHUX T'e€TE€POMETATbHUX
MoHOpoOChaTiB [BOBaJEHTHUX MeTaliB Ta
IXHiX aMiaYHMUX Ta aMOHIMHUX MOXiTHUX OIS
BCTAHOBJIEHHA TEeMIIEPATYPHUX IiHTepBasiB
ofiep>kaHHS 6e3BOmHMX cKmagHux ¢ocdaris
i3 perynpoBaHMM KaTiOHHUM Ta aHIOHHUM
CKagoM. BcTaHOBIEHO ONTMMAanbHI TeMIIe-
paTypHi peXMMu Ofiep>KaHHS 3HEBOJHEHMX
docdaris Cu*', Zn*, Co*, Cd*, Ni** inguBi-
IYyaJlIbHOIO CKJIaJy B IIPOLeCi TepMOi3y pi3-
HUX TUIIB IXHIX CIIOTYK: KpUCTa/JOTrifgpaTiB
cepennix ¢ocdaris (M,(PO,),-nH,O; rigpo-
docdaris i mopBiitHMX aMOHITHUX ocdaTis
(MHPO,nH,O, MNH,PO,nH,0); ocHoBHMX
docdaris (M,OHPO,nH, O); akBaaminoop-
tTodocdaris [M3(NH3)X(HZO)y(PO4)2]-nHZO;
NOABINTHMX aKkBaaMiHoOopTOodoChaTiB
[M13_XM2X(NH3)y(HZO)Z(PO4)2]-nHZO;
HNOTPiiiHMX akBaaMiHoopTodocdaTiB
[Ml3_X_yM2XM3y(NH3)Y(HZO)Z(PO4)2] -nH,O.

Pesynpraty JOCTiIPKEHHA TEPMOJi3y KpUC-
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TamorigpatiB rigpodocdaris y pmHamiuHO-
My pexumi HarpiBanHA (0,2 aT) HMOpiBHAHO
3 kBasiisorepmiuamm (0,8 ar) BkasyThb Ha
TEHJEHII{I0 3HIVDKEHHSA TeMIepaTypu Ofep-
KaHHs Oe3BopHux andocdaris B KBasiizo-
6apuumy pexumi: MnHPO,-3H,O (+40°C)
< CdHPO,H,0 (+110°C) < CuHPO,/HO
(+155°C) < SrHPO_0,IH,O (+170°C) <
CuNH,PO,-H,0 (+265°C). Tlpomec sueBon-
HeHH:A 0CHOBHUX docdartis ckmagy M,OHPO,
3aJIeKUTD Bif Ty KatioHa (M) i Temneparypa
JIOTO MOYATKY 3POCTAE B Py 0OEpPHEHO Mpo-
nopuiiiHo fo posmipy ionis M**: Sr, OHPO,
(390°C) < Cd,OHPO, (425°C) < Zn,OHPO,
(500°C) < Cu,0OHPO, (515°C) < Co,OHPO,
(540°C).

[Ipouecu TepMi4HOrO pO3K/IafaHHA KPUC-
TajorifipaTiB cepenHix docdariB mepexigHUX
IBOBAJIEHTHMX METaJIiB Ta IXHiX aMiayHMX I10-
XiZHMX Hy>Xe ONMM3bKi, 3aBEpUIYIOTbCS YTBO-
peHHsAM 0e3BOJHMX CepelHix coneit i Bigpis-
HAIOTHCS JIMIIe TeMIIepaTypPHUMMY iHTepBaa-
MU OKpPeMMX CTaJiill TepMO/Ii3y. 3a BUBYEHOIO
IIOC/TIJOBHICTIO ~ TePMIYHUX  IIEPETBOPEHD
NOABIHMX 1 MOTpiliHUX akBaamiHOdocha-
tiB Cu*', Zn**, Co**, Cd**, Ni** BcTaHOBJIEHO
YMOBU OfjepP>KaHHS 6€3BOIHIX IOABITHUX MO-
HodocdaTiB y dpopMi KpuCTaIiYHUX CIIOTYK
i TBeppux posumuis cxmamy M', M? (PO,),
Ta 0e3BOfHMX MOTpiitHMX QocdartiB ckmamy
M, M M (PO,),.

3-

SE:(; ITOOAKA. Po60Ty BUKOHAaHO B MeXKax
—?/ mepxOromKkeTHoi Temu «Po3poburn
CIoco0M ofep>KaHH:A TEPMiIYHIM IIIA-
XOM cKnagHux ¢pochaTrHux Mmatepiamis
3 IiHHVIMM T€XHiYHMIMHU Ta arPOHOMid-
HUMH BIaCTUMBOCTAMU», Hep>KaBHUII
peectpaniiitanit Homep: 0109U003218.

https://ucj.org.ua
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THERMAL DEHYDRATATION OF PHOSPHATE AS
A METHOD OF OBTAINING NEW MATERIALS.

M. S. Slobodianyk’, V. A. Kopilevich**,
L. V. Voitenko? D. A. Savchenko?,

I. D. Zhyliak’®, T. K. Panchuk?,

N. M. Prokopchuk?, L. M. Abarbarchuk®

' Taras Shevchenko National university of Kyiv,
64/13 Volodymyrska Str., 01601 Kyiv, Ukraine;
* National University of Life and Environmental
Sciences of Ukraine,

15 Heroiv Oborony Str., 03042 Kyiv, Ukraine;
> Uman National University of Horticulture,

1 Instytutska Str, Uman, 20301 Cherkasy
region, Ukraine

‘e-mail: natgum@nubip.edu.ua

The results of studies for thermal dehydra-
tation processes of protonated and hydratated
phosphates of divalent metals and their ammo-
nia and ammonium derivatives that were de-
scribed by reversible and irreversible reactions,
were generalized. It was shown the influence
of pressure and temperature on conditions for
obtaining intermediate and final thermolysis
products of Mn*, Co*, Cu*, Zn*", Cd*, Sr*
phosphates.

Thermal transformations of phosphates
were studied by thermal analysis on a Q-1500D
derivatograph using dynamic and quasi-iso-
thermal heating regime. The methodology
for determining the chemical nature of phos-
phates thermolysis included obtaining samples
of intermediate dehydratation products at typ-
ical points of thermal analysis curves and their
studying by chemical analysis, quantitative
paper chromatography. The IR spectra were
taken on a Specord 75-IR spectrophotometer,
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and X-ray phase analysis was carried out on a

DRON-UM1 diftractometer.

The sequence of thermal transformations
of hydratated heterometallic monophosphates
of divalent metals and their ammonia and am-
monium derivatives has been determined to
assess the temperature ranges for obtaining
of anhydrous complex phosphates with con-
trolled cationic and anionic composition. The
optimal temperature regimes for obtaining of
dehydratated phosphates of Cu**, Zn**, Co*,
Cd*, Ni** with individual composition have
been determined in the process of thermolysis
in various types of their compounds:

- crystallohydrates  of  orthophosphates
(M,(PO,),nH,0O) into anhydrous phos-
phates M,(PO,) ;

- crystallohydrates of hydrogen phosphates
and double ammonium phosphates (MH-
PO, nH,0, MNH,PO,nH O) into anhy-
drous diphosphates M,P,O;

- crystallohydrates of basic phosphates
(M,OHPO,nH,O) into oxyphosphates
M,0(PO,);

- aquaamminoorthophosphates
x(H,0)y(PO,),]nH,O into
phosphates M, (PO,) ;

- double aquaamminoorthophosphates
[M!, M? (NH,) (H,0),(PO,),-nH,0 into
anhydrous double phosphates
Mla-xsz(POzx)z;

- triple aquaamminoorthophosphates
(M, M* M® (NH,) (H,0),(PO,),]-nH,0
into anhydrous triple phosphates
M, M’ M (PO,),

[M,(NH,)
anhydrous

Keywords: divalent metal phosphates,
thermal analysis, thermolysis, dehydratation.
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KBAHTOBO-XIMIYHE MOJENTHOBAHHA BINJINBY

BHYTPILLUHbO-MOJIEKYJIAPHOI0 BOAHEBOI0 3B°A3KY

MAJIEIHOBOI KNCJI0TW HA CTPYKTYPY MANEIHATHUX
-ALlUA0AKBAKOMIJIEKCIB Cu(l)

C. M. Cmipnoé’, H. B. €naczina’, €. C. Ocoxin**

113 «Jlyeancokuti OepicasHuti MmeOuuHULl yHisepcumemy,

8yn. 16 /Iunus, 36, Piene 33028, Yxpaina;

’[Hcmumym meopemuunoi gisuxu imeni bozontobosa HAH Yxpainu,
eyn. Memponoeiuna, 14-b, Kuie 03143, Yxpaina

*e-mail: osokin@cf.dnu.dp.ua

Y crarTi JOCTiKEeHO BIUINB BHY TPIilTHbO-MOJIEKY/IAPHOTO BOJIHEBOTO 3B A3KY Y MOJIEKYIi
MaJIe[HOBOI KMC/IOTM Ha CTPYKTYPY Ta CTabiMbHICTD M-anyjoakBakoMIUIekciB Kynpymy(I)
MeTOJOM KBaHTOBO-XiMiuHoro mMopemoBaHHA (DFT/B3LYP). byno mpoBeseHO MOpiBHAMD-
HUJ aHaJIi3 TeOMEeTPUYHMX Ta EHePreTUYHNX IMapaMeTPiB MK T-allM0aKBaKOMIUIEKCAMH 3
MajIeiHOBOIO KUCTIOTOIO Pi3HOI 6yZOBY 3 BHY TPIlIHbO-MOJIEKY/IIPHIM BOJZHEBVM 3B I3KOM Ta
6e3 Hporo. Po3raHyTo ocobmBocTi koopanHaii ioniB Cu* 3 HeHacuueHuM C=C-dparmeH-
TOM MajIeIHOBOI KMC/IOTH, a TAKOXK B3aEMO/Iil 3 MOJIEKY/IaMI BOJY Y BHYTPIllIHiil KOOPAVHA-
niitHil cdepi. [TokasaHo, 10 HAABHICTb BHYTPIllTHbO-MOJIEKY/IIPHOTO BOJHEBOTO 3B A3KY Y
MOJIEKY/Ii KMC/TOTY JIXILE YaCTKOBO BIIIMBAE HA €/IEKTPOHHY €HEPTil0 CUCTEMM, OJHAK 3[JaTHA
crabinmisysatu fesaxi kommekcu, sokpema [Cu(C H,0,)(H,0),]° ta [Cu(C,H,0,)(H,0),]°
HOPIiBHAHO 3 pe3y/IbTaTaM)i MOJIE/IIOBAaHHA 0e3 ypaxXyBaHHsA BHYTPIilIHbO-MOJIEKY/LAPHOTO
BOJJHEBOTO 3B’513Ky. Po3paxyHKy nokasanmy, 110 BHY TPillIHbO-MOJIEK Y/LAPHII BOJHEBUII 3B -
30K 3MEHIIIy€ eJIEKTPOHHY TYCTHHY, Ky Ma/leiHOBa KMUC/IOTa Iepefiae fo iona Cu’, 1m0 BIm-
Ba€ Ha eeKTUBHMIT 3apsfi OCTAHHBOTO, @ TAKOXK BIUIVMBA€E Ha eHepril dm-pm-3B’s3yBaHHA.
OTpumaHi pe3ynpTaTy JOIOBHIOKTH JIaHi MMONEPENHIX JOCIIIKEHb Ta JO3BOIAIOTD Kpallle
3pO3YMITI PO/Ib BHYTPIilIHbO-MOJIEKY/IAPHUX B3aEMOiN y cTabinisanii n-komiutekcis Cu(I)
i3 6ipyHKIIIOHATBPHMMY JIiTAaH/IAMIL.

KniouoBi cnosa: n-xommtexcn Cu(l), maneinosa kucnora, DFT, QTAIM, dn-pm-38’sa3y-
BaHH, papMalieBTUYHA XiMis.
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BCTYII. KoMmmleKcHi CHOMyKM KyTpy-
My, 30kpema mi-komiiekcu Cu(l) BomopioTh
SCKpaBO BUP@KeHMMM OakTepuiygHumu [1]
B/IACTMBOCTSAMM, TOMY IX MO)KHa BUKOPUCTO-
BYBAaTH JI/I1 CTBOPEHH:A HOBITHIX Ipenaparis y
dapmaneBTHYHIN Ximil. B Takux Komekcax
ion Cu* Moxxe OyTu cTabinisoBaHUM 3a paxy-
HOK dm-pm-3B’si3yBaHHs MK d-opbitamsammn
iona Cu* ta p-opbiTamamMu MoeKy/n1 HeHach-
4YEHOI'0 OpPTraHivyHoro jiranfy. B mireparypi, Ak
IIPaBUJIO, TAKMMM JIiraHAAMM MOXKYTb BUCTY-
IIaTH CK/IAJIHi apOMaTU4Hi Ta reTepOLMK/IiYHi
crionyky 3i 3MimaHumy QyHKIIOHATbHUMMA
TpyTIaMMA.

Taxi miraHgy MOXYyTb MaTu BOJHOYAC He-
HacudeHuyt C=C-pparmMeHT 3 OZHOTO OOKY,
a 3 {HIIOrO — e/IeKTPOJOHOPHMIT PparMeHT y
BUIJIAJII TeTepoaToMa apOMATUYHOI CUCTEMU,
Hanpukiag, aroma Hirporeny [2, 3].

CuCl

or i;uBr

~

Takoxx aHasi3 jiTepaTypu IOKasye, IO Y
CKJIaJii TAKOTO TUITY KOMIUIEKCIB MOXXYTb Oy TH
JleKiNbKa JIiraHfiB, sKi 3 TOUYKM 30py CcTabisi-
3anii BUKOHYIOTD pis3Hi ¢yHkuii. Hanpukiag,
T-JIFaHY MOXKYTb KOOPAMHYBAaTHUCA 33 pa-
XYHOK dm-pm-3B’s3yBaHHs, a O-JIiraHau, 3
iHmoro 6OKy, MOXYTb KOOPAVHYBATWUCA Te-
TepoaroMamu (sk mpasuno, Hitporeny [4])
apOMAaTUYHUX CHUCTEM, €NEKTPOHOOHOPHM-
MU (PyHKLIOHa/JIbHUMM TPyNaMM, sKi MaloTh
arom Cynbdypy [5] abo Oxkcureny [6], a Ta-
KOXX YTBOPIOBATYM Ta/lOTeHimHI MicTKM [7].
A60 HaBiTh BOJIHOYAC YTBOPIOBATY T-3B 30K
i3 C=C-dparmeHTOM, 0-3B’30K i3 reTeporn-
kriyHuM HitporeHom Ta 3B’s3yBaTuCA rajo-
TeHifIHMM MiCTKOM Ha IPUKJIAJi rajore€HiJHO-
ro n-komiiekcy kynpym(I) is N-amin-5-(3-mi-
pupun)-2H-terpasony (puc. 1) [8].

_

Puc. 1. lanoreniguuit mictok Ha mpuknazi n-komitekcy Cu(I)
i3 N-amin-5-(3-nipupun)-2H-retpasony [8]

Fig. 1. Halide bridge on the example of the n-complex of Cu(I)
with N-allyl-5-(3-pyridyl)-2H-tetrazole [8].

AJle Ipu 1IbOMY CJIifi 3a3HAYUTH, 11O CUH-
te3 m-koMiuiekciB Cu(l) 3i cknmagHumu rere-
POLMKIIYHMMM CIIOTYKaMI € IIEBHOI0 MipoOIo
YCK/Ia[JHEHUM 4Yepe3 CK/Ia{HICTh Ta 6ararocTa-
HiMIHICTb IIPOLECIB CMHTE3Y CaMUX JIiraH/IiB, a
TaKOXX IXHBOIO IOPOXKHEYOI0, 10 MOXKe OyTu
IIEPEIIKO/I0I0 B IIPAaKTMYHOMY 3aCTOCYBaH-
Hi. KpiM 1jboro, B OpraHiYHuX pO3YMHHMKAX

22

(0co0MMBO B MONAPHUX ANPOTOHHMX) CUH-
Te3 KOMIIJIEKCIB Y TBEPIOMY CTaHi IIPOTiKae
OinbII yCK/IaHEHO, HDX y BOTHOMY cepefo-
BUIL, OCKI/IBKM B OI/IBIIOCTI BUIIAJKIB MOJIeE-
Ky OPIaHi4HOrO PO3YMHHMKA YTBOPIOKTH
MinHimi 38’sa3ku 3 ionamu Kympymy, HiX i3
MoreKynamu Bogu [9]. Ane mpu Bubopi Boj-
HOTO CepefoBMUIA AK PO3YMHHMKA peareHTiB
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UL CUHTe3y T-KOMIUIEKCiB BUHMKA€E Ipooiie-
Ma pO3YMHEHH:A OpPraHiYHMUX JIiraHpis. I Taky
npo6eMy BUPIlIYIOTh LIIIXOM ONTVMAa/IbHO-
ro migbopy HeHacUYeHUX OPTaHiYHMX JIraH-
11iB, AKi MarOTh 61bLIY YacTUHY rigpodinbHUX
¢dbparmMeHTiB Ha MpoTMBary rifpodoOHNM.

TakyM 4MHOM, JTiraHf MOBMHEH OyTH: €KO-
HOMIYHO Ta IPAKTUYHO JOCTYIIHUM, MaTu B
CBOEMY CK/Iafli BOJHOYAC 3aXMCHUI Bifi IOJTi-
Mmepu3anii HeHacuueHmit C=C-QparmeHT Ta
e/IeKTPOJJOHOPHY (YHKI[iOHATBbHY TIPYITy, sKa
3/JaTHa KOMIIEHCYBaTy IIO3UTUBHUI 3apAf
ionis Cu’. IIpn npomy 6GaxkaHo, 1006 TaKuii
JraHg He MaB 3aHAJTO BEUKUX Tifpodo6-
Hux ¢parmenTis. | 10 Takux KaHAMAATIB, SAKi
BiIOBIJJAalOTh BUILEHABEJEHNM KpPUTEPiAM,
MO>KHA BiJJHECTV TeOMeTpUYHI i3oMepy Oypru-
TUHOBOI KUCIOTH, 0COOMMBO i yuc-izomep —
MaJIeIHOBY KUCJIOTY, Yepes ii BUCOKY PO3YMH-
HICTb Y BOZTHOMY pO34MHi.

Ockinmpky BOHa Mae fBi KapOOKCHMIbHI
TPy, TO OffHA 3 HMX IIOB’s3aHA BHYTPpill-
HbO-MOJIEKY/IIPHUM BOJHEBUM 3B SI3KOM, YUM
IONATKOBO CTabimi3ye iHINYy KapOOKCUMIBHY
TpyIy, i Lle IPU3BOAUTD O IOKPAILIeHHA M-

conjariil 3a IepuyM CTyIleHeM Ta IIOTipllIeH-
HA 3a IpyruM. KpiM Toro, maneiHOBa KucmoTa
mae C=C-¢dparment, oroueHnit 3 060x 60KiB
KapOOKCWIBHVMM TPYIaMy, IO CIPUSE PiB-
HOB)XHOMY PO3IIOJiIy 3apsARy Ha sp*-Tibpu-
nu3oBaHMx atomax Kap6oHy Ta, BifmosigHo,
crabimisanii Bif momiMepmsanii Ha TPOTH-
Bary aKpuOBIil KUC/IOTIi, IKa Ma€ OfHY Kap-
OOKCU/IbHY TpyIy, fie YTBOPEHHS T-KOMII-
nekcy Cu' 3 OCTaHHBOIO MOXK€ IIPU3BOJUTHI
no noniMepusanii. TakuMm 4mHOM, MajeiHOBa
KIC/IOTA € ONTVMA/IbHMM BapiaHTOM [l CVH-
te3y m-komiutekcis Cu(I). ¥ mpangax [10,11]
AKTUBHO [OCHIIJPKYBa/lN T-KOMIIJIEKCU 1OHIB
Cu* Ta Cu’3 MaseiHOBOIO KMCTIOTOIO B MOJIEKY-
JISIPHIN Ta IepOTOHOBAHMX (GOpPMax y BOJZHO-
My pO34YMHi 3a JJOIIOMOIOX) KBaHTOBO-XiMid-
Horo MogpemoBaHHs DFT-mMeTofoM. Ane 6yio
IIOMi4€eHO, 10 T-KoMIuteKcy Cut 3 MOJIEKYIIOH0
abo aHioHOM MaeiHOBOI Kucimortu, fie Oyna
AVcolLifioBaHa OffHa KapOOKCHUIbHA TPYIIa, He
YTBOPIOBaIM  BHYTPIIIHbO-MOJIEKY/IAPHOTO

BOJHEBOT'O 3B’513KY 3 iHIIIOI0 KapOOKCUIBHOIO
TPYIIOI0, L0 CYHEepPeuUTb PeHTI€HOCTPYKTYp-
HUM JIaHUM TIpansb (6, 12] (puc. 2).

Puc. 2. Mopenb xpucraniynoi crpykrypu [Cu(HM)(H,0)]

Ha OCHOBi pEHTTeHOCTPYKTYPHUX IaHVX [6]

Fig. 2. Model of the crystal structure of [Cu(HM)(H,O)]
based on X-ray diffraction data [6].

https://ucj.org.ua
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Tomy 6yn0 HeoOXifHO IpOBeCTM IOBTOP-
He KBAaHTOBO-XiMiuHE MOJIe/TIOBAaHHSA 3a aHa-
JIOTiYHOI0 METOAMKOI0, SIK ¥ poboti [10], mra
T-KoMIUIeKCiB Cu'* 3 MOJIEKY/IAPHOIO Ta IeTIPO-
TOHOBaHOI0 (OPMOIO (32 IEePLINM CTyIICHEM)
MaJIeIHOBOI KMCJIOTH, ajie 3 BpaXyBaHHAM BHY-
TPIIIHbO-MOJIEKY/IIPHOTO BOJJHEBOTO 3B A3KY
(BMB3) mns mMonekynu ManeiHOBOI KUCIOTH
Ta HOPIBHATY 3 faHUMMU poboTu [10].

EKCIIEPVIMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. OnTuMisaliito KOMIJIEKCIB Ta JIi-
TaHJiB MPOBOAMIN 3a JIOIIOMOTOI0 IIPOTpaMm
Gaussian 09 i3 BUKOpPUCTaHHAM 06a3UCHOTO
Habopy Wachters+f [13] mna ioniB Kympymy
Ta 6-311G(d, p) mna atomis Kap6ony, Oxcu-
reny, I'igporeny. Yci po3paxyHKu IpOBOAVIIN
Ha piBHi DFT 3a momomoroio ¢yHkiioHamy
B3LYP. ConbBaraniitui edexkru 6yno Bpaxo-
BaHO 32 IOIIOMOT0X0 MOZEJIi ITO/IAPU3ALITHOTO

n(H,0)

o

—4—be3 BMB3
-3 BMB3

Epe, H
0 ]
-2325.38  -2325.4  -2325.42 -2325.44 -232546 -232548  -23255

a

koHTMHYyMy PCM. 3a pgomomorowo mnporpa-
My AIM2000 mpoBefieHO TOIIOJIOTiYHMII aHa-
Mi3 QYHKLi pO3NORINTY eTeKTPOHHOI IyCTu-
Hu p(r) 3a metogom QTAIM [14]. IcHyBaHHA
MikaToMHOI B3aemopii 6yno sadikcoBano 3a
HasBHICTIO KPUTWYHOI TOUKY THIy (3, —1) Mix
[eHTpanbHNM aToMoM Cu* Ta sp?-TibpugHUMM
aromamu Kap6ony.

KBaHTOBO-XiMiuHE MOJ€MIOBaHHs IIOKa-
3an0, mo HaABHiICTb BMB3 cyrreBum 4m-
HOM He BIUIMBAE Ha €JIeKTPOHHY €Hepriio
cucrtemu (puc. 2, a). BuHATKOM € KoMIITeKC
[Cu*(HM)(H,0),] Ta [Cu*(HM)(H,0),] (HM" -
CH,O 4‘), IJIAL IKUX CIIOCTepiraemMo crabimisa-
uiro cucremu. ToOTO, 1Ii KOMILIEKCH, BifIIoBiz-
HO, € Ha 22.32 ta 37.02 x/])x/Mornb Ginbil eHep-
TeTUYHO BUTITHMMU, HDK 3a3HaueHi B poOoOTi
[10] (puc. 3, 6).

n(H;0)

[ 5]

—o—Dbe3 BMB3
——3 BMB3

Epe H

-232496 -232498  -2325  -2325.02

6

-2325.04 -2325.06 -2325.08

Puc. 3. 3anexHicTb MOBHOI e/IeKTPOHHOI €Hepril KOMIITIEKCiB:

a - [Cu*(H,M)(H,0) ], 6 - [Cu*(HM)(H,0) ]

Fig. 3. The dependence of the total electronic energy of the complexes:
a - [Cu*(H,M)(H,0) ], b - [Cu*(HM)(H,0)_|.

byno mokasano, mo cuHepriyHmuil BIUIMB
MOJIEKY/I BOAM Ha crifikicts dm-pm-3B’a3y-
BaHHS MDK ioHamm Cu' Ta HeHacCHYeHUM
(C=C)-dpparmentom Kucmotu 36epiraerbcst

24

aHajIoriyHo, AK y pobori [10]. Kpim mporo,
Oy/I0 MiATBEPHXKEHO 3aKOHOMIpHICTb 3MiHM
B3a€EMHOTO BIUIMBY MOJIEKY/I BOJIY Ha T-3B s-
30K, 3a AKOIO HayBUIMII MaKCUMYM €Hepril
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3B’I3yBaHHSA CIOCTEPIraEMo ISl KOMIUIEKCY
[Cu*(H,M)(H,0)] (HM - C,H,0,) (puc. 4, a)
3i 3HayeHHAM -131.15 x]I>k/Monb, a 3HAYEH-
HAM BOJHEBOTO 3BA3Ky -76.23 k/Dx/Monb
(1.611 A).

.“mo—o».,,

o ¢ ‘ Kb

¢ \ = ialicna,
¢ “\

2 X

6
Puc. 4. MonexynspHi rpadu 3 KpUTHIHUMA
TOYKAMU €/IeKTPOHHOI TYCTUHI KOMIITIEKCY
[Cu"(H,0)(H,M)]:
a -3 BMB3; 6 — 6es BMB3 [10]

Fig. 4. Molecular graphs with critical points of
the electron density of the complex
[Cu*(H,0)(H,M)]:

a — with an intramolecular bond;

b - without it [10].

https://ucj.org.ua

Y n-xomnnekcax [Cu*(H,0) (HM)] crocre-
piraeMo posBepTaHHA [IEIPOTOHOBAHOI Kap-
6oxcmnbHOI rpymu. Ha puc. 5 mokasaHo 3Ha-
4yeHHA TopciitHnx KyTiB O-C-C-C Ha npukmna-
ai kommekcis [Cu*(H,0) (HM")]. Ak Bugno 3
puc. 5, CTYIiHb TaKOTO PO3BEPTAHHS 3aJIe)XKaB
BOJHOYAC Bif| Ki/TbKOX YMHHVKIB. [lepr 3a Bce
He3HayHe pO3BepTaHH:A JIEIPOTOHOBAHOI Kap-
OOKCU/IBHOI ITPYIM BiiOYBa€TbCs Yepe3 yTBO-
peHHA BopgHeBuX 3B’sA3kiB Mk COO™Ta Mo-
JIEKy/IaMJ BOAY Y BHYTPIILIHI KOOPAVHALIil-
Hilt cepi xommnekcis [Cu*(HM")(H,0),] Ta
[Cu*(HM")(H,0),] (puc. 5, a, 6) 3 enepriamm
3B’A3yBaHHA -58.46 Ta -54.32 k[lx/Mmonb, a
TAKOXX 3HAaYE€HHAMM TOPCIIHUX KYTiB, —26.89°
Ta -29.57° BigmoBimHO. bBinbir moMmiTHO Ha
TaKe PO3BEPTAHHSA BIIIMBAE YTBOPEHH:A Mill-
Horo 0-3B’s13Ky (-116.00 x/I>kx/Monb) Mix io-
Hamy Cu* Ta COO -rpymnoro, sk y [Cu'(HM7)]
(puc. 5, r), Ae 3HA4YeHHSA TOPCITHOTO KyTa
0O-C-C-C cxmapmae 55.87°. Ilpu upomy Kap-
OOKCM/IbHA TPyl MOBEPTAE B IPOTMICKHUI
6ik Ha BigMiHY BiJ KOMIUIEKCiB Ha puc. 5, a, 0.
Hemuro momibHe crocTepiraeMo it KOMILIEK-
cy [Cu*(H,0)(HM")], y Axoro Topciitnuit KyT
O-C-C-C mae 3HayeHHs 21.27°, TOOTO TaKOX
IIOBEPHYTUII BHU3. AJle TIONIPM 1je TaKe I0/IO0-
JKEHHS MOXKHA Ha3BaTU «HOPMAJIbHUM» IIO-
PIBHAHO 3 iHIIMMM KOMIUIEKCAMM Ha pUC. 5,
OCKI/IbK) Ha JIOTO II0JI0>KEHHS BIUIMBAE JINILE
BMB3 i3 cycinHbOI0 KapOOKCUIBHOIO IPYIIOLO.
B rno6anpHOMy acmekTi Ha meit edekT Ta-
KOX MOXXYTb BIUIMBATV MOJIEKY/IN BOAY, AKi
pO3TallOBaHi Y 30BHINIHIM KOOPAMHALIIHI
cdepi xomriekcy. IlopiBHIoOYM 3 HaHUMMK
pobotnu [10], y kommekcax 6e3 BpaxyBaHH:
BMB3 kap6okcuibHa rpyna € po3BepHYTOIO
3a 3aMOBYYBAaHHAM AK JI MOJIEKY/APHOI,
TaK i I/1s1 epoTOHOBAaHUX POPM MajielHOBOI
KJCJIOTI.
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K 4-0]21 27

3"7%

“/

Puc. 5. PO3BepTaHHH KapOOKCM/IBHOI IPYIN BiTHOCHO IUIoImuHY nofBiitHoro C=C-3B’ 43Ky
mns kommekcis [Cut(H,0) (HM)]:a-n=3;6-n=2B-n=15r-n=0

Fig. 5. Unfolding of the carboxyl group relative to the plane of the double C=C-bond
for the complexes [Cu*(H,0) (HM")]:a-n=3;b-n=2;c-n=1;d-n=0.

A yTBOpeHHH 3B’A3KiB i3 Monexynamu H O
Ta ioHamyu Cu* 3Ha4HOIO MipOI0 He BIUIMBAKOTh
Ha 3MiHy TopciitHoro kyra B (O-C-C=C-)-
¢dbparmenTi.

Ha mnpuxmapi xommiaekcy [Cu'(HM")]
(puc. 6, a) 6y10 moOKa3aHO, K HAOYHO IIPO-
ABJIAETbCA  KOHKYPyIOYa B3aEMOMisd MK
1t-38’13KkoM (Cu'-C=C) (-88.34 k/I>x/mo11b) Ta
0-38’a3k0oM (Cu™-COO") (-116.00 x]I>x/M0b),
AKa, CBOEI 4eproo, BI/MBae Ha BMB3 mix
[IBOMa KapOOKCWJIPHMMM TPYIIaMyl Ta CTaHO-
BuTh —47.81 K[I>x/Monb (1.757 A), T06T0 € B 3.5
pasiB cmabkimum, Hix y kommekci [Cu*(H,0)
(HM")], B sKOMY eHepris 3B’sI3yBaHHS Ta MiX-
aTroMHa Bifgctanb BMB3 cknamaroth -166.22
ta 1.387 A Bigmosiguo (ta6. 1).

BcraHOBNIEHO, 10 T-3B’A30K KOMIIIEK-
cy [Cu’(HM")] 6e3 BpaxyBanus BMB3 Ha

26

4 x[I)x/Monb € OiNbII eHepreTMYHO BUTiHI-
mumM. To6to, B 11poMy Bunanky BMB3 cyrre-
BO He BIUIVBA€E Ha dm-pm-3B’sI3yBaHH.

[TigTBEpI>KEHO HAABHICTb KPUTUYHOIL TOY-
ku (3;+1) mna xommexcis [Cu*(HM)(H,0),]
ta [Cu*(HM)(H,0),] is BMB3, B Axux yTBO-
PIOETbCA IIECTUYICHHMIT UK (puc. 7, a Ta
puc. 8, a).

A ocp y kommiekcax 6e3 BMB3 criocrepira-
€MO 3HaYHe PO3BEPTaHHs 000X KapOOKCUIIb-
HUX TPyl uepe3 YTBOPEHHS MOJATKOBUX
3B’ askiB. Hanpuknan, ana [Cu*(H,0),(HM)]
6e3 BMB3 yTBOpIOIOTbCA [iBa VKN €/IeK-
TPOHHOI I'yCTUHU, OAUH YOTUPUYIEHHUN, Y
sskoMy ioH Cu* yTBOpIO€ 0-3B’5130K 3 Okcure-
HOM JIeIPOTOHOBAHOI KapOOKCUIBHOI I'pynmn
(-85.30 x/I>x/Momb).
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a

0

Puc. 6. MonexynsipHi rpadu 3 KpUTUYHIMYU TOYKAMI €IeKTPOHHOI TYCTUHMA
koMmIiutekcy [Cu’(HM")]: a - 3 BMB3; 6 — 6e3 BMB3 [10]

Fig. 6. Molecular graphs with critical points of the electron density of the complex [Cu*(HM")]:
a — with intramolecular hydrogen bonding; b — without it [10].
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Puc. 7. MonexynsipHi rpadu 3 KpUTUIHUMI TOYKAMU €IeKTPOHHOI TYCTUHI KOMITTIEKCY
[Cu*(H,0),(HM")]: a - 3 BMB3; 6 — 6e3 BMB3 [10]

Fig. 7. Molecular graphs with critical points of the electron density of the complex
[Cu*(H,0),(HM")]: a - with intramolecular hydrogen bonding; b — without it [10].

Jpyruit IMK/I € MEHII ICKPaBO BUPa>KeHUM
i € ceMu4wIeHHUM i3 3amMuKaHHAM MiX ligpo-
IeHOM MOJIEKYIM BOAY Ta KapOOKCHIbHUM
Oxcurerom (-20.61 kJI>x/Monb).

Byno mokasaHo, 10 3HaueHHs e(peKTUBHO-
O 3apsAAy LeHTPaJIbHOIO i0OHa /1A MajeiHart-
HUX Ti-KoMIulekciB Cu' i3 BpaxyBaHHAM BMB3
MajIo Oi/blI TO3UTUBHE 3HAUEHHS [TOPIBHAHO
3 m-KoMIutekcamu poboru [10] (tabmn. 1), mo

https://ucj.org.ua

MOXX€ MaTy BIUIMB IpU PO3paxyHKax KOH-
CTAHT CTiMIKOCTI.

Ha puc. 9 BugHO, K posnopinserscs edek-
TUBHMIA 3apsaj Mk kommekcamu [Cu'(H,M)
(H,0),] 3 Bpaxysannam BMB3 Ta 6e3 Hboro.
A Tako)X ITOKa3aHO Mi>KaTOMHI BificTaHi B KOMII-
JIeKcax, 30KpeMa BOJIHEBOTO 3B 13Ky (puc. 9, a) 3
MiKaTOMHOIO BificTaHHIO 1,594 A Ta, BiATIOBIzT-
HO, eHeprielo 3B A3yBaHHA —81,51 KJI>K/MOTIb.
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Puc. 8. MonexynsipHi rpadu 3 KpUTUYHUMM TOYKaMU e/IEKTPOHHOI I'YCTVHM KOMIUIEKCY

[Cu*(H,0),(HM")]: a

-3 BMB3; 6 - 6e3 BMB3 [10]

Fig. 8. Molecular graphs with critical points of the electron density of the complex
[Cu*(H,0),(HM")]: a - with intramolecular hydrogen bonding; b — without it [10].

0 1.594 i

0.506

6 -0.292 0,204

& e
78

a
Puc. 9. MonexynspHi rpadu 3 KpUTMYHIMY TOYKaMU e/IEKTPOHHOI I'YCTVHI KOMIUIEKCY

[Cu*(H,0),(H,M)]: a

& o

-3 BMB3; 6 - 6e3 BMB3 [10]

Fig. 9. Molecular graphs with critical points of the electron density of the complex
[Cu*(H,0),(H,M)]: a - with intramolecular hydrogen bonding; b — without it [10].

BupHo, mo a1 KOMIUIeKCYy edeKTMBHMI
3apAJ, LEHTPalbHOrO iOHa 3 BpaXyBaHHAM
BMB3 Ha 0,057 6inpumit, HiXK 6e3 i1oro Bpa-
xyBaHHA (puc. 9). TakuM YMHOM KOMIUIEKC Ha
puc. 9, a € criiikimmm, Hix Ha puc. 9, 6. To6To,
3a paxyHOK crabinisanii MOJIEKY/I MaJIeiIHOBOI
kucnot BMB3 3MeHIyeThcs nepenava enex-

28

TpoHHOI rycTuHu Ha ionu Cu’. Ilpm mpomy
Takox BujHO, o y [Cu*(H,0),(H,M)] enep-
rig 3B’a3yBanHsa Mbk Cu' ta C=C-dparmen-
TOM CTaHOBUTH -126.15 kJI>x/Monb, a 6e3
BMB3 -129.75 x]I>x/monb. To6TO, MiI[HICTDH
dn-pm-3B’sA3yBaHHSA He XapaKTepuU3ye 3arab-
HY CTabiNbHICTh KOMITIEKCY.
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Tabmuns 1
INopiBHAHHA pO3paxXyHKOBMX apaMeTpiB ManeiHaTHUX T-KoMIvtekciB Cu(I) is BMB3 Ta
6e3 HBOTO
Table 1.
Comparison of calculated parameters of Cu(I) maleate n-complexes with and without
intramolecular hydrogen bonding.

3 BpaxyBaHHsAM BMB3 Bes BMB3 [10]
Kommrexe Z,(Cu) | E(Cu-C=C), | E,, kllx/ |r(H-bond),|Z(Cu) | E(Cu-C=C), | E,, kbx/
k/JI>x/Momb MOJIb A k/JI>x/Momb MOJIb
[Cu*(HZM)(HZO)3] 0.510 -126.15 -2325.4861 1.594 0.453 -129.75 -2325.4862
[Cu"(HM)(H,0),] | 0.522 -131.15 -2249.0394 1.617 0.489 -135.56 -2249.0387
[Cur(H,M)(H,0)] 0.524 -128.01 -2172.5760 1.611 0.473 -125.43 -2172.5768
[Cu*(HZM)] 0.780 -116.38 -2096.0945 1.614 0.673 -95.51 -2096.0995
[Cu"(HM)(H,0),] 0.412 -124.65 -2325.0620 1.474 0.372 -122.44 -2325.0535
[Cur(HM)(H,0),] 0.449 -128.72 -2248.6167 1.489 0.355 -109.40 -2248.6026
[Cu'(HM)(H,0)] | 0.435 ~128.96 |-2172.1549 1.387 0.383 -99.08 ~2172.1554
[Cut(HM)] 0.576 -88.34 -2095.6803 1.757 0.539 -92.61 -2095.6848

BMCHOBKJ/. BctaHOB/IEHO, 1110 BHYTPill-
HbO-MOJIEKY/LIPHMIT BOTHEBUI 3B’SI30K Y Ma-
JIETHOBIN KUC/IOTI HE MA€ iCTOTHOIO BIIIUBY
Ha eJIeKTPOHHY eHeprilo cucreMy OinbmIocTi
T-anupoakBakomIviekciB Cu’, ofHak 3abesre-
4y€ NONATKOBY cTabinisalito mia KOMIUIEKCIB
i3 ;BOMa Ta TPbOMaA MOJIEKY/IaMIU BOIY Y BHY-
TPIlIHIN KOOPAVHALiHIN cdepi.

IloxasaHo, 110 BHYTPIlIHbO-MOJIEKYIAP-
HII1 BOTHEBMII 3B’ 30K Y MOJIEKY/Ii MajIeIHOBOT
KIC/IOTY 3MEHIIIY€E €leKTPOHHY TYCTUHY, AKY
nira"y nepegae go ioHa Cu', mo NpusBoOgUTb
10 Oi/bII MO3UTMBHOTO 3HauYeHHs edeKTUB-
HOTO 3apA/y LIeHTPa/IbHOTO aTOMa Ta BIINBA€E
Ha mapamerpu dm-prm-3B’ssyBaHHsa y (Cu'-
C=C)-dpparmeHnTi.

https://ucj.org.ua

3a NPUCYTHOCTI BHYTPIilIHbO-MOJIEKY/AP-
HOTO BOJIHEBOTO 3B A3KYy Y AEIPOTOHOBAHIN
¢opmi kucmorn (HM™) BinOyBaeTbcsi 3MeH-
IIeHHA KOHKYPYIOYOTO BIUIMBY MK O-3B’f3-
koM (Cu™-COO") Ta n-38’a3koM (Cu*-C=C),
10 3MIHIOE T€OMETPII0 KOMIIJIEKCY, 30KpeMa
3Ha4YeHHA TOPCIfHMX KyTiB Y KapOOKCHIbHO-
My ¢pparMeHri.

3a [ONOMOTOI TOIOJIOTiYHOTO aHamisy
€/IeKTPOHHOI TyCTUHM IiJTBEPIKEHO YTBO-
PEHHA LMKIIIB €IEKTPOHHOI IYCTUHM Y CTPYK-
Typax i3 BHYTPILIHbO-MOJIEKYIAPHUM BOJHE-
BVIM 3B f30K, sKi Bi[ICyTHI y BiJJIIOBIJHUX i30-
Mepax 6e3 1[bOro 3B’s3KY.
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= [IOJSAKA. Po6oTy 6yno HammcaHo y
MeXKax iep KO0 KeTHIX HAayKOBO-/I0-
crigHux TeM MiHicTepcTBa OCBIiTH i
HayKu YKpainu «Po3BUTOK TeopeTny-
HUX OCHOB YNpaBIiHHA IpolecaMu
€IeKTPOXiMiYHOI0 BUJIi/IEHHA MeTalIoopra-
HiYHMX HAHOPO3MipHMX K/IAacTepiB Ta Ma-
TepiamiB Ha ixHill ocHOBi» (2016-2018 pp.
Ne 0116U003342), «Enexrpopmni peakmii
ni-KoMIUtekciB 3d-metamiB» (2019-2021 pp.
Ne 0119U100977), «®yHKIiOHaIbHi KOM-
NMO3UTH Ha OCHOBi cmonyk 3d-mertarmiB.
CuHTe3 Ta BmacTuBOCTI» (2022-2024 pp.
Ne 0122U001464).

QUANTUM CHEMICAL MODELING OF THE
EFFECT OF INTRAMOLECULAR HYDROGEN

BONDING OF MALEIC ACID ON THE
STRUCTURE OF MALEIC -AQUACOMPLEXES
COPPER(l).

S. Smirnov®, N. Yelahina®, Y. Osokin®

@ State Establishment «Luhansk State Medical
University»,
36 16 Lypnya St., 33028 Rivne, Ukraine;

*Bogolyubov Institute for Theoretical Physics,
4-B Metrolohichna str., 03143 Kyiv, Ukraine,
*e-mail: osokin@cf.dnu.dp.ua

The article investigates the influence of
intramolecular hydrogen bonding in the maleic
acid molecule on the structure and stability
of m-acidoaqua complexes of copper(I) using
quantum-chemical modeling (DFT/B3LYP).

30

A comparative analysis of geometric and energy
parameters between m-acidoaquacomplexes
with maleic acid of different structures with and
without intramolecular hydrogen bonding was
performed. The features of the coordination of
Cu" ions with the unsaturated C=C fragment of
maleic acid, as well as the interaction with water
molecules in the internal coordination sphere,
are considered. It is shown that the presence of
an intramolecular hydrogen bond in the acid
molecule only partially affects the electronic
energy of the system, but is able to stabilize some
complexes, in particular [Cu(C,H,0,)(H,0),]°
and [Cu(C,H,0,)(H,0),]°, compared with
the results of modeling without taking into
account the intramolecular hydrogen bond.
An analysis of the topology of the electron
density was carried out, critical points were
identified, which indicate the formation of
six- and seven-membered rings in structures
with an intramolecular hydrogen bond. It is
shown that in complexes with intramolecular
hydrogen bond for acids deprotonated by the
first degree, a slight unfolding of the carboxyl
group was observed. And it also significantly
affects the distribution of the effective charge,
in particular Cu* ions. Calculations showed
that intramolecular hydrogen bonding reduces
the electron density that maleic acid transfers
to the Cu* ion, which affects the effective charge
of the latter, as well as the dn-pn-binding
energies. The obtained results complement
the data of previous studies and allow a better
understanding of the role of intramolecular
interactions in the stabilization of m-complexes
of Cu(I) with bifunctional ligands.

Keywords: m-complexes Cu(I), maleic acid,

DFT, QTAIM, dn-pn-bonding, pharmaceutical
chemistry.
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Micro-/nanoplastics represent a ubiquitous environmental contaminant with potential
adverse effects across all living organisms. Ongoing research consistently reveals new and
expands upon existing concerns regarding plastic exposure. Notably, emerging evidence
suggests a link between plastic exposure and premature cognitive decline in older adults,
potentially contributing to the onset or exacerbation of neurodegenerative diseases associat-
ed with dementia. Furthermore, endocrine-disrupting chemicals derived from plastics have
been implicated in hormonal imbalances, potentially resulting in the masculinization of fe-
male development and the feminization of male development. If unmitigated, these impacts
could precipitate a substantial and unforeseen environmental health crisis. This Perspective
employs a chemistry-based approach to elucidate plastic-related health issues and introduces
the concept of bioavailable plastic, i.e. plastic particles smaller than 2.5 pm capable of bio-
logical barrier penetration. We highlight lipophilicity as the key physicochemical property
responsible for the uptake of these particles within organisms particularly their accumula-
tion in adipose tissues, including the brain. Furthermore, we propose a solvation-assisted

33




ORGANIC CHEMISTRY

BIOAVAILABLE PLASTIC: FROM COGNITIVE DECLINE IN THE OLD TO HORMONAL DISRUPTION IN THE YOUNG.

desorption mechanism whereby oligomeric molecules released from plastics in fatty tissues
generate mono- and dicarboxylic acids that mimic endogenous fatty acids. These exogenous
fatty acids can integrate into phospholipid and glycolipid biosynthesis becoming components
of cell membranes and myelin sheaths. These considerations should stimulate research aimed
at neurological health protection in an increasingly plastic-laden environment, though the
broader implications of this integration are of significant concern. Mechanistic understand-
ing of the link between bioavailable plastic exposure and central nervous system disorders is
crucial for informing transformative policy changes and preventive measures to safeguard
future generations’ health. To empower readers with actionable strategies for reducing plastic
exposure, we offer several recommendations. Notably, limiting the consumption of fatty ani-
mal products, especially pork fat (salo) is advised. While salo is a culturally significant food,
it appears to be a major reservoir for plastic particles, particularly those smaller than 200 nm,
i.e. bioavailable plastic. These nanoparticles, due to their ability to traverse biological barriers
in humans, pose a considerable risk. This Perspective seeks to underscore the critical need for
comprehensive research into the long-term health effects of microplastics highlighting their
pervasive presence and potential hidden dangers.

Key words: Bioavailable Plastic, Micro-/Nanoplastics, Environmental Contaminants,
Environmental Health Crisis Systemic Pollution, Particle Size Distribution, Biological Bar-
rier Penetration, Cognitive Decline, Neurotoxicity, Plastic Additives, Bisphenols, Phthalates,
Hormonal Disruption, Endocrine System, Lipophilicity, Lipid-Mediated Transport, Adipose
Tissue Accumulation, Salo (Ukrainian Cured Fat), Solvation-Assisted Desorption, Endoge-
nous/Exogenous Fatty Acids.

INTRODUCTION. The widespread adop-
tion of synthetic polymers, including plastics
and fibers, since the 1950s has fundamentally
altered material consumption patterns [1-3].
While offering demonstrable advantages in
terms of cost and functional longevity, the
rapid escalation of plastic production - from
1.5 million metric tons in 1950 to 413.8 million
metric tons in 2023 with projected increases to
590 million metric tons by 2050 — presents a
critical environmental challenge [4]. The so-
cietal perception of plastics as synonymous
with hygiene and sterility has obscured the
potential for deleterious effects on ecosystems
and human health. Emerging evidence sug-
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gests that the accumulation of plastic debris,
particularly micro- and nanoplastics, may con-
tribute to significant ecological disruption and
biological toxicity, potentially impacting the
viability of diverse life forms [5-10].

Since approximately 2020, the scientific
discourse has increasingly focused on the per-
vasive dispersion of microplastics throughout
the Earth’s systems, mirroring historical ob-
servations of microbial ubiquity. Microplastic
particles have been quantified across a range
of environmental compartments, from the
cryosphere (polar regions) [11-14] and litho-
sphere (deep-sea trenches, mountain peaks)
[15, 16] to the atmosphere (cloud formations)
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[17] and hydrosphere (oceanic sediments)
[18-21]. Furthermore, evidence of bioaccumu-
lation in diverse organisms, including human
populations, highlights systemic exposure via
respiratory [22], digestive [23], and cutaneous
(dermal absorption) routes [24].

Recent studies have revealed an alarming
amount of data depicting the pervasive pre-
sence of microplastics and their significant
impact on the environment and human health
[25-29]. However, the actual situation is likely
far worse due to limitations in current analyti-
cal and capture methods [30]. For example, re-
search indicates that the amount of microplas-
tics in the environment is vastly underesti-
mated. Specifically, data show that when nets
with a 100 um mesh are used, the microplastic
particle numbers are 2.5 times and 10 times
greater than nets with 333 and 500 um meshes,
respectively, are used,. Moreover, it is estima-
ted that microplastic particle numbers might
possibly exceed 3,700 particles/mm?® when nets
with a 1 um mesh size are employed [31]. Fur-
themore, thousands of additives are utilized to
enhance the durability, flexibility, color, flame
retardancy, and/or strength of plastics. These
additives, predominantly aromatic organic
compounds, often are only bound to superfi-
cial regulation by authorities. As plastics de-
grade, these chemicals are released into the
environment and permeate various forms of
life [32-34]. Unfortunately, a similar scenar-
io is observed with the regulation of numer-
ous chemical additives in the food industry.
Given the prolonged lifespan of various plas-
tics, anywhere from 20-1,000 years, it seems
that we are merely at the nascent stages of the
microplastic pandemic [35].

Despite the surge in research activity in the
field of microplastics, the novelty of the sub-
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ject matter has resulted in a lack of systema-
tic approaches leaving critical areas of impact
unaddressed. While the scientific community
is actively exploring the pervasive presence
and consequences of microplastics, certain key
aspects remain overlooked due to the nascent
stage of the research. As a result, there is an
urgent need for a more comprehensive and
organized framework to ensure that all rele-
vant environmental and health implications
are thoroughly investigated and understood. In
this Perspective we address the ongoing debate
and lack of consensus regarding the size classi-
fication of microplastics and the end-products
of their degradation [36]. Importantly, we in-
troduce the concept of bioavailable plastic,
emphasizing their impact on living organisms,
including humans. This approach prioritizes
understanding the interactions between mi-
croplastics and biological systems, highlight-
ing the significance of their effects on health
and the environment. In our view, the ability of
microplastics to penetrate biological barriers is
of paramount concern. Additionally, we delve
into the often underdiscussed and occasional-
ly misrepresented issue of the physicochemi-
cal properties of microplastics and their end-
products. Understanding these properties will
enable us to map the preferential distribution
and accumulation of microplastics within the
body and guide future research efforts. Con-
sidering the limited effectiveness of govern-
mental regulation on microplastics, we provide
practical recommendations throughout this
discussion. Our aim is to empower readers to
take proactive steps in managing their expo-
sure to microplastics, fostering a sense of per-
sonal agency and responsibility in addressing
this pressing issue.
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Plastic degradation and end-products.

The major types of plastics (Fig. 1) — poly-
ethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), polystyrene (PS), polyure-
thane (PUR), and polyethylene terephthalate
(PET) - account for more than 80% of the
plastic market [37]. These materials are widely
used in various applications, including packag-
ing, construction materials, automobiles, and
consumer goods, making them the dominant
types of plastics in the markets. PUR and PET
can undergo hydrolysis under specific envi-
ronmental conditions (either slightly basic or
slightly acidic) and therefore they are not ty-

pically considered the primary culprits in dis-
cussions on the “plastic apocalypse” [38, 39].
Nonetheless, both PUR and PET still contri-
bute to plastic pollution and environmental
issues making it essential to consider their im-
pact and seek sustainable alternatives whenever
possible. In sharp contrast, PE, PP, PVC, and
PS are chemically inert and can persist in envi-
ronmental conditions for a very long time. The
decomposition of this group of plastics, which
contribute approximately 70% of worldwide
pollution, is a highly complex and multifaceted
process [40].

H H H Me I Cl H Ph
ISR E! H H H H H H
Polyethylene Polypropylene Polyvinyl Polystyrene
(PE) (PP) chloride P3)
(PVC)
Demand, ~30% ~20% ~10% ~T%
distribution
Semi- Semi-
Morphology RIS L Amorphous Amorphous
Density
3 0.91-0.96 0.90-0.91 1.16-1.55 0.96-1.05
[g/fem”]
O
0 Q
M M ©
0" L PN
H H n
@]
Polyurethane (PUR) Polyethylene terephthalate (PET)
Demand
distribution SR S
Semi-
MorPhology Amorphous cry stalline
Density 0.01-1.25 1.38-1.40
[g/cm”]

Fig. 1 Structure and properties of the major types of plastics collectively accounting
for more than 80% of the global plastic market.
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One of the most common degradation pro-
cesses is mechanical degradation. This path-
way involves the physical breakdown of plastic
materials into smaller fragments through abra-
sion, cutting, or other physical forces [41-43].
Another general process is oxidative degrada-
tion, which occurs when plastics are exposed
to oxygen, often accelerated by heat [44, 45]
or UV radiation [46 47]. Other degradation
routes include photodegradation, where expo-
sure to UV radiation from sunlight causes the
breakdown of plastic polymers [48]; hydroly-
tic degradation, which involves the chemical
breakdown of polyester or polyamide plastics
in the presence of water or moisture [49]; and
biodegradation by microorganisms such as
bacteria and fungi, which break down certain
types of plastics through enzymatic processes,
converting them into simpler compounds [50].
Thermal degradation can also be considered as
a separate category since excessive tempera-
tures alone can cause the breakdown of plastic
polymers through pyrolysis [51].

These classifications reflect either the initial
step of the degradation process (e.g., mecha-
nical) or its chemical nature (e.g., oxidation).
However, from a chemical standpoint, the pro-
cesses are similar, involving the generation of
free radicals followed by a cascade of stabiliza-
tion reactions. Even mechanical degradation,
such as tearing and ripping, involves homolytic
cleavage of C-C bonds in the polymer chains,
leading to the formation of free radicals. From
this perspective, there is no significant diffe-
rence between mechanical, UV light, or ther-
mal degradation routes.

Although a fundamental distinction can be
made between abiotic and biotic degradation,
this classification is not particularly useful
however from a biotoxicity standpoint as biotic
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degradation only plays a relatively minor role
in the overall degradation of plastics, account-
ing for less than 1% of plastic degradation.
A more meaningful distinction is between pro-
cesses that affect the bulk of plastic particles
and those that primarily impact the surface.
Mechanical processes like tensile, compressive,
and shear stresses, creep, fatigue, impact, and
delamination affect the entire or a significantly
large part of the plastic body [52]. In contrast,
other mechanical processes such as abrasion
and erosion, as well as the previously men-
tioned pathways, occur primarily on the first
layer of molecules exposed on the surface [53].
From a statistical perspective, one can expect
that at the onset of the decomposition pro-
cess, bulk-related degradation processes con-
stitute the major means for degradation, but
as decomposition progresses, surface-related
processes are likely to take over as the primary
process [54]. Furthermore, as the particles be-
come smaller, the rate of degradation is expect-
ed to increase. However, these considerations
only hold true if the degradation occurs un-
der constant conditions conducive to surface
processes. For example, PVC can undergo de-
hydrochlorination, i.e. the elimination of HCI,
and typically occurs when PVC is exposed to
heat, basic conditions, or UV radiation leading
to the release of HCl and formation of dou-
ble bonds in the polymer chain [55]. When
exposed to UV light, these double bonds can
be easily oxidized, resulting in rapid degrada-
tion. However, in reality, due to its relatively
high density, PVC often settles at the bottom
of aquatic environments or becomes otherwise
shielded from UV light and oxygen, allowing
it to remain intact for millennia. Understand-
ing these various routes of plastic degrada-
tion helps in developing strategies to manage
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plastic waste and mitigate its environmental
impact [56].

It should be noted that the degradation of
plastics via the various environmental pro-
cesses discussed above occur only very slowly,
decreasing the size of the plastic particles by
10° um/year depending on the plastic type [57]
and the environmental conditions [58] yield-
ing particles that vary in size [59] and shape
[60]. A recent study showed that oxidation
occurs at up to 600 pm depth from the sur-
face layer of plastic [61]. Thus, the surface of
plastics in the environment contains oxidized,
less hydrophobic moieties in varying amounts,
which facilitates the adsorption of environ-
mental compounds [61-63]. Consequently, a
plethora of different compounds can be pro-
duced from plastic waste with highly diverse
structures and thus constitutes one of the ma-
jor challenges in the characterization of plas-
tics’ impact on health. While the end-products
of plastic degradation are a complex mixture
of oxidized hydrocarbons, among them as sig-
nificant components are the corresponding
carboxylic acids and a,w-dicarboxylic acids
which are capable of mimicking endogenous
fatty acids.

Bioavailable plastic.

The complex nature of plastic pollution
stems from its variable physicochemical prop-
erties as well as the size and shape of the par-
ticles. Addressing this problem requires multi-
disciplinary knowledge and expertise from
researchers to develop standardized approach-
es for studying it. One of the key factors that
determines the detrimental effect of plastics on
human health is particle size.

The field of micro- and nanoplastics re-
search, reflecting its nascent stage, is charac-
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terized by a lack of standardization in method-
ologies, data collection, and terminology. This
variability extends to particle size classification
with microplastic upper limits ranging from
5 to 500 um and lower limits inconsistently
defined from no lower bound to thresholds
of 0.1, 1, 20, or 63 pm. The most commonly
used microplastic size range is approximately
1 to 5,000 um [62, 64-70]. While nanoplastic
classification also varies, discrepancies are less
pronounced, likely due to the field’s relative
immaturity. Typically, nanoplastics are defined
as particles up to 1 pm, with either no low-
er limit or a range of 1 to 1,000 nm [71, 72].
However, this definition is problematic as the
lower bounds would then include molecules
like hexane (~1 nm) and long-chain fatty acids
(~3.39 nm), which are clearly within the mo-
lecular, rather than particulate, size range.
Although precise particle size classification
remains a relevant issue, we contend that, from
a human health perspective, the critical cha-
racteristic is a particle’s capacity for systemic
intrusion into an organism. In this respect, it is
important to note the already established mark-
er PM2.5 [73-75] which refers to fine particu-
late matter with a diameter of 2.5 pm or smaller.
These tiny particles are a major component of
air pollution and can be composed of various
substances, including dust, dirt, soot, smoke,
and plastics. Due to their small size, PM2.5
particles can penetrate deep into the respirato-
ry system, reaching the lungs and even entering
the bloodstream. Exposure to PM2.5 has been
linked to a range of adverse health effects, in-
cluding respiratory and cardiovascular diseases
as well as premature death [76]. The sources of
PM2.5 pollution can be either natural, such as
wildfires and dust storms, or anthropogenic,
such as vehicle emissions, industrial process-
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es, construction activities, and plastic pollu-
tion [77]. Therefore, we propose defining bi-
oavailable plastic as plastic particles < 2.5 pm
which are capable of systemic translocation fol-
lowing ingestion, inhalation, or dermal absorp-
tion. Particles of this size can traverse critical
biological barriers, including the gut [78], skin
[79], blood-retinal [80], ovarian [81], placen-
tal [82], blood-testis [83], blood-cerebrospinal
fluid [84, 85], and blood-brain (BBB) barriers
[84-86]. Of particular concern are particles
< 200 nm which exhibit enhanced permeabili-
ty across the BBB, potentially leading to signi-
ficant neurological impacts. Bioavailable plastic
thus pose a range of potential health problems
due to its capacity to penetrate biological bar-
riers and access internal tissues [87]. Anticipa-
ted health issues stem from its physicochemical
properties, potential for bioaccumulation, and
interactions with cellular processes. Antici-
pated health problems include inflammatory
responses as bioavailable plastic can trigger in-
flammation in various tissues due to its foreign
nature. Chronic inflammation may lead to tis-
sue damage and contribute to the development
of chronic diseases. Additionally, these parti-
cles can induce oxidative stress leading to the
production of reactive oxygen species that can
damage cellular components including DNA,
lipids, and proteins.

Bioavailable plastic can also disrupt cel-
lular processes by interfering with signaling
pathways, enzyme activity, and other essential
functions, potentially resulting in cellular dys-
function and various diseases. The presence
of bioavailable plastic in an organism can mo-
dulate the immune system potentially causing
immunosuppression or autoimmune respons-
es, increasing susceptibility to infections, or
contributing to autoimmune diseases.

https://ucj.org.ua

Endocrine disruption is another concern
as certain chemicals incorporated into plastic,
such as phthalates and bisphenols, are known
endocrine disruptors. Bioavailable plastic can
act as carriers for these chemicals, enhancing
their delivery to internal organs and disrupting
hormonal balance.

Neurological impacts are potentially sig-
nificant as particles smaller than 200 nm can
cross the BBB leading to neuroinflammation,
neuronal damage, and cognitive dysfunction.
Cardiovascular effects are also possible, as par-
ticles entering the bloodstream can induce vas-
cular inflammation and other cardiovascular
problems.

Reproductive toxicity is a concern because
bioavailable plastic can accumulate in repro-
ductive organs, potentially affecting fertility
and reproductive development. Disruption
of hormonal balance also contributes to re-
productive toxicity. Additionally, barriers that
protect genetic information, such as the testic-
ular and ovarian barriers, can be compromised
by bioavailable plastic which can penetrate and
potentially harm genetic material within re-
productive cells.

Lastly, the persistence of bioavailable plastic
in the body can lead to bioaccumulation and
chronic toxicity, with long-term exposure po-
tentially resulting in the gradual development
of chronic diseases.

Physicochemical properties of plastics, lipo-
philicity.

Characterizing the physicochemical pro-
perties of plastics presents a complex and mul-
tifaceted challenge. This complexity arises from
the significant dependence of these properties
on monomer chemical structure, polymeriza-
tion methods, and the sample’s size and age.
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The following properties are commonly con-
sidered: chemical structure, density, strength,
flexibility, heat resistance, and transparency.
When plastic is reduced to nanoscale dimen-
sions, its properties can undergo significant
changes due to quantum and surface effects,
both of which become increasingly prominent
at such scales [88]. These nanoscale transfor-
mations can affect all of the aforementioned
physicochemical properties of plastics [89].
However, one property remains constant: the
fundamental chemical structure dictated by
the parent monomer. For the primary contrib-
utors to plastic pollution - PE, PP, PVC, and
PS - both the monomers and their polymeric
forms retain a key characteristic shared by all
aliphatic compounds: hydrophobicity or lipo-
philicity. The lipophilicity of aliphatic plastics,
a property rooted in their chemical structure,
is a pivotal yet often overlooked characteristic
in the literature. From a chemistry standpoint,

_/_/ i

tetrabutylammonium bromide
N S Vo
COH

decanoic acid

this intrinsic feature is arguably the most crit-
ical aspect that defines plastics, transcending
particle size and shape. Lipophilicity, or the
tendency of these plastics to interact with and
dissolve in nonpolar, lipid-like environments,
is not merely a mundane trait — it provides
both explanatory and predictive power to un-
derstand and anticipate the behavior of plastics
across a wide range of contexts.

For instance, hydrophobic deep eutectic sol-
vents (HDESs, Fig. 2) have been demonstrat-
ed to be effective agents for the liquid-liquid
extraction of PS particles ranging from 100
to 1,000 nm in size, from both freshwater and
brine. HDES systems formulated with 1:2 or
1:1 molar ratios of tetrabutylammonium bro-
mide and decanoic acid, or tetraoctylammoni-
um bromide and decanoic acid, have achieved
remarkable efficiency with nearly complete
(98.4%) removal of nanoplastics in a single ex-
traction step [90].

tetracctylammonium bromide
N P g
CO,H

decanoic acid

Fig. 2. Structures of HDES systems used for the extraction of PS nanoparticles.

The study underscores that aliphatic plastics
possess strong lipophilic properties, a funda-
mental trait rooted in their chemical structure.
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This property enables their preferential interac-
tion with nonpolar, lipid-like environments over
polar ones like water. The efficient extraction of
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PS particles from water by HDESs highlights the
practical implications of this lipophilicity, which
explains the bioaccumulation of plastics in li-
pid-rich tissues like adipose tissue in humans
and animals. Such an understanding advances
theoretical insights into the behavior of plastics
and paves the way for strategies to mitigate their
environmental and health impacts.

The lipophilicity of aliphatic plastics also
influences their behavior as carriers of pollut-
ants, affecting their interactions with organic
matter, membranes, and lipids. This explains
their persistence and degradation patterns in
aquatic and terrestrial ecosystems where their
hydrophobic nature favors affinities with li-
pid-rich organisms over polar environments.
By emphasizing lipophilicity as a defining
property, researchers can predict the ecologi-
cal footprint and bioaccumulative potential of
plastics, offering critical insights for environ-
mental policies and plastic pollution mitiga-
tion.

Plastic bioaccumulation in adipose tissue -
documented in both humans and animals - is
a pressing concern [91-95]. Adipose tissue,
being lipid-rich, readily attracts hydrophobic
substances like microplastics, nanoplastics,
and chemical additives such as bisphenols and
phthalates. These compounds, often classified
as obesogens [96], disrupt endocrine function
and metabolism, contributing to weight gain
and storage disorders. Their accumulation is
linked to oxidative stress, chronic inflamma-
tion, and even accelerated aging, with addi-
tional risks for morbidities such as insulin re-
sistance, cardiovascular diseases, and impaired
cellular repair mechanisms. These disruptions
can affect energy storage and utilization in
organisms, further compromising health and
survival.
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The persistence of plastics in adipose tissue
highlights their role as reservoirs for toxic sub-
stances that degrade slowly, releasing pollut-
ants over time. This raises concerns about their
long-term health impacts on individual organ-
isms and ecosystems. Addressing these risks is
critical to mitigating the broader implications
of plastic pollution.

Foods rich in fatty tissue, like salo, a cured
pork fat delicacy central to some Eastern Eu-
ropean diets, may pose similar risks due to the
bioaccumulation of hydrophobic pollutants.
Fatty parts of animals and fish act as reservoirs
for microplastics, persistent organic pollutants
(POPs), and heavy metals such as mercury
[97-100]. Regular consumption of such foods,
especially from contaminated sources, can
contribute to oxidative stress, inflammation,
and accelerated aging. While salo holds deep
cultural and culinary importance, it is essential
to consider sourcing it from less-contaminated
environments and consuming it in moderation
to reduce health risks.

By understanding the bioaccumulation of
plastics in fatty tissues, from environmental
persistence to dietary implications, researchers
and policymakers can develop targeted strate-
gies to address the global challenges of plastic
pollution while promoting informed dietary
choices and safeguarding public health.

Bioavailable plastic, exogenic fatty acids, and
the brain.

The human brain is approximately 60% fat,
making it one of the fattiest organs in the body
[101]. This high fat content plays a crucial role
in brain function as it helps form the myelin
sheath that insulates neurons, facilitates com-
munication between cells, and supports the
structural integrity of the brain’s membranes.
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Research suggests that the fats in our brains,
particularly in the neocortex, played a crucial
role in the evolution of human intelligence.
The variety of fat molecules found in the hu-
man neocortex, the brain region responsible
for advanced cognitive functions such as lan-
guage, evolved at an exceptionally fast rate af-
ter the human-ape split [102, 103].
Approximately 20-30% of the brain’s total
weight is composed of myelin, a crucial com-
ponent that functions as insulation around
nerve fibers, much like the coating around
electrical wires [104]. By reducing electrical

/\/\/\/\/\/\/\)LOH

Palmitic Acid

/\/\/\/\/\/\/\/\)kOH

Stearic Acid

R Y OH

resistance and minimizing signal loss, my-
elin enables nerve impulses (action potentials)
to travel rapidly and efficiently along axons.
This high-speed signal transmission is vital
for fundamental processes such as movement,
sensation, and cognition. Structurally, myelin
is a complex mixture of lipids (fats) and pro-
teins, with lipids making up about 70-80% of
its composition [105]. These lipids are essential
for maintaining the integrity and functionality
of the myelin sheath [106]. Fig. 3 illustrates the
structures of the major fatty acids involved in
the synthesis of myelin.

O

Arachidonic Acid

Docosahexaenoic Acid

O

OH

Linoleic Acid

OH

Oleic Acid

Fig. 3. Structures of the major fatty acids involved in the synthesis of myelin.

Oleic acid is a mono-unsaturated fatty acid
that contributes to the fluidity and stability of
myelin membranes; palmitic acid is a saturat-
ed fatty acid that plays a role in the structural
integrity of myelin; stearic acid is another sat-
urated fatty acid important for maintaining
the compactness of myelin; arachidonic acid
is a polyunsaturated fatty acid involved in sig-
naling and maintaining membrane dynamics;
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docosahexaenoic acid is an omega-3 fatty acid
essential for neural development and myelin
repair; while linoleic acid is an omega-6 fatty
acid that supports the synthesis of other es-
sential lipids in myelin [107]. These fatty acids
are further assembled into phospholipids and
glycolipids (Fig. 4) which serve as key building
blocks of cell membranes and myelin sheaths
[108].
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Fig. 4. Essential building blocks of cell membranes and myelin sheaths.

The accumulation of nanoplastics in the
brains of various species, including humans,
has been thoroughly documented and rais-
es significant concerns. Studies show that the
brain, due to its high fat content, serves as the
most prevalent site for plastic deposition with-
in the body. Comparisons of plastic amounts
in the brain and other organs of the same indi-
vidual highlight this striking propensity. This
bioaccumulation has severe consequences as
it has been linked to numerous neurodegen-
erative diseases [82, 109-114]. A recent study
on decedent brains revealed that the largest
relative proportions of plastic were found in
individuals diagnosed with dementia, sug-
gesting a potential correlation between plastic
accumulation and cognitive disorders [115].
The mechanisms underlying the effects of na-
noplastics on the brain remain unclear but
are likely multifaceted. One hypothesis posits
that nanoplastics trigger oxidative stress and
immune responses, leading to elevated le-
vels of inflammatory mediators. This cascade
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reduces the expression and function of re-
gulatory proteins while increasing inhibitory
protein expression. Such disruptions result in
lipid peroxidation, DNA damage, misfolded
protein accumulation, activation of apoptosis
pathways, and neuroinflammation [23, 110].
Another explanation considers the possibil-
ity that nanoplastics suppress the expression
of neurotransmitter-related genes and reduce
antioxidant enzyme activity despite increased
expression of proteins involved in oxidative
stress in specific brain regions and neural cells.
This interference disrupts the production and
function of proteins crucial for neural develop-
ment and the structural plasticity of the central
nervous system [110,111].

However, an alternative hypothesis to con-
sider is rooted in the foundational principles
of organic chemistry. Plastics, which exhibit
strength and rigidity at the macroscale, un-
dergo a remarkable transformation as their
size diminishes. As the size of these materials
is reduced, they become increasingly flexible
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and deformable, a phenomenon that is well
documented [116,117]. This size reduction
induces heightened instability in their crys-
talline structures, rendering the materials
more susceptible to deformation and fracture
under lower stress levels. Additionally, the
significant surface-to-volume ratio character-
istic of nanoplastics can lead to pronounced
shifts in mechanical properties, including re-
ductions in hardness and strength [118, 119].
Once nanoplastics reach a certain diminutive
size, it can be argued that, despite retaining a
similar chemical composition, the defining
properties of the original plastic may be fun-
damentally altered or entirely lost. This raises
a critical question, at what lower size limit can
particles still be classified as nanoplastics? We
also propose the importance of distinguishing
between plastics as polymers and the degraded
byproducts of their breakdown, i.e. oligomers
that carry functional groups formed through
the cleavage of C-C and C-H bonds in the
parent polymer. Establishing such a concep-
tual framework could help clarify the evolving
nature of plastics and their transformations
across different scales.

Research indicates that PP particles in the
10-30 nm range can induce oxidative stress,
reduce acetylcholinesterase activity, and pro-
mote a-synuclein aggregation [120]. These
effects are linked to severe neurological out-
comes, including cognitive decline, memory
deficiency, Alzheimer’s disease [121-123], and
Parkinson’s disease [124-127]. Considering
that endogenous fatty acids and phospholipids
measure between 1-4 nm, and that phospho-
lipids naturally organize into bilayers — form-
ing a typical membrane thickness of approxi-
mately 10 nm — we propose that the threshold
distinguishing nanoplastics from oligomers
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should be set at around 10 nm. This distinction
would provide a meaningful framework for
understanding their biological and toxicolo-
gical impacts.

Solvation-assisted desorption of approx-
imately 10 nm PE oligomers is theoretically
feasible within fatty tissue, a lipophilic matrix
comprised primarily of triglycerides, phospho-
lipids, and other lipophilic macromolecules.
The translocation of, for example, PE oligomers
from a surface into fatty tissue is thermody-
namically favored, driven by the shift from a
constrained, surface-bound state to a fully sol-
vated environment. When adsorbed on a sur-
face, the oligomer experiences limited, direc-
tional van der Waals interactions resulting in
a comparatively unstable energetic state. Con-
versely, within fatty tissue at the human body
temperature of ~37 °C, the oligomer engages in
omnidirectional interactions with surround-
ing lipids leading to a significant enthalpy gain
and a substantial increase in entropy, thus low-
ering its Gibbs’ free energy. The entropy factor
is particularly crucial as the increased freedom
of movement in the solvated state significant-
ly contributes to overall thermodynamic fa-
vorability. This transition, while spontaneous
due to the favorable thermodynamic profile,
necessitates overcoming an activation energy
barrier, primarily the energy required to dis-
rupt the surface constraint and initiate solva-
tion. Therefore, while the process is not a ze-
ro-change event, the combined influence of the
enthalpy gain, the substantial increase in en-
tropy, and the physiological temperature with-
in the human body provides a potent driving
force for the oligomer’s release and dissolution
in the lipophilic matrix of fatty tissue.

From an organic chemistry perspective,
some of these oligomers as part of plastics’
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end-of-life products, are homologs of endog-
enous fatty acids like palmitic, stearic, oleic,
and linoleic acids. These endogenous fatty ac-
ids are prevalent in membranes and the myelin
sheath where they contribute to the synthesis
of phospholipids and other lipophilic macro-
molecules.

Due to known enzyme promiscuity [128-
130], plastic-derived exogenous fatty acids can
be utilized in the biosynthesis of phosphor- and
glycolipids and subsequently incorporated into
membranes and myelin sheaths. Specifically,
enzymes such as acyl-CoA synthetases [131],
glycerol-3-phosphate acyltransferases [132],
lysophosphatidylcholine acyltransferases [133],
and sphingosine N-acyltransferases [134] may
take up these exogenous fatty acids as sub-
strates, thus altering the lipid composition of
cellular structures. In particular, this could af-
fect membrane fluidity, stability, and function,
potentially disrupting cellular processes.

The incorporation of exogenous fatty acids
into myelin, particularly within the brain, has
the potential to significantly impact myelin
turnover and remodeling [135]. Given myelin’s
highly specialized structure and composition,
finely tuned to support neural function, even
subtle variations in fatty acid characteristics,
such as chain length, saturation, or functional
groups, could disrupt its precisely tuned pro-
perties [136]. Thus, disruption by incorpora-
tion of exogenous fatty acids may compromise
myelins structural integrity and insulating
properties, subsequently affecting axonal con-
duction and neural signaling. Furthermore, the
dynamic nature of myelin lipid turnover sug-
gests that exogenous fatty acids could alter the
rates of lipid synthesis, degradation, and recy-
cling. For instance, increased susceptibility to
oxidation in these exogenous fatty acids might
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accelerate lipid turnover due to oxidative dam-
age, while ineflicient integration could slow the
process. Myelin remodeling, crucial for devel-
opment, learning, and repair, relies on specific
lipid availability; suboptimal exogenous fatty
acids could hinder this process, affecting brain
plasticity and recovery [137]. While some ex-
ogenous fatty acids, such as certain omega-3
analogs, may exhibit neuroprotective effects,
the overall impact of replacing endogenous
fatty acids depends on their specific proper-
ties. Consequently, these replacements could
either integrate seamlessly or disrupt the deli-
cate balance essential for myelin’s structure and
function, further research to elucidate these
complex dynamics and their implications for
neural health is necessitated.

Additives, leaching, and hormonal dysfunc-
tion.

Plastics, beyond their synthetic polymer
base, commonly incorporate a diverse array of
additives and fillers/reinforcements to enhance
performance characteristics. These include
antioxidants, stabilizers, plasticizers such as
bisphenol A and phthalates, flame retardants,
colorants, inorganic particles, and organic and
inorganic fibers. Furthermore, residual func-
tionalized monomers and oligomers of the
starting materials are frequently present within
the plastic matrix [138-140].

Quantifying the number of additives em-
ployed in plastics is challenging due to the
breadth and dynamic nature of the indus-
try. However, available data indicates that
thousands of chemicals are utilized in plastic
production with studies suggesting figures
exceeding 10,000 [139]. Notably, the availabi-
lity and quality of safety data for these chemi-
cals are highly variable. The complex and often
opaque composition of plastics further hinders

45




ORGANIC CHEMISTRY

BIOAVAILABLE PLASTIC: FROM COGNITIVE DECLINE IN THE OLD TO HORMONAL DISRUPTION IN THE YOUNG.

accurate quantification [141]. Consequent-
ly, while a definitive number remains elusive,
it is evident that a substantial proportion of
these chemicals lack adequate safety data, un-
derscoring the complexity of this issue and its
potential detrimental effects on both the envi-
ronment and human health [32, 33, 142-144].

The leaching of additive chemicals from
plastics into the human body represents a sig-
nificant health concern with pathways includ-
ing ingestion, dermal absorption, inhalation,
and medical device exposure. Within food sys-
tems, additives migrate from plastic packaging
and utensils, particularly under conditions of
heat, acidity, or prolonged contact with fatty
substances, leading to ingestion and systemic
exposure [145-147]. Similarly, dermal contact
with plasticized products facilitates the absorp-
tion of additives through the skin, a process
exacerbated prolonged exposure. Inhalation
of volatile additives and micro-/nanoplastics
from indoor environments and heated plastics
provides another route of entry, while the use
of plastic medical devices introduces direct ex-
posure to internal tissues and fluids. Environ-
mental contamination by micro-/nanoplastics

further contributes to ingestion and inhalation
exposures. The extent of leaching is influenced
by factors such as temperature, pH, food/lig-
uid composition, contact time, plastic type,
and additive characteristics. Consequently, the
potential for endocrine disruption, reproduc-
tive toxicity, and other adverse health effects
necessitates further research into the complex
dynamics of additive leaching and its implica-
tions for human health [148-150].

Due to their widespread use in plastics and
resins and demonstrated endocrine-disrupting
properties, bisphenols A, S, and F (Fig. 5) are
among the most prevalent and concerning bi-
sphenols for potential adverse human health
effects [151].

Bisphenols exert their endocrine-disrupt-
ing effects through multiple mechanisms, in-
cluding acting as estrogen receptor agonists,
mimicking endogenous estrogens or behaving
as antagonists, or blocking estrogen as well as
interfering with other hormone receptors, dis-
rupting enzyme activity, inducing epigenetic
modifications, or causing oxidative stress and
inflammation thereby disrupting normal hor-
monal signaling and cellular function [152].

HO OH HO OH HO OH

Bisphenol I Bisphenol A

HO HO

Estrone

Bisphenol S

R,R'=H Estradiol

R=0H,R'=H Estriol

R=0IL R'=0II ELstetrol

Fig. 5. Chemical structures of the most prevalent bisphenols and major endogenous estrogens.
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Literature data indicates that bisphenol ex-
posure can impact both male and female fetus-
es and infants, with effects varying significant-
ly due to the sex-specific roles of hormones
during development [153-155]. Both sexes are
extremely vulnerable to developmental and
biological impacts due to the sensitivity of hor-
monal balance during the early stages of life.

In males, prenatal and early postnatal expo-
sure to bisphenols has been shown to disrupt
the development of the male reproductive sys-
tem, leading to reduced sperm count and im-
paired sperm motility. This disruption arises
from bisphenols’ interference with testosterone
production and function, which is critical for
spermatogenesis, and these effects are attrib-
uted to their endocrine-disrupting properties.
Exposure to bisphenols can also cause hormo-
nal imbalances, manifesting as reduced testo-
sterone levels and changes in secondary sexual
characteristics, described as “emasculating”
effects that are linked to bisphenols’ interac-
tions with androgen receptors. Additionally,
altered anogenital distance (AGD), a sexually
dimorphic trait influenced by prenatal andro-
gen levels, may be shortened in male infants
exposed to bisphenols, suggesting disrupted
androgen signaling during critical develop-
mental periods. Moreover, prenatal bisphenol
exposure has been associated with abnormal
prostate gland development, potentially in-
creasing the risk of prostate-related health is-
sues in adulthood, likely due to disruptions in
hormonal pathways during prostate formation
[156-158].

In females, bisphenol exposure can inter-
fere with estrogen signaling and affect ovarian
development, egg maturation, and the forma-
tion of the reproductive tract. Such disruptions
potentially result in long-term reproductive
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health problems. Prenatal bisphenol exposure
may also accelerate puberty, resulting in ear-
ly menarche and associated health concerns,
and it may negatively affect fertility, increasing
the risk of conditions such as polycystic ovary
syndrome. Although less studied, it is hypothe-
sized that bisphenols could alter the estrogen-
androgen balance, potentially increasing mus-
culature in females due to disrupted hormonal
signaling. Furthermore, since bisphenols’” in-
terference with estrogen pathways may impair
ovarian development and egg maturation, this
can potentially result in infertility. Bisphenol
exposure is decisive if it coincides with sen-
sitive developmental windows and the effects
of bisphenols can be enduring and potentially
span multiple generations. Further research is
required to fully understand the complex and
multifaceted effects of bisphenol exposure on
human development [159-161].

Phthalates, like bisphenols, are endocri-
ne-disrupting chemicals, but their effects dif-
fer slightly in scope and mechanism. While
both can interfere with hormonal processes,
phthalates are particularly known for their an-
ti-androgenic effects, i.e. they block or reduce
the action of male hormones like testosterone
[162-164].

Phthalates (Fig. 6) generally need to have
a lipophilic aliphatic part in addition to their
aromatic ring and carbonyl groups to function
as effective endocrine disruptors, including
their anti-androgenic activity. The lipophilic
aliphatic chains, such as ethyl, hexyl, butyl, or
benzyl groups, contribute to the hydrophobic
nature of phthalates, allowing them to easily
interact with lipid-rich environments like cell
membranes. This property is critical for their
ability to penetrate biological systems and
bind to hormone receptors or disrupt enzyme
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function. The aromatic ring, as well as con-
tributing to chemical stability, also contributes
to interaction with specific molecular targets,
e.g. in binding to receptor sites or enzymes in-
volved in hormonal signaling. The carbonyls of
the ester groups are essential for chemical re-
activity and contribute to the ability of phtha-
lates to interact with biological molecules such
as proteins, receptors, or enzymes involved
in endocrine system regulation. While these

[

Di(2-ethylhexyl) phthalate

O
Diisodecyl phthalate
O
0
\_\_O
Q
Dibutyl phthalate

structural elements make phthalates highly ef-
fective as plasticizers, they also enable the en-
docrine-disrupting properties [165,166] and
the combination of these structural elements
allows phthalates to interfere with hormonal
balance and signaling in various ways despite
phthalates being structurally different from
natural hormones like testosterone and estro-
gen [167].

O

Diisononyl pht/halatg/

Butyl benzyl phthalate

Testosterone

O

Fig. 6. Chemical structures of most prevalent ortho-phthalates and the androgen testosterone.

In male babies, prenatal exposure to phtha-
lates has been linked to disrupted development
of the male reproductive system. This includes
reduced testosterone levels, altered AGD, and
potential impacts on testicular descent and pe-
nile development. Such changes may lead to
fertility issues later in life including reduced
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sperm count and motility. The anti-androgenic
properties of phthalates are a key factor in these
effects [168-170]. In female babies, phthalates
can disrupt estrogen signaling, potentially af-
fecting ovarian development and reproductive
tract formation. [171-173]. While less studied,
there is evidence suggesting that phthalates
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may also influence the timing of puberty and
increase the risk of reproductive health issues,
such as reduced fertility or hormonal imba-
lances [174-176]. Overall, while both bisphe-
nols and phthalates disrupt hormonal systems,
phthalates are more strongly associated with
anti-androgenic effects, whereas bisphenols
often mimic estrogen. Of particular note, the
timing and level of exposure to these leached
additives are critical in determining the sever-
ity of their impacts. Phthalates primarily act
as anti-androgens, i.e. they interfere with male
hormones like testosterone rather than mi-
micking estrogen directly. Unlike bisphenols,
which have a phenol group that allows them to
mimic estrogen, phthalates lack this structural
feature. However, phthalates can still disrupt
hormonal signaling by binding to hormone
receptors or altering hormone production.
Interestingly, some studies suggest that phtha-
lates may have weak estrogenic activity under
certain conditions, but their primary mode of
action is through blocking androgen receptors
and reducing testosterone synthesis [177]. This
is why their effects are often more pronounced
in disrupting male reproductive development
such as altering AGD and impairing testicular
function.

In contrast to testosterone, a steroid hor-
mone with a four-ring structure, phthalates are
simple diesters of phthalic acid. Phthalates ex-
ert their endocrine-disrupting effects primari-
ly by interfering with androgen signaling rath-
er than mimicking testosterone [178] to which
they are structural dissimilar and are potent
anti-androgens [179]. and their disruption of
the endocrine system is due to their ability to
inhibit testosterone function and production.
ortho-Phthalates require a combination of
structural features to effectively interact with
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biological systems. These include a lipophilic
aliphatic part, an aromatic ring, and a carbonyl
group. The lipophilic aliphatic chains enhance
their hydrophobic nature, allowing them to
interact with lipid-rich environments, such as
cell membranes, facilitating their entry into
biological systems. The aromatic ring contrib-
utes to their chemical stability and interac-
tion with molecular targets such as hormone
receptors and enzymes involved in hormonal
signaling. The carbonyl of the ester function-
alities is essential for their reactivity, allowing
them to interact with biological molecules in-
volved in endocrine processes. Phthalates also
act by mechanisms such as androgen receptor
interference whereby they block the binding
of testosterone and other androgens to their
receptors inhibiting normal androgen signa-
ling pathways critical for reproductive deve-
lopment [180]. They can inhibit testosterone
synthesis by disrupting enzymes involved in
its production leading to reduced testoster-
one levels. Additionally, phthalates alter the
expression of genes regulated by testosterone,
affecting the development of androgen-de-
pendent tissues [181]. These structural and
functional characteristics explain their potent
anti-androgenic activity and ability to dis-
rupt male reproductive development, such as
reducing anogenital distance, impairing tes-
ticular development, and altering secondary
sexual characteristics. While phthalates differ
greatly in structure from testosterone, their
anti-androgenic effects arise from their ability
to block and inhibit the hormonal processes
regulated by androgens [182,183]. So, while
phthalates don’t mimic estrogen in the same
way bisphenols do, they are potent endocrine
disruptors with their own unique mechanisms
of action.
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CONCLUSIONS. The range of health prob-
lems associated with plastic, as outlined in this
article, is far from exhaustive. Ongoing research
continues to uncover new areas of concern
and expand upon previously identified issues
related to plastic exposure. Among the most
alarming findings is the emerging evidence of
a potential connection between plastic expo-
sure and premature cognitive decline in older
adults, potentially contributing to the onset or
worsening of neurodegenerative diseases, in-
cluding those linked to dementia. Moreover,
chemicals leached from plastics, particular-
ly endocrine disruptors, have been shown to
cause hormonal imbalances, which may lead
to the masculinization of female development
and the feminization of male development. If
left unaddressed, these impacts could culmi-
nate in a significant and largely unanticipated
environmental health crisis.

This Perspective took a chemistry-based
approach to enhance our understanding, ex-
planation, and prediction of certain aspects of
plastic-related health issues. Specifically, we in-
troduced the concept of bioavailable plastic for
plastic particles smaller than 2.5 um capable of
penetrating biological barriers. By examining
the physicochemical properties of bioavailable
plastic, it becomes evident that lipophilicity is
the key property underpinning bioavailable
plastic distribution within the human body and
other organisms. We emphasize that plastics
tend to accumulate in adipose tissues, includ-
ing visceral and subcutaneous fat as well as the
brain. Furthermore, we propose a mechanism
of solvation-assisted desorption whereby oligo-
meric molecules released from plastics in fatty
tissues generate mono- and dicarboxylic acids
that mimic endogenous fatty acids. These exog-
enous fatty acids can integrate into the biosyn-
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thesis of phospholipids and glycolipids becom-
ing part of cell membranes and myelin sheaths.
These considerations may inspire meaningful
research aimed at improving protection for
neurological health in an increasingly plas-
tic-laden environment; until then, the broader
implications of such integration remain a sig-
nificant concern. Understanding the mechanis-
tic links between environmental exposure to
bioavailable plastic and central nervous system
disorders could pave the way for transformative
policy changes and preventive measures aimed
at safeguarding the health of future generations.

Although plastic is ubiquitous in our envi-
ronment, nevertheless one can take proactive
steps to reduce exposure and minimize poten-
tial health risks. One key recommendation is to
limit the consumption of fatty animal products,
particularly pig fat, known as salo. While salo
holds significant cultural and culinary value, it
appears to be one of the primary reservoirs for
plastic particles smaller than 200 nm, i.e. itis a
reservoir for bioavailable plastic. These parti-
cles are capable of penetrating biological bar-
riers in humans. To mitigate risks, salo should
be consumed in mindful moderation unless it
is sourced from animals raised and produced
in plastic-free environments. One simple and
effective way to reduce microplastic intake is
by switching from bottled water to filtered tap
water, which can decrease annual microplas-
tic consumption from 90,000 particles to just
4,000. Other key sources of microplastic intake
include the use of plastic tea bags and improp-
er food storage and heating. Plastic tea bags
release nanoparticles during brewing, so opt-
ing for loose-leaf tea or tea bags made from
natural materials is advisable. Heating food in
plastic containers, especially in the microwave,
can release substantial amounts of micro- and
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nanoplastics. Using glass, ceramic, or stainless
steel containers for storing and heating food
can help avoid this issue. Additionally, choos-
ing clothing made from natural fibers and us-
ing laundry bags designed to catch microfibers
can reduce the release of microplastics during
washing. Reducing reliance on single-use plas-
tics, being mindful of personal care products
that contain microbeads, and engaging in reg-
ular physical activities that promote sweating
can also help minimize microplastic exposure
as sweating can help cleanse the body of plas-
tics that have already been ingested. Indeed,
any activity that promotes sweating and not
just physical exercise such as sauna sessions
may aid in the elimination of bioavailable plas-
tic. And while researchers are still investigat-
ing this process, the initial findings do suggest
that sweating could play a significant role in
helping the body expel these unwanted parti-
cles. By incorporating these practices into dai-
ly routines, one can help protect oneself from
the potential health risks associated with mi-
croplastics. Lastly, staying informed about the
latest research, educating others, and advocat-
ing for policies that promote sustainable mate-
rials and practices are crucial steps in reducing
plastic pollution and protecting public health.
By adopting these measures, we can minimize
our exposure to microplastics and contribute
to a healthier environment for ourselves and
for future generations to come.
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MiKkpo/HaHOIUTACTMKM ~ ABJIAIOTh 0000
TIOBCIOJHMII €KO/IOT YHMI 3a0pyIHIOBAY i3 MO-
TEeHI[IIHMMM HeTaTMBHMMM HaCAITKaMU I
BCiX KMBUX opraHisMis. [IocTiitHi gocmifxkeH-
Hs BUABJIAKTH HOBi Ta pO3MIMPIOIOTH iCHYIO-
4i 3aHENOKOEHHA IIOAO BIUIMBY IUIACTUKY.
30kpeMa, 3’ABJIAIOTBCA JIOKasyu 3B 3Ky MiX
BIUIMBOM IIZTACTUKY Ta Il€pefYyacHMM KOTIHi-
TUBHMM 3aHENaZoM Y JIITHIX JI0feN, 10 I10-
TEHLIIIHO CIIPMSIE PO3BUTKY a00 3aroCTPEHHIO
HellpofiereHepaTUBHIX 3aXBOPIOBAHb, IIOB’A-
3aHMX i3 feMeHLie0. Kpim nporo, ximivHi pe-
YOBVHM, OTPUMAaHi 3 IUIACTHKY, € 0COOIMBO
PYVHIBHUMMM B €HJOKPMHHOMY I/IaHi i oB’s-
3aHi 3 TOPMOHAJIbHVMMM IOPYUIEHHAMM, IO
IIOTEHIIITHO TIPU3BOANUTL O MACKY/IiHi3allil
PO3BUTKY XiHOK Ta ¢eMiHi3amii po3BUTKY Yo-
noBikiB. SIKIo i HACTigKY He Oy Th IIOM SIK-
IIE€HI, BOHM MOXYTb CHPUYMHUTY 3HAYHy Ta
Hemepen0adeHy eKOMOriYHy KpU3y 30pOB’s.

Y 1iii mepcnexTMBHIN CTAaTTi BUKOpUCTA-
HO XiMIYHWII iAXiZ A1 pOo3’ sICHeHHS MATAHb,
IIOB’SI3aHMX 31 3MOpOB’AIM, fAKi BUHUKAIOTDH
Yyepe3 IUIACTYK, BBOASAYM IIOHATTA «biopo-
CTYIIHUI IJIACTUK» — 1€ YaCTUHKU PO3MIpOM
MeHIle 2,5 MiKPOHiB, 3JaTHi IPOHMKATY Yepes
6iomoriuni 6ap’epu. Mu mifgkpecmoemo nimno-
GbinbHICTD K KMI0Y0BY (isMKO-XiMiYHY B1ac-
TUBICTb, 1[0 BM3HAYAE PO3IOAII LUX YaCTU-
HOK B OpraHi3Max, Harojiollyl4y Ha IXHbOMY
HaKOIMYEHHI B )KMPOBIiNl TKaHMHI, BK/IIOYaI0-
911 MO30K. KpiM 11bOTr0, M1 IIPOIIOHYEMO MeXa-
Hi3M COJIbBATaLiilHO-aCKCTOBAHOI Hecopoui,
3a AKUM OJIITOMEPHI MOJIEKY/IM, 110 BUBIi/Ib-
HAIOTbCA 3 IUIACTMKY B KMPOBUX TKaHMHAX,
YTBOPIOIOTH MOHO- Ta JUKapOOHOBI KMC/IOTH,
10 iMITYIOTb €HJOTeHHi >XupHi kucinotu. i
€K30T€HHIi JXMPHI KUCIOTU MOXYTb iHTerpy-
BaTucsl B OiocunTte3 docdoninifis Ta raiko-
JIIOITIB, CTAal04YyM KOMIIOHEHTaMM KIiTMHHUX
MeM6OpaH Ta MiemiHOBUX o6omoHok. Lli mip-
KyBaHHS IOBMHHI CTUMY/IIOBATY TOC/TIIKEH-
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Hf, CIIPAMOBAHI Ha 3aXMCT HEBPOJIOTIYHOIO
3I0pOB’sl B YMOBax BCe OiNbII HAacHMYEHOTO
IJIACTVIKOM CE€pEeNOBIINA, X04a MNP HACII-
KM 1ji€l iHTerpalil BUKIMKAITh 3HaYHE 3aHe-
MOKO€HH:A. MexaHiCTIYHe PO3yMiHHSA 3B A3KY
MDK BIUIMBOM 0iOZOCTYIIHOIO IUIACTUKY Ta
po3/IafiaMi LIEHTPAJIbHOI HEPBOBOI CUCTEMU
(HHC) € BupimanbHum pna iHpopmyBaH-
Hsl TpaHCPOPMALITHUX TOMITUYHUX 3MiH Ta
npodiMaKTUYHNX 3aXOfiB, CIIPSIMOBAHMX Ha
3aXVCT 37{0pOB’sl MaiOyTHIX mokominb. 1106
HAJIaTy YMTa4YaM Ji€Bi CTpaTerii 411 3SMEHILIEeH-
HA BIUIMBY IUTACTUKY, MU IIPOIIOHYEMO Ki/IbKa
peKoMeHjaliil. 30KpeMa, pPeKOMEH[IOBAaHO
OOMEXUTY CIIOXXVIBAHHSA >KMPHMX IPORYKTIB
TBapMHHOTO ITOXO/PKEHHA, 0COOMNBO CBUHA-
4oro caja. Xo4a cajo € Ky/JIbTYpHO 3Ha4yL[VM
IIPOJyKTOM, BOHO, HAaIleBHO, € OCHOBHMM pe-
3epByapoM 6i0JOCTYIHMX YaCTMHOK IUIACTHU-
Ky, 0co6mBO posmipom Menuie 200 um. IIi
HAHOYACTUHKM, 4Yepe3 IXHI0 3[JaTHICTb IIpo-
HUKaTy 4epe3 Oiomoriuni 6ap’epu mopuHy,
CTAHOBJ/IATDb 3HAYHMI pusuK. Llent orram Mae
Ha MeTi MiIKpecInTI KpUTUYHY HeoOXiHiCTh
KOMIIZIEKCHUX JIOC/IJPKEHDb JIOBIOCTPOKOBUX
HAC/TiIKiB MiKpOIUTAaCTUKY /IS 3[JOPOB’A JIIO-
IVIHY, BYICBIT/IIOIOYM JOTO IIOBCIOMTHE ITOIIN-
PEeHHs Ta NOTEeHIIi/Hi IPUXOBaHi Hebe3IeK.

KinrouoBi croBa: 6iO,T_IOCTy1'IHI/H7[ IIACTUK,
MiKpO-HaHOIUTACTHKY, €KOJIOTiYHi 3a0pynHIo-
Badi, €KOJIOTiYHa Kpu3a 3[J0OpOB’A, CUCTEMHE
3a0pygHEHHs, PO3NOAIT PO3MipiB YaCTMHOK,
IPOHUKHEHHs depe3 Oiomoriuni 6ap’epm,
KOTHITBHUI 3aHeNaJj, HENPOTOKCUYHICTD,
IVTAaCTUKOBI no6aBKu, Gichenomu, ¢ramarn,
TOPMOHAJIbHI IIOPYIIEHHA, €HJOKPMHHA CH-
cTeMa, JNOQiIBHICTD, JiMiKO-omoCcepenKo-
BaHMI TPAHCIIOPT, HAKOIIMYEHHA B >XMPOBIll
TKaHVHI, cano (YKpalHCBKMII COMEHUI XXUp),
CO/IbBATAlliTHO-aCUCTOBAHA IecopO1Iis, eHpio-
T€HHIi/€K30TeHHI )XMPHI KMCIIOTH.
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