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HAHOMOPUCTI NONIMEPHO-HEOPTAHIYHI NMJIACKI MEMBPAHU

ANA KOHLEHTPYBAHHA NECTULUAIB
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[l BUpaseHHsA Ta KOHLEHTPYBAaHHS IECTULMIIB PO3poOeHO IojiMep-HeopraHiuHi
MeM6OpaHu, Ki OTpMaHO MOM(]IKyBaHHAM aKTHBHOTO IIapy KOMEPILillHUX MiKpO- Ta y/Ib-
TpadinpTpaniiiHoi MeMOpaH HaHOYACTMHKAMI TifjpaToBaHOro miokcupy uypkosio (IILT).
MonndikyBaHHA 3MiHIOE IIOPUCTY CTPYKTYPY Li€l cKIajoBoi MeMOpaH 3a paXyHOK yTBO-
PEHHA IPOMDKKIB MK IHKOPIIOPOBaHMMM HaHOYACTMHKAMU Ta ifipoisy nomnimepis. Bera-
HOBJIEHO, 1110 PO3Mip 0P, AKWIT BU3HAYA€ PO3/i/IOBi BIaCTUBOCTI MO (IKOBaHNX MeMOpaH,
cTaHoBUTb 4—33 M. HanouacTnHkM Mopudikaropa MaoTh po3mip 10—-100 HM, po3TamioBaHi
B aKTMBHOMY Ilapi i 3a6e3neuyoTb BTOPYHHY IIOPUCTICTD, sIKa 3a1100irae He3BOPOTHOMY 3a-
OpynHeHHIO MeMOpaH. MeMOpaHM 6y/I0 IPOTECTOBAHO BOSHMMIY PO3UMHAMI KOMEPLITHIX
HEeCTULNAIB, 04l peYOBMHN SKUX BiJHOCATH 4O MOXiAHMX OEH30IHOI KMCIOTH i CyIbdo-
Ha/ICeYOBMHU. BcTaHOB/IEHO, 1110 TTIOC/ifOBHA (DiNbTpallist pO34YMHIB ITijJi HUSPKUM TUCKOM (IO
2 aTM) Yepes mojiiMep-HeopraHiuHi MeMOpaHu 3 61/IbIIMMY Ta MEHIIMMU IOPaMU i TIOfIajIbIla
ajcopO11ist 6i0BYTINIAM 3HIKYE BMICT HECTULMAIB Y BOAI HYDKYE PiBHA IPAaHUYHO JJOIYCTH-
MUX KOHIIeHTpauiit. Hanpukaz, ocTaTroyHmit BMiCT TOXiHOI Cy/1b(OHAICEYOBMHY CTAHOBUB
5-10* r-gm~. KoHLleHTpart, oTpuMaHuii mpy 6apoMeMOpaHHOMY PO3/i/IeHHi, MO)XHa BUKOPU-
CTaTy AK KOMEPIIHNUI IPOJYKT.

KnrouoBi cnoBa: momimep-HeopraniuHa MeMOpaHa, TiipaToBaHmi JiOKCUJL IVPKOHIIO, iH-
KOPIIOPOBaHi HAHOYACTUHKM, HAHOLIOPY, MiKpoinbTpalis, ynsrpadinprpanis, necTuyy.

BCTVYII. Ilectunuau — 1e pe4OBUHU I
3aXMCTY CiIbCBKOTOCIOIAPCHKMX KYIBTYP
Bijj HeOe3NMeyHMX WIKiITHUKIB Ta 3aXBOPIO-
BaHb, @ TAKO)X IIPUTHIYEHHS PO3BUTKY Oyp -
HiB. 3aX0[¥ 3aXUCTY POCIINH, sAKi mepegdava-
I0Tb 3aCTOCYBaHHS LIX PEYOBMH, € HEOOXifI-

HUMU 151 3abe3redeHHst CTabiTbHO BMCOKUX
BpOXXaiB. Y CBiTi IJOPiYHO BUKOPUCTOBYIOTH
O6/11M3bKO 2 Mi/NbIIOHIB TOHH ImecTUIUmiB [1].
Hartgacrime3actocoByroTb rep6imymm (47,5%
Bifi 3araznpHOI KiIbKOCTI mectuumpis) [2].
Exonoriyni Hacnigkyu BMKOPUCTAHHA LIUX
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PE€YOBMH 3YMOBJIEHi, B OCHOBHOMY, IXHbOIO
CTIIKICTIO [0 Jerpajanii, L0 HEraTuBHO
BIUIMBa€ Ha 6iopisHoMaHiTTs Bomorm [3]. Ili
PEYOBMHY MOTPAIUISIOTH JO IMOBEPXHEBUX Ta
Ii[J3€MHMX BOJ 31 CTOKaMU CI/IbCbKOTOCIIOfIap-
CBKUX YTif[b Ta NMPOMUCIIOBUX IifANIPUEMCTB,
IisUTBHICTD SIKMX TIOB’s13aHa 3 BUPOOHUI[TBOM
Ta acyBaHHAM IECTULUIB, @ TAKOXK 3 YTU-
nmisaniero Bukopuctanol tapu [4]. Iligmpwm-
€MCTBA, fAKi BMPOOJAIOTH Ta po3(acOBYIOTH
NeCTUIV/IV, CTAaHOB/IATDh Hebe3leKy M Jio-
BKI/I/LA, OCKI/IBKM KOHLIEHTPaLli [UX pe4OBUH
y CTiYHMX BOJAX, AK IPaBMIO, 3HAYHO Iepe-
BIIIIYE TPAaHNYHO JIONMyCcTUMY. PesynbraTtoMm €
mwTpadHi caHKIiI Ta BTparta IIiHHUX KOMepIIiii-
HUX NPOAYKTiB. IlecTMumay Tako)X HaKOIM-
JYIOTBCS Y BOJHUX POCIIHAX Ta B OpraHisMax
TBapUH — MEIIKAHIIIB BOMOIM, 3BiJKM BOHU
3TOIOM MOXYTb HMOTPAINUTK i O OpraHizmMy
JIOAVHY Yepe3 XapyoBi JAHIIOKKM, a TaKOX
Jyepes IMUTHY BOALY.

HeratuBHuil BIIMB IIECTULIMAIB Ha 3[0-
POB’Sl JTIOAVMHU MOXKe IPOSIBIATUCA SIK Y BU-
IJIAAL JIETKOTO He3Ay)XXaHH:S (IOofpasHeHHA
IIKipy Ta OdYeyl, TOJOBHUI Oinb, 3amaMopo-
YeHHs, HY[J0Ta), TaK i BaKKNMX 3aXBOPIOBAHb
(oHKOXBOpPOOM, fiabeT, pecmipaTopHi 3axBO-
PIOBAaHH:A, HEBPOJIOTiuHi po3/mafu, MOpyIIeH-
HA penpopyKTuBHOI ¢yHKLil) [5, 6]. Taxum
YHOM, BUJIa/IeHHs TIECTULUIIB i3 TIPOMUCTIO-
BUX CTOKIB € aKTYa/IbHOIO ITPO6/IEMOIO.

[l1s1 BUpinieHHs 1jbOTO 3aBJjaHHA OyIIO 3a-
IIPOIIOHOBAHO KiZbKa CTpAaTeTiil, TaKUX AK
XimiuHi, ¢isnyHi Ta 6ionoriuni meromu [7].
Bionoriuni Mertopym BKIOYAOTh 00pOOIEH-
HA BOIM aKTUMBHMM MYJIOM, 00pOOKy in-vitro
3 BUKOPMCTaHHSAM MiIKpPOOHMX pENITOK, aH-
aepobHO-aepobHe OGiojoriune 00pobIeHHS,
MeMOpaHHUI1 6iopeakTop. XimiuHi MeTomm —
Ile IIpoliecy XJI0pyBaHHA [8], o3oHyBaHHA [9],
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ynbrpadioneroBe 06pobnenns [10] ta moramn6-
neHe okucieHHsa [7]. Bci Bkasani criocobu 3a-
0e3mevyIoTh pyliHyBaHHA NECTULNAIB 3 YTBO-
pennsM Kinnesux npoaykris CO, ra HO B
ineanpHOMy Bumajky. OgHaK 4acTO yTBOpIO-
I0TbCsI TOKCMYHI 1o6iuni npopykTtu [11]. Ta-
KOX JI/I BUJJa/IeHHS MeCTUIUIIB 3 BOU 9acTO
3aCTOCOBYIOTH aficop6uito [12—14]. [Ipore s
pereHepariii alcopbeHTy B IPOMIUCIIOBOCT 3a-
3BJMYail 3aCTOCOBYIOTh TepMOOOPOOTIEHHS, AKe
MPU3BOAUTD [0 Jerpajanii mectuuupiis [15],
IO YHEMOXX/IMBJIIOE OTPYMAHHA KOHI[EHTpa-
Ty IJMX pE€4YOBMH, Ha BiIMiHY Bifi HEPYMHIBHUX
METOJIiB.

®iznyni MeToaY Hepen6avaTh MeMOpaH-
He PO3JiNeHHs, AKe BiTHOCATb [0 HEPYIHiB-
HUX [7]. I 1boro 3acTOCOBYIOTh HAaHO(I/Ib-
Tpariito [16], 3BopoTHuit [17] Ta npsMuit oc-
Moc [18]. Hemomikamu 11X METONIB € BUCOKMIL
TUCK (HaHOQINbTpalLlis i 3BOPOTHMIT 0CMOC),
MOBi/TbHA IIBUAKICTD 1 Ipo61eMa FOIOMIKHO-
ro po3unHy (IpAMMIt ocMoc). Takox A/ KOH-
LEeHTPYBaHHA IeCTULNJIB BUKOPUCTOBYIOTH
Mikpodinprpanio [19] ta ynprpadinprpariio
[20]. Ixubor0 mepeBaroro mepen HaHO}INbTPa-
Ii€I0 Ta 3BOPOTHUM OCMOCOM € 3HAYHO HIDK-
qpyit TMCK. MaKcuMabHe BUIY9eHHS TOKCYUY-
HJIX PEYOBMH i3 3aCTOCYBaHHAM YIbTPadinb-
TpaniiHol MeM6panu mocsarano 95% [20], a
Mikpodinprpaniraoi — 80% [19]. YTBOpeHmi
KOHIIEHTPAT MOXXHA BUKOPUCTATY ITIOBTOPHO.

[Tpo6nemoro noniMepHNX QiIbTPyBaTbHUX
MeMOpaH € iXHe 3a0pyJmHEHHS OpraHiYHNMMU
pedoBuHamu (¢ayminr) [20, 21]. Ina yHuk-
HeHHA Iie€l mpo6reMy OMMPEHNM MiIXO00M
€ MopudikyBaHHS MeMOpaH rigpodinbHUMI
KOMIIOHEHTaMI, HallpUKIIaJ, HOBITHIMM BYI-
NelleBMMY HaHOMaTepialaMy, HEOPraHiYHUMMA
ionitamu [21, 22] abo IXHIMM KOMIIO3UTAMMU
[21-23]. Kpim 11p0r0, MOpIMiKyBaHHS MiKpO-
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¢binbrpanitHux MeMOpaH TO3BOJISIE ITOCUIUTH
ixHi po3pinoBi BMacTMBOCTI — BOHM HabyBa-
IOTb 3[JaTHOCTI 3aTPUMYBaTI He JIAILE KOJIOI]I-
Hi yacTuHKY [22, 23], a 11 HU3BKOMOJIEKY/IAPHI
peYOBMHM, HapUKIaf, 6apBHUKN [21, 22].
Meroro 11i€l po60THU € po3pobIeHHsT MeMO-
paH 3 aHTU(AYTIHTOBUMU BJIACTUBOCTAMMU
I/l KOHLIEHTPYBAaHHA NMeCTULN/IB. 3aBJaHHA
BKJIIOYAIOTh OCTiKeHHA Mopdororil mmx
MarepialiB, BM3HAa4eHHA pPO3Mipy IIOp, AKi
3a6e31evyIoTh iXHIO PO3Zi/IOBY 3[aTHICTD, Ta
TOCTi/KEHHA BUTyYeHHA NeCTULI/IIB i3 BOAMY,
30KpeMa 3i 3aCTOCYyBaHHAM [0 IlepMeaTy aji-
cop6uiitHoro Metony. SIk momiMepHi Marpuii
Oyno o6paHO Mikpo- Ta ynabrpadinbrparniiaa
MeM6OpaHu. {1 MoandikyBaHHA BUKOPUCTO-
ByBa/lyl Ti[paTOBaHUI [iOKCKJ, IMPKOHIIO
(TOLL), amke s rimpaToBaHMX OKCUIIB Oa-
raTOBaJICHTHNUX MeTaJIiB IpUTaMaHHi i0HO00-
MiHHI BIaCTUBOCTI [24], 110 3yMOBJIIOIOTb BJ-
COKMI1 TIOBEPXHEBUII 3apsAJ| TaKMX MaTepiasiB
[25]. Came pucomniitoBani abo MpPOTOHOBaHI
¢ynkuionanpui rpymu I'JIL] 3abesneuyioTsb
J10TO TifpoQiNbHICTD, 10 YHEMOXXIUBITIOE 260
IpUHANMHI MiHimisye daymiHr MemOpaH, ski
MICTATB 1ieit MopudikaTop. 3a CBOEIO MOBEJiH-
KOI0 TakKi MeMOpaHU aHaJIOTiYHi MaTepianam,
AKi MicTATh rigpodocdar unpkoniro [26]. Le
flae MOXK/IMBICTb BuKopuctoByBaty I'JIL] mra
MozudikyBaHHs iHepTHUX [21, 23] Ta ioHO06-
MiHHMX [27] mosnimMepiB, AKi BUKOPUCTOBYIOTD
mis 6apo- [21, 23] Ta enekTpoMeMOpaHHOTO
[27] posgminenus. Panime Hamu 6yno 3acro-
coBaHO cIoci6 06’eMHOro MopudiKyBaHHA
mem6Opan [[I1] [23, 28]. Y 3a3HaueHiit po6oTi
MopudiKyBamu uile aKTUBHUIL IIap MeMO-
paH 14 NigBUIIEHHA IXHBOI PO YKTUBHOCTI.
Ha Bigminy Big [28], ge gocmimkysanu Buaa-
JIEHHS 3 BOJM €eMY/IbCOBAHOTO apuIOKcide-
HOKcinpomionary, MmemOpanu 3 MopugikoBa-

https://ucj.org.ua

HVM aKTVBHMM IIaPOM BUKOPUCTOBYBA/IM [
BUIy4eHHs MOXiZHMX OeH30JHOI KUCIOTH i
CyNIb(OHI/ICEYOBMHN 3 iICTUHHNX PO3YMHIB.
EKCIIEPVIMEHT TA OBIOBOPEHHA
PE3YJIBTATIB. BuxifHumy NolniMepHUMY Ma-
TpULAMU 111 MOfQiKyBaHHS 06paHO MiKpo-
¢inprpaniitny Ta ynprpadinprpaniiiny Memo6-
pann (SuezSepa, Sterlitech, CIIIA), akTuBHMI
map SAKNMX BUTOTOB/IEHO 3 moniaminy (ITA) Ta
noniakpwionitpwiy (ITAH) Bignosigao. 3omp
rigpokcokommekcis Zr (0,1M ZrOCl) or-
pUMyBa/mM aHanorivHo [14]. AxTwBHMII map
MeMOpaH IIPOCOYYBaIV 30JIeM IIC/IA BUIA/ICH-
H: NOBITPA 3 NIOP, HOTIM BUTPUMYBAIU B €KCU-
karopi Haj 0,1 M posunnom NH,OH nporarom
24 rop, MpOMMBAIM BOJOIO, 0OPOOIANN YiIb-
TPasBYKOM 4acToTOX0 30 KI1 B y/IbTpa3ByKOBil
BaHHi Bandelin (Bandelin, Yropumna) i cymm-
M 32 KIMHAaTHOI TeMIepaTypu. TakuM 4MHOM
6yno orpumano MopudikoBaHi MeMOpaHy, iX
MapkoBaHoO AK [TA-I'JIT ta ITAH-T'I1I.
Mopdornorito Ta XiMidHUIT CKIag MeMOpaH
BMBYA/IM 33 JOIOMOTOI CKAaHYIOUOTO €/IeKT-
ponHoro Mikpockona TescanMira 3LMU 3
perektopoM InBeam (TESCAN, Yexis). [ns
3a0e3leyeHHs1 IPOBIHOCTI Ha IIOBEPXHIO
3paskiB 6y/0 HaHECEHO Y/IbTPAaTOHKWIT ILIap
3om0Ta. [I;g o1inky 3aranbHOI KinbKocTi [/]1]
y MopiudikoBaHux MeMbpanax (y BUITLALI 3He-
BofiHeHoro ZrQ,) 3BaXkeHnii 3pasokK CIaloBa-
mu 3a 1000 °C, a 3anMIIOK 3HOBY 3Ba>KyBaJll.
[Topucty CTpyKTypy MeMOpaH HOCTiIXyBa-
M METOZIOM ajcopbuii — mecop6buii asory 3a
ponomoromo npunagy AUTOSORB NOVA-6B
(Quantochrome Instruments, CIITA).
TEM-pocripkeHHs akTUBHOTO Iapy MeMO-
panu IIA-TIII nmpoBoguim 3a HOIOMOTOIO
IIPOCBIUyI04OTO €IeKTPOHHOTO MiKPOCKOITY
JEOL JEM 1230 (Jeol, fInoHis). [TomepenHpo
aKTUBHUII 1Iap Oy/lIo BMUAAIEHO 3 IOBEPXHi
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MeMOpaHu Ta TOApiOHEHO. 3MOYyBaHHS
MeMOpaH BOTOIO OCTIKYBa/IN 33 OIIOMOTOI0
teHsiomerpa Attension Theta Lite Tensiometer
(Biolin Scientific, CIITA). [TopucTictp 3a 3mo-
YyBaHHAM BM3HA4a/lM IIPOCOYYBAHHAM 3Ba-
JKEHIX 3pa3KiB BOJIOI0 Ta HOHAHOM (ifieasbHO
3MOYYI0YO0 pignHOm0) 3a 25 °C. O6’eM 3ano-
BHEHUIX II0P PO3PaxoBYBa/IN 32 301IbIICHHAM
Macy MeMOpaHM 3 ypaXyBaHHIM TyCTUHM pi-
IOVIHM 3a BKa3aHOI TeMIepaTypu.

TectyBanHa MeMOpaH npoBopumm y ¢inb-
TPyBaJbHill KOMIipIji 3 TAHT€HIIia/IbHUM II0TO-
koM pipmuu. IloTik pignum (J) oniHroBamM sK
BiHOIIIEHHA KyMY/IATUBHOTO 06’eMmy (V) mep-
MeaTy Ha BUXO[i 3 KOMIPKU BIIPOJIOBX 4Yacy
dbinprpanii (1) go miomi mem6panu. Ha ocno-
Bi BUBYEHH: IIPOITYCKAaHHA BOM B CTalliOHAp-
HOMY CTaHi 6y/I0 po3paxoBaHO IPOHMKHICTDb
MeMOpanu (L) 3rifHo 3 piBHAHHAM [29]:

J=LAR (1)
ne AP — nepenap TucKy. TpaguuiiiHo NpoHNK-
HICTb BMP@)XaIOTh y HECUCTEMHUX OJVHMIIAX
amrogtatml.

SIx MozienbHi 06’ €KTY TeCTYBaHHA MeMOpaH
Oyno obpaHo KoMmep1irHi repoinyayu («Ykpa-
BiT», YKpaiHa) 3 aKTVBHMMM Ail0YNMY PEYOBI-
HaM¥ guKaM6a (moximHa 6eH30IHOI KMCIOTH)
Ta HiKOCY/Ib(ypoH (moxigHa cynbpoHancedo-
BuHN). Li peyoBrHM KoCKUTh HOOpe pO3YMHHI
y BOZIi — IXHS PO3UMHHICTb cTaHOBUTS 1.3 (mu-
kamba) ta 7.5 (Hikocynbdypon) r gm. ITome-
PesHbO KOMEPLiNHI IIpenapaTyi pO3BOAVIIN
Bogor y 1000 pasiB. KoHleHTpania firounmx
PEYOBMH y MOJENbHUX PO3YMHAX CTAaHOBM/IA
125 Ta 45 mr gm”. [HIIMMU ClOBaMu, OTpUMa-
Hi pigyHY ABIAMN OO0 iICTUHHI PO34YMHI.

B ycix Bunajkax ¢inbrpyBaHHs 3/ilicHIOBa-
m npu 1 atm. PosunH HikoCcynbdypony npo-
nyckamy yepes Mmem6pany I[TA-TI1I, g Bupga-
JIEHHA 3a/IMIIKY IeCTULILY OTpUMaHuI ITepMe-
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ar QinbTpyBam 3 BUKOPUCTAHHAM MeMOpaHu
ITAH-TIL. Ilepmeat, omep>KaHuii TaKUM 4M-
HOM, IIPOITyCKa/I 4epes3 afcopOLiiiHy KOIOH-
Ky, 3alIOBHEHY OiOBYTI/UIAM, sIKe OTPUMYBa/IN
3 JIAKTO3M OKUC/ICHHAM KOHIIEHTPOBAHOIO Cip-
JaHOW K1CIoTow [13]. JliaMeTp KOMOHKM CTa-
HOBUB 0,8 cM, 06’eM 1mapy 6ioByrimis — 5 cM?,
MIBUAKICTH pyxy pipgmuu — 0,15 cm?® ¢

Y Bumajgky amkaMm6mu IpoBefieHO 2 cepil
eKcrepyMeHTiB: (i) IOCTiZOBHE NpPOITyCKaH-
HA po3uuHy yepe3 MeM6bpany ITA-I'JIL] Ta ax-
copO1LiiiHy KOMOHKY, (ii) ¢pinprpyBanHs Yepes
meM6pany ITAH-I']I1] i3 moganpimm mporyc-
KaHHAM IlepMeary dyepe3 KOJOHKY. B ycix Bu-
IaJKaxX BMICT JIiF04O0l peYOBMHM Y BUXIJHOMY
po3unHi cTraHOBUB 125 Mr iM ™.

3pasku nepMeary Ta KOHIEHTpATy aHasli3y-
BaJI/ 32 IOIOMOT'O0 PiITHHOTO XpoMarorpada
Agilent 1290 i3 mOTpiliHMM KBa[pyHOIbHUM
nerektopoM Agilent 6400 (Agilent, CIIIA).

Mopdgponozis membpan Ha ocHosi ITA

Pesynbratu CEM-pocnifikeHb BUXiJHUX Ta
MozndikoBaHUX MiKpoQimbTpaniiHNX MeM6-
paH HaBeleHOo Ha puc. la, 6. [l MeMbpanu Ha
ocHoBI ITA cnocrepiraemo nopu Henpasu/Ib-
HOI ¢popmy, ixHilT posmip cTranoBuTh 100-500
HM. [llogo mem6panu [TA-T']ILI, To ii mopu ma-
I0Tb KpyITy a60 6/113bKy 1o Hei popmy, a po3-
Mip nop — nepeBa>kHo 50—-300 HM. [1106yM Ha
IIOBEPXHI MeMOpaHM BiJIIOBifAIOTH IOJIIMEpY.
TEM-306pakeHHA aKTMBHOTO IApPy IIOKa3ye
HasABHICTb arperoBaHyX HaHOYAacTMHOK HZD
(puc. 1B), po3mip skux ctaHoBUTb 10—100 HM,
a HalO1/IbIIIi YaCTMHKM MAIOTh 3a3yOpeHi Kpal.
TakuM 4MHOM, CKOPIlll 32 BCe, Ii YTBOPEHHS
CK/IAJal0TbCA 3 TEPBUHHUX HAHOYACTMHOK,
TOOTO ABJAIOTH 0000 arperatu. IHkopropo-
BaHi YaCTUMHKM yTBOPIOIOTb TaK 3BaHY 61M0-
pUHHY nopucmicmo, sika MoXke OyTU BifiIIOBi-
[TTBHOIO 32 PO3/IIIOBY 3[JaTHICTh MEMOpaH.
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Puc. 1. CEM-306paxkenns IIA (a)
(6) mem6pan, TEM-306pakeHHs aKTMBHOTO LIapy
meM6panu [TA-TJIII(B), posmogin mop 3a po3mipamu
ISl aKTMBHOTO INapy BUXigHOI Ta MopugikoBaHOI

MeM6paH Ha ocHOBi [TA (r)
Fig.1. SEM images of PA (a) and PA-GDC (6) mem-

ta TTA-THI]

1000 branes, TEM image of the active layer of the PA-GDC
rA membrane (B), pore size distribution for the active layer
r of the original and modified PA-based membranes (r).

MopudikyBaHHs NTpU3BOANUTH [0 306i1b-
IeHHs 00’ eMy 1op B 06macTi pagiycis 1-10 HM
(puc. 1r), mo MOXe CBiYNMTH IIPO IOSABY HO-
MaTKOBMX IIOP Y LJbOMY Jialla30Hi 3a PaXyHOK
TpaHcopmanii akTMBHOro Iapy (3a paxy-
Hok yactTuHoK [JII]). V¥ 6inpmomy piamaso-
Hi pafiiyciB 3MiHa IIOPUCTOI CTPYKTYPU MOXKE
Oy Ty 3yMOBJIeHa pO3TATYBaHHAM IIO/TiMepy Ta
eKpaHyBaHHs;M IIOp MOJiMepy HeOPraHiYHO
CKJIa[IOBOIO.

Mopdgonozis membpan na ocrosi [IAH

CEM-300pakeHHs1 MeMOpaH Ha OCHOBI
ITAH HaBezeHo Ha puc. 2. BusiHo, 1110 30BHilI-
Hs OBepxH:I BuxigHoi Mem6panu ITAH chop-
MOBaHa O710KaMM ToIiMepy (puc. 2 a), TaKoX
Ha IIOBEepXHi cIiocrepiraeMo ImoOym moji-
Mepy. Mix 610KkaMy IOMITHI IiMHONIORIOHI
OTBOPY, MaKCUMaJIbHa MIMPVMHA AKUX CTAHO-

https://ucj.org.ua

BuTh =50 HM. Ha 306pakeHHi momepeyHoro
nepepisy monudikoBaHol MeMOpaHM BMITHO
MaKpOIIOPUCTY MiJK/IafKy, fKa CKIaJac€TbCA
31 IiTbHO YIIAKOBaHMX BOJIOKOH, PO3Mip IIOp
MI>X HUMM JJOCATA€E Ki/IbKa lecATKiB MiKpoH. Ha
MiJK/IAJ11 PO3TAIlIOBAHO AKTUBHMIA 1P, TOB-
I[MHA SKOTO CTAaHOBUTH 10 500 HM (puc. 2 6).
Jlesxi yTBOpeHHs eninTuMYHOI GopMu B If-
KJIa/ili, CKOPIlI 3a BCe, SIB/IAIOTh COOOK MOTi-
Mep. MomndikyBaHHA IPU3BOANUTD KO PO3LIN-
PEHHA [TOP Ha IIOBEPXHi aKTUBHOI'O IAPY, BOHNI
craroTh 6inbin nporshxkHuME (puc. 2 B). Kpim
TOTO, JesAKi No/iMepHi 67T0KM CK/IeThes. Sk
BUJJHO 31 300pakeHb, HA IOBEPXHi aKTVBHOTO
IIapy He CIocTepiraeMo XopHux fedexris. On-
Hak (POKYCyBaHH: e/IeKTPOHHOTO ITyYKa Ha OK-
peMUX JiIAHKaX aKTMBHOTO LIAPY NPU3BOSUTD
Jo Jioro posTpickyBaHHSA (puc. 2 6).

47

YXX Ne 8 / TOM 90




HEOPTAHIYHA XIMIfi

HAHOMOPUCTI NONIMEPHO-HEOPTAHIYHI MJIACKI MEMBPAHW NSl KOHLIEHTPYBAHHA NECTULINAIB

SEM HV: 10.0 kV
View fleld: 5.00 pm
SEM MAG: 37.9 kx

WD: 15.98 mm
Det: SE

1 1 i

1pm

6 B

Puc. 2. CEM-306pakenns mem6pan ITAH (a) ta IIAH-TL] (6, B). JinaHK): 30BHIIIHS HOBEPXHA

aKTMBHOTO 1Iapy (a, B), HonepeyHuit mepepis (6)

Fig. 2. SEM images of PAN membranes (a) and PAN-GDC (6,B). Sections: outer surface of the active

layer (a, B), cross-section (6).

Tabm. 1
Ximivynmit cknag mem6pan ITA-TIIT

Table 1.
Chemical composition of PA-GDC mem-
branes.

Bwmicr, at. %

PosTamyBanna
C N O Zr
ITepen ¢pinbTpyBaHHAM
AxtuBHMI map | 49 2 16 33
Ilepepis 63 22 13 2
ITicna inbTpyBaHHA BOAY Iij] TUCKOM
AxTyBHUI mmp | 48 3 15 34
Ilepepis 61 23 13 3

Haii6inpmra kinpkicte MopudikaTopa BU-
ABJIEHA CaMe Ha 30BHIIIHIN IIOBEPXHi aKTUB-
HOTO ILIapy, I 00JIacTh XapaKTepU3YEThC
HaliMeHIIMM BMicToM aszory (tabm. 1). bes-
IIOCEPEAHbO IIiJj 30BHIIIHbOK IIOBEPXHEIO

48

KinbkicTh I'IL] 3Ha4HO MeHIIa, a BMICT a30Ty
Bumuii. HeBenmka BTpara a3oTy 30BHILIHBOI
NOBEpXHi (KiZBKICTb BYITIEL[I0 3a/INIIAETHCS
HIpaKTUYHO 6e3 3MiH) 3yMOBJ/IEHa TigposizoM
ITAH #ax y Kucmomy, Tax i B Iy>KHOMY cepefo-
BUIIAX Imig yac Mopudikysanus [30] (kucnotu
Ta JIYTY CIPUYNHIOITD TAaKOX Tifipormis i [TA).
Ockinpkn ITAH Ta ITA TpancdopmyroTbCs
BogHo4Yac 3 ocamkeHHaMm [/II], To yacTuHku
HEOpraHiyHOl CK/IaJoBOi MiI[HO 3aKpiIlIo-
I0TbCA B MOTiMepax, sKi BUKOHYIOTb (PYHKIilO
3p’s3y1ouoro. Lle 3abesneuye cTiiikicTb BOyHO-
BaHUX YaCTVHOK [0 Aii THcky. 3 Tabmn. 1 BuHO,
10 KiZIbKICTh I[MPKOHII0O Ha IOBEPXHi aKTUB-
HOT'O IIAPY IPAKTUYHO He 3MIHIOETHCA IiCIA
¢inbTpyBaHHS.

Tiopopinvhi  énacmusocmi membpan ma
pinvmpysans 800u

MonndikoBani MeMOpaHM MiICTATb IIpu-
6m13HO opHakoBy Kinbkicte [T, skmit mip-
BUIIYE TifpodinbHiCTh IXHBOI MOBEpXHi Ta
nop (ta6m. 2).
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Tabmn. 2.
XapaKTepuCTNKN MeMOpaH
Table 2.
Membrane characteristics.
ITA- ITAH-
Mem6pana ITA ITIAH
P il il
Makpormnopucra noniedip Hertkanmit
OCHOBa JIaBCaH
Bwmict ZrOZ, Bar. % | -— 3.5 - 4.1
Kpaitouii kyT
3MOYyBaHHA, 69.52 | 42.74 | 72.65 | 64.83
rpagyc
& BOja, % 048 | 044 | 0.48 | 0.44
&HOHaH, % 0.56 | 0.48 0.52 0.46
L, n m*rogtarm™ 324 130 19 4
7, HM 51.5 33 9.5 4

[Hmor mnpuumHOIO Trifpodinizamii mMoxe
OyT¥ HasBHICTb KapOOKCWIBHUX TPy, SKi
YTBOPIOIOTHCA IPU TipOi3i MomimMepy Iij yac
MopudiKyBaHHA. 3arajbHa IOPUCTICTD, fAKa
BJM3HAYAETHCA 33 BOJIOIO i HOHAHOM, 3MEHIIY-
€TbCA 4Yepe3 eKpaHyBaHHA IIOP YaCTMHKAMM
['JI11, a Takoxx yepe3 TpaHchopMaIliito momime-
Py, CIpM4MHENY rifiponizoM. PisHnuia mix no-
PUCTICTIO 32 BOJOI0 Ta HOHAHOM 3MEHIIYEThCA
Ha 4% (ITA-ITA-TOI) i 2 % (ITAH-ITAH-
[L), mo cBigunTh PO JiesAKe 3MEHIIEHHS
BMICTy Tifpodo6HUX mop (Ha BifgMiHY Big
ioHooOMiHHMX MeMOpaH [32] memOpanu ITA
ta [TAH npakTuyHo He HaOyXalOTb y BOJi).
@®akTN9YHO BCi MOPH, AKi 3MOUYIOTbCA BOJOI0,
€ IOCTYIIHUMM 3a Hepebiry 6apomeMOpaHHO-
ro pospineHHs. MopugikyBaHHS TaKOX IIPK-
3BOJUTD JJO 3SMEHIIEHHS KyTa 3MOYYBaHHSA BO-
noro; npuxnaf mid ITA Ta ITA-I'I1] HaBemeHo
Ha puc. 6.

https://ucj.org.ua

a §
Puc. 3. 3mouyBaunsa ITA (a) Ta ITA-TIIT (6)
BOJIOIO
Fig. 3. Wetting of PA (a) and PA-GDC (b) with
water.

[TopiBHsiHO 3 BuXigHUMM MopudikoBa-
Hi MeMOpaHM [JEeMOHCTPYIOTb 3MeHIIEHH:
IIPOHMKHOCTI 3a BOZI0I0 IpMOMM3HO y 2.5 Ta
5 pasiB (guB. Ta6m. 2). IHImMMu cioBamuy, BOY-
poBani yactuHky [II] 3MeHIIyIOTh IPOAYK-
TUBHICTb MeMOpaH. Ile mMoxxe 6yTu BuKIN-
KaHO TpaHcopMalieo abo MaKpOHOPUCTO]
OCHOBY, ab0 aKTMBHOrO HIapy, abo 060X Lux
cKIamoBux. BogHouac xiMiuHmMit ckiaam MeMoO-
PaH 3a/IMIIAETbCA He3MIHHNUM TicnA QinbTpy-
BaHH/, 1110 BKa3ye Ha CTabi/IbHICTh YacTUMHOK
Mopudikaropa B MeMOpaHM Mif Ji€l0 THUCKY.
[TopiBHsHO 3 00’€eMHO MOfM(bIiKOBaHMMMI Ma-
Tepiamamu [28], mpoHMkHicTP MeMOpaH, y
AKUX MOM(iKOBAaHNUM € JIuIle aKTVBHUIA 1I1ap,
€ JIe10 BUIIOKO.

[IpoHMKHeHHs BOfU 4Yepe3 MeMOpaHY BU-
3HAYa€ThCA 11 MOPUCTICTIO (€), 3 OHIET cTOpO-
HI, Ta po3MipoM Iop — 3 iHmoi. Pagiyc mop
MO>KHA OLIiHMTH 32 JOIIOMOIOI0 PiBHAHHA Xa-
rena — [lyaseins [29]:

_ [sMtAx)

r = Ji (1)

AP
Tyr t - xoedinient 3BuBmcTOCTI (t=2 [33]),
Ax — TOBIMHAa MeMOpaH, ( —AMHAMi4Ha B sA3-
KiCTb.
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4K cBigyaTh maHi TAO/I. 2, BBEIEHHS YaCTU-
HOK ['/II] 0 akTMBHOrO Wapy NpU3BOAUTD [0
3MEHILIEHHA II0p, AKI BU3HAYalOTh PO3JiTIOBY
3[aTHICTb. YnbTpadinbrpaniiini MeMOpaHU
XapaKTePU3YITbCA PO3MIPOM IIOp Y MeXax
0.001-0.1 mxM. ToMy 3a UMM TOKa3HMKOM
mopudikoBany [TAH-TIII membpany MoxHa
BiJHECTM 1O HaHO- ynbTpanopucroi. Ile mae
MOK/IMBICTb BMKOPUCTOBYBAaTH IIONiMep-He-
opraHivyHi Marepiany A QiIbTpyBaHHS PO3-
YMHIB IIECTULINIB.

Qinompysanns necmuyudie

IIpy mpomyckaHHi MOJEIBHOIO PO3YMHY
HikoCcynbdypony yepes Membpany ITA-TIIT ii
IPOHUKHICTb cTaHOBIWIA 9.4 1M rox™ atm, a
KOHIIEHTpallid LIi€l pe4OBMHH Y IIepMeaTi 3HM-
xyBanaca o 1 mr am~. [lopiBHAHO 3 BUXigHUM
PO3YMHOM BMICT HIKOCY/Ib(GYpPOHY 3MeHIIY-
BaBcA y 45 pasiB. 3a moganpioro QinbTpyBaH-
HA OTPUMMAHOTIO IIepMeaTy 3 BUKOPMCTAaHHAM
MeMOpaHnu 3 MeHummy nopamu (ITAH-TIL)
ii IpORYKTMBHICTD Oya MeHIIOW0 y =50 pasiB.
[IpoTe npmitoM NOCIiZOBHOTO PiIBTPYBaHHA
yepe3 MeMOpaHM 3 OTBIIMMY Ta MEHIIVMU
IIOpaMM [JO3BO/IMB 3HU3SUTY KOHIIEHTPALIiIo
mitouoi pedoBuHM y nepmeari go 0.009 mr gm.
Pesynpratom mopanbiioro 3acTOCyBaHHA afi-
cop61iitHOro MeTony 0y/no 3HVDKEHHA BMICTY
HiKocynbdypony y Boi fo 0.0005 mr am?, mo
Hik4e piBas [JIK (0.001 mr gm?). Leit metox,
IOLIIBHO BMKOPUCTOBYBAaTY 1 Hs1 06poO-
JIEHHA KOHLIEHTPATy, AKNUI YTBOPIOETbCA Ha
Apyriit crapii ¢pinprpanii i He Mae KoMepIiii-
HOI IiHHOCTI. BapTo 0cob6muBoO migkpecnnty,
[0 MeMOpaHu e(peKTUBHO 3aTPUMYIOTh CaMe
HI3bKOMOJIEKY/IAPHY CIONYKy. BoyeBupp 1
IIOB’513aHO 3 iI 3B’A3yBaHHAM 3 {HIIMMM KOM-
IIOHEHTaMM KOMEPILIIMIHOIO IIpernapary, Ha-
IPUK/IaJ, 3 IOBEPXHEBO-aKTVBHVMM PE€YOBMU-
HaMmu. B pesynbrari MemMOpaHU 3aTpuMYIOTbH

50

caMe KOJIOIIHI YaCTUHKU, 1110 MICTSITh IeCTU-
109701078

OpuuM i3 paxTopiB, AKUI BUSHAYAE MBI/ -
KiCTh (i/IbTpyBaHHA OpraHiYHUX PEYOBUH, €
¢ayminr Mmem6pan. [l 7ioro oLjiHKY 3acTOCO-
BaHO MOfie/li O/IOKYBaHHA Ta 3BY>KEHHS IIOp,
a TAaKOXX OCaJJOyTBOPEHHA Ha IIOBEPXHi akK-
TUBHOTO 1apy [34]. BcraHoBmeHo niHiViHMI
XapakTep 3anexHocteir 1/V-V, ge 7 — 4ac
(puc. 4). Lle cBigunTp 1pO Te, 110 3a0pyIHEH-
HA CIIPUYMHEHO aKyMY/IIOBaHHAM OCaJy caMe
Ha 30BHIIIHiIT TOBepXHi MeMOpaHu, 3BifjKu 3a-
OpyAHEHHs MOXKe OyTHU JIeTKO BUIAJIEHO 3BO-
POTHMM IIOTOKOM IlepMeary abo TifpopyuHa-
MiYHMMM IIy/IbCAl[IAMMN.

1.2 T T T .

-3

T/V, XB cM
IS
[ole]
.

=
a
s

[ ]
0'4 L 1 L 1
150 200 250 300 350

3
V,cm

400

Puc. 4. 3acrocyBaHHA Mopeni 3a0pygHEHHS
30BHilIHBOI MoBepxHi MeMOpanu ITA-I'/I1] Hiko-

cynbdypoHOM
Fig.4. Application of the model of contamination

of the outer surface of the PA-GDC membrane
with nicosulfuron.

[Ipn ¢inbTpyBaHHi po3uMHy AMKaMOM
[IOYATKOBOI KOHIeHTpanii 125 Mr pgm~ de-
pe3 mem6pany I[TA-TNI1] xoHueHTpamis i€l
CIIONIYKM Y IlepMeaTi 3MeHIIyBaaacsa JO 2 MT
am>. QinbTpyBaHHA PO3UMHY TaKoi X IIO-
YaTKOBOI KOHIIEHTpalii yepe3 MeMOpaHy 3
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MEHIIVMM IIOpaM} TNIPU3BOAMUTL [0 Oi/bIn
CYTTEBOTO 3HIDKEHHS BMICTY AMKaMOu B Iiep-
mearti (0.05 mMr gm~). Y nopanbmomMy agcopo-
Lid JO3BOJAE 3HM3UTU BMICT NECTULUAY JI0
piBaa IIK (0.02 mr gm?) abo HaBiTh HIDKYeE
(0.01 mMr M) y BUITQIKy IlepMeary, OTpUMa-
HOro Ipu BUKOpucTaHHi MeMmOpan ITA-TTILI
ta ITAH-TI1I BignmoBigHO.

QinpTpyBaHHA I03BO/IAE CKOHLEHTPYBATH
po3unH ayukaM6m y 10 pasis, T06TO 36inbI1IM-
™ 11 BMicT 7o 1.25 r gm 3. 3rigHo JaHUX BU-
pOOHMKa, BUTpPATV KOMEPLITHOTO IIperapa-
Ty cTaHoBiATh 0.5 am’ra’. s oTpumaHoro
KOHIIEHTPATy BUTPATH CTAHOBJIATH 1 OM’ Ha
200 m?, o nepenbavae i1Oro 3aCTOCYBaHHA Ha
MaJIiX 3eMe/IbHMX Ji/IIHKAaX.

BVMICHOBK/. InxopnopyBaHHA HaHOYacC-
TuHOK I'I1] 10 aKTMBHOTO APy MiKpO- Ta y/Ib-
TpadinpTpaniiiHuX MeMOpaH IpPU3BOJUTH HO
30inpIIeHHs 06’eMy nop y aiamaszoni 1-10 HM,
IO CHPUYMHEHO TPaHC(HOpPMAI[i€I0 aKTUBHO-
ro 1mapy MeMOpaH, KMl BU3HAYae po3pino-
BY 3[JaTHICTb. [HIOI NPUYMHOK € Tifgpoi3
nomiMepiB (ToniaMigy Ta MOMAaKPUOHITPUITY)
npy nepebiry mogudikyBaHHA. Binpmr toro,
rifponisoBaHmii moyiMep BUKOHYE (PYHKIIiO
CIIOTTYYHOTO, IO 3amobirae BTpari HaHOYac-
TUHOK IIiJ fiiero TcKy. Heopraniuna ckmazo-
Ba 3a0e3Iedye He TUIBKM BVICOKY PO3JiIOBY
CIIPOMOXKHICTh MeMOpaH, a 11 aHTudayIiHrosi
BrnacTuBocTi. [lomimep-Heopraniuni Membpa-
HII PEKOMEHJIOBAHO 3aCTOCOBYBATH JI/I OYM-
LIEHHA PIAKUX BIgXOAIB MigIPUEMCTB, AKi
BUPOOIAIOTh Ta PO3(PaCOBYIOTh IMECTVLIVIN.
KonrenTpar, mo MicTUTbh ofMH ab0 JieKinbka
NeCTULMIB, MOXKHA BUKOPUCTOBYBATH SIK KO-
MepILiTHNIT TPORYKT A 60poThOU 3 OYp’s-
HaMlI Ha HEBENIMKUX 3€ME/IbHMX [iIAHKAX,
MDK TPOTYapHOIO IIJIMTKOIO TOLLO.

https://ucj.org.ua

= _P060Ty BUKOHaHO B MeXXax JepxKOro-
mxerHoi Temu HAH Vkpaianm «Pos-
pobnennss memOpan, MogudikoBaHUX
KOMIIO3MITAMU Ha OCHOBI ITO1iMepiB i3 Heop-
raHivHuMu rigpodinizyrounmmn Ta aHTHOAK-
TepiaTbHUMMU A06aBKaMy, IS BIUTYYeHHS
TOKCUMYHIX i IiIHHIX KOMIIOHEHTIB i3 BOTHIIX
PO34MHiB», lep>KaBHUI peecTpaliiiHUil HO-
Mep: 0122U001235.

e
NANOPOR POLYMER-INORGANIC FLAT

MEMBRANES FOR PESTICIDE
CONCENTRATION.

L.M. Rozhdestvenska*', K.O. Kudelko',
O.V. Palchik’, Y.S. Dzyazko', G.S. Bubela’

'V.1.Vernadskii Institute of Generaland Inorga-
nic Chemistry of National Academy of Sciences
of Ukraine,

32/34 Academic Palladin Avenue, 03141 Kyiv,
Ukraine;

’National University «Kyiv-MohylaAcademy»,
2 G. Skovoroda street, 04070 Kyiv, Ukraine
*e-mail: ludar777@ukr.net

Industrial pesticide plants wastewater po-
ses a danger to the environment due to of the
exceed of threshold limit value of concentra-
tion. It causes to fines and the loss of valuable
commercial products. This work proposes a
problem solution comprising the removal of
pesticides from water by the baromembrane
method. The advantages of this approach are
obtaining a concentrate of pesticides by the
non-destructive method. Polymer-inorganic
membranes have been developed to remove
pesticides from water. They were obtained by
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modifying the active layer of commercial mi-
cro- and ultrafiltration membranes with na-
noparticles of hydrated zirconium dioxide
(HZD) with size 10-100 nm. Modification
changes the porous structure of active layer
due to the formation of gaps between the in-
corporated nanoparticles as well the polymers
hydrolysis. It was established the pore with size
4-33 nm determines the separation properties
of the modified membranes. The modifier na-
noparticles are located in the active layer. They
provide secondary porosity that prevents irre-
versible contamination of the obtained materi-
als. The membranes were tested with aqueous
solutions of commercial pesticides that active
ingredient are benzoic acid derivatives and
sulfonylurea. It was found sequential filtration
under low pressure (up to 2 atm) through po-
lymer-inorganic membranes with larger and
smaller pores and following adsorption by
biochar reduces the content of pesticides in
water below the threshold limit value concen-
trations. For example, the final content of the
sulfonylurea derivative was 0.0005 g dm™. The
obtained concentrate can be used as a com-
mercial product.

Keywords: polymer-inorganic membrane,
hydrated zirconiumdioxide, embedded nano-
particles, nanopores, microfiltration, ultrafilt-
ration, pesticide.
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COPBLIVHE BUNYYEHHA ®APMIPEMAPATIB 13 BOJHUX

PO341HIB 3A 0MOMOIroH Ni(ll),Fe(lil)-LLAPYBATUX
NOABIMHNX r1APOKCUAIB TA IXHIX ®EPOMATHITHUX OKCUJIB
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BuBueHo 0c00/MMBOCTI Ofep)KaHHS Ta CTPYKTYPOYTBOPEHHS FOMOTeHHUX (a3 HiITpaTHUX
¢dopm mapysarux nopsiitHux rigpokcupis Ni** ta Fe**(NiFe-LDHs) i3 pisaum cniBifHO-
HIEHHAM KOMIIOHEHTIB y peaKLiliHil CyMilli, a TaKOX IXHIX OKCUAHUX noxigHux. IIposene-
HO IOPiBHANIBHY OLIIHKY IXHBOI a/IcOpOLiitHOI 3[aTHOCTI BiffHOCHO aHIOHHOTO OPTaHiYHOTO
TOKCUKaHTa — Ank1odeHaky Harpiro. [TokasaHo, 110 3aIIpOIIOHOBAHNIT METOJ, CUHTE3Y -
XOM OCaJI>)KEHHA 3 BOJHOT'O pO34MHY 3a Ii[poTepMaabHNUX YMOB JO3BOJIAE OTPUMYBATI TOMO-
reHHi a3y mapyBaTux MOABIIHUX TiIPOKCHU/IIB Ta IXHI MarHiTo-KepoBaHi NOXifiHi 3i CTPYK-
TypoIo LimiHesni. 3rifHO 3 JaHMMU PEHTIeHO(}A30BOrO aHAi3y, YMOBM OfiepXKaHHS 3pasKiB
3a0e3redyloTb HeOOXifHMII piBeHb KPUCTAMiYHOCTI Ta XapaKTePUCTUYHNUX CTPYKTYPHUX
0COO/MMBOCTEN CHMHTETVYHUX IIAPYBATUX IOABIIHUX Ti[POKCU/IB TUITY NPUPOJHBOTO Tifi-
poranpkity Ta ¢epury Hikemo. ITokasaHo, 0 Ha epeKTUBHICTb COPOLITHOTO BUTyYeHHS
Ofiep>KaHMMM COpOLITHIMM MaTepiaaMy CyTTEBO BIUIMBAIOTh YMOBM CHHTe3y. BusHaueHO
KiHeTM4Hi mapameTtpyu copb6buii. BcraHoBIeHO, 10 copoOuisa auknodeHaky HaTpio Ha ofep-
YKaHMX 3pasKax IpoTikae B 3MimaHoMy gudysiiiHomy pexxumi. [IpoanarizoBaHo izoTepmu
aficopO1ii, Moka3aHo, [0 Y JOCII)KeHOMY KOHIIEHTpPaLiflHOMY iHTepBasi iX 3aoOBilbHO
omucye mopenb Jlenrmiopa.

KnrodoBi cmoBa: mapysari moasiliHi rigpokcuay, ¢apmaneBTHYHI IpemapaTyi, BOAO-
OYVICHi TeXHOJIOTil, opraHivyHi 3a06pyHIOBaYi.

BCTYII. B ocranHi pokm pesyabraToM 2], a Takox B YKpaiHi [3]. Ile migBuirye pusuk
BIUIMBY XiMi4YHOro Ta 6io/lorivHoro 3abpyn- BIUIMBY KaHIIEpOT€HHMX Ta MyTareHHMX (ak-
HEeHHs PiYKOBMX CTOKIiB Ta IiJjl3eMHUX BOJO- TOPiB Ha IPOLECH KXUTTENIIBHOCTI 6iooriv-
HOCHMX TOPM3OHTIB, HE3a[JOBI/IbHOI BOJOTOC- HMUX CUCTEM, Y TOMY YMCIII 11 Ha 3[I0POB’s JTI0-
HOIAPChKOI Mis/IBHOCTI cTazma Hu3bKa sKicTh jauuu [4]. Tak, 3a ;anumu BececBiTHBOI OpraHi-
IKepesl MATHOTO BOZIOTIOCTa4YaHHs B CBiTi [1, 3auii oxoponu 3gopos’s (BOO3), cnoxuBaH-
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Hs1 HeTOOPOSIKiCHOI MUMTHOI BOZIM € IPUYVHOIO
3aXBOPIOBaHb Oi/lbIIOCTI >KNUTEJiB IUIAaHETH,
HaBiTh y PO3BMHEHUX KpaiHax [5], mo crpu-
YUHAE HU3bKUI ITOKAa3HUK CEPENHbOI TpUBa-
JIOCTi >XUTTA NIOACTBA. [le TBepIKeHHA MOB-
HOI0 MipOI0 CTOCY€ETbCA CYy4aCHOI KOOI YHOI
cutyanii B YKpaiHi i, HacaMIiepef, CuTyarmii 3
HNUTHOIO BOZIOK. BinbImicTh GaceiiHiB pivok i
BOJIOJIMNLLI, 3 SIKUX ITePeBa>KHO 3a0e3evYyIoTh
HoTpeby HaceleHHs Y BOJIi, He MOXKHA BBaXka-
TV €KOJIOTiYHO OesneyHuMIU. SIKIIO BpaxyBa-
T HUHILIHI peaslil BOEHHUX [Iiil Ha TePUTOPil
YKkpaiHu Ta OB’ A3aHMX i3 MM €KOJIOTivHi Ta
TEXHOT€HHI KaTacTpodu, TO aHTPOIIOTeHHe
HaBaHTa)XEHHA Ha BOJHI pecypcu Hallol Kpa-
iHM 36epiraTMMeTbcs HAMOMVDKINMU JeCsATH-
JUTTAMMN.

IHTeHCUBHE BUKOPUCTAaHHA dapMaljeBTIy-
HIUX IIpelapaTiB y MeAULINHI Ta y BeTepuHapil
IpU3Be/IO O HAaKOINYeHHA IX y BOEHUX 6a-
ceifHax Ta IpyHTax [6]. [ToaBy papmaneBTny-
HUX IIpenapaTiB y BOZTHOMY CepefoBUIIi 1M~
POKO 0OTOBOPIOIOTD Y JIiTEpPaTypi OCTAaHHBOTO
pecatupivdsa [7]. OcCHOBHMMM [pKepenmamMyu
NOTPAIUIAHHA (PapMalleBTUYHUX IIperaparis
y IOBEpPXHEBI INPUPOJHI BOAM € OYMIEHI Ta
HeOYNIleHI MyHIMIanbHi CTiYHI BOAu, CTO-
KU IiJIPUEMCTB, HENPaBUIbHO YTU/Ii30BaHi
dbapmareBTHYHI Bigxonu, KaHamisawinHi 3/mm-
BJ MeIVYHUX i BeTepUHAPHUX YCTAaHOB [8].
[ToBigoMs€eThCs, WO KOHIeHTpalii ¢apma-
LEBTUYHUX IIpenapariB y IOBEPXHEBUX BO-
Jax, Iifi3eMHUX BOJAaX i YaCTKOBO OYMIIEHii
Bogi 3asBuuait Meniie 0,1 MKr/i, a KOHIIEH-
Tpalii B O4NMLIEHI BOJI, IK IIPAaBUJIO, HIDKYE
0,05 mxkr/n (abo 50 ur/n) [9, 10].

BopoouncHi copypy Hikonmu He po3po6iis-
i i copbuiitHoro BumydeHHs apmarie-
BTUYHYX IIPENaparisB i TOMy BOHU HEe MOXYTb
BUJAIATY X MOBHicTIO. EQexTuBHicTD BUMy-

https://ucj.org.ua

YEeHHA MOXKe CTaHOBUTYU MeHlIe 10% y Bumaj-
Ky Takux (apMaleBTMYHUX IIperaparis, fAK
Kap0aMaseIiH, aTeHOJION, alleTUICAIIINIOBa
KICNIOTa, AMK/IOpeHak, MedeHaMiHOBA KuC-
JI0Ta, IPOIIPAHOJION, TeTPALMKIIIH, KI0piopu-
HOBa Kucmota Ta aiHkomiumH [11, 12]. Kpim
LbOT0, OYNMCHi CTaHIii HE MOXYTb IIOBHICTIO
poskmagaryu ¢papmaleBTUyHi npenapatu [13],
OCKIiNIbKY IX, SIK IIPaBUJIO, PO3POOIIEHO IS PO-
00T 3 OpraHiYHVMM CIIOTYKaM, IO JIETKO Ta
IIOMiIpPHO PO3K/IaJal0ThCA Y [ialla30Hi MI/JI, a
TaKO)X MAlOTh He3HauHy (papMaljeBTUMYHY Ta
6ionoriuny axkTuBHicTh. OpmHak Qapmaries-
TUYHA PO3YMHHICTD, 3[JaTHICTb 10 BCMOKTY-
BaHH4, JIETIOYICTD, 3MATHICTD KO OiomoriyHoro
PO3K/IaJjaHHs, TOMAPHICTD i cTabinpHICTD Ba-
PiIOIOTHCA B IIMPOKOMY JIialla3oHi, i IIpK 1150~
MY IpPUCYTHiI ¢apMIIpernaparty MOXYTb 30e-
piratu ¢apmaneBTMYHY aKTMBHICTDb 3a JyXKe
HU3BKMX (HT/T — MKI/JT) KOHIIeHTpawuii [14].
To6To, rpaHMYHO [ONYCTMMi KOHI|eHTpalii
MiKapChKMX 3ac06iB Bce Ie He € peryiboBa-
HIVMM B HaBKOJ/IMIIIHbOMY BOTHOMY C€PENOBM-
mii. /Iumre mepeoBi iHCTpyMeHTa/IbHI METOAM,
Taki K rasoBa Ta pifuHHa Xpomarorpacdil 3
pisHMMM THUIIAMJ Mac-aHaJIi3aTOPiB, HAIPU-
KJIaJ, i3 HOTpilftHMM KBajpymoneM abo BMUCO-
KOI PO3Ji/IbHOI 3aTHOCTI 3 Pi3SHUMM IIPUHIK-
IaMu 1i peanisanil JO3BO/AKTD IX BUABIATH,
imeHTHdiKyBaTM Ta BUSHAYNTY Y HAABHUX Jiia-
a3oHaxX KOHI[eHTpalliit 6e3 ZogaTKoBoi cTafii
KOHLIEHTPyBaHHA [14].

J/1 ouuMIeHHA BOJ BiJj JIKapChKUX 3aCO-
6iB Ta hapMIIpenaparis 3aIpOIOHOBAHO Hara-
TO Pi3HOMaHITHUX METOJiB, AKi 3ara/loM MOX-
Ha PO3iINTY Ha JeCTPYKTUBHI Ta HEECTPYK-
tuBHi [15, 16]. Ceper HMX MOXXHa BUIIIUTH
TpajuIliiiHi MeToxu, a came OiomoriuHe 06-
pobeHHs, MeMOpaHHi Ta QinbTpariitHi, y T. 4.
11 HaHOiBbTpallis Ta 06epHeHMit ocMoc [17], a

o7




®I3NYHA XIMIS

COPBLIHE BUNYYEHHS ®APMIPEMAPATIB I3 BOJHWX PO34MHIB 3A JONOMOTOHO Ni(ll),Fe(lll)-LLAPYBATUX

MOABIAHUX MAPOKCUAIB TA IXHIX ®EPOMATHITHUX OKCUAIB

TAKOX Ti, II[0 IPYHTYIOTbCA Ha PisHUX IiJIX0-
ax, 110 IPU3BOJATD 10 OCAIPKEHHA: KOATYIIA-
0is, (bnoxy)muiﬂ, cenMMeHTallis ToIo. 3Bic-
HO, OMNNCAHO ¥ OinbII cyyacHi MeTomM odYnM-
LHIEHHA BOJ: €IeKTPOXiMi4yHi, OKMCHIOBa/IbHi
Ta KaTaJiTUYHi, HApUK/Iaf, pOoTOKaTaTiTI4-
He OKMCHeHHsA [16]. IlepcriekTmBHMMM [ist
BUPIiLIIEHHS IPO6IeMU CTiIKOTO 3a0pyIHEHHS
BOAY (papMalLleBTYHUMIY IIperapaTaMin € aj-
copOLiiiHi TexHOMOrl, a camMe — HOBi, €KOHO-
Mi¥HO BUTifiHI agcopbentn [18], ski 3martHi
no crienudivHOI B3a€MOJIl 3 HUMM Ta MAIOTh
BJICOKI TEXHOJIOTIYHI ITapaMeTpH, 110 MOXYTh
3a0e3meYnTy BUCOKI MOKA3HUKM IXHBOTO BU-
JIy4eHH: 3 00’€KTiB HaBKOJIMIIHBOTO Cepeo-
puia [19, 20].

[Mapysari mopsiiai rigpoxcupy (IIIIT
a6o LDHs) ab6o «auioHHi enunu» — 1ie Tifpo-
Ta/IbKiTONOAIOHI crnomykm 3i crenngivHo0

mapyBaTolo cTpykrypoio (Cxema 1) [21, 22].
3aranpHa QopMynIa IIbOTO K/IACy CIOMYK —
[(M(I)), (M(IID)) (OH) = [(A")_, -mH,0],
me M?* ta M>* — ioHu MeTatiB, 1110 3HAXOIATh-
Cs B OKTAaepPUYHMX NO3ULIAX 6pycuTonopnio-
HUX IIapiB, A"-aHiOHM, AKi KOMIIEHCYIOTb
HO3UTUBHUI 3apsAn OpycUTONOAiOHNX InapiB
[22]. Ane ui saranpui npasuna s [IIIT He
€ OoOMeXeHHAMM. 30KpeMma, Bigomi Imapy-
BaTi IMOABiNMHI TiAPOKCUAM, AKi ofepKaHi 3
BUKOPUCTAHHAM OJHOBAJIEHTHOTO KaTiOHa
(LiAL(OH),nH,0), a Takox i3 MoxmBic-
TI0O BK/IIOYEHHA [0 IXHBOTO CKIafy 4OTUPMU-
BaseHTHNX MetaniB (Ti, Zr, Sn) [23]. Kpim
IIbOTO, IXHill CKIaj He oOMeXyerbca OiHap-
HIJM TIO€THAHHAM KaTiOHiB 11 3a IIEBHUX YMOB
KpUCTa/liyHa IpaTKa 3MIlIAHKUX TIiJpOKCUJIB
MO>K€ MICTUTU TpU Ta HaBiTb YOTUPU Pi3HO-
BUIM i0HIB MeTatiB [23].

.g_ —_— - ." —_— [Ni2+1-x . Fe3+x '(OH)Z]H
2

3 — [A]™ 'mH,0

o

0

)

x

) basanbHa BigcTaHb (d)
n

(=8

] . . .
g MixKwaposun npoctip
E —

O

AHioH, A™ H,0

Oco6mMBOCTi CTPYKTYpH TipOTaIbKITOIIO-
RiOHUX CIIONYK Ta Pi3HOMAHITHICTH KaTioHiB,
AKI MOXYTb BXOIMTU [0 IXHBOTO CKIafy, 3a-
OesneuyoTh crenydiyHi ioHOOOMiHHI [24],
cop6uiiiHi [20], enexTpuyHi [25] Ta KaTamiTng-
Hi [26] BIacTMBOCTI MmIapyBaTuX Marepiasis, a
TaKOXX NPOAYKTIB IXHbOI TEPMIYHOI JEeCTPYK-
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Ni2*/Fe3*

Cxema 1. CxemarnuHe 300pakeH-
H: Oy[0BM IIApyBaTUX MOABIHUX Tifi-
POKCUIIB Ta iXHIX OCHOBHMX XapaKTe-
pucTuk [21]

¢ H

1jil — mapysarux NofBitHNX okcupis [27]. In-
POKO BMBYEHOI O0JIACTIO 3aCTOCYBAHHSA «AHi-
OHHUX 27IUH» CTAJI0 IOHOOOMiHHe Ta copO1iiiHe
ouniieHHs1 Bopu [28]. Crenudika monsrae B
TOMY, 1IJ0 AaHIOHM, IO Bi/IbHO PO3TALIOBYIOTHCA
B MDKIIApOBOMY IIPOCTOPi, JIETKO MiJa0Th-
cs1 0OMiHY, TOAi SIK IOITIMHAHHIO OPraHiYHMX
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KaTiOHIB IepelIKO/Ka€ IO3UTUBHUIL 3apAL
OpycurononioHux mapis. [loBegeHO MOXXN-
BiCTb iOHHOTO OOMiHY BBeJJeHUX IIPU CUHTe3]
aHIOHIB IIAPyBaTMX MaTepialiB Ha MIPAKTUIHO
Oyzb-sIKUII HEOpPraHIYHMII Ta YMC/IEHHi opra-
HiYHI aHIOHW; €IVHUM OOMEXeHHSIM € pO3-
Mip aHiOHa. 3araJTbHOBM3HaHAa TOYKa 30py Ha
MeXaHi3M IOIVIMHAHHA aHIOHIB IIapyBaTUMMN
TiIpOKCUAMM MIOJIATAE Y POSIIAAL IIHOTO MPO-
1[eCy K CK/IAQJHOTO, 110 BK/IOYA€ HE Ti/IbKU
ioHHMIT 0OMiH, a 71 copO1ifo 3a PaXyHOK e/IeKT-
POCTAaTUYHOIO TAKIHHA AHIOHIB IO3UTUBHO
3aps/PKEHUMY  OpPYCUTONOMIOHNMY IIapaMu
[29]. BcraHOB/IEHO, 1110 IPUPOJIA AHIOHIB MiXK-
IIAPOBOTO IPOCTOPY BIIMBAE IXHIO 3JaTHICTh
7o ioHHOTO 0OMiHY, HaJiMEHII CXWM/IbHI 10 00-
MiHHUX peakuiit — kap6onaru [30]. Tak, y po-
6ori [31] npoxgemMoHcTpoBaHo, mo Mg, AINO,
(y HiTpaTHill Ppopmi) MatoThb 6inbury, Hbx Mg,
AlICO, (y kapbonaThiit popmi) copbuiriny sart-
HiCTb BifHOCHO a3obapBHUKa amapaHTy. [Ipn
1IbOMY, Ha [yMKY aBTOpiB, y pasi Mg, Al-NO,
HOI/IVHAHHA OPraHiYHOro OapBHMKA 3yMOB-
JIEHO TIepeBa>KHO iOHHMM 06MiHOM, a st Mg,
Al-CO, - a306apBHUK, iIMOBipHO, Gepe yJacTh
y mpolieci copOIiil 3 HOBepXHEBUMM TpyNamMu
copbenTy. Ha apgcop6uiliny nmoBefiHKy mrapy-
BaTKX MaTepiajiB BIUIMBaja IPUCYTHICTb He-
OpraHiYHMX MDKIIAPOBMX aHIOHIB Yy IOPAOKY
HPO/> CO/> SO >CI". Jlo Toro x, pe-
3ynbTaty afcopOuil mokasamm, mo MgAl 500
(xanmpryHOBaHa Popma 3a 500 °C) mae O6ipiry
aficopOiliHy 3maTHICTD (1,6 MMOJIB/T), HIX He-
KanblyHoBaHi 3pasku (0,8 i 0,2 MMonb/T s
MgAINO, i MgAICO, Bignosinno).

BopHowac 0 HeROMIKiB MOPOIIKOBMUX MaTe-
pianiB, y T. 4. IIapyBaTUX ITOABIHNX TiPOKCU-
ZIiB, TPV iXHBOMY 3aCTOCYBaHHI B COpOLiTHIX
TEXHOJIOTiAX BOJOOYMIIEHHA 3a CTaTMYHMX
yMOB (KOmu afcopOeHT BHOCATH IO BOJHOTO

https://ucj.org.ua

PO3UMHY, [0 MICTUTH aHAJIT) CIifi BifHeCTH
He3aloBiIbHUIT mofin ¢as. I3 MeToro mokpa-
I[eHHsI KiHeTMYHMX XapaKTePUCTUK COpOIil B
aHa/MITUYHIN IPaKTUI OCTAHHIX POKiB CTa/lIN
BUKOPJCTOBYBAaT HaHOPO3MIpHI Marepianu,
AKI KUIBKICHO BiJOKpPEMUTU BiJj PO3YMHY Jie-
KaHTalli€l0 HEMOXX/IMBO, TOMY OCTaHHIM 4acoM
0COONMVBY yBary MIpUUIAIOTH PO3POOJIEHHIO
copOeHTiB, AKi MOXYTb OyTM BufajeHi Mar-
HiTHOIO cemapauiero [32]. IlpuBeprae yBary
MOX/IMBICTb OTPMMAaHHSA HIapyBaTUX ITOJBiii-
HIUX TiIPOKCUMIIB Pi3HOTO CK/Iajy, AKi MaroTh
MarHiTHi BractusocTi [33, 34]. Tak, Hakaxipa
Ta CIiBaBTOpM y 1pani [35] noBifoMnA0Th Ipo
OTPUMAHHS METOIOM CIIiBOCaIPKEHH: cOpOeH-
TiB i3 Mar"HiTHMM BiI'lyKOM Ha OCHOBI ILApy-
BaTVX MOABINHYX TifgpokcuaiB ionis Mg(Il) Ta
Fe(III), a Takoxx ioniB Ni(II) Ta Fe(III), xoua 1mo-
ni6uwit edpext ms 3paskis Mg, Al-LDH, oznep-
JKaHMX 32 aHAJIOTIYHMX YMOB, OYB BiICyTHIM.
ABropamn [36] cuHTe30BaHO Ta OXapaKTepu-
soBaHo Mg, Co(II)/Al, Fe(III)-LDHs, mo Boso-
JiIOTh MarHITHMMU B/IaCTUBOCTAMMY, IPUYOMY
IIi BIACTUMBOCTI BVIAB/ISIIMCS TiJIBKM 3a OFHO-
YaCHOTO BBEJEHH:A [0 CK/IA/ly 3pa3Ka KaTiOHiB
3ayi3a Ta KOOAIbTy y 3HAYHUX KiZTbKOCTAX. AB-
TOPM HOSICHIOIOTH Lieit edekT crenydivHnmm
¢depomarHiTHUMY B3aemopiamu Co*'-O*-Co?*
y depomarnernsmi 6pycuronopibHux mrapis,
a a"HTudepomarHiTHuUit 38’130k Co*'-O* —Fe’*
IIOCM/IFOE MAarHETV3M IIPOLIAPKiB. 3arajoM Ta-
KUl MarHiTHUI eQeKT CIIOCTEePIira€Tbcsi Npu
BBEJJEHHI [I0 CKIaay cop6benTiB kartioniB Fe(IL,
III), Co(II) Ta Ni(II) [32]. OpHak my6mikanii 3
eeKTUBHOTO «One-pot» CUHTe3y MAarHiTHMX
COpOeHTIB Ha OCHOBi IIAPYBaTUX IOABIITHNUX
TiIPOKCUAIB € IIOKY 1110 TTIOOJVHOKVIMIA.
Mertoro 11i€l po6oTy 6y10 BUSHAYUTY 0CO6-
JIMBOCTI IPOIIeCiB CMHTE3y MOMiPYHKIIOHATIb-
HUX MaTepiajiB Ha OCHOBI HiTpaTHUX (popm
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nIapyBaTUX IIOABIIHUX TiIpOKCUZIB KaTio-
HiB Ni(II) ta Fe(Ill) (NiFe-LDHs) i3 pisHum
BMIiCTOM KOMIIOHEHTIB y peaKLiiHii CyMilii,
a TaKOX IlepeBipKa IXHbOIO IOTEHIiany Ipu
COpOLiTHOMY BMIy4eHHi (papMarneBTUYHUX
IpenapaTiB aHiOHHOI PUPOAN AK HaOiMbII
Hebe3MeyHNX OPraHiYHMX TOKCMKAHTIB [37].
byno ouikyBaHuMM, 1O NigBMUILNEHHA BMICTY
katioHiB Ni(II) mosutuBHO BmHe Ha dop-
MYBaHHs MarHiTHUX BJIaCTMBOCTEN OfeprKa-
HJX MarepiajiiB, a TAKOX IXHIX KpUCTaIorpa-
¢iuHux mapamerpiB. I3 Meroro omrTuMmizanii
BJIACTYBOCTEN MarepialiB [/Id II0[aJbIIOrO
3aCTOCYBaHHA [OCTIJPKyBaly BIUIMB Tifpo-
TepMaIbHOrO 0OpOO/IeHHA Ha CTPYKTYPY Hi-
Ke/Ib-3aJ/II3HUX 3pas3KiB, Bapilooyy TemIlepa-
TYPY Ta 9aC CTapiHH:A; IPATHY/IM BCTAHOBUTH,
AK Ii MapaMeTpy BIUIMBAIOTb HAa KPUCTalid-
HICTb, IOPUCTICTb Ta CTPYKTYPOYTBOPEHHA
OTPUMaHMX COpOLiiHNX MaTtepianiB. OcKinb-
KM IIi XapaKTePUCTMKM MAIOTh BUpilllaJbHe
3HaUeHHs JyIs COPOLiIHMX BIACTUBOCTEI,
PO3YMiHHS IXHPOT'O B3aEMO3B 13Ky 3 YMOBaMMI
CUHTe3Y € KITIOYOBJM JIJIs1 pO3pOO/IeHHA MaTe-
piaiB i3 6a)KaHVMM BIaCTUBOCTIMIU.

EKCIIEPVIMEHT TA OBI'OBOPEHH/ PE-
3YJIPTATIB. Peazenmu. Sk BuxingHi peareHTn
Il CUHTe3y COpOEHTIB BUKOPUCTOBYBAJIN
cori Ni(NO,),-6H,0 1a Fe(NO,),-9H,0 dipmn
Sigma-Aldrich (Himeyunna) 3i BMicTOM OCHO-
BHOI peyoBuHM > 98,5 %. CO(NH,), ta yurpar
narpilo (C.H,Na,O,, Na,Cit) mapku VWR
Chemicals (Icmanis) 3i BMicToM > 96,0 % Ta
> 97,0 % BigmoBigHO.

Cy6craHnilo Ta cra"pgapr pgukinodeHa-
Ky Harpito ([2-(2,6-guxnopo-aHinin)-¢enin]
anerar Hatpito, DFS) orpumano Big ILlenTpy
KOHTPOJIIO SIKOCTi JIiIKapChKMX 3aco6iB Ykpa-
imm (XapkiB, Ykpaina). CTOKOBMIl PO3YMH
CTaHZIAPTy peareHTy roTyBajyu LIIAXOM pO3-
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YHEHHS BifNIOBifHOI KinbKOCTi AuKIodeHa-
Ky HaTpio B 6igMCTI/IbOBaHII BOA].

Cunme3s copbenmis. CuHTe3 3pa3KiB Ha Oc-
HOBi NiFe-LDHs i3 pi3sHUM CIiBBiJHOILIEHHAM
CTPYKTYPOYTBOPIOIOUMX 1OHIB METaJliB IIPO-
BOAVJIM METONOM TifIpOTepMajIbHOTO CUHTe-
3y 3 BUKOPMCTAHHAM CEYOBMHH 32 CIII/IBHOTO
OCaJPKE€HHA 3 BOOHUX PO3YMHIB CONeNl MeTa-
niB: HiTpari 3amisa (III) i Hikemo (II). Pospa-
xoBaHi kinbkocTi Fe(NO,),, Ni(NO,),, Na Cit
Ta CEYOBMHM pO3UMHAIM B 40 M1 AUCTUIIBO-
BaHOI BOAY Ta IlepeMminryBany nporsarom 10 xs
MAarHiTHOIO MillIa/IKOIO IO IIOBHOTO PO34YMHEH-
HA KOMIIOHEHTiB. Po34uH nomimannu B aBTO-
K1aB Ha 200 M i3 Te/IOHOBUM BKJIQJIMIIEM.
ABTOK/IaB BUTPUMYBau 6e3 repeMilryBaHHs
3a remrieparypu 160 °C a60 180 °C ynpomosx
2-3 pHiB, a IOTIM OXONIOKYBa/IM Ha MOBITPi
mo KimuHatHOl Temmeparypu. Ilicma oxomo-
IPKEHHA CYIIEPHATAHT JEKaHTYBa/Iu, JO OCamy
momasamu 1 M pogunn NaNO, nyist 3aBepiiien-
HA OOMiHy 3a/MIIKOBUMX KapOOHAT-aHiOHIB
Ha NO, ionn. OpepkaHnit MPOAYKT KinbKa
pasiB peTebHO IPOMMBA/IN AVICTUIBOBAHOK
BOJOI0 Ta eTaHO/MOM (70 %). 3pasky Cymmmm
CIIOYATKY 3a KIMHATHOI TEMIIEPATYPH, a IIOTIiM
3a 80 °C ynpoposx 12 rop,.

byno cunresoBaHo cepiro 3paskis i3 pisHUM
CHiBBIJHOLIEHHAM KOMIIOHEHTIB y peaKIiHii
cymilli, yacoM cuHTe3y 3a cranoro pH cepeno-
pumia (Ta6x. 1). KatioHHni1 cKaj CMHTE30Ba-
HUX 3pa3KiB CKOpOYeHO Mo3Havam y Gpopmarti
Ni Fe -LDHs, iie X Ta y — CTyTeHi 3aMillleHHs
katioHiB Ni(II) Ta Fe(III) y ctpykrypi rifpo-
TaJIbKITY, 110 BifTIOBifAI0TH CIiBBiJJHOILIEHHIO
KaTiOHIB y peaKILilHiil CyMillli Iif; 9ac IXHbO-
ro cuHTe3dy. Oco6mMBOCTI YMOB Ofjep>KaHHA
3paskiB mosHavanu y ¢popmari NiFe'—LDHsn -
ie 1 Ta m — TeMIleparypa Ta TPUBAJICTb CUH-
Te3y 3paskiB BignosigHo (Tabm. 1).
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Cknap peakuiiiHOI CyMillli Ta yMOBM CMHTE3y MaTepianiB

Tab6m. 1
Table 1.

Composition of the reaction mixture and conditions for the synthesis of materials.

32+ 3+ 3
3pasox V(Ni**), | v(Fe*), | v((NH,),CO),|v(Na,Cit),| V(H,0), ToC t, mo6a
MOJIb MOJIb MOJIb MOJIb M
NiFe-LDHs,,, 0,6 0,3 0.20 2,9 40,0 180 3
NizFe'LDH516o/3 0,6 0,3 0,20 2,9 40,0 160 3
NiFe-LDHs 0,6 0,3 0,16 3,0 40,0 160 2
Nispe'LDHSwo/z 0,9 0,3 0,16 3,0 40,0 160 2
Ni,Fe-LDHs,, 1,2 0,3 0,16 3,0 40,0 160 2
Tepmiune o06po6bnenna cuHTre3oBanux (Mettler Toledo) B inTepBani Temneparyp 20-

MarepiaiiB 3pilficHIoBa/M B MydenpHiil mmedi
IIpM JOCTYII MOBiTpA 3a Temneparyp 200 ta
600 °C. IIIBupkicTb HarpiBaHHA CTaHOBM/IA
20 °C/xB, 4ac BUTPMMKM 32 33JJaHOI TeMIlepa-
Typu — 1 rop.

Memoou  docniowenns. Inentudikamniio
CTPYKTYpHu Ta (a3 ofepKaHNX 3pasKiB IPOBO-
VI METOJIOM PEHTTeHO(a30BOro aHali3y Ha
mudpakromerpi PANalyticalX'PertPro (CuK
BUIIPOMIHIOBaHH, }\Cu = 1,54184 A) y niama-
30Hi KyTiB 20 = 5-80° i3 KpPOKOM CKaHYBaHHS
mo 20 0.02°. Imentndikanito ¢as cuHTe30Ba-
HIUX 3paskiB mpoBopmmm 3a Karamorom ICSD
(Inorganic Crystal Structure Database, USA).

Mopdornorito Ta MIKpOCTPYKTYpPYy CUHTe-
30BaHMX MaTepiajiB aHaxi3yBaau CKaHYI4Y0I0
eNIeKTPOHHOK Mikpockorieo (CEM) 3a pomo-
moroto JSM-6100 (JEOL), a ouinky BmicTy 1ii-
JIbOBYX Ta JOMIIIKOBUX €/IeMEHTIiB — eHepro-
IVICTIEPCITHOI0 PEHTTEHIBCHKOIO CIEKTPOCKO-
niero (EDX) i3 BMKOpMCTaHHSAM INPUCTABKU
Microanalysis INCA Energy 200 3a po6ouoi
Hanpyru 20 xB.

TepmiuHy NOBENIHKY 3pasKiB JOCTIIKyBa-
7 3a jorromororo aHanizaropa TGA/SDTAS851

https://ucj.org.ua

600 °C si mBupkictio Harpianua 10 °C/xs.
MaxkcumanbHII piBEHb BOJIIOTOCTi OLIiHIOBAIN
LIIIXOM T€PMI4HOTO 00pOOIEeHHS OfiepyKaHUX
3paskiB 3a 150°C, nonepegHbo BUTPUMMAHUX B
ymoBax 100% BomorocTi 3a 20 °C go pgocAr-
HEHHA PIBHOBAXKHOTO CTaHY.

I9-criekTpy cuMHTE30BaHMX 3pasKiB Ta iX-
HIX MOXigHMX 6YZI0 OTPMMAHO 3 BUKOPUCTAH-
HaM [Y-Dyp’e-criekTpomerpa Spectrum Two
(Perkin Elmer, USA) nuisaxom tabneryBaHHsA
3paska 3 KBr B intepBam 4000-400 cm™' i3
poszinpHO0 3aTHICTIO 1,0 cM™.

EnexTpoHHi cIeKTpyu NOIVIMHAHHA JOCHTi-
IPKYBaHUX PO3YMHIB peecTpyBaln 3 BUKOPUC-
TanHAM criekTpodoromerpa SPECORD®250
PLUS (Analytik Jena, Himeyunna). Bumipro-
BaHHA NPOBOAVIM B KBAapLOBUX KIOBETAaX 3
ONTUYHMM IIIAXOM 1 CM y /lianla3oHi JOBXUH
xBwib Y®-pianasoHy BiZHOCHO OimucTmibo-
BaHOI BogM. TemmepaTypa BUMipioBaHb CTa-
HoBuIa 25,0 + 0,5 °C.

Memoou susHaueHHs KOHUeHMPayii KoMno-
HeHmie y po3uuHi. BUXigHMii pO3YMH OUKIIO-
(eHaKy HaTpi0 rOTYBaIM PO3YMHEHHAM TOY-
HOI HaBa)XKM CyOCTaHLil B OiucTmiboBaHii
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Bofi. Poboui posumHu rorysamm posBefeH-
HSM BUXIJHMX pO34MHIB Oe3locepeqHbo Ie-
pen excrepuMmeHToM. HeoOxigHe 3HayeHHA
pH crBOproBanu fofaBaHHAM pPO3YMHY JIYTy
3a MocTiitHoro Konrpomo pH posunny. Pis-

4 T T T T a)
31 0.090 mg/L
199 um 276 um A T

= Y y |
H i
= 1.400 ng/L
= ]
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=

0 = ———————— SN W
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HOB&)XHY KOHIIEHTpaIlilo AMKIO(peHaKy Ha-
Tpil0 B PO34YNHi BU3HAYA/IN CIIEKTPOPOTOMET-
PUYHO 3a JIOrO BJIACHUM IIOITIMHAHHAM IIPU
A_. =199 uM a60o 276 um (pH = 5,7) (Puc. 1).
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Puc. 1. EnexTpoHHI ClIeKTpy NOITIMHAHHA (a) Ta TPafyoBabHi 3a/Ie)KHOCTI (0) /11 pO34MHIB AUK-

nogeHaky HaTpiko

Fig. 1. UV-Vis spectra (a) and calibration curves (b) used for the quantitative determination of sodium

diclofenac.

Hocnioncenns pisrosaxcnoi copbuii DFS e
izomepmiuHux ymosax. [Ind oTpuMaHHA i30-
TepMu COpOILil 3aCTOCOBYBa/M METOJ OKpe-
MUX HaBa)XOK i3 TOCTiIHUMM BiJHOIIIEHHSIM
Macu copbenty/o6’emy posunny Ta pH. ITpu
JoCipKeHHi cop6buii 1inpboBoro aHamiTy 3a
i30TepMiYHMX YMOB BMKOPMUCTOBYBAaIM MO-
JeNnbHI BOJAHI PO3YMHM 3 [ialla30OHOM IXHBOI
KoHLeHTpayiin 0,005-0,100 mmonb/n. Otpu-
MaHy CYCIEH3il0 MeXaHiYHO IepeMilllyBaju
Ha opbitanpHOMY mieiikepi (150-250 06/xB)
IPOTATOM 4Yacy, HeOOXiJHOTO /i1 BCTAaHOB-
JIeHHS1 COpPOILifiHOI piBHOBarM 3a KiMHATHOI
temnepatypu (12 rop). Ilicna cop6uii BogHy
¢dasy BimokpeMmoBamM IeHTPUPYTYBaHHAM
npu 3500 06/xB (a60 MarHiTHOIO cenaparyi€en).
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KoHueHTpanio LiTbOBOro aHAIITy B pO34M-
HaxX CYIepHATaHTIB KOHTPOJIIOBA/IN CIIEKTPO-
¢doTOMEeTpUYHO 3a JIOTO BJIACHMUM IIOT/IHAH-
HAM IpU A =276 HM.
max

PospaxyHok crymens cop6uii ananity (R,
%) Ta BemuuuHy cop6uii (g, Mr/r) npoBoxumM
3a popMmynamu:

R = (Co — Ce)/C() -100% Ta,

(Co—Ce)V

q€ = /m ’

ne C,i C - BuXifHa Ta piBHOBa)KHA KOHI[EHT-
palii JOCHiJpKyBaHOI pEYOBMHM Yy PO3YMHI,
Mr/m; V - 06" eM JOCTiKyBaHOTO pO3UNHY, JT;
m — Maca COpOeHTY, I.
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Bnnue mpusanocmi eunyuenus DEFS i3
B00HUX PO3uuHie (KiHemuuHi 00CIONHEHHS).
[lna BUBYEHHS KiHeTVMKM copOlii aHamiTy Ha
NOCTIPKYBaHUX COpOEHTaX IPOBOAWMIN Ce-
Pil0 €eKCIIEPUMEHTIB y CTAaTUYHOMY PEXVMI.
3pasku copbeHTiB Macoro 0,1 r KOHTaKTyBaIN
3 aJIiKBOTaMM BUXIJHOTO pPO3YMHY 00’€eMOM
30 my1. Yepes 3afani IpoMiKKM 4acy BigOupa-
7 amiKBOTH pifikoi (pasy Ta BU3HaYaMM B HUX
KOHI[EHTpaLlilo JUKIOpeHaKy HATpilo CIeKT-
POQOTOMETPUYHNM METOJOM 32 MAKCUMaJIb-
HOI JOBXXMHM XBUJIi NOIMIMHAHHA 276 HM. Exc-
NIEPUMEHTY TPUBAIN O IIOBHOIO HAaCUMYEHHH
copb6eHTIB afcop6aToM 3i BCTAHOB/IEHOIO af-
COpOLiiIHOI0 PIBHOBArOI0 Y CUCTEMI.

Pezenepauii 3paskie nicns copbuyii. Insa po-
CIi/PKeHHs pereHepalii Ta 6araTopasoBoro
BUKOPUCTAHHS COPOLIIHMX MaTepialiB micns
aJICOPOLITHUX JOCTIKeHb 3pas3K Mi/jiaBan
TepMiYHOMY OOpOO/IeHHI0 3a TeMIlepaTypu
400-600 °C y Tpy6dacTiit meui mpm mocTymi
noBiTpA 3i mBuaxicTio HarpiBanHA 20 °C/xB,
yac BuTpuMkKu 30 xB 3a 400 °C.

Cunmes ma xapakmepusauis 00epranux
copbenmis. Y TonepenHix JOoCTiKeHHX [38]
npu cuHTesi NiFe-LDHs AK pO34MH-0Ca/Ky-
Bay MM BUKOPMCTOBYBA/IM CyMilll TiIpPOKCULY
irizpoxap6oHaTy HaTpilo, 110 TPU3BOAUTD [0
[IOABY LIAPyBAaTUX MaTepiajiB BUHATKOBO B
Kap6oHaTHiN popmi. OcTaHHI eKClIepUMEeHTH
II0Ka3a/y, 0 OCa/PKEeHH: IiIpoKapboHaTOM
HaTpil0 IPU3BOAUTL 10 HUSBKOTO IIPOABY
iOHOOOMIHHMX B/IACTMBOCTEl IIAPyBAaTUX
marepianis [31]. Y 3asHaveHiit po6oTi BUKO-
PUCTOBYBa/IM TifpoTepMa/bHE OCaJKEHH:A
TiIPOKCUAIB MeTaliB 3a «M AKUX» YMOB i3
BUKOPUCTAHHAM CEYOBMHM fAK OCAJKyBadya.
Bucoke pH peakniitHOI cyMillli IPyHTY€TbCA
Ha IIOCTYIIOBOMY BUJIi/IEHHI TiJpOKCU/I-IOHIB
y BOJHE CepefoBMIe IUIAXOM TE€PMidYHOTO

https://ucj.org.ua

PpO3KIaJlaHHA CEYOBMHM 3a XIMIYHOI peak-
Li€0:
(NH,),CO + 3H,0 > NH,OH + CO,

Is HacTynmHuM OcCa/)KeHHAM KOMIIOHEHTIB
peaxiliHol CyMilli 3a ripoTepManabHUX YMOB:

(1 - x)Ni** + xFe’* + nOH + NO; + mH,0 -

~ Ni,,Fe (OH),[(NO;),- mH,0].

Da3oBuii CK/Iaf Ta CTYIiHb KPUCTAIYHOCTI
BCIX CMHTe30BaHNX 3pasKiB iffeHTHdiKyBamm 3a
JIOTIOMOTOI0 TIOPOIIKOBOI PEHTIeHIBCbKOT -
pakuii (Puc. 2). [Judpaxrorpamn ofjep>kaHIX
3paskiB i3 pisamM cmiBBigHOmeHHAM Ni(II)/
Fe(IlI) y peakuiitHiit cyminii MaloTh Xapakrep-
HUII /IS IIbOTO KJ/IACy CIIONYK Habip pedriekcis
y HOPAZAKY 3pocTaHHA KyTa mudpakuii 20 npn
11,41°, 22,97°, 34,43°, 38,99°, 45,99°, 59,94°,
61,25° Ta 65,13° saxi BignoBimanTb 6asaib-
HUM Biffo6paxenusam (003), (006), (012), (015),
(018), (110), (113) ta (116), w0 BKa3yIOTh HA
¢dbopMyBaHHsA IIAPYBaTOi CTPYKTYpU Trimpo-
tanbkity  (Ni . Fe ,.(CO,), ,.(OH),-0.38H, O,
JCPDS Card Ne 40-0215). 3a BenuKMUX KyTiB
(26 > 50°) na audpaxrorpamax Ni Fe-LDHs €
ny6rner pedrekcis, 110 BifnoBizae 6azanbHUM
BiffoOpakeHH:M 3 infiekcamu Minepa (110) Ta
(113), HasIBHICTD SIKOTO CBiJYNTH PO BUCOKMIA
CTYIiHb KPUCTAIIYHOCTI OflepyKaHMX 3Pa3KiB.

Y  pentreniBcpkumx  audpakrorpamax
(Puc. 3) 3paskiB 3i 30inblIeHHAM 4acy CUH-
Te3y 3pas3KiB CIIOCTEpIraeMo IIOABY HOBUX
mudpakuinaux mikis npu 20 = 30,1°, 35,5°,
43,1°, 53,4°, 57°, 63,1° Ta 74,9°, 1110 IIOB I3aHO
3 BigmoBigHUMM iHAekcamu Mimnepa (220),
(311), (222), (400), (422), (511), (440) i (533)
BiiMOBiiHO, 110 K0Ope y3romkyoThes 3 ICSD
Card Ne 73676 g pepury Hikemto (Fd-3m) i3
TPaHEI|eHTPOBAHOK KYOiYHOIO IIIiHEeJIeBOIO
KPUCTATIYHOIO CTPYKTYpolo (Puc. 4a).
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Puc. 2. Ilopoukosi audpaxTorpamu 3paskis i3 pisuuM cniBBigHomeHHsAM Ni**/Fe*' y peakuiiniit

CyMinmii: NizFe-LDHs1 0/ Ni3Fe-LDHs1 o2 T2 Ni 4Fe-LDHs1 012
Fig. 2. Powder X-ray diffraction patterns of samples with different Ni**/Fe** ratios in the reaction mix-

ture: Ni,Fe-LDHs  ,, Ni.Fe-LDHs and Ni,Fe-LDHs, .
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Puc. 3. TTopomurkosi sudpaxrorpamu 3paskis 3i criBpigHomennam Ni**/Fe* = 2, oneprxaHux 3a pisHux
ymos cunTesy: Ni,Fe-LDHs, ., Ni,Fe-LDHs  .ta Ni,Fe-LDHs _ .
Fig. 3. Powder X-ray diffraction patterns of samples with a ratio Ni**/Fe’**= 2, synthesized under dif-
ferent conditions: Ni Fe-LDHs,  , Ni Fe-LDHs,  .taNi Fe-LDHs

160/2° 160/3 180/3.
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3 iHmoro 60Ky, — gudpaKTOrpamMm BKasy-
I0Tb Ha Te, WO ¢asa ¢Geputry BUABIAETHCA
Ha JudpakTorpaMax jJuIle OFHOIO 3paska —
Ni Fe-LDHs .. luppaktorpama s 3paska
3 MeHLIMM BMicToM 3ani3a Ni,Fe-LDHs, . mae
He3HauHe «2azio» mpu 20 = 20 30° 20, mjo, 5K
IpaBIJIo, 6y/I0 OB sI3aHO 3 HasIBHICTIO aMop (-

Hoi ¢asu. VimosipHo, 11e sBuIE 6y/10 MOB’s-

Puc. 4. 3D-xpucraniuna crpykrypu NiFe O, (a) ta Ni . F

3aHO 3 HE3HAYHOIO Ki/IbKiCTI0O HEKPUCTAIIYHOI
¢dasn y cxmapi 3paska. TakuM 4MHOM y IIbOMY
BUIIAJKY OTPUMMaHO MOAMGIKOBaHWII IIapy-
Batuii Marepian (Ni,Fe-LDHs/Cit), Tomy npa-
BOMipPHUM € NPUITYLIEHH, 1[0 OpPraHi4Hi Mo-
JIEKy/I BK/IIOYEHi [JO JI0r0 MIKIIOLMHHOTO
npoctopy (Puc. 46).

(6)

i
ﬁe
m’ss“

e,,,(CO,), ,.(OH) -0.38H,0 (6),

BidyasizoBaHi 3a gornomoroi Mercury 3.8 software

Fig. 4. 3D-crystal structures of NiFe O, (a) and Ni F

visualized using Mercury 3.8 software.

Kpim nporo, 3 maHux audpakiiitHux mo-
CIIIJPKEHb 3pasKiB pO3paxoBaHO IlapaMeTpyu
KpucTtaniyHoi rpatku (3R-momitum) 3i cTpyk-
TypoIo Tifjporanpkity Ta mmiHeni (Ta6zn. 2).
Od4ikyBaHO NapaMeTpy KpUCTalivyHOI KOMip-
ku NiFe-LDHs cyTTeBO 3MiHIOIOTbCA 3i 30i/1b-
meHHsM criBBifHomenns Ni(II)/Fe(I1I). IIpu
LIbOMY CIIOCTEpIra€EMo Tpaji€HTHY IOC/iIOB-
Hy 3MiHy Konbopy 3paskiB Ni,Fe-LDHs, , ,
Ni Fe-LDHs,  taNi Fe-LDHs, , 31 CBiT/I0-KO-
PUYHEBOTO Ha TipYMYHO-KOPUYHEBMIL, IO
TAKOXX BKa3ye CTPYKTYPHI 3MiHM y 3pasKax

NiFe-LDHs. MixXniouuiaHa BigcTaHi (d(oos))

https://ucj.org.ua

(CO,), ,,(OH),-0.38H,0 (b)

025 0.125

IJIA 3pasKiB NiZFe—LDHs Nz Fe-LDHs

160/2° 160/2

Ni Fe-LDHs,  , 3rinHo nmd)paKuu/IHMX nocm-
IKeHb CTAaHOBUTH 7,55 A, 7,63 A 17,71 A Big-
nosigHo. [Tapamerp peuriTku (a), 1o Bifmosi-
Ja€ MiHIMa/bHI BifiICTaHi KaTiOH — KaTiOH y
OpycUTOBOMY IIapi KOpEJIIOE 3 HONIOXKEHHAM
niky mromyHyu (110), a 3amiHa ABOBa/IEHTHO-
ro kariona Ni(II) Ha MeHIINIT TpUBaNTEeHTHUI
kation Fe(III) B peuritii mpu3BOAUTD 1O 3MeH-
meHHS 00’eMy KOMipKM, OT>Ke, 3HAYeHH: IIa-
paMeTpa KOMipKM 3MeHIIY€eTbCs 3i 30iIbIeH-
HAM BMicTy Fe** [39].
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Tab6m. 2
Kpucranorpagiuni mapamerpu Ta po3Mip KpUCTaliTiB offep>KaHNX MaTepiasiB 3a maHu-
MM IIOPOIIKOBOI PeHTIeHiBChKOI AudpaKmii

Table 2.
Crystallographic parameters and crystallite size of the obtained materials according to
powder XRD data.
npocToposa rpymna Fd3m
3pasok - P P pYo FWHM, | D, um
d,, A a=b=c, A V, um’
NiFe-LDHs . 2,752 8,3471 0,5815 0,34 5,7
npocroposa rpyna R3 m(3R nomitum)
3pasok doos, A a=b, A c, A FWHM D, um
NiFe-LDHs,, 7,9375 32144 23,6021 0,92 11,2
NiFe-LDHs, , 7,8718 3,2131 23,4131 0,34 38,5
Ni Fe-LDHs,,, 7,8772 3,2106 23,4295 0,381 33,5
Ni Fe-LDHs,, 7,9384 3,2133 23,6131 0,511 22,7

Ipumimxa. FWHM - noBHa MPYMHA Ha HAMiBBUCOTI AN PaKIiitHOTO miKy; D — po3Mip KpUCTaiTY.

Posmip KpucramiTiB Ofep)KaHUX MaTepi-
a/liB po3paxoByBa/lM 3a [jOMOMOrow ¢opmy-
nmu le6as — lleppepa [40], BiH 3HaxXouBCs B
miamasoHi Bifg 11,2 no 38,5 um (Ta6z. 2). Ilpu
IIbOMY BifOyBa€Tbcsi 3MEHIIEHHS pO3MipiB
KPUCTATIB 31 3pocTanHsamM M*'/M?*-cniBBiz-
HOIIIEHHS, 1[0 MO>Ke OyTHU OB A3aHO 31 3MeH-
IIEHHSM 3B 3Ky MK 1mapamu [41].

Coip BigMiTUTH, 1110 KPUCTA/TIYHi TOPOLIKA
31 CTPYKTYpOIO LIIiHEI, 110 CUHTe30BaHi Off-
HOCTA/IifIHO B pe3y/IbTaTy TPUBAIOTO 06po6-
JIEHHA peakIifiHOl CyMilli, € HAaHOPO3MipHMU-
M. Hano4yacTKM XapaKTepusyroThCs HasgBHIC-
TI0O MarHiTHUX BJIACTMBOCTEN, IO NPOABIIA-
10Tbcs1 HaBiTh 3a f1ii NdFeB-marHiry.

XimiuHmit ckman MaTepianiB 6yn1o orjiHeHO
3a JOIIOMOTOI0 JIOKA/IbHOI €HEPTOAVCIIEPCITHOI
PEHTIeHIBCbKOI CIIEKTPOCKOIIII, 1110 JO3BOINTIO
OTPMMATH AK BMICT OCHOBHMX €/IEMEHTIB TaKMiA
IXHIN pOSIIOAII y IIOBEPXHEBOMY IlIapi MaTepi-
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aniB (Puc. 5a). Tunosuit EDX-criektp pocii-
mxyBaHoro Mmarepiany (Puc. 56) meMOHCTpye
HaABHICTb XapaKTEepPHMUX IIIKiB, 11O BiJIIOBifa-
IOTh €7IEMEHTaM, IO BXOMATD [JO JIOTO CK/Iafly:
HiKeJIb, 3a/1i30, ByITIELb Ta a30T. AHA/i3yI0UN
OTpPUMaHi CTIeKTpy, ineHTndiKyBam IpucyTHI
€/IeMEHT) Ta BUSHAYNUTH IXHIO BiJHOCHY Ki/lb-
KicTb, y T. 4. criBBigHOLIeHHs Ni**/Fe’ (Tabm. 3).
AJKe eHeprif MKy IpsAMO NPONopLiliHa aTOM-
HOMY HOMEDPY €/IEMEHTA, a BUCOTA ITIKY — Ki/lb-
KOCTI BiJIITOBiJIHOTO €/IEMEHTA B 3PA3KY.

(6TaxuM YMHOM, Yy pe3y/nbTaTi CMHTe3y IIe-
peBakarouuM MDKIIApOBMM aHIOHOM Y 3pas-
kax NiFe-LDHs € anion NO,, ajpke pesyinb-
TaTy JIOKAJbHOI €HePrOfMCIIEPCiIHOI peHTTe-
HiBCHKOI CIIEKTPOCKOIIII Ha HasABHICTb a30TY B
3pasKax MiATBEPIKYETbCA NAHVMU €IE€MEHT-
HOTO aHasIi3y, X04a IPUCYTHICTb KapOOHaTiB,
IDKEpEIoM AKMX € JJIOKCUT, BYITIEIIIO 3 IIOBITP4,
TAaKOXX He MO>KHA BUK/IIOYaTI.
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ull Scale 196 cts Cursor: 6907 (10 cts)

2 4 6 3 10

)Puc. 5. CEM-mikpodoTorpadis 3 po3nofiiom To490K aHamisy (a) Ta Bignosigamii ciiektp (6) eHepro-

JUCIIEPCIITHOI PEHTTeHIBCHKOI crieKTpockomii 3paska Ni Fe-LDHs

160/2

Fig. 5. SEM-image with analysis point distribution (a) and the corresponding EDX spectrum (b) of the

Ni Fe-LDHs, sample.

160/2

Ta6m. 3

XiMivyHMI1 CK/Iaf ofiep>KaHNX MaTepialiB Ha OCHOBI €1eMEHTHOTO aHa/Ii3y Ta JAHUX aHaIi-

3y IIOBEPXHi METOJOM €HEeProfyICIIePCiiiHOI PEHTTeHiBChbKOI CIEKTPOCKOIIIL

Table 3.

Chemical composition of the obtained materials base don elemental analysis and EDX

data.
EDX-anani3 (am. %) EnementHumit anamis
3pasox (saz. %) Ni**/Fe**
Ni Fe | N(NO,) C C N (NO;)
NiFe-LDHs,,. | 3555 57,25 - 2,52 2,11 - 1,1/1,9
NiFe-LDHs,,. | 63,77 31,55 0,93 4,68 3,89 1,77 | 2.02/1.0
Ni Fe-LDHs,,, | 63,23 29,42 0,95 0,47 4,17 1,11 2.2/1.0
NiFe-LDHs,,, | 7391 25,07 0,64 0,36 435 245 | 3.2/1.08
NiFe-LDHs,,, | 79,81 19,41 0,70 0,08 4,58 1,48 | 3.9/0.95

Ha CEM-MmikpodoTorpadisax opepkaHUX
MarepiaJiiB CIIOCTEPIra€EMO YaCTKM Bifi KiIbKOX
HaHOMETPIB JI0 Ki/IbKOX COTE€Hb MiKpOMETpIB
y Me>xax ofgHoro 3paska (Puc. 6). To6to, nesxi
YaCTKU arperyioTh y OiIbII BeMMKi CTPYKTYpU
a00 yTBOPIOIOTH KOHIJIOMEPATH IIiJl Yac BUCY-

https://ucj.org.ua

IIyBaHHS, X04Ya 3a3BUYall Y BOSHMX PO3UM-
Hax BOHU 30epiraioTh IIaCTMHYACTY (opMy
YaCTOK Ha MeXi HAaHOPO3MipHOI obnmacTi [24].
B oxpemux BuIapkax OfMHMYHI 4acTKM Ma-
I0Tb JIOKa/IbHI leeKTy ab0 HecniBMipHOCTI B
PpO3Mipi, IKi MOITIM BUHMKHYTH I1iJ] YaC IXHbOTO
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CMHTe3y 3a TipOoTepMaabHOrO 00pOOIeHHs
nopoiukis (Puc. 6a’-2’). BaxnuBum acrekTom
€ HAABHICTH IIapyBaTOl CTPYKTYpM 3pasKis,
1[0 BX/IMBO /IS PYHKIIIOHAIbHOCT] IIapyBa-
TUX aICOPOEHTIB, 30KpeMa /sl iXHbOI 3[[aTHO-

CTi 1o agcop6buii un 06bminy ionamu [22]. Kpim
IJbOTO, BCTAHOBJ/IEHO, 1[0 OTPUMAHO C/IA0KO-
arJloMepoBaHi HAHOYACTKM (epuTry HiKemo
(Ni,Fe-LDHs,, ) 3 BYSI)I,U/[M pO3IOZiIOM TTOp
3a posmipom (Puc. 6 2, 2°).

Puc. 6. Mikpodotrorpadii ckanywo4oi eneKTpoHHOI MiKpockomii ofiep>kaHuX 3paskiB i3 pisHOIO

marHidikarniero: Ni,Fe-LDHs

160/2

(a, "), Ni,Fe-LDHs
(v, r’) micna BucyuryBanHs 3a 120 °C npotsarom 2 rog,

160/2

(6, 6"), Ni,Fe-LDHs . (B, 8’) Ta Ni,Fe-LDHs .

Fig. 6. SEM images of the obtained samples at different magnifications: Ni,Fe-LDHs,, (a, @),

Ni,Fe-LDHs , (b, b"), Ni Fe-LDHs

160/2 160/2

Ha IY-cnmekrpax cmHTe30BaHMX 3pasKiB
(puc. 7) BUABIIEHO CMYTH, SKi XapaKTepHi s
rigporanpkiTonopiouux cnonyk [27]. Cmyra
HorIMHaHHA B obmacti 3300-3550 cm™!, Makcn-
MYM KOl criocTepiraerbcs npu 3440 cm™, Big-
TI0BiZja€ BaJleHTHNM KommBaHHAM H-3B’sA3aHux
OH-rpyn 6pycuronofioHmx mapisB i MomeKyn
BOJM, L0 PO3TAIIOBYIOTHCA B MDKIIIAPOBOMY
npocropi. ITnede npu 2850-3100 cm' Bipmo-
Bifla€ BaJICHTHMM KO/IMBAHHAM IPYI MOJIEKYIT
BONM, IIOB’A3aHMX BONHEBMMM 3B sI3KaMU 3
MbkimapoBumy a"ioHamu. Cmyry mpu 1630 e
BiHOCATD 10 HedopMaliiiHIX KOMBAHb BOAK
(6(0-H)) y MmixXmapoBoMy IIpOCTOpi IOpO-
wKiB. B o6macti 1300-1600 cm cioctepiraemo
CMYTH, 1110 BIZITIOBI/IAI0Th Ba/IEHTHUM KOJIMBaH-
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(¢, C),and Ni,Fe-LDHs

1503 (A @) after drying at 120 °C for 2 hours.
HAM MDKIIAPOBUX aHIOHIB. Y 3pasKkax i3 Iie-
PEBAXXAIOYOI0 IIAPYBATOI CTPYKTYPOIO CMYra
NIOITIMHAHHSA, 10 NPOABJIAETbCA Y CHEKTPI TPy
1438 cm', noB’s3ana 3 HasBHicTIo NO, -aHioHiB
y MbKIIapoBoMy NpoMiKKy [42]. 3MiHy Xa-
PaKTepHOTo IMONOKeHHA cMyru 1450 cm™ s
BinbHux ioHiB CO,” 3yMOB/IEHO 3HIDKEHHAM
CUMeTpii aHiOHiB, 110 3HAXOAATbCA B MiXIIIA-
poBOMy TpocTOpi [43], 110 NpPOSABIAETHCA B
[Y9-criexTpax ofiep)KaHMX IIapyBaTUX Marepia-
niB. BanentHi komuBanus Fe-O ta Ni-O y 6py-
CUTOIIOAIOHNX IIapaX PeeCTPYIOThCA CMyraMu
HOI/IMHAHHA Y [iana3oni Hypkde 1000 cv™' [42].
Y niamasoni 457-668 cm™! criocrepiranu Habip
IHTEHCMBHMX CMYT KonuBaub pemtitku M-O,
M-O-M i O-M-O (me M = Ni a6o Fe).
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Puc. 7. IY-cnexTpy NOIIMHAHHA Oflep>KaHMX 3PasKiB 31 CTPYKTYPOIO IiJpOTanbKiTy
Fig. 7. FTIR-spectra of the synthesized hydrotalcite-like materials.

Tepmiune o6po6neHHs 3paskiB 3a 400-
500 °C npusBOAUTD [0 BUJATEHHA MOJEKYII
BOIM 3 MDKIIApOBOTO IPOCTOPY INAPYBAaTUX
NOABIIHUX TiIPOKCUJIB, LIO CBiAYUTH IMPO
Te, 10 Ha [Y-crekTpax crocrepiraerbcs 3HU-
JKeHHs iHTeHCUBHOCTI cmyr mpu 1630 cm™ i
3440 cm. TlifBuieHHs TeMueparypu o6po6-
JIEHHSA TPU3BOJUTDL [0 JIETiTPOKCUIOBAHHA
METAITiAPOKCUIHYX HIAPiB, 10 IPOSABIAETbCA
Y 3MEHIIeHH] IHTEHCUBHOCTI CMYT IIOITIMHAH-
H4, AKi BifinoBigaioTh konmuBaHHAM OH-rpym.
[Toxi6bHO 1O 6iNBLIOCTI MIAPYBATUX TifPOKCHU-
JIiB TIPOIYKTY Ka/IbIIMHYBaHHs 3pasKiB Ni,Fe-
LDHs,  ,ta Ni Fe-LDHs, ,nipu > 500-900 °C
BUK/IMKA€ YTBOPEHHA CTPYKTYp TUITY IIIliHe-
neit (Cxema 2a). Panime 6yno mokasaHo, 110
IPOAYKTU TepMidyHOro 06pobnenHs MgAl-
LDHs mipy KOHTaKTi 3 BOJ[00 260 BOJHUMMU
pO34YMHaMU COjIeN 3[1aTHI BiTHOB/IIOBATY LIa-

https://ucj.org.ua

pyBaty cTpykrypy [31]. MoxHa BigsHaumTH,
wo Ni Fe-LDHs, ,,ta Ni Fe-LDHs,  , y 0uKii
«Oeziopamauii — peziopamauii» BiJHOBIIOIOTH
HIapyBaTy CTPYKTYpy 3HAa4HO IIOBHillle, HiX
Ni,Fe-LDHs, , , 3a aHa/IOT{YHIX YMOB.

TepMiuHy NOBeJiHKY CMHTe30BaHUX 3pas3-
KiB JJOCHIJPKyBa/nu 3a JIOIIOMOTOX TE€PMOIpa-
BiMeTpnuHoro aHamidy (TTA) B temmeparyp-
HoMy pianasoni 25-600 °C (Puc. 8), a K/11040Bi
cTajil IXHbOrO TEMIIEPATYPHOI'O PO3K/IalaHHsA
y3aranbHeHO B Tao6m. 4.

3rigno 3 manumu TTA, nepiua crajiis BTpa-
T MacH, Jie LapyBaTi MaTepiany BTpavalOTb
¢isnuHO aficopboBaHy BOAY, Mae OfHAKOBUI
IIpOAB I BCIiX 3pasKiB i JIEXXUTH y /liala3oHi
temnepatyp fo 140 °C, a BTpara Macu KOnu-
BaeTbcA Bif 1,2 10 6,5% BiANOBIAHO 1O piBHA
CTPYKTYPYBaHHA 3a JaHUMM PEHTIEHiBCHKOI
mudpaxuii (Puc. 2).
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Puc. 8. TepmorpaBiMeTpuyHi KpMBi CMHTe30BaHNUX 3pa3KiB:
Ni,Fe-LDHs,  (a) Ta Ni,Fe-LDHs, (6)
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Fig. 8. Thermogravimetric curves of the synthesized samples:
Ni,Fe-LDHs,  , (a) and Ni,Fe-LDHs (b).
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Tabn. 4
JlaHi TepMorpaBiMeTpM4YHOr0 aHAIi3y CMHTE30BaHNUX 3pa3KiB
Table 4.
Thermogravimetric analysis results for the synthesized samples.
Crapnis | Crapiga 11 Crapig 111 Crania IV
3pa3ku 3ar
P AT, Am, AT, (°C) Am, AT, Am, AT, Am, (%)
O | o) | 7 (%) | O | (o) | (O | (%)
Ni,Fe-LDHs . | 25-135 | 1,2 |140-205(15,4 |200-350| 8,8 |450-600| 3,2 | 71,2
NiFe-LDHs ., | 25-140 | 3,1 |150-230 (12,4 |205-345| 10,8 |445-595| 4,6 | 57,6
Ni,Fe-LDHs,,, |25-145| 6,5 |145-200|10,3 |200-340| 6,7 [440-595| 3,2 | 63,3
Ni,Fe-LDHs ,,,, | 25-150 | 4,4 |135-200 (11,2 |205-345| 10,0 |445-595| 3,8 | 60,2
NiFe-LDHs,,, |25-145| 6,5 |145-200|10,3 |200-340| 6,7 [440-595| 3,2 | 63,3

3arajioM Ha JilepMBaTOrpaMax, Ofep>KaHMX
y pesynabTaTi TepMOIpaBIMETPUYHMUX MOCII-
IDKEHb OfIep)KaHMX 3pasKiB, MOXKHA BUIIIUTH
4OTUpU TeMIlepaTypHUXiHTepBamm: 25-150°C,
150-200 °C, 200-350 °C ta 350-600 °C (Puc. 8).
Sxmo Ha mepumiomy erami BifOyBaerbcs fe-
copbuis ¢isuyHO afcOpOOBAHMX MOJEKYI
BoAu Ha nosepxHi NiFe-LDHs, T0 Ha [Jpyro-
My eTalli — pO3TallOBaHOI y MDKIIAPOBOMY
npocropi 3paskis. Ha tpeTbomy erani BTpara
Macl IEepeBAXKHO 3YMOBJIEHA peaKLiAMU Je-
TifIpOKCU/TIOBAHHS Ti[POKCUAIB MeTasiB Opy-
CUTOIIOAiOHMX IIApiB, a TAaKOXX BUJAJICHHAM
aHioHiB i3 MikIIaposoro mpocrtopy (y pomy
BUIIAJKY BUAIAIOTHCA KapOOHAT! Ta HiTpa-
T). Y 4eTBEPTOMY iHTepBali BTpaTa Macu
BiIOBifja€ IIOBHOMY [€riIpOKCUIIOBAaHHIO
3pasKiB i pyilHYBaHHIO IIAPyBaTOI CTPYKTY-
pu Marepiany 3 BUBIIbHEHHAM 3a/IMIIKOBUX
aHioHiB MixmapoBoro mpoctopy [31]. Haii-
Oinplra BTpaTa Macy BifOyBaeTbCs y iHTepBa-

https://ucj.org.ua

mi temmepatyp 190-300 °C. 3i 36inblIeHHAM
BmicTy Ni(II) y 3pasky BrpaTa Macu 36inbury-
erbes. o 6impine Ni(II) y 3paskax, To MeHIIa
TyCTMHA 3apANY, i TUM MeHIIe KOMIIEHCYIOUNX
aHIOHIB 3HAXOAUTHCA y MDKIIAPOBOMY IIPO-
CTOpi IIAPYBAaTMUX IMOABIMHUX TiAPOKCUJIB.
Hesenuxka Brpara macu € i1 B iHTepBai = 600-
950 °C i IpUNNCYETHCA BULATEHHIO 3a/IMIIKO-
BIX KapOoHatiB Ta Bogu [22]. EHgoTepmiuHi
niky 3a 160-200 °C Ta 300-450 °C Ha Kpu-
Bux JITA BignoBifaloTh BUIa/T€eHHIO MOJIEKY
BOJY Ta PyVMHYBAaHHIO IIapyBaTOl CTPYKTYypu
TiIPOKCUJIB.

Bnnue napamempis copbuii Ha ouuujeHHs
800HUX PO3UUHI6 8i0 Papmnpenapamis 3a 00-
NOMO02010 00epHaHUX copOUitiHux mamepianie

Bnnue pH cepedosuuia. Brinmus Benmmanum
pH posumny Ha cTyniHb BUIy4EeHHA aHajli-
Ty FOCII/PKEHO B IIMPOKOMY Jialla3oHi, 10
BifmoBigae o6macti crabimpHOCTi das cop-
6entiB [22] (Puc. 9). Sk BUJHO 3 PUCYHKa,
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MaKCYMYM BeIMYUH COpOIil 3HAXOOUTHCS B
inrepsani pH 7,5-9,0, mo Bignosigae pH 7,0~
8,0. IIpn sumwxenni pH y pesynbprari KOHKY-
penuii M nporonamu (H,0%) i guxnodena-
Ky COpOIisl OCTaHHBOTO 3HIDKYETbCA. Y il
obmacti pH cepemoBuiia aHajiT 3HAXOAUTHCS
y IOBHICTIO IeIPOTOHOBaHIl aHIOHHI Popmi
(pK, = 4,21[37]). BoueBuap copbuis Tokcmy-
HUX (apMIpenapariB 3yMOB/IEHa, B OCHOB-
HOMY, B3a€EMOJi€l0 iXHiX aHiOHHUX ¢opM i3
IIOBEPXHEBUMI TiPOKCUIBHUMM TPyIIaMu
OJlep>KaHMX Marepialis, y T. 4. 1 3 MeTaI-Tifi-
poxkcunbHoro mapy. Ilokasano, o opranivsi
aHIOHM BIIY4Yal0Th OCTAaHHIMU 3 BOJHUX PO3-
YIHIB Ta BeIMYMHN COPOLiT /I JOCTIIKEeHNX
COpOEHTIB CTAaHOBJIATH O 95 MI/T.

q, (Mr/r)

100 . ; ; ;
80 - 1
60 .
40+ 1
204 —O— Ni,Fe-LDHs 5,; (NiFe,0,)
—O— Ni,Fe-LDHs, ),
—O— Ni,Fe-LDHs, ),
0 T T T T T T T

5 6 7 pH 8 9 10 11

Puc. 9. Bumus pH na copbuito DES ogmepka-
Humu spaskamu (ymosu: C (DFS) = 100 mr/r, Ha-
Baxkka 0,050 1, 06’em 50,0 M1 3a KiMHATHOI TeM-
neparypu)

Fig. 9. Effect of pH on the sorption of DFS onto
the prepared samples (Experimental conditions:
initial DFS concentration 100 mg/g, adsorbent
dosage 0.050 g, solution volume 50.0 mL, room
temperature).
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Bnnue mpusanocmi eunyuenns. Jlocmimxe-
HHsI BIUIMBY TpuBanocTi cop6buii DFS i3 mope-
NIbHVX PO34MHIB Ha npukiani Ni,Fe-LDHs
Ni,Fe-LDHs  , ta NiFe-LDHs,  -3paskamu
IIPOBEIEHO BIIPOZIOBX 4 TOAVH 3a ONTUMAJIb-
Horo 3HaueHHs pH cepenosuina (Puc. 10).

120 1
100 ~ 1
E\ 80 |
ot
=
= 60
@ -
H—OO——O
. / ﬁ)/:/
20, / —©— Ni,Fe-LDHs, 5 (NiFe,0,)
) —O— Ni,Fe-LDHs, 4,
0 —O— Ni Fe-LDHs ),
0 40 80 120 160 200 240
t (xe)

Puc. 10. Kineruxa cop6uii guxnodenaky HaT-
pil0 3 BOJHOTO PO3YNMHY Ha Offep>KaHMX 3pasKax
(ymoBu: C (DFS) = 125 mr/r, pH = 7,5, m= 0,050 1,
V = 50,0 M1 3a KIMHaTHOI TeMIIepaTypu)

Fig. 10. Kinetic adsorption data for diclofenac
sodium onto the obtained samplesfrom aqueous
solutions (Experimental conditions: C (DFS) =
125 mg/g, pH = 7,5, sample weight 0.050 g, volume
50 mL, room temperature).

ITpu oumieHHi BogHMxX posunHis Bifg DFS
copO1iliHa 34aTHICTb OflepXKaHMX 3Pa3KiB pi3-
KO 36ibIITyeThCs BIpOoBX 60 XB. Ta 3i 3poc-
TaHHAM 4Yacy BWIYYEHHS IIOCTYIIOBO IifiBU-
LIYEThCA. 3arazoM y CUCTeMi BOJHMII PO3YMH
«copbam — copberm» BUCOKi 3HaUCHHS BeNN-
uH copOIiii gocsaraoTs yepe3 90 xB. [Ipore
copO1ijiHa piBHOBara Ha KO)XHOMY 3i 3pasKiB
BCTaHOB/IIOETbCA BIpofoBX 180 xB. Sk Bu-
IUIVBA€E 3 HABEMICHNMX JJAHMX, IIBUAKICTD cOpO-
1il IPaKTUYHO HE 3a/JIeXUTDb Bifi KaTIOHHOTO
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CKJIaJly 3pa3Ka Ta iCTOTHO 3a/I&KUTh Bifi YMOB
IXHBOTO CMHTe3y, TOOTO (Pa30BOro CKIALY.

Cnip 3asHauMTH, 1O KiHeTMYHi KpuBi
copbuii mocmimxyBaHoro QapmaleBTUYHO-
ro IIpernapaTy Ha OfepXKaHMX cOpOeHTax 3a
KIMHaTHOI TeMmIlepaTypy Ta IIOCTiIHOMY Iie-
peMilllyBaHHi He 3a/1eXKaTh Bifj iIHTEHCUBHOCTI
IepeMillyBaHHA CYCIIEH3iI IIpM BCTAaHOBJIEHHI
copO1iitHOi piBHOBarM.

OtpumaHi KiHeTnyHi KpuBi cop6uii aHio-
HiB AVK/IOQeHaKy IIapyBaTVMU IOABITHNMU
rifpoKCcHUaMI Ta IXHIMU MOXiTHVMU Y 3a3Ha-
YEeHMX KOOpPAMHATaX 32 MajiMX 4aciB KOHTAaK-
Ty a3 € OM3bKMMM [0 MiHINHUX, TOTIM IIpK
36i/IbIIEHH] Yacy KOHTaKTy — 4epe3 3/1aM Ile-

T T T T (a)
©  Ni,FelDHs g,,(NiFe,0,)
41 8 o ©  NiyFelDHs 4/,
o® ©  Ni,FeLDHs s, 1
0.
e -
9 _
g 9 &
=77 o .
S o 1
©- .
© .
0 9 9 ]
0 100 200 300

t (xB)

pexopATh mo iHmoi miHiitHOl ¢yHkuii. Binpi-
30K Biff TOYaTKy KOOPAVHAT 10 TIOYATKY 37IaMy
BiffHOCATD 10 udysii copbaTy 3 po3dnHy Ko
IIOBEPXHi COPOEHTY 4yepes3 IUIBKY (30BHIlIHA
nmbysiﬂﬂa KiHeTMKa), ApyTra Hi/IAHKa — Bifgmo-
Bimae muysii B dasi copbenry. Ile o3nauae,
1[0 IIpOLjeC MPOTikae B 3MilTaHnoaudysiitHOMy
pexXumi, TO6TO KOHTPOMIETbCs udysien B
IiBLi po3unHy Ta fudysiero B ¢pasi copbeHTy.

[ ommcy excrepuMeHTaNbHMX MaHUX
0y/10 BUKOPVCTAHO KiHeTWYHi Mofiei IIceB/io-
MepIIoro Ta ICEBIOAPYroro HOpsAKiB. 3Ha-
4eHHsA KOHCTAHT k Ta k, 6y/10 OTpUMaHO 3 rpa-
dikis sanexuocreit In(q, - q,) Bin t Ta t/q, Bin £,
Bignosiguo (Puc. 11).

5 : . . . ®)
© Ni,FeLDHs ,; (NiFe,0,)
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41 © Ni;FeLDHs,y,, ) 1
©
34 © 1
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588
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Puc. 11. JliHeapusaiiis eKcliepMeHTaIbHMX JaHUX KiHeTuky cop6uii DFS Ha ofep>xanux copbenTax
y KOOpAiMHATaX KiHeTWYHNX MOJie/Iell IICeBIOIEPIIOTo () Ta ICceBAOAPYroro (6) mopsaaky

Fig. 11. Linearization of kinetic sorption data for DFS on the obtained sorbents in the coordinates of
the pseudo-first-order (a) and pseudo-second-order (b) kinetic models.

PospaxoBaHi KOHCTaHTU IIBUJKOCTI Ta KOe-
dinientn xopemanii csiguare (Tabzn. 5), mwo
KIHeTMYHI 3a/IeXKHOCTI Kpallle J1iHeape3yTh-
¢ B KOOpAMHATaX PiBHAHHA IICEBIOLPYIOro
nopsAaKy (koedilieHTV KopessLii CTaHOB/IATD
Big 0,9122 mo 0,9913).

https://ucj.org.ua

TakuM 4MHOM, 0OpOO/IEHHS eKCIepyMeH-
Ta/IbHMX JAHNX POPMaTbHUMY KiHeTIHUMMU
PIBHAHHAMU II0OKa3aja, 10 B Ipoljeci copOil
criocrepiraerbcs cymapumii epext audysii Ta
XiMIYHOI peaKliii.
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Tabm. 5.

ExcnepumeHTanbHi Ta po3paxoBaHi KiHeTnuHi mapamerpu cop6uii DFS i3 BogHux pos-
YIHiB Ha OTPMMAHNX 3pasKax

Table 5.

Experimental and calculated kinetic parameters of DFS sorption from aqueous solutions

onto the obtained samples.

» Mopenp nceBROIEPUIOro MOPSIKY | Mozenb IICeBIOAPYroro MOPSIAKY
3paskn (1\q4€r /;) g K, . g K, "
(mr/T) (xB) (mr/r) (r/mMrxB)
NiFe-LDHs, . 47.0 52.55 0.0188 0.9482 57.4 0.000352 0.9122
NiFe-LDHs,, | 113.0 222 | 00162 | 08612 | 1281 | 0000266 | 0.9627
Ni Fe-LDHs, , 120.0 1.13 0.0127 0.9829 128.1 0.000508 0.9913

Ipumimka. g% Ta q°" — eKCIIepUMeHTaIbHI Ta po3paxoBaHi BeanHM cop6uii Binmosiguo; K, i K, € xoncran-
TaMM IIBUAKOCTI MOfiefiell IICeBONepIIOro Ta IICEBROPYTOro NOPAAKY BifillOBigHO.

Isomepmu adcopbuii. 3 MeTOK BU3HAYEH-
HS COpPOLIHMX XapaKTepUCTUK Ofep>KaHUX
copOeHTiB pisHOro cK/Iasy Oynu eKcrepuMeH-
TaJIbHO OTPMMaHi i30TepMu cop6ui’1’ LIi7TbOBO-

ro (apMaleBTUYHOIO Iperapary B CTaTHUC-
TUYHVX YMOBaX. 3araJbHMIl 9ac copouii opra-
HiYHOTO 3a0pyZHIOBaYa 3 MOJIETIBHOTO PO34M-
HY CTaHOBUB OfiHy Hiu (Puc. 12).

120 T T T T

80 -

qe (MI/1)

=©=Ni,FeLDHs,,
=®=NiyFeLDHs, ),
=O=Ni,FeLDHs 4,
== Ni,FeLDHs 45

40

(Ni,FeLDHs/Cit)
0 , . ' . __=©= NiyFel DHs 4 ,(NiFe;0,)
0 5 10 15 20 25
Ce (mr/a)

Puc. 12. Isorepmu cop6uii DFS i3 Bognux posunHis Ha ofepsxannx copbentax (Ymosu: C (DES) =
125 mr/m; pH = 7,5-7,6, V=50 my1, m = 0.05 1, 3a KiMmHaTHOi TemIepaTypu)

Fig. 12. Adsorption isotherms of DFS from aqueous solutions onto the synthesized adsorbents (Ex-
perimental conditions: CO(DFS) =125mg/L; pH =7.5-7.6; V = 50 mL; m = 0.05 g; room temperature).
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Sk BupHO 3 Puc. 11, izotrepmu cop6uiii DFS
Ha BCiX AOCHipKyBaHMX cOpOeHTaX MaloTb
CXOXIII XapaKTep, AKUI BiHOCATDb #KO L-Tu-
ny. 3a HU3bKuX KoHueHTpanin DFS copbentn
JIeMOHCTPYIOTb BUCOKY e(eKTUBHICTb BUITY-
YeHH:, IPAKTVYHO ITOBHICTIO ITOI/IMHAIOYN 3a-
OpynHIoBad i3 po3unHy. OgHaK 3a ITOJja/IbIIOTO
36inbuienHs: KoHueHntpanii DFS cnocrepirae-
MO IIOCTYIIOBE HaCMYEHHA aKTUBHUX LIEHTPiB
COpOeHTIB, IO NPU3BOANUTL IO 3MEHIICHHS
edpexTuBHOCTI cop6buii. Crif 3a3HaunTH, 1[0 B
npoueci cop6uii DFS i3 Boguyx po34nHiB me-
pexony MaTpMYHKX iOHIB i3 Ofjep)KaHUX Cop-
OeHTiB He BinOyBa€eThCA.

Mopeni agcop6uiii Jlenrmiopa [44] i @peitH-
pixa [45] BukopucroByBamyu s o6pobeH-
HA JaHMX i30oTepM cop6uii. PospaxoBani na-
pametpu i3otepM cop6buii DFS Ha opeprxkanmx
copbeHTax y Mexxax Mogpeneit OpeltHmmixa Ta
Jlenrmiopa ysaranpHeHo y Ta6n. 6. Bukopuc-
TaHHA MOfieni J/IeHrMopa Kpallje Onncye exc-
HnepyMeHTa/NbHI JaHi y Bcill obmacti mocri-
IDKYBaHMX KOHLIEHTpalLiil [JOCIiJKyBaHOTO
aHaIiTy, a BenMKi KoedilieHTM Kopersmii
BKa3yIOTh Ha NPUMHATHY MaTeMaTU4HY Bifi-

noBigHicTh (R? > 0,9924), mo cBigyaTb mpo
y4acThb y NOINIMHaHHI aHioHiB DFS piBHOIIH-
HUX COPOLTHNX LIeHTPIiB (€HepreTMYHO eKBi-
BQJICHTHUX i He3aJIe©KHUX), TOOTO IOBEPXHS
cOpOeHTIB € OMM3BKOI 10 TOMOTEHHOI, sKa
IPU3BOANUTD O MOHOMOJIEKY/IIPHOI COpOIil.
OpHak peasbHa IOBEPXHA COPOEHTY 5K TBEp-
moi ¢asu ckopilre HEOFHOPiAHA, 1 3a/IEKHICTD
eHepril B3aeMOJil Biff CTyIIeHA 3allOBHEHHA
IIOBEPXHI aHAITOM 3a3BUYail SB/IsE COOOIO
HEe3HAYHO, ajie CIIa/lalovy (byHKuiIo. Bsaemopis
X azicopboBanux ioniB DFS mix co6oto ichye
Ha Oyab-sKill IMOBepXHi i cTae 6ibII HOMIT-
HOIO 31 30i/lbIIEHHAM CTYIEHs 3allOBHEHHS.
Buecok 11i€l B3aemopii B ajicop6iiito MOBMHEH
36impuIyBaTHCA 3i 36i/bIIEHHAM CTyIIeHA 3a-
noBHeHHs. i mpormnexxHi edpexty B 6aratbox
BUIIA/IKaX KOMIIEHCYIOTb OfIVH OJJHOTO, TaK L0
CIIOCTepeXXyBaHi 3HAYEHHA BEMNYMH cOpOLii
B LIV POKOMY iHTE€PBaJIi CTYIEHIB 3alI0BHEHH
IIOBEPXHi IIAPYyBaTUX MOABINHNUX IiIpOKCHIB
MOXXYTb 3a/JMIIATUCA NPAKTUYHO IIOCTiNHM-
MJ, IO BiZOOpakeHO B 3HAYEHHAX Iapame-
TPiB, OfleP>)KaHMX 3a Mofie/Io JIeHrMIopa.

Tabnuug 6

ITapameTpu nineapusoBanux ¢popm isorepm cop6uii DFS Ha omepxanux agcop6enrax

y pamMmKax mopeneit @peitapixa ta Jlearmropa

Table 6.

Parameters of linearized forms of the DFS sorption isotherms on the obtained adsorbents

within the Freundlich and Langmuir models.

PiBuanna @peitnpixa PiBusaHHA JleHrMIOpa
Copbent pH, I—IEF’ . n R K, 9. R
mr' " gt /r n/mr Mmr/r
Ni Fe-LDHs, . 7,6 15,97 0,4441 0,9329 0,42 55,87 0,9924
Ni Fe-LDHs, . 7,5 57,77 0,1416 0,7880 1,77 86,96 0,9998
Ni,Fe-LDHs, , 7,5 72,88 0,1391 0,9519 1,92 106,38 0,9990
Ni Fe-LDHs 7,6 68,31 0,2058 0,8874 2,50 111,11 0,9993
Ni Fe-LDHs,, , 7,5 72,88 0,2229 0,8334 2,93 112,36 0,9999

Ipumimxa: K, 1a K, - xoncrantu @peitnzmixa ta JlenrmMiopa, BianosifHo; g - eMHicTb MOHOMmAPY; R — koedi-

LiE€HT KOPeJIALII.

https://ucj.org.ua
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TakuMm 4YMHOM, pesy/nbTaTM pO3pPaxyHKiB
CBifjuaTh, 110 IpoIiec copoOIii aHIOHIB AMKITO-
¢deHaKy HaTpilo Ha BCiX HOCTIIPKEHMX afcop-
OeHTax Kpallje OICYIOTh MOfe/Iio JleHrMoopa
Y BUBYEHOMY iHTepBasli KOHLIEHTPALilL.

Pecenepauyis aocopbenmis. bByno nposene-
HO OLIIHKYy MOXX/IMBOCTi IOBTOPHOTO BMKO-
PUCTaHHA Ta pereHepanii ofiep>XKaHuX afcop-
6entiB. IIpoBemeHi pocmimkeHHs IOKa3amn,
o copberty Ha ocHOBi NiFe-LDHs MOXYTb
Oy Ty yCIIIIHO pereHepoBaHi IUISIXOM TepMid-
HOro oOpo6yeHH: 3a Temueparypu o 500 °C
6e3 CyTTEBUX BTpar copOLiifHOI 3aTHOCTI
moao AuKIodeHaKy. 3MiHa YyMOB TepMiuHO-
ro oOpoO/eHHs, TakuX sK TeMIleparypa Ta
TPUBAJIICTD, BIUIMBAE HA 3[AaTHICTb OTpMUMa-
HIX 3MillIaHMX OKCHUAIB BiTHOB/IIOBATM IIIa-
pyBaTy CTPYKTypy 3a IOAA/IbLIOL TifpaTalii.
Bbyno nposepeno rigparalniro 3MilllaHNX OKCH-
OiB LIIAXOM IXHBOTO CYCIIEH[IYBaHHA y BOZi
IPOTATOM  24-TOAVHHOTO IlepeMilllyBaHHA.
BcranoBneHo, mo miBUIEHHA TeMIIEpaTy-
pu 06po6eHHs Ta 30iIbIlIeHHs BMICTY 10HIB
Ni(II) y moyaTkoBuX 3paskax CIIpUAE YTBO-
PEHHIO 0i/bIIOI Ki/IbKOCTI TiIPOKCUAY HiKeITio
Ni(OH), B pereHepoBaHuMx Marepianax, IO
Hi/ITBEp/KEHO JJaHUMM PEHTTeHiBChbKOI mnd-
pakuii. OTpuMaHi pesynbTaTu CBif4aThb MpPO
NEPCIEKTUBHICTh MOBTOPHOTO BMKOPUCTaHHA
azmcop6entiB NiFe-LDHs njist ouniiieHHsS] BOAU
Bifl OpraHiYHMX 3a0pyLHEHD.

BVICHOBKI. Y pob6orti gocnifkeHo 0co6-
MBOCTI CUHTe3y Ta CTPYKTYPHO-COpPOIili-
Hi XapaKTepUCTUKM IIAPyBaTUX IOABITHUX
rigpokcupiB Ni(II) ta Fe(IIl) 3 pisHuM cmiB-
BiJHOIIEHHSAM KOMIIOHEHTIB. BcTaHOBeHO,
IO 3MiHA YMOB CUHTE3y CYTTEBO BIUIMBAE
Ha ¢a3oBUll CKIajf Ta MOp(OJIOrilo OTpuMa-
HUX MaTepiaiiB. 30KpeMa, 30i/bIIeHHS Yacy
Ta TeMIIEPATypy CUHTEe3y CIpUA€E YTBOPEHHIO
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MarHiTHOI ¢asu Qeputy Hikeno, IO HaJa€
Marepiaqly BacTMBOCTel (¢epoMarHeTuka.
3anpoNOHOBAaHMII TiApOTEepPMaNbHUII MeETO[
JI03BONIMB OTPMMATV TOMOTE€HHI (asu mapy-
BaTUX IOABIIHNX TiPOKCHU/IIB Ta IXHIX OKCUJ-
HIX CIIONYK i3 KOHTPOJIIbOBAaHOI CTPYKTYPOIO
TigpoTanbKiTy Ta mmiHeni BignmosigHo. IIpo-
BeJleHi JOCIiKeHHsI COPOLiTHIX BIaCTUBOC-
Tell Ofiep>KaHMX MaTepiajliB 00 OPraHiYHUX
3a0pygHIOBauiB  (apMaleBTUYHOIO  II0XO-
JDKeHHs Ha NpUKIafi AukinodeHaKy HaTpiio
IIOKa3aJIu, 110 IapyBaTi MOABIIHI riipoKcuan
Ni(Il) Ta Fe(III) 3 pi3HUM CIIiBBiTHOIIEHHIM
KOMIIOHEHTIB IPOSB/IAIOTH BUILY COpOLiiHY
3[aTHICTD, HDK IXHi oKcuaHi noximHi. Kinetu-
Ka copbuii IceBROApPYroro MOPAAKY Iepen-
Oavae, M0 XiMiYHa peakIis niMiTye Tpouec
copb6buii. I3otepmu cop6rii mobpe ommcaHo
Mofe/Iio JIeHrmiopa, 10 BKa3ye Ha OJHOPIf-
HiCTb copOuiitHux ueHTpiB. HasBHicTp mar-
HITHMX BJIACTUBOCTEN CIPOIIYE IIPOLieC Cela-
pawii copbeHTy IicIs BUKOPUCTAHHA, IPOTE
3MeHIIYE JIoro eeKTUBHICTh MalbKe BIBiUi.
Otxe, oTpuMaHi aficopbeHTy 3i CTPYKTYpOIO
TiIpOTaNbKITY € NepCIEKTVBHUMU MaTepiaa-
MU I BUJIQJIEHHs OPraHiYHUX 3a0pyIHEHb,
TaKUX SIK AMKI0QeHaK HaTpilo, 3 BOTHMUX PO3-
YIHIB.

o [locnmimykeHHsA npoBefeHo 3a ¢iHaH-

=) coBoi migTpumku HamionanpHoi aka-
meMmii Hayk Ykpaimm (7/6 temm «Ilo-
mi¢yHKIioHanbHi copbeHTN Ta ixHIi
KOMIIO3UTHU I BUAANEHHSA pajgio-
HYKIiJIiB Ta BaOXKUX MeTaliB i3 pi3-
HOMAHITHUX BOJHUX CePEeTOBUII»
(p/u 0118U003018)) Ta rpanTy MiHic-
TEPCTBA €KOHOMIKM Ta KOHKYPEHTO-
cipomoskHocTi Icmanii MINECO (MCI-
21-PID2020-113558RB-C41).
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SORPTIVE REMOVAL OF PHARMACEUTICALS
FROM AQUEOUS SOLUTIONS USING Ni(ll),Fe(1ll)-

LAYERED DOUBLE HYDROXIDES AND
THEIR FERROMAGNETIC OXIDES.

T.S. Hubetska', O.A. Khainakova?,
N.G. Kobylinska'*

'A.V. Dumansky Institute of Colloid and Water
Chemistry, National Academy of Sciences of
Ukraine,

42 Akad. Vernadsky Blvd, 03142 Kyiv, Ukraine;
*University of Oviedo, 8 Av. Julian Claveria,
33006 Oviedo, Spain

*e-mail: kobilinskaya@univ.kiev.ua

The features of obtaining and structure
formation of homogeneous phases of nitrate
forms of layered double hydroxides of Ni(II)
and Fe(III) (NiFe-LDHs) with different ratios
of components in the reaction mixture, as well
as their oxide derivatives, were studied. The
synthesis was carried out by hydrothermal
precipitation from aqueous solutions, allow-
ing the controlled production of homogene-
ous NiFe-LDHs phases and their subsequent
conversion into magnetically separable oxide
derivatives. According to the data of X-ray dif-
fraction analysis, the conditions for obtaining
the samples provide the required level of crys-
tallinity and characteristic structural features
of synthetic layered double hydroxides of the
type of natural hydrotalcite and nickel ferrite.
A comparative assessment of their adsorption
performance with respect to the organic toxi-
cant was carried out. The adsorption capaci-
ty of the synthesized materials was evaluated
using diclofenac sodium as a model anionic
organic pollutant. The influence of various

https://ucj.org.ua

parameters, such as pH, initial diclofenac con-
centration, and contact time, on the adsorption
capacity was systematically investigated. The
results demonstrated that the synthesis con-
ditions significantly influenced the adsorption
performance. Kinetic studies revealed a mixed
diffusion mechanism for diclofenac sorption
onto the layered double hydroxides. Further-
more, the adsorption isotherms were success-
tully fitted to the Langmuir model, indicating a
homogeneous distribution of adsorption sites.
Although the presence of competing anions
somewhat reduced the adsorption capacity
for diclofenac, the adsorbent demonstrated
good reusability, allowing for multiple adsorp-
tion-desorption cycles. These findings high-
light the potential of hydrothermally synthe-
sized NiFe-LDHs effective adsorbents for the
removal of anionic pollutants from aqueous
solution.

Keywords: layered double hydroxides,
pharmaceuticals, water purification technolo-
gies, organic pollutants.
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Michael addition reactions involving nucleophilic glycine equivalents and a,3-unsaturated
carboxylic acid derivatives offer a concise and generalized methodological approach to syn-
thesizing a family of x-constrained five-carbon-atom amino acids. These amino acids play a
crucial role in de novo peptide design and the elucidation of peptide/protein three-dimen-
sional structures and their biological functions/activities. This review encapsulates the signi-
ficant synthetic and methodological advancements in the field to date. Each method discussed
includes an evaluation of synthetic opportunities and limitations, practicality and efficiency of
the procedures, and mechanistic rationale behind the observed stereochemical preferences.

Keywords: Asymmetric synthesis, Michael additions, glycine equivalents, metal comp-
lexes, Schiff bases, conformations, steric constrain. Glutamic acid, pyroglutamic acid, proline.

83




ORGANIC CHEMISTRY

ASYMMETRIC SYNTHESIS OF CHI-CONSTRAINED GLUTAMIC ACIDS AND RELATED COMPOUNDS

VIA MICHAEL ADDITION REACTIONS

INTRODUCTION. Amino acids (AAs) are
fundamental to the fabric of life, acting as the
building blocks of proteins that drive countless
biological processes [1]. In general sciences,
their study has provided crucial insights into
the mechanisms of life, from understanding
metabolic pathways to uncovering the gene-
tic code. Researchers delve into amino acid
sequences to elucidate protein structure and
function, enabling advances in fields like bio-
chemistry, molecular biology, and genetics.
The versatility and functionality of AAs make
them indispensable for exploring the intrica-
cies of cellular functions and organismal deve-
lopment [2-6].

In the pharmaceutical industry, amino acids
hold a pivotal role in the development of drugs
and therapeutic agents [7-10]. Many medica-
tions are designed to mimic or modulate the
activity of naturally occurring AAs and their
derivatives, targeting specific pathways to treat
a variety of diseases. For instance, amino acid
derivatives are used in the synthesis of antivi-
ral drugs, antibiotics, and treatments for me-
tabolic disorders[11-13]. Additionally, the role
of AAs in protein synthesis is harnessed to de-
velop biologics, such as monoclonal antibodies
and vaccines, which are essential for modern
medicine. The continuous exploration of AAs
and their properties drives innovation, leading
to more effective and targeted therapies that
improve human health and well-being[14-20].

Glutamic acid and its cyclic derivative, py-
roglutamic acid, play pivotal roles in peptides
and drug design [21]. Glutamic acid, an essen-
tial amino acid, contributes to protein structure
and function through its side chain, which can
participate in ionic interactions and hydrogen
bonding. This property is critical in stabilizing
protein structures and facilitating enzyme ca-
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talysis [22]. Pyroglutamic acid, formed by the
cyclization of glutamic acid, introduces rigidity
into peptide chains, thereby reducing confor-
mational flexibility. This structural constraint
is advantageous in drug design, as it enhances
binding specificity and stability, improving the
efficacy of peptide-based therapeutics [23].
Both glutamic and pyroglutamic acids are in-
tegral in designing peptides with optimized
pharmacological properties, making them
invaluable in the development of novel drugs
and therapeutic agents [24].

In this review article, we will discuss the
synthesis of a specialized class of glutamic acid
and related compounds: stereochemically con-
strained glutamic/pyroglutamic acids formed
via the Michael addition reaction of nucleo-
philic glycine equivalents. These amino acids
(AAs) adopt a relatively limited number of
conformations and play a crucial role in the de
novo design of peptides with predetermined
3D structures and enhanced peptide-receptor
interactions.

Role of x(chi)-constrained amino acids in the
de novo design of peptides and peptidomimetics.

Reducing the number of amino acid (AA)
conformations is crucial for optimizing pep-
tide-receptor interactions, which play a vital
role in various biological processes and the-
rapeutic applications [25]. By limiting the con-
formational flexibility of peptides, researchers
can design more specific and stable interac-
tions between peptides and their target recep-
tors. This precision enhances binding affinity
and selectivity, leading to improved efficacy
and reduced off-target effects in drug deve-
lopment. Tailoring peptide structures to adopt
fewer conformations not only streamlines the
identification of potent therapeutic candi-
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dates but also contributes to the stability and
bioavailability of the peptides in physiological
environments. Ultimately, this approach holds
promise for developing highly effective and
targeted treatments for a wide range of disea-
ses [26].

The 3D structure of peptides is determined
by three key components: peptide sequence
(primary structure), conformation (secondary
structure), and the topographical positioning
of side-chain functional groups. While the
importance of peptide sequence and confor-
mation in biological activity has been widely
acknowledged, the third factor - the spatial
arrangement of side chains on the peptide
backbone (referred to as x-space) — has only
recently gained attention [26].The importance
of the torsional angles ¢ (phi), v (psi), and w
(omega) (Figure 1. A) in determining the 3D
structure of the peptide backbone [27-30], as
well as the x (chi) torsional angles (Figure 1, B)
in defining the position of side-chain function-
al groups, for elucidating peptide biological ac-
tivity, has been demonstrated [31-37]. While
¢, ¥, and w angles are generally influenced
by the nature of amino acid residues and the
peptide’s secondary structure (e.g., cyclization
or global constraints), controlling x angles is
much more challenging.

Ty To C_N c
C .C l\.<U\N/
\n/ XAy N IS !
Y ! 0% HH
O RH H X&
A Fr B

Fig. 1. Dihedral angles ¢ (phi), v (psi), ® (omega) (A),
and y (chi) (B), leading to numerous conformations of
amino acid residues in peptides.

It was demonstrated that, in contrast to
a-substitution in amino acids, which has little

https://ucj.org.ua

effect on the x angles, the introduction of a
methyl group in the P-position substantially
enhances the population of one out of three
[gauche-(+), trans, and gauche-(-)] x1-rota-
mers. For instance, as illustrated for methyl-
phenylalanines 1 (Figure 2), unfavorable
steric interactions between the vicinal sub-
stituents (B-methyl and amino/carboxylic
groups) resulted in a strong preference for
the corresponding trans rotamer over the two
gauche conformations [38, 39]. Considering
B-substituted prolines 2, as proline-phenyla-
lanine chimeras, one could expect that rota-
tional freedom in these derivatives might be
much more limited for x1, compared to that
of p-methyl substituted phenylalaninel [40-
42]. Indeed, it was shown that in both cis and
trans diastereomers of 2, the corresponding
(-)-gauche conformers are physically inac-
cessible. Moreover, molecular calculations of
proline-tyrosine chimeras of type2 revealed
that the trans rotamer is preferred by up to
2 kcal/mol over the corresponding (-)-gauche
conformer [43-64].

CO,H
NH, N

1 H

CO,H
2

Fig. 2. B-Substitution and proline chimera with
limited rotational freedom around the x1 (chi) tor-
sional angle.

The challenge associated with the asym-
metric synthesis of x-constrained amino acids
stems from their sterically congested nature,
the presence of at least two stereogenic centers,
and the necessity of preparing all (in most ca-
ses four) stereoisomers for SAR studies. The

85




ORGANIC CHEMISTRY

ASYMMETRIC SYNTHESIS OF CHI-CONSTRAINED GLUTAMIC ACIDS AND RELATED COMPOUNDS

VIA MICHAEL ADDITION REACTIONS

unique potential of x-constrained amino acids
in the rational design of peptides and peptide
mimetics has generated significant research
efforts aimed at developing various synthe-
tic methods to prepare these amino acids in
stereochemically defined forms.

Asymmetric Michael addition reactions of
glycine equivalents.

The ever-growing demand for proteinogen-
ic and tailor-made amino acids has spurred ex-
tensive research in the field of asymmetric syn-
thesis of amino acids [55-64]. Chiral glycine
equivalents have garnered significant attention,
as nucleophilic or electrophilic homologation
of glycine offers a generalized approach to syn-
thesizing various a-amino acids. The primary
challenge in designing chiral nucleophilic gly-
cine equivalents lies in controlling enolate face
selectivity, i.e., the configuration of the a-ste-
reogenic center in the resulting amino acids.
Conversely, the Michael addition reactions of
glycine equivalents with p-substituted acrylic
acid derivatives present an issue with Michael
acceptor face selectivity, crucial for determin-
ing the configuration of the B-carbon stereo-
genic center.

Most well-designed chiral glycine equiva-
lents achieve high levels of stereocontrol at
the a-stereogenic carbon when reacting with
B-substituted acrylic acid derivatives, but they
are less effective in controlling the absolute
configuration at the B-position. However, in
certain cases, the stereochemical requirements
of both the chiral glycine derivative and the
Michael acceptor can align, resulting in a syn-
thetically valuable stereochemical outcome.

Bis-lactim ether methodology (Scheme 1)
[65] has been widely used for preparing var-
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ious a-amino acids. The corresponding anion
is typically generated by treating the bis-lac-
tim ether of cyclo-(R)-Val-Gly 3 with BuLi
at =78 °C. Electrophilic attack on the in situ
generated anion by alkyl halides, carbonyl
compounds, or acrylic acid derivatives occurs
almost exclusively from the least hindered face,
away from the bulky iso-Pr group, giving rise
to the corresponding derivatives of a-amino
acids with an a-(S) absolute configuration and
very high enantiomeric excess (ee) [65].

In the original protocol [66], the Michael
addition of alkyl crotonates4 to (R)-3 produced
a mixture of two diastereomeric products, (28,
3R) and (2S, 3S) 5, in a ratio of 3 to 1. However,
another report on the same reaction claimed
much higher stereoselectivity, with no other di-
astereomers identified among the by-products
[67]. The reactions of 3 with alkyl trans-cin-
namates led to the formation of the corre-
sponding derivatives of (2S, 3R)-3-phenylglu-
tamic acid [68] in synthetically useful chemical
yields (>75%) and with high diastereoselecti-
vity (>90% de). In this case, there is no discre-
pancy between the original report [66] and the
followingreports reproducing these additions
on a relatively large scale (>25 g) [69].

The bis-lactim ether method also provides
access to cis-diastereomers of glutamic/pyro-
glutamic acids 10 as illustrated in Scheme 1,
through additions of 3 with cis-configured Mi-
chael acceptors. Thus, the reactions of 3 with
alkyl cis-crotonates and -cinnamates gave rise
to the corresponding addition products 7 as
the major product, along with three other dia-
stereomeric products [65-67, 69]. The stereo-
chemical outcome in this case is slightly lower
compared to the additions with trans-confi-
gured Michael acceptors.
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l HCI o, OMe | He
NH; LN NH,
. MeO -
HO,C™ " “COH L ___coR' HO,C™ ) COH
R R
12 9 R 43
R = Me (2S,3R) R = Me (2S,35)
R = Ph (2S,3S) R = Ph (2S,3R)

Scheme 1. bis-Lactim ether methodology for Machiel addition reactions.

The additions between (S)-3 and methyl
2,4-pentadienoates 8 (Scheme 1) were repor-
ted to proceed with virtually complete diaste-
reoselectivity [70]. The reaction conducted
under standard conditions for this method
resulted in only one detectable diastereomer
by NMR, with spectral characteristics consis-
tent with the corresponding 1,6-addition pro-
duct 9. Unfortunately, the stereochemistry of
the B-stereogenic center of the newly formed
amino acid residue was not determined, while
the configuration of the a-carbon atom was
found to be (R) [70].

In principle, the bis-lactim ether method al-
lows for generalized access to various B-alkyl
and B-aryl substituted glutamic/pyroglutamic
acids, including both cis and trans-diaste-
reomeric forms. However, this method has
several inherent drawbacks that make it less
attractive from a synthetic standpoint. Be-

https://ucj.org.ua

sides usually moderate chemical yields and, in
most cases, incomplete stereoselectivity at the
B-stereogenic carbon of the target glutamic/
pyroglutamic acids, hydrolysis of the addition
products 7, 5, 9 to the target amino acids in-
volves painstaking separations, usually by dis-
tillation, of the resultant amino acid esters from
methyl valinatecoming from the starting chiral
auxiliary. Since this type of separation depends
on the physical properties of the compounds,
it necessitates the development of a work-up
procedure for each particular case.

Another highly diastereoselective approach
to P-substituted glutamic/pyroglutamic acids
is based on Michael addition reactions of the
enolate of (S)-imidazolidinone 14 (Scheme 2).
These reactions were studied using conventio-
nal alkyl esters (Me, Et) of B-substituted acry-
lic acids 15 as well as specially designed «ste-
rically protected but electronically effective»
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2,6-di-t-butyl-4-methoxyphenyl esters 16 [71,
72]. The stereochemical outcome of the addi-
tions between anion (S)-14 and alkyl esters 15
was rather disappointing. The addition pro-
ducts 17 were isolated in moderate chemical
yields [68% (Me), 78% (Et)] and with low dias-
tereoselectivity (20-40% de).

In contrast, the reactions of (S)-14 with
2,6-di-t-butyl-4-methoxyphenyl esters 16 oc-

curred at higher reaction rates, resulting in sole
diastereomeric products 17 with good chemi-
cal yields (78-96%) and complete (>99% de)
diastereoselectivity. The stereochemical out-
come in these addition reactions is assumed
to be kinetically controlled. It is important to
emphasize that this approach offers cis-pyro-
glutamic acids, which are hardly attainable by
the bis-lactim ether method.

o S C0,AK O 20-40% de
BuLi 5
N N CO,R
N THF, -78 °C N 2
Pe PR — COH
tBu” N tBu” N o N
Boc £Bu Boc 17 H 10
(S) 14 Wo > 99% de
16 ©tau o~

Scheme 2. Imidazolidinonederived chiral glycine equivalent in Michael addition reactions.

The mechanistic rationale for the very high
stereoselectivity at the a-stereogenic center of
the newly formed amino acids is rather straight-
forward, as the Michael acceptor attacks the
corresponding anion generated from 14 almost
exclusively from the side opposite the bulky
t-buty | group. On the other hand, explaining
the virtually complete face- and diastereoselec-
tivity observed in the additions of (S)-14 with
bulky aryl esters 16 was not straightforward.
Molecular mechanics calculations revealed that
the energy difference between two conformers,
s-cis 18 and s-trans 19 (Fig. 3), of the Michael
acceptor is minimal. However, the calculations
suggested that the s-cis 18 conformer should be
substantially more reactive than the s-trans 19
because the reactive 3-carbon atom in the for-
mer is shielded by bulky t-butyl groups. This ra-
tionale seems reasonable and, most important-
ly, emphasizes for the first time the relevance
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of s-cis and s-trans conformers of the Michael
acceptor to the stereochemical outcome in these
addition reactions.

AN
O% \O%
s-cis-18 s-trans-19

Fig. 3. s-cis and s-trans Conformers of 2,6-di-t-
butyl-4-methoxyphenyl esters 16.

Considering the substrate generality (alkyl,
i-Pr, Bn, aryl groups), high chemical yields,
and virtually complete diastereoselectivity, the
imidazolidinonemethod could be regarded as
nearly perfect for preparing cis-configured py-
roglutamic/glutamic acids and their derivatives.
However, from the standpoint of synthetic effi-
ciency and practicality, this method is hardly at-
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tractive for multigram preparation of the target
compounds. Besides the general disadvantages
of the Seebach method, such as the generation
of the enolate of 14 at =78 °C with BuLi and the
relatively drastic reaction conditions required to
remove the chiral auxiliary (0.75 N HCl for 16 h
at 105 °C), the multistage (34 stages) prepara-
tion of the aryl esters 16, as well as the oxidative
deprotection of the ester moiety with Ce(IV)
[73-77], render the whole procedure proble-
matic for large-scale preparations.

The application of chiral equivalents of nu-
cleophilic glycine, characterized by the high
CH acidity of the glycine methylene group,
offers a significant synthetic advantage. In
this approach, the corresponding enolate can
be generated under mild reaction conditions,

tBuO &

(1R4R)-2

L|Br/NEt3

LIBr/DBU

which are much easier to control and more
practical than using highly reactive and hygro-
scopic BuLi at -78 °C. It was demonstrated that
the generation of the corresponding enolate
from Schift base 20 (Scheme 3) could be easily
achieved by treating 20, derived from t-butyl
glycinate and natural (1R, 4R)-camphor, with a
mixture of LiBr and triethylamine in THF [78].
The enolate thus generated readily reacted at
room temperature with methyl acrylate21, fur-
nishing a mixture of two b-(R)- and b-(S)-dia-
stereomers in a ratio of up to 84/16, respectively,
indicating relatively poor face-diastereoselec-
tivity in the addition. The Michael addition of
20 with methyl crotonate 22 completely failed,
presumably due to the greater steric bulkiness
and lower electrophilicity of the latter.

COzMe
COzH

20-40 %de

COzMe

Scheme 3. Michael addition reactions of Schiff base 20 derived
fromt-butyl glycinate and (1R, 4R)-camphor.

It was found that the application of a-meth-
oxycarbonyl-substituted derivatives 23 (Sche-
me 4) led to a significant increase in the dia-
stereoselectivity of the additions. Except for
the reaction of 20 with dimethyl ethylidene-
malonate 23 (R = Me), which furnished a
mixture of two diastereomeric products (ra-
tio 86/15), all other studied additions yielded
only a single diastereomer in the reaction mix-
ture. The remarkable difference in the stereo-
chemical outcomes between the reactions of
ethylidenemalonate 23 (R = Me) (72% de) and
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propylidenemalonate 23 (R = Et) (over 99%
de) with enolate of 20 was attributed by the
authors to the simple difference in steric bulk
between the Me and Et groups. To the best of
our knowledge, this is a rare example of such
dramatic stereochemical consequences result-
ing from the difference in steric bulk between
methyl and ethyl groups [79]. The transforma-
tion of the addition products 24 to the final
amino acids 26 involves simple hydrolytic re-
moval of the chiral auxiliary and decarboxyla-
tion of the intermediate 25.
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COQMe

R~
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R = Me, Et, t-Bu, Ph,

(E)-MeCH=CH ﬂ

(E}PhCH=CH 0=\
I

(E)-MeOCH=CH

R

(2R,35)-26

CO,Me

N
o 23
t—Bu—OJ\/ N\& LiBr/DBU

“'CO,H

0}
t-Bu-O ~N=

MeOZC
Co,Me 24

MeO,C, ' R

0 N 'CO,Me
H
(2R,35)-25

Scheme 4. Michael addition reactions of Schiff base 20 with
a-methoxycarbonyl-substituted acrylic acids 23.

This method appears to be quite general for
preparing various -substituted pyroglutamic/
glutamic acid derivatives. Of particular impor-
tance is the successful reaction of 2,2-dimethyl-
propylidenemalonate 23 (R = t-Bu) with 20,
which ultimately leads to sterically constrained
B-t-butyl derivatives of the target amino acids
26. Notably, in contrast to the bis-lactim ether
methodology(Scheme 1), the reactions be-
tween 20 and derivatives 23 containing conju-
gated C,C double bonds featured only 1,4-ad-
dition. This allowed for the preparation of the
corresponding pyroglutamic/glutamic acids
bearing potentially useful unsaturated func-
tionality. However, the general applicability of
this method is greatly limited by the use of na-
turally occurring camphor as a chiral auxilia-
1y, as its (1S, 4S) enantiomeric form is scarcely
available.

Another example of Michael addition re-
actions between chiral Schiff bases of glycine
and a, P-unsaturated carboxylic acid deriva-
tives was developed based on Ni(II) complex
27shown in Scheme 5 [80-83]. The Ni(II) com-
plex 27 was found to react easily in MeOH and
in the presence of NaOMe as a base, with me-
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thyl cinnamate and methacrylate, giving rise
to the corresponding diastereomeric products
28 and 29. In both cases, the enolate face-dia-
stereoselectivity was very high as a-(R)-confi-
gured products were not detected in noticeable
amounts. However, diastereoselectivity at C-3
and C-4 positions was disappointingly low,
turnishing the products in approximately a 2/1
and 1/1 ratio respectively. It is interesting to
note that in this case the stereochemical out-
come is kinetically controlled, these reactions
are highly reversible and thus the ratios of dia-
stereomeric products are thermodynamically
controlled.

Taking advantage of high C-H acidity of the
glycine methylene group in 27, it was found
that the corresponding Michael addition reac-
tions with ethyl crotonate, 4,4,4-trifluorocro-
tonate andcinnamate [84,85]can be conducted
in DMF in the presence of DBU as a base. The
stereochemical outcome of the reactions was
found to be kinetically controlled. The diaste-
reoselectivity in the additions of (S)-27 with
ethyl crotonate and cinnamate was found to
be noticeably better compared to the outcomes
observed under the thermodynamically con-
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trolled conditions (Scheme 5).The major pro-
ducts 30(R = Me, Ph) were obtained in a ratio
of 4/1, respectively. The stereochemical out-
come of the reaction between (S)-27 and ethyl
4,4,4-trifluorocrotonate was slightly higher,
with a diastereomeric ratio of up to 5.6/1. This
can be attributed to the more sterically de-
manding nature of the trifluoromethyl group

[86-88]. The major diastereomers 30 were pu-
rified by crystallization of the reaction mixture
and disassembled to afford the target pyroglu-
tamic acids 31, along with the recovery of the
chiral ligand (S)-32. The ability to recycle the
chiral ligand (S)-32, which can be reused for
preparation of new batches of Ni(II) complex
27 is a significant advantage of this method.

)Ph
C\N N _/O O
H /NI\
AN ‘N\"

. O o)
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Scheme 5. Michael addition reactions of chiral Ni(II) complex 27.
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Scheme 6. DBU-catalysed Michael addition reactions of chiral Ni(II) complex 27.
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Of particular interest are the reactions be-
tween the Ni complex (S)-27 and bis-substi-
tuted Michael acceptors 33 and 34 (Scheme 7)
[89]. For instance, the simultaneous forma-
tion of a-, B-, and y-stereogenic centers (eight
theoretically possible stereoisomers) in the
reaction of complex (S)-27 with ester 33 rep-
resents a challenging stereochemical problem.
The Michael addition between (S)-27 and 33,
conducted in DMF in the presence of DBU,
resulted in only two diastereomers (major 35),
in a synthetically useful ratio of 17/1, respec-
tively. The reaction of complex (S)-27 with

Ph
C)
: N\ ./O © cH

ester 36, conducted under the same reaction
conditions, proceeded with virtually complete
diastereoselectivity, furnishing a sole reaction
product 36. Diastereomerically pure products
35 and 36 were disassembled to release inte-
resting bis-substituted pyroglutamic acids 37
and 38. The high diastereoselectivity in these
reactions, particularly the complete stereo-
chemical discrimination between the methyl
and trifluoromethyl groups in the addition of
(S)-27, can be attributed to the steric and elect-
ronic effects of the trifluoromethyl group [90,
91].

o)
3
F3C N Me,/' .\\CF3
o o L
33 3
CF
J s O7>N"Co,H
N’ /o o) \
: Ni DBU (S) (2S3S,4R) 35 H
N DBY svbc  (2S3S4R) 37
\ C\ THF, " \\CF3 ’ 32
N\N 0.0 /A/—XMe
: i CF
CH3 0 AN A 0=\ co,H
(S)-27 o“>N N OMe \ 2

\ d H
FiC OEt I
’ 34 ph C1s 0 (253S) 38
(S)(2S,3S) 36

Scheme 7. Michael addition reactions of complex 27 with fluorinated derivatives 33 and 34.

Interesting results were obtained in the reac-
tions of chiral Ni-complex (S5)-27 [92-94] with
oxazolinin-2-one derived Michael acceptors 39
(Scheme 8). These additions were studied us-
ing DMF as a solvent and DBU as a base. The
reactions were found tooccur at high reaction
rates with perfect simple diastereoselectivity.
On the other hand, the glycinecomplex enolate
re/siface-selectivity was rather poorresulting
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generally in mixtures of two diastereomeric
products 40. The highest diastereoselectivity,
5.2/1ratio of (S)(2S3S) and (S)(2R3R) diaste-
reomers 40, in the aliphatic series was obtained
in thereaction of (S)-27 with i-Pr-containing
39. Rather interesting and unexpected results
were observedin the reactions of (S)-27 with
Michael acceptors bearing aromatic substi-
tuents. Thus, the addition between (S)-27 and
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phenyl-containing 39 furnished a mixture of
diastereomers 40 in a ratio of 4/1, respectively.
In sharp contrast,the reaction between (S)-27
and pentafluorophenyl-containing 39 occurred
almost instantly (<2 min) giving rise to product
40 with excellent diastereoselectivity (ratio >
26/1). Further detailed study of the electronic
and steric effects ofthe substituents on stereo-
chemical outcome in these reactions revealed a
general trend that presence of the electron with
drawing substituents on starting 39 led to higher
reaction rates and diastereoselectivity, while the

presence ofthe electron-releasing substituents
resulted in low rates and moderate selectivity.
To account for these electronic effects drama-
tically influencing the stereochemical outcome,
one can consider electron donor-acceptor at-
tractive interactions between electrondeficient
aromatic rings, such as pentafluorophenyl
[95-97] in particular, and the ketimine phenyl
of the starting Ni-complex 27. The target pyro-
glutamic acids 38 were obtained after standard
disassembly procedure along with the recovery
of chiral auxiliary (S)-32.

Ph
IR ﬁ @)
0 6M HCI
N~ 0.0
C\ NP f //\\ ) %YO THF, rt O/A/j\CozH
AR W :
o N N DBU "
o DMF (2S3S) 38
40 (S)(283S) + (S)-32
(S)-27 + (S)(2R3R)

R = Me, Et, n-Pr, i-Pr, t-Bu, Ph, a-naphthyl, b-naphthyl, 2-MeO-CgH,, 3-MeO-CgHy,,
4—MeO—CgH4, 2-CF3-C6H4, 3-CF3-C6H4, 4-CF3-C6H4, N-Mts—b-indolyl, CGFS:
2,6-F»>-CgH3, 2-F-CgHy, 3,4-F,-CgH3, 4-MeO-CgF 4, 3,4-Cl,-CgH3, 4-NO, -CgH,

Scheme 8. Michael addition reactions ofchiral N(II) complex 27 with
oxazolinin-2-one derived Michael acceptors 39.

Considering the strong stereocontrolling ef-
fect of oxazolinin-2-one chiral auxiliaries [98-
100], it was interesting to investigate the corre-
sponding Michael addition reactions using chi-
ral Michael acceptors 41 and 42 (Scheme 9) with
the chiral Ni(II) complex 27 [101-103]. The ad-
dition reaction between (S)-27 and crotonyl-de-
rived (S)-41, conducted in DMF/DBU at ambi-
ent temperature, proceeded to completion at a
high rate, furnishing a sole reaction product 43
with the (2, 3S) configuration of the glutamic
acid residue in quantitative chemical yield. This
outcome was considered a match case, as both
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chiral auxiliaries showed a preference for the
a-(S) configuration of the addition product. The
reaction of (S)-27 with crotonyl-derived (R)-42
was expected to be a mismatch case. The addi-
tion was conducted under the same conditions
and occurred at a slightly slower rate, giving rise
to a sole diastereomerically pure product 44.
The absolute configuration of the glutamic re-
sidue in 44 was found to be (2R, 3R). This result
was quite unexpected, suggesting that the ste-
reochemical preferences of the chiral Michael
acceptor 42 completely overwhelmed those of
the chiral Ni-complex (S)-27.

93




ORGANIC CHEMISTRY

ASYMMETRIC SYNTHESIS OF CHI-CONSTRAINED GLUTAMIC ACIDS AND RELATED COMPOUNDS

VIA MICHAEL ADDITION REACTIONS

Ph

Ok
NS

N

0 O,
s O
/NI \N:i/\ﬂ/ﬁ/\) .
@ 4 Bh oéQ\

R

Ph %o o7 |
) 41 o RO N7 COH
CN\ 0._0 H
TN T DBU (3)(2333) 43 sMHe  (2S3S4R) 45
07N IN % THF, rt Rt 32
Ph :
@A 5’0 N” “COH
(S)-27 R /> o/ B
G (2R3R) 46

(R)42 O

(S)(2R 3R) 44

R = Me; Et; n-Pr; i-Pr; Bn; Ph; b-naphthyl; 4-MeO-CgHy; 3-MeO-CgHy; N-Mts-b-indolyl; 4-CF3-CgHy

Scheme 9. Michael addition reactions between chiral Ni(II) complex 27
and Michael acceptors 41 and 42.

The same pattern of reactivity and stereo-
chemical preferences was observed in the
reactions of (S)-27 with various Michael ac-
ceptors 41 and 42, bearing, in principle, any
alkyl or aromatic substituents (Scheme 9). Of
particular interest was the addition between
(S)-27 and the bulky i-Pr-containing 41/42.
When (S)-41 (R = i-Pr) was used, the reac-
tion proceeded to completion in 30 minutes,
affording the product (25, 3R)-43 in quanti-
tative chemical yield. In the mismatch case,
the addition between (S)-27 and (R)-42 (R =
i-Pr) was considerably slower and accompa-
nied by the formation of some by-products.
Nevertheless, within 4 hours the reaction was
completed, and the target product (2R, 35)-44
was isolated in 67% yield [101-103]. The re-
sults obtained clearly indicated that the steric
and electronic nature of the substituents on the
starting Michael acceptors 41/42 do not influ-
ence the stereochemical outcome of reactions
with (§)-27, suggesting that the substituents on
the C,C double bond of 41/42 are not involved
in the stereocontrolling step of the additions.
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This observation highlighted the generality of
the method and underscored the intriguing
stereocontrolling power of the chiral oxazoli-
dine-2-one-derived Michael acceptors 41/42
[101-103].The final amino acids 45 and 46
were prepared by acidic disassembly of the ad-
dition products, along with the recovery and
reuse of the chiral ligand 32.

To take advantage of this discovery, the reac-
tions of achiral Ni(II) complex 47 (Scheme 10)
with chiral Michael acceptors 41/42 were in-
vestigated [104-106]. Picolinic acid-derived
achiral complex 47 [107] was reacted with Mi-
chael acceptor 42 in DMF at room temperature
in the presence of 15 mole % DBU. The addition
occurred at a high rate, affording a sole reac-
tion product 48 in quantitative chemical yield.
Application of (S)-configured 41 mirrored the
result obtained for (R)-42, affording individual
product 48 containing the (2S, 3S)-enantiomer
of B-methyl glutamic acid. The same excellent
stereochemical outcome was observed in the
reaction of all alkyl-containing 41/42 (R = Et,
n-Pr, Bn), except for the addition between

ISSN 2708-129X. VKp. Xim. XypH., 2024



Alicja Wzorek, Alexander E. Sorochinsky, Karel D. Klika, Taizo Ono, Jianlin Han, Vadim A. Soloshonok

UCJ Nz 8 / Vol. 90

complex 47 and bulky i-Pr-containing 41/42.
In this case, the reaction proceeded very slow-
ly, allowing for about 30% conversion of the
starting compounds in 4 hours. Though the
corresponding products 48 and 49 were iso-
lated in 15% yield, these results suggested that
the present method could not be extended to
substrates containing tertiary alkyl groups.

To examine the applicability of the method
to an aromatic series, which would lead to the
synthesis of the corresponding 3-aryl substi-
tuted amino acids, the reactions of complex
47 with (S)- and (R)-configured Michael ac-

DBU

o ™
@ﬁ\?

(R) 42 O

B

) Ph ~N_
/\)J\N/S ¥
0~ "N

o__0 O
0
I\/ \E/\”/b :
N " /A'/j\
! fq O Ph o N H
H
(S)(2S3S) 48 (2S3S,4R) 45

ceptors 41/42 containing classical phenyl and
naphthyl groups, as well as derivatives bearing
a phenyl ring with electron-withdrawing and
electron-donating substituents, were studied.
In all cases, regardless of the steric or electronic
nature of the substituent on the starting 41/42,
major products 48 or 49 were obtained with at
least 95% de and excellent chemical yields. In
both aliphatic and aromatic series, the stereo-
chemical outcome was shown to be kinetical-
ly controlled, affording products with relative
topicity like.

co,

6M HCI
THF, rt R

\\;’O /A/?"'COZH
H
(2R3R) 46

2R 3R) 49

R = Me; Et; n-Pr; i-Pr; Bn; Ph; b-naphthyl; 4-MeO-CgHy; 3-MeO-CgH,; N-Mts-b-indolyl; 4-CF3-CgHy4

Scheme 10. Michael additions between achiral Ni(II) complex 47 and chiral acceptors 41 and 42.

To demonstrate the synthetic efficiency of
this method, >25 g of enantiomerically pure
B-phenyl pyroglutamic acid (2S, 3R)-45 was
prepared in >85% total yield in less than 14
hours. In this case, the crystalline product 49
of the addition between 47 and (R)-42 was iso-
lated simply by filtration after pouring the re-
action mixture into water. Without additional
purification, product 49 was disassembled to
afford the target amino acid 46.

The relatively broad substrate generality, ex-
cellent chemical yields and diastereoselectivity,
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combined with the simplicity of the experi-
mental procedures, render the present method
synthetically superior to the literature method
for preparing various 3-substituted pyroglu-
tamic acids and related amino acids.

Apparent success of these Ni(II) complexes
in the asymmetric Michael addition reactions
stimulatedinterest in the developing of new
types of chiral as well as achiral Ni(II) com-
plexes [108-111]. Figure 4 presents just a few
most prospective types.
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For example, chlorinated Ni(II) complex
50, available in both enantiomeric forms [112]
possesses exceptional stereocontrolling pro-
perties [113,114] due to electrostatic interac-
tions between electron-rich benzophenone
phenyl and electron-deficientchlorine-con-
taining rings [115].Thus, complex (S)-50 was
successfully used in Michael addition for the
synthesis of (25, 3S5)-3-methylglutamine, the
key compound used in the total synthesis of
cytotoxic marine peptides callipeltin O and
Q [116]. As presented in Scheme 11, glycine
Ni(II) complex 50 was reacted with Michael
acceptor 51 under specially designed condi-
tions to keep intact the allyl ester moiety [117].

The acidic disassembly of the major dia-
stereomeric product (S)(283S)-57 was also
performed under strictly controlled condi-
tions using THF as a solvent. Allyl ester hy-
drochloride 58 was subsequently transformed
into the target properly protected for peptide
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Cl (Sc)(Sn)-52

— I — I Fig. 4. New generation of chiral and achiral

Ni(IT) complexes.

synthesis glutamine derivative 59 in five steps.

It was demonstrated that the substitution of
phenylalanine in endogenous peptides with a
bulkier and more lipophilic S-phenylphenyl-
alanine (diphenylalanine, DPA) usually leads
to improved binding to the apolar site of the
targeted receptors. In particular, DPA-modi-
fied peptides were found to possess enhanced
biological profiles in the series of thrombin
inhibitors [118], angiotensin-converting en-
zyme (ACE) inhibitors [119], HIV protease
inhibitors [120], pain-related norepineph-
rine transporter inhibitors [121], 4 and ¢
opioid receptors [122]. In this regard, 2-ami-
no-4,4-bis-(phenylsulfonyl)butanoic acid 60
(Scheme 12) is one of the promising structures
featuring enhanced steric bulk and lipophili-
city. Chiral Schiff base complex 50 was selected
for preparation of this amino acids via Michael
addition using specially designed vinyl-disul-
fonyl Michael acceptor 61 [123, 124].
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Scheme 11. Synthesis of properly protected (28,3S)-3-methylglutamine59 using rationally
designed chlorinated Ni(II)-complex (S)-50.
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Scheme 12. Asymmetric synthesis of sterically bulky and lipophilic
2-amino-4,4-bis-(phenylsulfonyl)butanoic acid (S)-60.

It was found that due to the high electro-
philicity of reagent61, the corresponding Mi-
chael addition with chiral glycine complex 50
can be efficiently conducted using triethyl-
amine as base. Optimization of the reaction
conditions allowed for preparation of the dia-
stereomeric products with an excellent yield
(99%) and excellent diastereoselectivity (93/7).
The major product 62 was transformed into
the corresponding Fmoc derivative of 2-ami-
no-4,4-bis-(phenylsulfonyl)butanoic acid 60
under standard conditions.

Rather unexpected resultswere reported for
the Michael addition between chiral glycine
Ni(II) complex 50 and Michael acceptor 63
bearing a tosylate leaving group (Scheme 13)
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[125]. The original goal of this research was
preparation of addition product 64 containing
the corresponding f-methyl-unsaturated ami-
no acid moiety. However, quite surprisingly,
compound 65 was isolated as the major reac-
tion product. (S)-3-Methyleneglutamic acid
66 was previously unknown in enantiomeri-
cally pure form. One can assume that the tar-
get addition product 64 underwent base-cata-
lyzed isomerization to 65. Major product (S)
(S)-65 was isolated in diastereomerically pure
form and disassembled to release the unsatu-
rated amino acid (S)-66 along with the chiral
ligand (S)-67, which was recycled and reused
for preparation of new portions of starting chi-
ral glycine Schiff base Ni(II) complex (S)-50.
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Achiral complex 55 was selected for prepa-
ration of 4-substituted configurationally sta-
ble thalidomide derivatives 68 (Scheme 14)
[126,127]. As illustrated in Scheme 14, key step
in the multistep synthesis of the thalidomide
derivatives is Michael addition reaction of
achiral glycine Schiff base derivatives 55 with
chiral (R)- or (S)-N-(E-enoyl)-4-phenyl-1,3-
oxazolidine-2-one 69 were conducted in DMF
using DBU as a base.The resultant addition
products 70 were isolated as individual dia-
stereoisomers in quantitative chemical yields.
Products 70 can be easily hydrolyzed under
mild conditions and, upon a workup proce-
dure, transformed to the pyroglutamic acids
71 along with recovery of ligand 72 which can
be used for preparation of the starting complex
55. Hydrolysis of pyroglutamic acids 71 with
3N HCI at reflux afforded 3-substituted glu-
tamic acids 73 in high chemical yield.

98

CO,H
HO + O

“>NH O

Ph  Scheme 13. Asymmetric synthesis of
(S)-3-methyleneglutamic acid 66
Cl (S)-67 via Michael addition reaction.

The next step, transformation of acid 73 to
N-phthaloyl anhydrides 74, was an important
step as it was expected that during this process
the corresponding alpha-stereogenic carbon
would undergo epimerization setting up the
trans-configuration in the final products 74
[128]. Indeed the transformation of acids 73
to N-phthaloyl anhydrides 74, occurred as ex-
pected furnishing a single diastereomers 74 in
up to 70% (two steps)yield. The final transfor-
mation of enantio- and diastereomerically pure
74 to the target 4-substituted thalidomides 68,
was conducted in two major steps under the
standard conditions [129]. After hydrolysis of
anhydrate 74 with water in acetone, the corre-
sponding intermediates were smooth lytrans
formed to 68 using trifluoroacetamide as a
source of nitrogen. The target products 68 were
isolated in good yields (~70% for two steps) as
single diastereomers.
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Scheme 14. Asymmetric synthesis of 4-substituted thalidomide derivatives
via Michael addition reactions.
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Scheme 15. Asymmetric synthesis of 3,4-disubstituted pyroglutamic acid 77
via Michael addition reaction of achiral N(II) complex 55.

With the goal of developing a new approach
for preparing analogs of oxazolomycin fami-
ly products 78 (Scheme 15), the reaction of
achiral Ni(II) complex 55 with disubstituted
chiral Michael acceptor 75 was considered a
key step, allowing the formation of the struc-
tural frame as well as the three required ste-
reogenic centers.Interestingly, the reaction of
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55 with 75 conducted in DMF/DBU did not
proceed at all, resulting in complete recovery
of the starting material. Eventually, after nu-
merous attempts to find the right conditions,
1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD),
slightly more basic than DBU, was found to
catalyze the reaction, affording a mixture of the
Michael addition products. It was determined
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that the reaction mixture consisted of six dia-
stereomers obtained in a ratio of 68:8:7:7:7:3.
The major product was separated by silica gel
column chromatography to give 76 in 62% iso-
lated yield [130].

Under standard acidic conditions, the major
diastereomer 76 was disassembled to release
the target pyroglutamic acid 77 along with the
reusable tridentate ligand 72. Key amino acid
77 was then transformed into oxazolomycin
analog 78 using literature procedures.

Application of this Ni(II) complex metho-
dology is not limited to glutamic acids and can
be extended to preparing various other deriva-
tives using, to mention just a few, alkyl halide
alkylations [131-133], aldol [134-136], Man-
nich [113, 137] addition reactionsand DKR
[138, 139].

CONCLUSIONS. This review has sought to
emphasize the key synthetic and methodolo-
gical concepts developed to control both sim-
ple and facial stereoselectivity in Michael ad-
dition reactions involving nucleophilic glycine
equivalents and a, B-unsaturated carboxylic
acid derivatives. While some methods dis-
cussed hold historical significance, others
present practical, generalized, and syntheti-
cally efficient solutions. However, various syn-
thetic and stereochemical challenges remain,
particularly in reactions involving a-, a, B-bis-,
and [, p-bis-substituted a,B-unsaturated car-
boxylic acid derivatives. As the importance of
sterically constrained glutamic/pyroglutam-
ic acids and related amino acids continues to
grow, Michael addition reactions-offering
the most straightforward and generalized ap-
proach to this family of amino acids - will re-
main a fascinating and challenging area in the
field of asymmetric synthesis.
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Peakuii Mixaes, 110 BK/IIOYAIOTh HYKJIEO-
¢inpHi exBiBaseHTH IIIMHYTA O, f-HEHaCHYe-
Hi NOXiIHI KApOOHOBMX KUCTIOT, IPOIOHYIOTb
KOPOTKUII Ta y3arajbHEHNUI MeTOLOIOTIYHMIA
IiJXiJ 4O CUHTE3y CiMeiICTBAa aMiHOKMC/IOT
3 Xi-oOMeXXeHHAM, 10 MICTATh IT'SITh aTOMIB
Byreno. lliaMiHOKKMCIOTH BifirparoTb BuUpi-
1Ia7IbHY pO/Ib y AM3alHi HOBMX IIENTU[IB Ta B
3’ICyBaHHI TPUBUMIPHOI CTPYKTypM IENTH-
niB/6inKiB Ta ixHiX 6ionmorivHNX QyHKIIiN/aK-
TUBHOCTI. ¥ 1IbOMY OITIAJ] y3araJbHEHO 3HAY-
Hi CMHTETUYHI Ta MeTOJOJIOTiuHi TOCSTHEHHS
y 3a3HaueHil ramysi Ha cboropsi. KoxxeH pos-
IJIAHYTUI METOJ] BK/IIOYA€ OLiHKY CMHTETNY-
HUX MOXX/IMBOCTeN i 00MeXXeHb, IIPAaKTUIHOC-
Ti Ta ePeKTMBHOCTI IpOLeAyp i MeXaHiCTUYHE
OOIPYHTYBaHHS CIOCTEPEXXYBAHNX CTEPEOXi-
MiYHUX [lepeBar.

KnrodoBi cmoBa: acuMeTpu4HUII CUHTES,
peakuii Mixaens, eKBiBa/leHTH ITIMHY, MeTa-
JIOKOMILIEKCH, 11ipoBi 0OCHOBY, KOHpopMarii,
CTepuyHe OOMe>XeHHs, IJTyTaMiHOBa KICJIOTA,
ipOI/TyTaMiHOBA KMC/IOTA, IIPOJIiH.
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