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HMocnimpxeHo agcop6buiitHi BIacTUBOCTI TPboX GOpM cOpOEHTIB Ha OCHOBI KOCTPHIL TeX-
HiuHO1 KoHOoMIi (Cannabis sativa L.) copty «[saHNIA» YKpaiHCHKOTO HOXOIKEHHA: He0OpoO-
nenoi (KH), gactkoBo 06ByreHoi 3a 350 °C (KY) ra mosHicTio 06Byrenoi 3a 550 °C (KB,
6ioByrinia) — mopo ioniB Pb* i3 mopenpuux posumHis. [Tapamerpu isorepm JleHrmiopa i
@perinpixa Ta MOZEI IICEBIO-APYIOro NOPAAKY BM3HAYEHO HEMiHITHMM METOLOM HaliMeH-
myx KBagpariB. Mopenb JleHrmiopa 3abesnedye isndHo 06IpyHTOBaHMIT ONUC PIBHOBAXK-
HUX JJaHUX 3aBISKM HAsIBHOCTI IJIaTO HaCMYEHHS; MaKCUMaJbHa COpOIliliHa €MHICTDh 9
3pocrae B pagy KH (103.1 mr/r) < K4 (177.3 mr/r) < Kb (247.1 Mr/r), HabmmKaodnch fo
IIOKa3HVKIiB KOMEPILiIIHOTO aKTMBOBAHOTO ByTi/iA. [loyarkoBa MBMUAKICTb cOpOIil ho 3061/1b-
myerbes y 5.7 pasiB Big KH o Kb. Mogenb Bebepa — Moppica BusABMIa CIiIbHNIT BKIIaJ,
30BHIIIHBOI Macollepefayi Ta BHYTPilIHbOYACTUHKOBOI Audys3ii. Onrnmansanit pH 5.0-6.0;
KB naii6inbiu criitke o konkypentii ionis Ca** Ta Mg*". Perenepanisa 0.1 M HNO, s6epirae
90 % emuocti Kb micna mw’saru nuxnis. CobiBaprictb 6ioByrinis y 8-17 pasiB Huk4a 3a Ko-
MepljiiiHe aKTMBOBaHe BYTi/I/IA.

Kmrouogi cnoBa: afcop6uis Pb**; 6ioByrinns 3 Cannabis sativa; KOCTpUILs TeXHIYHOI KO-
HOIUTi; i30TepMa JIeHrMIopa; KiHeTyKa copO1ii; OYNIeHHs CTIYHUX BOJ.

BCTYII. 3abpynHeHHS BOJZHOTO Cepefo- >KNUTb IO NMPIOPUTEeTHMX TOKCMKAHTIB I kmacy
BIUIA iOHaMM Ba)XKKUX MeTaiB € ONHIE 3 HeOe3NeKu: IPaHNYHO JOIIYCTMMA KOHIJEHTpa-
HATOCTPILINX eKOMOriyHuX npobyeM B iHAy- nisa Pb** y BomoiimMax rocnopapcbko-IUTHO-
CTpia/JIbHMX perioHax YKpaiHu, 30KpeMa I IO IpM3Ha4eHHA cTaHOBUTH jumie 0.03 mr/,
HiAIpUEMCTB MeTano00pOOHOI, aKyMy/IATOp- TOAI K y BUMPOOHMYMX CTiYHMX BOJAX BOHA
HOI Ta Takogap60Boi ranyseir. CBUHeIb Hajle-  HepifiKO IepeBUILYE Lieli piBeHb Yy COTHI pasiB.
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AZICOPBLIISA IOHIB Pb? KOCTPULIEBUM BIOBYTIIIAM I3 TEXHIYHOT KOHOMI (CANNABIS SATIVA)

BriivB ioHiB CBMHIIIO Ha JKMBi OpraHi3mMu Ipo-
SABNIAETbCS Y NPUTHIYeHHI (epMEeHTATMBHIX
CHCTEM, NIOPYLIEHHI KPOBOTBOPEHHSA Ta HAKO-
IIYEHH] B KICTKOBMX TKaHMHAX, 1110 3yMOBJIIO€
HeoOXi/JHICTP MaKCMMa/lbHO IIOBHOTO BUITY-
yeHHs Pb** i3 mpoMMCIOBUX CKUAIB Teper ix-
HiM BifiBefleHHsM /IO IPUPOFHMX BOKOMM [1].

TpaguuiiiHi MeToAM OYMILEHHSA CTiYHUX
BOJI BiJl BAXXKUX MeTa/liB — XiMiuHe OocajKeH-
Hf, iOHOOOMiHHe poO3fineHHs1, MeMOpaHHI
nporecu - 3a0e3leyyloTb BUCOKUII CTYIIHb
BUTy4YeHHs, OJHAK HNOTPeOyI0Th 3HAYHMX Ka-
IiTa/IbHMX i eKCIUTyaTaliiHuX BUTpaT. Lle cyT-
TEBO 0OMEXYe IXHE 3aCTOCYBaHHA Ha MAJINX i
CepefHixX MiZIpUEMCTBAX, I AKUX aKTyaslb-
HUM € IOUIYK edeKTUBHUX i feneBux copo-
LiIHXX MaTepialiB, 3MaTHUX 3aMiHUTI KOMep-
1i/iHe aKTMBOBaHe ByTi/A [2].

[lepcnieKTMBHMM [)Kepe/IoM CUPOBUHU JJ1A
BUTOTOBJ/IEHHSI TAKMX COPOEHTIB € JIITHOLe/TI0-
703Hi arponpoMuciosi Bigxopu. Ilemronosa,
TeMile/II0/I03M TA JIIrHIH 33 KOHTPO/IbOBAHOTO
TEepMiYHOTO 0OpOOIEHHS YTBOPIOIOTH BYIJIE-
IleBl KapKacu 3 PO3BMHEHOKI IUTOMOIO IIO-
BEPXHEI 1 BMCOKMM BMICTOM KUCHEBMiCHUX
¢yukuionanpuux rpyn [3]. Koctpuns xoHo-
nenb (Cannabis sativa L.) € mobiuHuM mpo-
IYKTOM HEepBUHHOTO IepepoOieHHs cTebern
TeXHiYHOI KOHOIUT, BUXiJl SKOTO CTAaHOBUTh
55-70 % macy cyxoro crebma. Y 3B’A3Ky 3i
CTPIMKUM BiJIHOBJIEHHAIM IIOCiBiB TeXHI4HOI
KOHOIUI B YKpaiHi yTBOPIOIOTbCS 3HA4YHI 00-
CATM KOCTPUYHOI MacH, IlepeBakHa YacTH-
Ha fAKOI Hapasi 3a/lMIIA€TbCs HEBUKOPUCTA-
Horo [10].

AHanmi3 OCTaHHIX FOCTigKeHb Ta MyOIi-
Kaniit. CyvacHi gocmimkeHHs y chepi copb-
LITHOT'O OYMIIIeHHs BOOM BiJl BaXXKIX MeTaJIiB
($OKyCYIOTbCS Ha Iepexofi Bix KOMepLiifHO-
ro0 aKTMBOBAHOTO BYIIIZIA 10 JEeNIEBUX 6io-

COpOEHTIB POCIMHHOTO MOXOMKeHHA [2, 11].
TepmiuHe 06pOOIEHHS TIrHOLETIONO3HOI CU-
posuHu B inTepBan 400-600 °C € onTuManb-
HOIO J11 GOpMYBaHHS MiKpPOIIOPUCTOI CTPYK-
TypU 3 PO3BMHEHOK IMTOMOK IIOBEPXHEIO
(300-700 m?/r) i 36epexeHHSAM TOCTATHBOI
KiZIbKOCTi IMOBEpXHEBUX KNCHEBMiCHUX (YHK-
LioHanbHUX TPyl [3]. 3a Temmeparyp moHafp
700 °C BigbyBaerbcs noganbiua rpadirusarisa
BYIJIELIEBOTO KapKaca, L0 CYNPOBOKYETbCA
BTPATOI0 AaKTUBHUX LIEHTPiB.

CucreMaTMYHUI OIIAN MeXaHi3MiB aji-
copO11ii BaXKKMX MeTasiB Ha 6iocopbeHTax [4]
BJMOKPEMJIIOE IT'SITb OCHOBHUX TUIIiB B3a€EMO-
Iil: KOMIUIEKCOYTBOPEHHSA 3 KVMCHEBMICHUMMU
(YHKLIOHATBHYMM TPyNaMy, iOHHUI oOMiH,
¢isnuny agcopbuiroo B mopax, m-KaTiOHHI B3a-
€Mofil 3 apoMaTMYHMUMU (pparMeHTaMu Ta Mo-
BepxHeBe oca/pkeHHA. KiHeTuky cop6miitHux
IPOIIeCiB y IepeBaXkHill 6ibIIocTi BUnagKis
ONMCYIOTb MOJIE/UII0 TICEBO-/IPYTOro MOpsAf-
Ky Xo — Makkes [5], piBHOBaXHi maHi - i30-
tepMmorto Jlenrmiopa [6] abo @peitnpixa [12],
s onmcy audysii — mogens Bebepa — Mop-
pica [7].

Cepep, HemaBHIX mocmipkeHb y mpani [1]
II0OKa3aHo, 1o miponi3 koctpuui 3a 500 °C
3abesnevyye OTpMMaHHA 610BYTiIIA 3 MaKCH-
Ma/IbHOK COPOIiiiHOW €MHiCTIO Mo Pb** Ha
piBHi 110-130 mr/r. Y mpaui [9] 3acTrocoBano
TifipoTepMabHMII CUHTe3 6ioyapy 3i CTpMK-
HEBOI YaCTVMHY KOHOIULAHOTO CTe6Ia, o K03-
BOJIMJIO JOCATTU €MHOCTI Omm3bko 150 mr/T.
Y HOBIMX [JOCTIIKEHHAX YIbTPAa3BYK-acl-
cropana KOH-akTuBanisa rigporepmMaabHOro
0iOBYTi/NIA 3 KOHOIUIAHOTO cTeba 3abe3nedn-
na eMHicTh 110 Pb** no 345.8 mr/r [14], a mo-
PIBHAHHSA TeMIlepaTyp Mipomi3y Ta croco6is
Mopudikanii irHOIeT0/I03HOr0 6ioBYTiNIA
[I0Ka3aJI0 BU3HAYAJIbHY POJIb KMCHEBMiCHUX
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rpyn i mmuromoi moBepxHi y copbuii Pb* i
Cd** [13]. Ornap [8] mimkpecnioe, mo edek-
TUBHICTb 0iOCOPOEHTIB CYTTEBO 3aJIeXKNUTh
Biff reorpadivHOro MOXOMKEHHsS POCINHHOI
Macy, IO POOUTDb aKTYaIbHUM JOCIIi/KeHHS
caMe cOpOEHTIB i3 KOCTpHuIili KOHOIIENb YKpa-
IHCPKOTO IOXO/KEHHA, CUCTEMATUYHe MOPiB-
HSIHHS HeoOpoO6/eHol Ta TepMiuHO Mopubiko-
BaHOI GOpM SAKMX Yy JiTepaTypi foci He mpen-
CTaBJIEHO.

IlocTranoBKa 3aBmaHHA. MeTa mocmiKeH-
Hs — MigBUILEHHS eeKTUBHOCTI COpPOLiitHO-
ro BUIy4YeHH: ioHiB Pb* 3i cTiuHux BOp 1IIA-
XOM 3aCTOCYBaHHs KOCTPUILIEBUX COPOEHTIB i3
TEXHIYHOI KOHOIIII YKPalHChKOIO ITOXO/KEH-
HA Pi3HOTO CTYIIeHS TepMiYHOTOo 0OpoO6IIeH-
Hf, BCTAHOBJIEHHA ITapaMeTPiB PiBHOBAXKHUX
isoTepMm i kiHeTUKM copO1ii, BUBHaUECHHS Me-
XaHi3My aficopOLii Ta OIiHIOBaHHS IPaKTUY-
HOIO IOTEHIlia/y MaTepiajiB i OYMIIEHHS
IIPOMMCIOBUX CTOKIB.

EKCIIEPMMEHT I OBI'OBOPEHH/A PE-
3YJIbTATIB. Po6oty mpoBopuim 3 KOCTpHU-
uero TexHivyHoi koHomt (Cannabis sativa L.)
copry «IAHMIA», OTPUMAHOIO Bi mepepoo-
Horo mipnpuemctBa [lonraBcbkoi 06macTi K

HO06IYHMIT IPORYKT IEPBMHHOTO IepepoOIeH-
H: cTeben. BomoricTs BuxifgHOI cpoBMHY CTa-
HoBuUma 12.4 %, 3onpHicTb — 2.8 %. I3 BuxigHO1
CHPOBVHM OTpUMaHO Tpu Gopmm copOeHTiB:
KH - Heobpobnena koctpuiis (BUXifHMIT Ma-
tepian); K4 - yacTkoBO 06ByI/IeHa KOCTPUILA
(miponis 3a 350 °C, 45 xB, 3akpuri turi); Kb -
IOBHICTIO O0BYyIZIeHa KOCTpuus — 6ioByTin-
ns (miponis 3a 550 °C, 75 XB, 3aKpWUTi THUITI).
Bci Tpu popmm noppibHeno go ¢paxmii 0.5-
1.0 MM Ta BucymeHo 3a 105 °C po nocriitHoi
macu (Ta6n. 1). Bubip remneparyp 3501 550 °C
3yMOBJIEHWIT IOTPe6OI0 MOPIBHATY YaCTKOBO
KapOoHi3oBaHy GopMy 3i 36epe>keHNMM KUC-
HeBMicHUMM Tpynamu (350 °C) i3 moBHICTIO
KapOOHi30BaHMM OiOBYTIUIAM, OTPUMaHUM
y MeXax ONTMMAJIbHOTO [ JITHOLE/TI0N03-
Hoi cupoBuHU iHTepBary 400-600 °C [3, 13];
3a TeMmmeparyp nosnaz 700 °C mporpecyoda
rpadiTusanis ByIyeneBoro Kapkaca CympoBo-
IKY€ETbCS BTPATOK IIOBEPXHEBUX AKTMBHMX
ueHtpis [3]. Koguux xiMiuHMX peareHTiB-aK-
TUBATOPIB Ha CTafil MipOJi3y He 3aCTOCOBY-
Ba/M — yci Tpu popMM Ofiep>)KaHO BUHATKOBO
TepMiYHUM 00pOO6IEHHSIM 6€3 TOJATKOBOI Xi-
MIiYHOI aKTMBalIil.

Tabm. 1
Pisuko-xiMiYHi XapaKTepUCTUKI OTPUMAHNX COPOEHTIB
Table 1.
Physico-chemical characteristics of the obtained sorbents.
XapakTepucTuka KH (neobpobrnena) KY (350 °C) KB (550 °C)
Buxing npopykry, % 100 523+1.4 29.7£0.9
Bwmicr C, % (CHN) 47.2 62.8 81.4
Bwmict H, % 6.1 4.3 2.8
Bumict O, % (pisHnui) 441 30.6 13.9
pH BopHOI cycnensii 6.2+0.1 6.0x0.1 8.4+0.2
pH,,., 5.8 6.1 7.9

https://ucj.org.ua
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3Beprae Ha cebe yBary pisHe CHiBBigHO-
LIEHHA MDK TOYKOK HY/IbOBOrO 3apapy i pH
BOIHOI cycneHsii iy cmabko MopndikoBaHUX
dopm: na KH pH___, (5.8) Hyoxuniit 3a pH cyc-
nensii (6.2), Toxi sk pa K9 pH_ . (6.1) memo
nepesuinye pH cycnensii (6.0). Ile cBiguntb
PO Iepepo3NOAiT KUCIOTHO-OCHOBHUX IIO-
BEPXHEBUX IPYII y>Ke Ha CTaJlil YaCTKOBOI Kap-
OoHi3alil; M1 TOBHICTIO KapOOHI30BaHOTO
6ioByrinna Kb ob6upBa IMOKa3HUKM ITOMITHO
spocratorh (pH ., 7.9; pH cycnensii 8.4) BHac-
MiJOK BUJJa/IeHHA KMCIUX KUCHEBMICHUX TPYIT
i 3barayeHHs IOBepXHi OCHOBHVMMM I|€HT-
pamim.

Cop6uiitHi gocnigy nposopymyu npu pH 5.5
(agetarHuit 6ygep), T = 25 + 1 °C, maca cop-

YMoOBM npoBeeHHs COPOiTHNX JOCTIiB

6enty 0.100 1, 06’eM posunny 50.0 M. AHai3
Pb* — AAC (A = 217.0 HM), KO>XKHUIT TOCIIf
HIPOBOAWIN y TPbOX IIapajie/IbHUX 3pasKax
(Tabm. 2). PesynpraTyi HaBefieHO SK CEepemHE
apubMeTNYHEe TPbOX Mapaje/IbHUX BM3HA-
vyeHb. CraHJapTHe BiIXWIEHHs cOpOILiiTHOI
eMHOCTi (Tabm. 3) pospaxoByBamu 3a BuUOip-
KOI0 3 1 = 3; JUIs1 mapamerpis isorepm g, K,
K, i 1/n (1abn. 4) HaBeeHo 95 % AoBipuyi iH-
TepBasy, 004ncieHi 3a posnoginom CTblofeH-
ta (1 = 3) 3a TppOMa HE3ATIEKHUMH TTAPaJIeTTh-
HUMM anpokcuMariamu (SigmaPlot 15.0).

PesynbraTyi piBHOB@XHUX COPOLITHUX
ROCTiAiB st TPbOX OpM cCOpOeHTY HaBexe-
HO B Ta0O1. 3.

Tabmn. 2

Table 2.

Conditions for conducting sorption experiments.

ITapameTrp

3HayeHHH

MeTtan-mopenb

Pb? (Pb(NO3)2 «4.I.a.»)

pH mocniny 5.5 (auerarHuit 6ydep)
Temnepatypa 25+x1°C

Maca copbenTy 0.100 £ 0.001 r

O6'eM po3unny 50.0 M1

Konnenrparii C, (isotepma)

10; 25; 50; 100; 200; 400; 600 mr/n

Yac xoHTaKTYy (i30Tepma)

180 xB

C, nyst KiHeTUKU

100 mr/n

Merop anamisy

AAC nonym’sta (A = 217.0 M)

KinbkicTp mapaneneit

3
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Tabm. 3

PiBHoBaxkHi maHi cop6uii Pb** Ha Tprox popmax kocrpuneBux copbenris (pH = 5.5;
T=25°C;m=0.100 r; V =50 Mm; n = 3; 3Ha4eHHA q HaBeleHO AK CepelHE * CTaHJapTHe

BiIXV/TeHHSA)

Table 3.

Equilibrium data of Pb** sorption on three forms of hemp hurd sorbents. (pH = 5.5;
T =25°C;m=0.100 g; V=50 ml; n = 3; q values are given as mean + standard deviation).

C, |C(KH), | q(KH), | RCKH), | C(KY), | q(K4), | R(KY), | C(KB), | q(KB), | R(KB),
Mr/71 Mmr/n mr/t % Mmr/1 mr/t % Mmr/n Mr/T %
10 2.1 3:3 | 790 0.8 4('%; 92.0 0.2 469.331 98.0
25 7.3 8('%; 70.8 26 | 1UT | 89 0.9 120'%781 96.4
50 18.6 1%.%121 62.8 8.1 200'.905;1 83.8 2.8 2%%%": 94.4
100 | 472 260.%131 528 | 224 3%%%“: 77.6 9.3 4%%5; 90.7
200 | 1135 435%521 833 | 673 6%’%521 663 | 314 | PFPF| 843
400 | 2684 650'%221 329 | 1802 103’321 1 549 | 986 158:33 £l 753
600 | 439.1 8%%51 | 268 | 3205 133'3; 1 466 | 2012 193:8‘? 1 665

Anpokcumanisa isorepmamu JIenrmiopa i
Opeitagnixa. [Ina KinbKiCHOrO ONucy piBHO-
BOKXHMX JJaHUX Ta BCTAHOBJIEHHA MEXaHi3My
B3aemogii ioHiB Pb** i3 moBepxHew KocTpu-
L[eBUX COPOEHTIB eKCIlepMMeHTa/IbHi i30Tep-
MI ANPOKCYMOBAHO KJIACUYHUMU MOJEIAMU
Jlenrmiopa [6] i ®peitnmmixa [12]. Mopenb
Jlenrmiopa nepenbadae MOHOIIAPOBY afcopoO-
L[iI0 Ha €HEepPreTUYHO OJHOPISHUX AKTUBHUX
[EHTPax 3 OOMEXEeHOW EMHICTI0O HaCUYEHHS
9,00 Togi AK Mopenb PpeliHpIixa onmcye aj-

https://ucj.org.ua

copO1iif0 Ha eHepreTMYHO HEONHOPIAHIN MmO-
BepxHi 6e3 witkoro miaro. [Tapamerpu 060x
Mopeneii BU3HAYEHO HEMiHIHUM MeTOmOM
HajiMeHIIMX kBajpaTis (SigmaPlot 15.0) i 3Be-
feHo y Tabm. 4. PiBHAHHA HeniHiitHUX opm
moperneit Jlearmropa (1) i @perapixa (2) ma-

IOTb BUTIJIAL:
qezqmaxKLCe/(l +KLCe) (1)

q,=K,:C'". (2)
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Tabm. 4

ITapamerpu isorepm Jlenrmiopa i ®@peitnnixa gnsa cop6uii Pb* (g, , K, K, 1/n - cepep-

He + 95 % moBipumii iHTepBai, n = 3)

Table 4.

The parameters of Langmuir and Freundlich isotherms for Pb** sorption (qmax, K, K,

1/n — mean + 95% confidence interval, n = 3).

CopGenr f/[rln"a/xl: }II/<151’1“ (mpu ClzL: 100) (HeHij/Hop) Ky Un ((Dpelf:mnix)
R
o | e [ | | [0 o
w | e ool o o | v

Ipadiune 306paxkeHHs anmpokcumarii pis-
HOBa)XHIX JaHMX Mofienno JleHrmiopa Hase-
IeHOo Ha puc. 1. ¥Yci Tpu KpuBi MarOTh K1acmy-
Hy ¢opmy isorepm I Tumy: kpyre 3pocTaH-
HS copOUiitHOI €MHOCTi B 00/MacTi HU3BKUX
PIBHOBa)KHMX KOHLEHTPALil 3 IOCTYIIOBUM
BUXOZIOM Ha HacudeHHs mpu C, > 200 mr/pm’.
ITocnimoBHE 3pOCTaHHA HaxWIy IIOYaTKO-
Boi ginanku B pagy KH - KY - Kb cBiguutp
IIpO IMiIBMILEHHA CIOPiHEHOCTI IOBEPXHi
copbeHTy fo ioHiB Pb** 3i 36inbuienHaM cry-
IIeHsI TEPMIYHOTO O0OPOOJIEHHS, [0 KOPEJIoE
3 MiIBULIEHHAM KOHCTaHTM JleHrmiopa K,
Big 0.00704 go 0.0179 n/mr (tabn. 4). Mak-
cuMajbHa coOpOIiiiHa €MHIiCTb g, 3pOCTae
B pagy KH (103.1 mr/r) < K4 (177.3 mr/r) <
KB (247.1 mr/r), mo Bigob6pakae moCmigoBHe
30i/IbIIIeHHS KiZIbKOCTi aKTMBHUX LIeHTPIiB Ta
PO3BMHEHOCTI IMOPUCTOL CTPYKTYpU. 3HAYEH-
HA OesposmipHoro dakropa Jlenrmiopa R,
11t BCiX Tppox dopMm mepebyBae B iHTepBai
0 <R, <1, mo miagTBepKY€E CIPUATINBUI Xa-
paxTep mpolecy azicop6uii [6]. 3HmKeHHs R,

y pany KH (0.353) > K4 (0.240) > Kb (0.146)
IOJATKOBO IiJTBEPIKYE IiIBULIEHHA CIIO-
pigHeHOCTi OBepxHi o Pb** 3i 36inbIIeHHAM
CTyIeHs OOBYITIEHHS CUPOBJHIL.

ATpoKCcMMaLil0 TUX CaMUX €KCIIepUMEH-
Ta/IbHUX faHuX Mopertio OpeliHjtixa HaBefe-
HO Ha puc. 2. Ha Bigminy Bizt /IenrmMropa, Kpusi
@pelinpixa He BUXOAATD Ha IUIATO i IPOJIOB-
KYI0Tb MOHOTOHHO 3POCTaT! Y BCbOMY Jjiama-
30HI KOHLIEHTpallil, 110 € HACTIJKOM CTEIleHe-
Boi mpupopy pisHsAHHA g, = K- C . 3a Hu3b-
KJX Ta CepefiHiX PiBHOBaXXHMX KOHLIEHTpalliil
(C, < 100 mr/am*) obujsi Mopmeni onuCyOTh
€KCIIEPVIMEHTA/IbHI [jaHi 3 MOPiBHAHHOIO TOY-
HicTio. OJHaK 33 BUCOKMX KOHIIEHTpalliil Mo-
menb @peiHAIiXa CUCTEMATUYHO 3aBUILYE
PO3paXyHKOBi 3HaueHHs ¢, — 0COONMMBO M/s
dopmu KB, e mporHosoBaHe 3HaueHHS NPU
C, = 500 mr/nm’ carae ~315 Mr/t, TOfIi AK MO-
nenb Jlenrmmopa mae ¢isM4yHO OOIpyHTOBaHe
3Ha4YeHHs ~223 MI/T, 6/1M3bKe 10 eKCIIepPUMEH-
Ta7IbHOTO IIIATO.
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Puc. 1. Isotepmu ancop6iii Pb** Ha kocTpurieBux copbeHTax: alpoKCUMalis
mopero Jlenrmiopa (pH 5.5; T = 25 °C). 0 KH; 0 KY; A Kb
Fig. 1. Adsorption isotherms of Pb** on hemp hurd sorbents: Langmuir model
fit (pH 5.5; T =25 °C). 0 US; o PC; A BC.
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Puc. 2. Isorepmu aficop6uii Pb** Ha kocTpuiieBuX coOpOeHTax: alpoKCUMallis
Mmopemto Opeitapixa (pH 5,5; T = 25 °C). 0 KH; 0 KY; A Kb
Fig. 2 Adsorption isotherms of Pb** on hemp hurd sorbents: Freundlich model
fit (pH 5.5; T =25°C). 0 US; o0 PC; A BC.
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DI3UYHA XIMIS

AZICOPBLIISA IOHIB Pb? KOCTPULIEBUM BIOBYTIIIAM I3 TEXHIYHOT KOHOMI (CANNABIS SATIVA)

dopmanbHe TOPiBHAHHSA KoedillieHTiB fie-
tepMiHanii (Tabmn. 4) mokasye, 10 06uABI Mo-
meni 3a0e3nevyyroTh BMCOKY SIKICTb allpOKCHU-
Manii (R* > 0.987 mia o6ox). IIpore Bubip
ONTUMAaJ/IbHOI MOJE/Ii He MOXKe I'PYHTYBAaTHUCS
BUK/IIOYHO Ha 4YMCIOBUX Kpurepiax. Kimodo-
BMM apryMeHTOM Ha KOPUCTb Mogeni Jlenr-
Miopa € 1 ¢isuyHa OOIPYHTOBAHICTb: HasAB-
HICTb I/IATO HAaCMYEHH: BIiJIIOBi/la€ peabHii
HOBeJiHI[i COPOEHTIB 3 0OMEXEeHOW Ki/lbKi-
CTI0O aKTMBHMX LIEHTPIB, TOAi K HeoOMexe-
He 3pOCTaHHA €MHOCTI 3a PpeltHixoM Ipn
C, > oo He Mae (isMIHOTO CeHCy /IS peaTbHUX
cop6buiitHux cucrem. OTpumaHe s 6ioByTin-
ns Kb snauenns g, = 247.1 Mr/t niepeBuiiye
OinpLIiCTD TiTepaTypHUX aHasOriB 6iovapy 3

€TbCSI 3 piBHEM CYYaCHUX KOHOIUISHUX 6io-
ByI/IelliB [14], HaO/MVKaI0YNUCh 1O TIOKa3HUKIB
KOMEpIIJTHOrO aKTMBOBaHOro Byrimia (200-
350 Mr/T), 110 NifITBEpKY€E KOHKYPEHTOCIIPO-
MO>XHICTb pO3p06/IeHOT0 MaTepiainy.

Kinetnka cop6uii Pb** Ha xocTpumeBux
cop6enTax. [[/1 BCTaHOB/IEHHS IIBU/KiCHUX
XapaKTepPUCTUK IIPOIeCy IIPOBEEHO KiHe-
taHi gocnipkennsa (C, = 100 mr/am’; pH 5,5;
T = 25 °C). KimetnyHi maHi ampoKcKMOBaHO
MOJIe/UTIO  TICeBHo-apyroro mopsaky (ITIIT)
Xo - Makkes [5]. JlineapusoBaHy Qopmy
piBasHHA [IIT (3) Ta mOYaTKOBY LIBU/KICTDH
cop6uii /1, (4) HalaHO PiBHAHHAMM:

tlg,=1/(k,q’) +tlq, (3)

—_ 2
arposigxopniB (88-150 mr/r) [11] i y3sromxy- hy=kyq.} . (4)
80
- e e o
f 60
.2 — -
2 &
w
= 40 A
e
=
=1
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o 20
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O T T T T T T T T 1
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Hac KOHTAKTY, XB

Puc. 3. Kineruka azcop6uii Pb** Ha kocTpuieBux copOeHTax: alpoKcuMallis
mogero TTITT (CO =100 mr/am?* pH 5,5; T = 25 °C). 0 KH; © KY; A Kb
Fig. 3. Kinetics of Pb** adsorption on hemp hurd sorbents: pseudo-second-order
model fit (C,=100 mg/L; pH 5.5; T = 25 °C).oUS; o PC; A BC.
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Kinetnyni xpusi cop6uii Pb** mma Tpbox
¢dbopMm copbeHTy HaBefeHO Ha puc. 3. Yci Tpu
3aJIEKHOCTI IEMOHCTPYIOTh XapaKTepHY IBO-
(da3Hy NOBeAiHKY: iHTEHCMBHe IIOIJIMHAHHSA
ioHiB cBMHIO B nepiui 30 XB KOHTAKTY, IIPO-
TATOM SKUX peanisyerbcsa Bif 55 no 60 % 3a-
rajbHOI COPOLITHOI EMHOCTI 3 TOMATBIINM
YIOBiIbHEHHAM IIPOLlECy Ta BUXO[OM Ha
piBHOBa)kHe IIaTO B iHTepBanm 120-150 xB.
Taka pMHaMiKa IOACHIOETbCA MOCTiJOBHOIO
3MIHOIO JIIMITYIO4OI CTafil: Ha ITOYaTKOBOMY
eTami IPOIeC KOHTPOMIETbCA Macolepesa-
Y€ JJ0 BUCOKOJOCTYIIHMX IIOBEPXHEBNX 1€H-
TpiB, TOA1 AK Ha 3aBeplIabHOMY — BHYTpilll-
HbOYACTMHKOBOIO udysieto ioHiB Pb*" y mik-
POIIOPUCTIN CTPYKTYPi BYITIELIEBOTO KapKaca.
Haxun mo4aTkoBoi JiNAHKM KPUBUX CYTTEBO
spoctae B pagy KH > K4 - KB, mo Bigo-
Opakae 30i/bIIeHHS] TTOYATKOBOI HIBUAKOCTI

cop6uii. Teopernuni kpusi mogeni 11111, pos-
paxoBaHi HENiHITHMM METOAOM HaVMEHIINX
kBazgpariB (SigmaPlot 15.0), afgexBaTHO omm-
CYIOTb eKCIIepUMMEHTa/IbHi IaHi Yy BCbOMY 4a-
COBOMY iHTepBaJIi.

Mopenb 3a6esmedye BiiMiHHY anpoKcuMa-
1110 7151 BCIiX TPboX GopM copOeHTY 3 Koedi-
nientoM getepminanii R? = 0.993-0.999 i 36i-
rOM PO3Pax0BaHOrO Ta OCIHOTO g, B MeXaxX
A < 3.5 %, [0 OFHO3HAYHO BKAa3y€ Ha XeMO-
copbuito AK nmimiTylouy cragioo mpouecy [5]
(puc. 3). IloyaTkoBa MBUAKICTb copbmii h, =
k, - g7 spocrae y 5.7 pasiB Bifj HeoOpoOIEHOI
koctputi (8.47 mrr'x8™') mo 6ioByrima Kb
(47.98 mr-r!-xB™"), 1110 Ma€ BayK/IMBe IPaKTUIHE
3Ha4YeHH: I NPOEKTYBAHHA MIBUAKOMIIOUMX
CUCTeM OYMIIEHHA CTIYHUX BOJ 3 OOMEXEHNUM
JacoM KOHTAKTY, Jie K/IIOYOBUM I1apaMeTPOM €
caMe [I0YaTKOBa IIPOJYKTUBHICTb COPOEHTY.

Tabn. 5
ITapameTpu Mopeni NceBAO-APYTOro MOPAAKY A copOuii Pb**
Table 5.
Parameters of the pseudo-second-order model for Pb** sorption.
Copbent ]ff’ B q,(pospax.), | q (excrepr.), Aq, R ITouaTkoBa I}llBML:LII(ICTb h,
I-MI"-XB MI/T MI/T % MI-T'XB
KH 0.00312 52.1 50.4 34 0.998 8.47
K4 0.00487 68.3 66.0 3.5 0.999 22.72
Kb 0.00628 87.4 85.2 2.6 0.999 47.97

Ina mopmatkoBoi Bepmikarnii pesynbra-
TiB HEJIIHIMHOI perpecil KiHeTU4Hi JaHi IO-
JIAaHO Y JIiHEapU3OBAHUX KOOPAIMHATAX t/q, — t
(puc. 4). JlineapnszoBana ¢popma mopeni IT1I1
t/q,=t/q,+ 1/(k,-q’) no3BO/NsAE HE3ANIEKHO BU-
3HAYUTY IIapaMeTPU 3 HaXWIY i Bifipi3Ky nps-
Mol. EKcriepyMeHTanbHi TOYKM IJIA BCIX TPhOX
copbeHTiB (popMyrOTH UiTKi JiHIVHI 3amex-

https://ucj.org.ua

HocTi 3 R* = 0.997-1.000, 110 migTBEpXKYyeE KO-
PeKTHiCTb oOpanoi Mopieni. 3Ha4eHHs g, BU-
3HaveHi 3 miHeapu3sarii (64.1; 81.3; 103.3 mr/1),
[el0 NEePEBUILYIOTh Pe3y/IbTaTy HEMiHITHOTO
¢iry (52.1; 68.3; 87.4 mr/r), Mo € BifoMOIO
0CO6/MMBICTIO TiHEApM30BAHOTO METOLY, KU
Hafae OipIIOI Baru TOYKAM 3a BEIMKUX 3HA-
4yeHb t [5].
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DI3UYHA XIMIS

AZICOPBLIISA IOHIB Pb? KOCTPULIEBUM BIOBYTIIIAM I3 TEXHIYHOT KOHOMI (CANNABIS SATIVA)
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Puc. 4. Jlineapusanis Mofieni IIceBAO-Apyroro nopAaky: t/q. — t. 0 KH; © K4; A Kb
Fig. 4. Linearization of pseudo-second-order model: t/g; vs t. 0 US; © PC; A BC.

Mopenb BHYTPillIHBOYAaCTUHKOBOI AUQy-
3ii Be6epa — Moppica. [l BusABnIeHHA qudy-
3iJIHOTO BKJIaJy B 3arajibHy LIBUAKICTb IIPO-
1ecy KiHeTW4Hi faHi 06po6IeHo 3a MOJENIIo
Be6epa - Moppica y xoopanHarax g, — t'* 3a
piBHsAHHAM (5):

(5)

3aexXHOCTi Ha puc. 5 1 BCiX Tpbox popm
COpOEHTY YiTKO PO3AiIAIThCA HA ABA JTiHIMHI
cermeHTH. [lepmmii cermeHT i3 OinbIIMM Ha-
XUJIOM ki ,; BIATIOBI/IA€ CTafil MIBUKOL copb6iii
Ha JIETKOJOCTYIIHMX IIOBEPXHEBMX AKTMBHMX
LIEHTpaX, KOHTPOJbOBaHiil IIePEBaXKHO 30B-
HIITHBOIO MacoIlepefadero 3 00’eMy PO3UMHY
[0 IIOBEPXHi YacTMHOK. [Ipyrmit cermeHr i3
MEHIINM HaXU/IoM K., , Biflo6pakae MoBinbHinTy
BHYTPIlIHbOYACTUHKOBY 1udysito ioHiB Pb** y
MiKPOIIOPUCTIi CTPYKTYpi BYIJIELIEBOTO KapKa-

q,=k t"?+C.

12

Ca @ JI0 BCTAaHOBJIEHHS COPOLIii1HOI piBHOBAr.

[TpyHIMIIOBO BaK/IMBO, L0 XKOAHA 3 Ip:-
MIX He NPOXOAUTH 4Yepe3 IOYaTOK KOOPAu-
HaT — HAABHICTb HEHY/IbOBOTO Bifipiska CHa oci
g, CBITYMUTBD PO Te, 1[0 BHY TPILTHBOYACTUHKO-
Ba IMQy3is He € EAVHOIO TIMITYI04O0I0 CTAZIi€I0
IIPOLIECY, a 30BHIIIHA Macollepefiada TaKOX
poOMTDH MOMITHMIT BK/IaZ Y 3arajbHy KiHeTH-
Ky [7]. 3pocranns Bigpiska C Bif 7.4 (KH) o
17.6 (Kb) xopemioe 3i 3pocTaHHAM pO3BIHe-
HOCTi MIiKpOIIOPKCTOI CTPYKTYypu 6ioBYyTiNIs,
110 MiATBEPHKYETbCA HE3ANIEKHUMU TAaHVMU
CHN-ananisy.

OnTumanbanit intepsan pH ms Bcix popm
CTaHOBUTD 5.0-6.0: MOBepXHsI Hece Bift eMHUI
sapap (pH > pH_ ), [0 ClIpUsAE €eKTPOCTa-
TUYHOMY nputsAranHio Pb*. Ilpu pH < 4 3po-
CTae KOHKYpPeHIisA NPOTOHiB; npu pH > 7 mo-
4nHaeTbcA rigponis Pb(OH),.
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Puc. 5. Mogens Be6epa — Moppica: g, — > (C, =100 mr/pm’ pH 5,5; T'= 25 °C). 0 KH; © KY; A Kb
Fig. 5. Weber-Morris model: g; vs t'* (Co =100 mg/L; pH 5.5; T = 25 °C). 0 US; © PC; A BC.

byno 1mokasaHO KOHKypyHuYMil BIUIUB
ionis Ca** ta Mg**. 3a mpucyTHOCTI 1ux io-
HiB (50 mr/gm?) sHKeHHS eMHOCTI s KH -
18-22 %, gnsa K4 - 12-15 %, gna Kb — nuie
8-10 %. binpa crifikicte Kb Moxxe 6yTu 3y-
MOBJIEHA VIMOBIPHMM II€peBakaHHAM TI-KarTi-
OHHUX B33€MOIill 3 apOMAaTUYHUMU (PparMeH-
TaMM KapOOHi30BaHOTO KapKaca, sIKi MeHII
Yy T/INBI O KOHKYPEHIIiI JBOBa/IEHTHUX KaTio-
HiB; Ile IPUITYIIeHHs OTPeOYe MiATBepHKeH-
HA NIPAMUMU CIIEKTPAJIbHUMUI METOAMMA.

Perenepariis BignpanpboBaHnx copOeHTiB.
MoxmBicTb  6araTopasoBOro BUKOPMCTaH-
HS COPOEHTY € OHUM i3 KIIIOYOBUX KpUTepiiB
JIOTO NPaKTUYHOI NpUAATHOCTI. Perenepaniro
Bi/IlIpaI[bOBaHVX KOCTPUIIEBUX COPOEHTIB IIpo-
BOAM/IN HUTIAXOM 00po6eHHst 0.1 M posurHoM
HITPaTHOI KMCIOTH 3a KIMHATHOIL TeMIIepaTypu
yHIpopoBX 60 XB i3 IMOAIbIINM BifMUBaHHAM

https://ucj.org.ua

IVICTVIBOBAHOK BOJOKI0 /10 HEWTPA/IbHOI pe-
akuii. Bubip came HiTpaTHOI KMCIOTM 3yMOB-
JIEHMII TUM, IO IPOTOHYBaHHA IIOBEPXHEBUX
KVCHEBMICHMX TPYII y KIUC/IOMY CEpeJOBMIII
BUTiCHsI€ ioHU Pb** 3 aKTMBHUX LIEHTPIB, a HIT-
paT-ioH yTpUMYeE CBMHELb Y PO3UMHI 3aBIAKNI
BUCOKiit posunuHocTi Pb(NO,), i He yrBOpIoe
MaJIOPO3YMHHUX OcafiB (Ha BiMiHY Bif Cy/b-
(dbaTHOI UM XTTOPUAHOI KUCIIOT, 1[0 3[aTHi aBa-
™ PbSO, abo manoposunnHi xmopupni dop-
MI); KpiM I[bOTO, HiTpaT-aHiOH 306ira€rbcs 3
IPOTMIOHOM BMXiJHOTO MOJEIbHOIO PO3YMHY
Pb(NO,),, mo BuKTIOYaE BHECEHHS CTOPOH-
Hboro aHioHa. [TopibHMIT pereHepariitHmit mis-
Xif| i3 3acrocyBanHsaM posseienoi HNO, omn-
CaHO IJIA JIiTHOILe/MoNI03Horo 6ioByrimmsa [13].
JvHaMiKy 3MiHM COpOLIIHOI €MHOCTI IPOTA-
TOM ITSITY HOC/IiJOBHUX LMKIIB COpOIii — fe-
copO11ii HaBefieHO Ha PHC. 6.
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®I3NYHA XIMIS

AJICOPBL|ISl I0HIB Ph2* KOCTPULIEBUM BIOBYTINAM I3 TEXHIYHOI KOHOMJI (CANNABIS SATIVA)
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Puc. 6. 3mina copbuiitnoi eMHOCTi TpoTsArom 5 unKiB copobuii — mecop6uii (0.1 M HNO,)
Fig. 6. Sorption capacity over 5 sorption-desorption cycles (0.1 M HNO,).

Cryninp mecop6buii Pb** mna 6ioByrimna
Kb sHmxyernca Big ~92 % y nepmomy IuKiii
1o ~86 % y I'SITOMY, 3a/IMIIAI0YNCh Y MeXaX
86-92 %. 306epe>keHHA COpOLITHOI €MHOCTI
MiCAA IWATU IUKIIB CTaHOBUTH ~90 % s
Kb, ~86 % mna K4 i ~84 % mnsa KH BigHOCHO
IIOYAaTKOBMX 3HaueHb. Buia cTilikictb 6ioBy-
riia Kb go nukmivHol perenepartii, IMOBip-
HO, TI0B’A3aHa 3 IepeBaKaHHAM T-KaTiOHHUX
B3aeMofiit Ta isuuHOI amcopbuii B MiKpo-
Hopax, ski € 6i7bpI 060POTHUMYU HOPIBHIHO
3 KOMIUIEKCOYTBOPEHHAM dYepe3 (YHKIIiO-
HanbHi rpymn ~COOH i -OH, xapakrepanm
1 Heobpob6bienoi koctpuui KH. ITocrynose
3HIDKEHHA €MHOCTI 3 KOXXHUM LMKJIOM 3Y-

14

MOBJIEHO YaCTKOBMM PYMHYBaHHAM aKTUBHUX
LIEHTPIB IIiff Ji€I0 KMCIOTHOIO CEpeNOBUILA Ta
HEe3BOPOTHMM 3B’A3YBaHHAM YacCTMHM iOHIB
CBMHIO Y BaXXKOIOCTYIIHMX MiKpOIIOpaX.
IlopiBHanbHa oniHka. OpieHTOBHY eKo-
HOMIUHY IIpuBabIUBiCTh MaTepiany OLiHIOBa-
IV 32 BiIHOCHOIO CO6iBapTiCTIO, HOPMOBAHOIO
Ha BapTiCTb BUXiTHOI cpoBMHM (YMOBHA OfiN-
HUIA — MMATOMA BapTicTh 1 Kr KocTpuui). 3a
TAaKOTO HOPMYBaHHs BiJHOCHa coO0iBapTiCTbh
KOCTPULIEBOTO 6iOByri11}1;{ CcTaHOBUTH ~1.8 (3
ypaxyBaHHAM BUXOAy 29.7 % i eHeproBUTpaT
niponisy npu 550 °C), Tofi AK A1 KOMepIiii-
HOTO aKTMBOBAHOIO BYTI/UIA aHaIOTIYHUIA
IIOKA3HMK, 3a JIiTepaTypHUMM NAHUMM, IIe-
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pebyBae B Mexax 15-30 [2, 15], To6To cobi-
BapTicTh 6i0ByTi/UIA MpnbMM3HO y 8-17 pasis
HIpK4a. HaBefeHa OLiHKAa € IONEPEeNHbOIO i
IPYHTY€ETbCA HAa IOPIBHAHHI CMPOBMHHOI Ta
€HEPreTUYHOI CK/IAZIOBMX; BOHA HE BPaXOBYE
HOBHMII >KUTTEBMIT LMK Ta pecypc pobo-
TV KOMEPLITHOTO COpOeHTy, TOMY HOTpebye
YTOYHEHHA 3a pe3y/nbTaTaMy TEXHIKO-€KOHO-
MiYHOTO pospaxyHky. IIpm g = 247.1 mr/r
(miamazon AB: 200-350 mr/r) Ta 36epexeHHi
~90 % €eMHOCTi mic/is IATH LVKITIB pereHe-
pauii 6ioByria Kb e morenuiiino npusa-
0/MBOI0 HM3BKOBAPTICHOIO aJIbTEPHATHBOIO,
OCTaTOYHA KOHKYPEHTOCIIPOMOXXHICTb SKOI
norpebye mifTBepIKeHHS NOPiBHAIBHNMU
KiHeTVYHUMY Ta PeCypCHUMM BUIIPOOyBaH-
HAMU 3 KOMepLiitHuM AB.

Oo6MexxeHHS FOCTiKeHH:. TeKCTypHi Xa-
PaKTepUCTUKM COpOEHTIB (IIMTOMA ITOBEPXHSA
3a BET, posnogin mop) i nosepxuesi ¢pyHKIio-
HanbHi Tpynu (IY-/PamaH-cnekTpockomis) y
MeXKax Iii€i po6oTn iHCTpyMeHTa/IbHO He BU-
3HaYa/Iy; IX OLIiHIOBA/IM OIOCEPENKOBAHO — 3a
manumu enementHoro CHN-anamisy, Buxonmy
IIPOAYKTY Ta IapaMeTpiB KiHETMYHMUX MOJe-
neit. ToMy TBepIpKeHHS NPO PO3BMHEHY Mi-
KPOIIOPUCTY CTPYKTYpPy Ta 3allpOIOHOBaHi
MexaHi3My ancop6uil (m-kaTioHHi B3aeMopii,
KoMIIeKcoyTBopeHHA 3 rpymamu —COOH i
—-OH) cnip posrnamaTy AK y3rofKeHi 3 iTe-
parypoio [3, 4, 13] rinoresu, 1o noTpe6y0TH
HiATBEPIPKEHHSA NPAMUMI CTPYKTYPHUMM Ta
CIIEKTPAaZbHUMU MeTofilaMu. TepMorpasime-
TPUYHMI aHaJIi3 BUXIJHOI CMPOBMHM TaKOX
He BUKOHyBa/m. IIpsame iHCcTpyMeHTanbHe
BJM3HAUYEHHS TEKCTYPHUX i CIIEKTpa/IbHUX Xa-
PAKTEPUCTUK, a TAKOXK IOPiBHAIbHI KiHeTNY-
Hi /1 pecypcHi BUIPOOYBaHHS 3 KOMEPLiTHUM
aKTMBOBAaHMM BYTi/UIIM CTAHOBJ/IATb OCHOBHI
HaIpsAMM MTOJIa/IbIINX JOCTi/IKEHb.
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BVCHOBKJI. Yuepuie CUCTEMHO [OCHi-
IKeHO afcopO1iiliHi BIacTUBOCTI TPboX popm
KocTpuiieBux cop6bentiB 3 Cannabis sativa L.
copry «Inanunsa». KonTponbosane TepMidHe
o6pobnennsa (350-550 °C) sabesnedye KOH-
KYPeHTOCIIPOMOXKHUII cOpOeHT 6e3 Joporux
aKTUBYIOUMX peareHTiB.

PiBHOBa)XHI [aHi HaJKpalle OIMCYIOTb
isorepmoto Jlenrmiopa: g, 3pocrtae Bif 103.1
(KH) po 247.1 mr/r (KB), mo nepesuiye 6ib-
IIiCTb NiTepaTypHuX aHasoris [11] i Habmxa-
€TBCA 10 KOMepLiiHoro AB.

Kineruka nignopsagkoByerbesa mopeni [TIT1
Xo - Maxkkes (R*= 0.993-0.999). IlouarkoBa
WBUJKICTD h, 3pocTae y 5.7 pasis Biz 8.47 mo
47.98 mrr'.xB™'. Mogenp Bebepa — Moppica
BUSIBUJIAa CHIIBHUI BKJIaJl 30BHIllITHbOI Maco-
nepenayi Ta fudysii B mopax [7].

Onrtumanbumii pH 5.0-6.0. biosyrinna Kb
HaitbibII CTiiike [0 KOHKypenuii Ca’*/Mg*
(3sHm>KeHHsA eMHOCTI e 8-10 %).

Pereneparis 0.1 M HNO, 3a6esneuye 86—
92 % mecopb6buii mist Kb 3i 36epexxennsam 90 %
eMHOCTi nicys 5 nukiniB. Co6iBapTicTs y 8-17
pasiB HIDK4YA 3a KOMepliliHe AB.

BKJIAJT ABTOPIB:

A. B. IBaHYeHKO — MOCTaHOBKA 3aBIaHHA
TBOCIIIJIP)KEHH ], aHa/Ii3 OTPMMaHMX JaHKX;

O. O. IIaceHKO — TNPOBENECHHA €KCIEPU-
MEHTa/IbHUX POOiT;

€. C. OcokiH — 06po6eHHA pe3ynbTaTiB
€KCIIEPYIMEHTIB.

Apropu 6panyu y4acTb y MiATOTOBIL{, pe-
JaryBaHHI Ta MOONpalIOBaHHI CTaTTi. Yci
aBTOpPU O3HAVOMMINCA 3 Pe3y/nbTaTaMu J0-
CIIPKEHHA Ta CXBA/IWIM OCTAaTOYHY BEPCiIo
CTaTTi.
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AZICOPBLIISA IOHIB Pb? KOCTPULIEBUM BIOBYTIIIAM I3 TEXHIYHOT KOHOMI (CANNABIS SATIVA)

KOH®JIIKT IHTEPECIB. ABTOpHM 3asABiA-
I0Tb IIPO BifICYyTHICTb KOHQJIIKTY iHTepeciB.

OIHAHCYBAHH/. Po60oTy BMKOHaHO B
paMKax HayKOBO-ZOCTigHOI poboru Kadenpu
XiMiYHUX Ta OioyoriyHmMx TtexHosoriv JHimn-
POBCBKOTO [j€p>KaBHOI'O TEXHIYHOIO YHiBep-
curery «OpepxaHHs XimiuHO MopubikoBa-
HUX COpOEHTiB i3 BTOPMHHOI CHPOBVWHN»
(01.09.2024-31.08.2026), Ne [1P 0124U004316.

ADSORPTION OF Ph?* IONS BY HEMP HURD

BIOCHAR FROM INDUSTRIAL HEMP
(CANNABIS SATIVA).

O. Pasenko®, Y. Osokin®, A. Ivanchenko®

*Dniprovsky State Technical University,
Dniprobudivska str., 51900 Kamianske,
Ukraine;

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

The adsorption properties of three sorbent
forms derived from industrial hemp hurd
(Cannabis sativa L., ‘Glianytsia’ variety, Poltava
region, Ukraine) untreated (US), partially car-
bonized at 350 °C for 45 min (PC) and fully
carbonized biochar at 550 °C for 75 min (BC)
were studied for Pb** removal from model
aqueous solutions. Equilibrium data were de-
scribed by the Langmuir and Freundlich mo-
dels with parameters determined by nonline-
ar least-squares regression (SigmaPlot 15.0).
The Langmuir model provided a physically
sound description due to its saturation pla-
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teau corresponding to the finite number of ac-
tive sites; the maximum sorption capacity q,
increased as US (103.1 mg/g) < PC(177.3 mg/g) <
BC (247.1 mg/g), approaching commercial ac-
tivated carbon (200-350 mg/g). Although the
Freundlich model yielded comparable R* va-
lues, it overestimated g, at high equilibrium
concentrations, confirming the Langmuir pre-
ference on the basis of physical adequacy. Sorp-
tion kinetics followed the Ho-McKay pseudo-
second-order model (R?> = 0.993-0.999), con-
firming chemisorption as the rate-limiting
step. The initial sorption rate h  increased
5.7-fold from US (8.47 mg - g'- min™) to
BC (47.98 mg - g™'- min™"). Weber-Morris ana-
lysis revealed two linear segments with non-ze-
ro intercepts, indicating combined contribu-
tions of external mass transfer and pore diffu-
sion. Optimum pH was 5.0-6.0; BC showed the
highest resistance to Ca*/Mg** competition
(capacity loss only 8—10 %). Regeneration with
0.1 M HNO, retained 90 % of BC capacity after
five sorption-desorption cycles. The estimated
production cost is 8—17 times lower than com-
mercial activated carbon, making hemp hurd
biochar an economically attractive alternative
for Pb** removal from industrial wastewater.
Keywords: Pb** adsorption; Cannabis sa-
tiva biochar; hemp hurd; Langmuir isotherm;
sorption kinetics; wastewater treatment.
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This study presents an electrochemical comparison of Li||LiMn,.;Feo.sPO4 coin cells using two dif-
ferent polymers as binders: PVDF and the water-soluble binder NV-1A. The charge/discharge curves
obtained at a current rate of 0.05 C exhibit two well-defined plateaus at approximately 3.5 Vand 4.1V,
corresponding to the Fe**/Fe’* and Mn**/Mn** redox pairs, respectively. The capacity ratio of these
plateaus is about 7:3, which matches the Mn/Fe ratio in the pristine material. The specific capacity of
the coin cells with different binders falls within the range of 137-141 mAh-g™*, which is consistent
with the manufacturer’s specifications for the material. However, upon the first cycles, the coin cells
with NV-1A binder exhibit a slightly lower specific capacity. This is attributed to the possible forma-
tion of Li;PO, particles on the electrode surface, which leads to a decrease in specific capacity upon
the initial cycles but improves the overall stability upon prolonged cycling. The first-cycle coulombic
efficiency is 96.0 % for PVDF and 94% for NV-1A, increasing to 99.5% + 0.1 % upon further cycling
for both systems. Increasing the charge/discharge current density leads to a decrease in the specific
capacity of Li||LiMny.,Feo.;PO, electrodes. This decrease is more pronounced for PVDE At 0.5 C, the
specific capacity reaches 68 mAh-g™ for PVDF and 85 mAh-g™ for NV-1A. Cyclic stability tests reveal
that, despite the lower initial capacity of the NV-1A based coin cells, their capacity fade rate is only
0.1 % per cycle at 0.1 C, compared with 0.45 % for PVDE Consequently, after 75 cycles, the NV-1A
coin cells exhibit superior capacity retention. These findings are further discussed in the context of
electrode degradation mechanisms upon cycling.

Key words: polymer binder, water-soluble binder, lithium manganese ion phosphate, galvanoatatic
cycling, electrochemical impedance spectroscopy, capacity retention.
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INTRODUCTION.

The development of lithium-ion battery
(LIB) technologies is one of the key directions
of modern science [1], driven by their wide-
spread application in electric vehicles, energy
storage systems, and portable electronic de-
vices [2]. Particular attention has been paid
to olivine-structured cathode materials [3, 4],
especially LiMn Fe,_ PO, (LMFP) [5], which
combines the high thermal stability of LiFePO,
(LFP) with the elevated operating voltage
(~4.1 V) characteristic of LiMnPO, [6, 7]. Asa
result, LMFP provides a higher energy density
compared to conventional LFP (~3.4 V) with-
out a significant loss of safety [8, 9]. However,
LMFP exhibits intrinsically low electronic con-
ductivity (=107'°-107 S/cm) and slow lithium-
ion diffusion kinetics, which adversely affect its
rate capability and cycling stability [6, 9].

One of the effective approaches to im-
proving the electrochemical parameters of
LiMn Fe _ PO, is the optimization of electrode
composition, particularly through the selec-
tion of a suitable polymer binder. As an essen-
tial component of LIB electrodes, the polymer
binder mechanically holds together the active
material particles and conductive additives,
ensures adhesion to the current collector, and,
via electrolyte wetting, facilitates lithium-ion
transport to the cathode material. Improve-
ment of the adhesive and cohesive properties
of the binder positively affects the formation
of the solid electrolyte interphase (SEI) du-
ring the initial charge-discharge cycles, which
largely determines the overall resistance of
both the electrode and the battery.

Polyvinylidene fluoride (PVDF) is tradi-
tionally used as a cathode binder; however, its
processing requires the toxic organic solvent
N-methyl-2-pyrrolidone (NMP). This comp-
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licates manufacturing, increases production
costs, and raises environmental issues [10-12].
In recent years, the global trend has been to-
wards replacing PVDF with water-soluble
binders that are more cost-effective and en-
vironmentally friendly. Among them, poly-
acrylic acid (PAA)-based materials and their
derivatives have attracted considerable interest
[10-12], as they can reduce the internal resis-
tance of electrode composites. Nevertheless,
the rigid structure of PAA may lead to crack-
ing of the electrode layer during cycling due to
volume changes in the crystal lattice, resulting
in the loss of electrical contact between parti-
cles and delamination of the electrode coating
from the current collector.

To overcome these limitations, PAA is of-
ten modified with various monomers, particu-
larly nitrogen-containing compounds, which
improve adhesion through the formation of
covalent bonds at the polymer-substrate in-
terface [13] and enhance the flexibility of the
material [14-17]. One such binder is NV-1A,
a commercial water-soluble polymer based on
polyacrylic acid modified with various mono-
mers, including nitrogen-containing species,
to improve its adhesive, cohesive, and mechan-
ical properties.

Despite the considerable number of studies
devoted to the synthesis and electrochemical
performance of LMFP, the influence of poly-
mer binders on the structural and electro-
chemical characteristics of LMFP cathodes re-
mains insufficiently explored. Most recent in-
vestigations have focused on anode materials,
whereas issues related to cathode microstruc-
ture formation, cycling stability, and adhesion
properties remain largely unresolved [11, 18].

The aim of this work is to investigate the
effect of binder type on the electrochemical

ISSN 2708-129X. YKp. xiM. XypH., 2026



0.V. Potapenko, H.V. Potapenko, V.0. Oliinyk, V.A. Sirosh, Changji Zhou, Chee Sien Wong, Changbo Yu, Chenchun Zhang

UCJ Nz 5/ Vol. 92

properties of LiMn Fe ,PO, cathode mate-
rial. The combination of lithium manganese
iron phosphate (LMFP) cathode material with
a water-based polyacrylic acid (PAA) binder
is a significant advancement in lithium-ion
battery technology, offering novelty in i) en-
vironmental sustainability and manufacturing
safety; (ii) superior electrochemical perfor-
mance (PAA binders exhibit exceptional elec-
trochemical properties that address key limi-
tations of conventional binder systems); (iii)
addressing LMFP-specific challenges (LMFP
is a promising high-energy-density cathode
material, but it suffers from manganese disso-
lution during charge-discharge cycles, which
degrades battery life and storage performance.
The novelty of PAA-based aqueous binders lies
in their ability to mitigate this issue); (iv) supe-
rior adhesion and mechanical properties (the
carboxyl-rich structure of PAA enables strong
hydrogen bonding and covalent interactions
with active material surfaces, providing excel-
lent adhesion that maintains electrode integri-
ty during volume changes. This is particularly
valuable for LMFP cathodes, where structural
stability is critical for long-term performance.
Unlike conventional binders that rely on weak
van der Waals forces, PAA offers robust me-
chanical properties essential for high-voltage
operation); (v) cost-effectiveness and process
compatibility (water-based PAA binders offer
lower material costs and simplified manufac-
turing processes compared to NMP-based sys-
tems).

Thus, taking into account the above, the
purpose of this work was to perform a com-
parative analysis of cycling performance and
electrochemical impedance spectroscopy
(EIS) data with two different binders. Based
on the obtained results, the advantages of use

https://ucj.org.ua

the water-soluble NV-1A binder were evalua-
ted, and possible explanations for the observed
structural changes in the electrode material
were proposed.

EXPERIMENT AND DISCUSSION OF THE
RESULTS.

Commercial LiMn_Fe PO, sample (“Qi-
quling Electrochemistry”, Guangzhou, China)
has been used as the cathode material.

Electrochemical tests have been per-
formed in sample Li||LiMn_Fe PO, cells on
a Neware potentiostat/galvanostat (Shenzhen,
Guandong, China). Working electrodes have
consisted of 90 wt. % of the studied material,
5 wt. % of a conductive additive (soot) and
5 wt. % of binders (poly (vinyliden) difluo-
ride and NV-1A (“Zhejiang Casnovo New
Materials Co Ltd”)). A 50 um layer of the
slurry was applied onto aluminum foil with
a doctor blade and then dried at 100-120 °C
18-21 h under a vacuum. The mass loading
of LiMn Fe PO, in a dried electrode was
6.5-9 mg-cm™. To increase the cathode density
and improve the electrical contact between the
active material particles and the conductive ad-
ditive, the electrodes were pressed at a pressure
of 190 MPa. This process reduced the electrode
thickness from 65-66 to 50-52 um. Coin cells
were assembled in 2032 cases with Celgard
2500 separators and an electrolyte containing
the 1 M solution of LiPF_ in a mixture of ethy-
lene carbonate and dimethyl carbonate taken
in the 1:1 mass ratio. The reference and coun-
ter electrode were made of lithium metal. Gal-
vanostatic tests have been performed within
the voltage range of 2.0-4.5 V at the different
current rates (0.05-1C). As noticed above, the
theoretical specific capacity of the compound
studied, Li||LiMn ,Fe PO, is 170 mAh/g,
therefore, 1C = 170 mAh-g™".
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Impedance measurements were performed
using an AUTOLAB electrochemical worksta-
tion (Netherlands) by applying a harmonic per-
turbation signal with an amplitude of 5 mV over
the frequency range from 1 MHz to 10 mHz.
The obtained spectra were processed using
Nova 2.1 software. To approach the equilibrium
state of the electrochemical cells, each spectrum
was recorded after a relaxation period of no less
than 2 h. All measurements were carried out
at room temperature (25 °C), with the electro-
chemical cells maintained in a discharged state.

The charge/discharge curves for
Li||LiMno.,Feo.sPO4 coin cells at 0.05C are
shown in Fig. 1. These curves exhibit two pairs
of well-defined plateaus at approximately 3.5 V
and 4.1 V, corresponding to the redox poten-
tials of the Fe**/Fe** and Mn**/Mn** couples,
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respectively, with the capacity ratio of these
plateaus being about 7/3, which is consis-
tent with the Mn/Fe ratio in the raw material.
The specific capacity of the coin cells with dif-
ferent binders varies slightly, ranging from 137
to 141 mAh-g™', which agrees with the manu-
facturer’s data sheet for the electrode material.
At the same time, a lower specific capacity is
observed during the initial cycles for the coin
cells containing the NV-1A binder. As a ten-
tative explanation and in accordance with Ref.
[19], this effect is attributed to the aqueous
processing technique, which promotes metal
leaching, leading to the formation of Li;PO,
particles on the electrode surface. Although
this layer improves the overall stability, it also
reduces the specific capacity during the early
stages of cycling.
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Fig. 1. Charge/discharge curves of the LMFP on the Ist cycle t 0.05C (a) and the change
in specific capacity depending on the density of the discharge current (in “C” units ) (b).

The coulombic efficiency obtained in the
first cycle for Li||LiMn,.;Feo.sPO4 coin cells is
96.0 % (+ 0.5 %) for the PVDF binder and 94 %
(£ 0.5 %) for NV-1A, respectively, and increa-
ses t0 99.5 % (£ 0.1 %) in the third cycle. An in-
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crease in the charge/discharge current density
leads to a regular decrease in specific capacity
(Fig. 1b). However, the decrease in specific ca-
pacity for Li||LiMn,.,Feo.;PO, with the PVDF
binder is more pronounced. Thus, at 0.5C, the
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specific capacity of Li||LiMno.,Feo.sPOy is 68
and 85 mAh-g™* for coin cells with PVDF and
NV-1A binders, respectively. This sharp drop
in specific capacity when using PVDF is at-
tributed to the higher cell resistance associated
with this binder material, as discussed below.
The cycling performance of

Li||LiMny.;Feo.sPO4 coin cells fabricated with
the two types of binders is shown in Fig. 2. Cyc-
les 1-35 reflect the variation in specific capa-
city upon cycling at different current densities
(from 0.05C to 0.5C). Reference cycles 36-40
demonstrate the capacity retention after po-

wer tests, reaching 98% and 93% for the PVDF
and NV 1A binders, respectively. Although cells
with NV 1A exhibited lower initial capacity,
their degradation at 0.1C (cycles 41-90) was
only 0.1% per cycle versus 0.45% for PVDE
Although cells with NV 1A exhibited lower ini-
tial capacity, their degradation at 0.1C (cycles
41-90) was only 0.1% per cycle versus 0.45% for
PVDE Consequently, the capacity retention of
the NV 1A-based cells exceeds that of PVDE-
based cells after 75 cycles (Fig. 2). To explain
this behavior, cell degradation was evaluated by
electrochemical impedance spectroscopy (EIS).
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Number of cycle

Fig. 2. Capacity retention of the LMFP electrodes upon cycling.

The change in impedance spectra upon cy-
cling of Li||LiMn_ Fe PO, coin cells in 2032
case is shown in Fig. 3. Nyquist diagrams
present a noticeable transformation of the im-
pedance spectra from a “freshly assembled”
sample to a sample “after 40 cycles” Namely,
one semicircle of the spectrum, observed in
the frequency range from 1-10° to 20 Hz and
responsible for the process of charge transfer

https://ucj.org.ua

across the “electrode-electrolyte” interface,
transforms into two clearly visible semicircles
after 40 cycles. The first lies in the frequency
range of 1- 10° + 30 Hz, while the second ran-
ges from 30 to 0.5 Hz. These semicircles can be
correlated with charge transfer processes across
the “electrode-electrolyte” interface, where the
first semicircle corresponds to charge trans-
fer through the SEI formed on lithium metal
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(RI). This is evidenced by the coincidence of
the frequency range in the Bode diagrams of
the impedance spectra of a coin cell with va-
rying degrees of degradation, accompanied by
a slight shift of the maximum to the low-fre-

1600

2", Ohm

| as prepare

after 40 cycles

after 50 cytias

800

Z', Ohm

1200

1600

Z", Ohm

2

a8 prepare 4

*
@
&
L]
&
&

[ ]

L]
*

*
after 90 cycled® c

[ ]

a 4
& after 40 cycles

10 0

,m.

T

20

30

T

40

T

50 &0

T

Z', Ohm

70

quency region with an increase in the number
of cycles. The second semicircle, observed in
the frequency range from 30 to 0.5 Hz, is ab-
sent in the freshly assembled element.

Phase, deg

Phase, deg

e B Oyries

afler 40 cycles

T T

=2 0 2

log o (HzZ)

PR T ———1

a3 prepare
after 40 cycles
afier 30 cycles

. ¥ |
A

'i ]

T T i T

-2 0 2

T

&

log @ (Hz)

Fig. 3. Nyquist diagrams, and Bode diagrams with varying degrees of degradation of the coin cell,
cathode composition: 90% - LMFP+ 5% - super P + 5% binder (a,b - PVDF; ¢,d - NV-1A).
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The appearance and transformation of this
arc can be observed upon cycling of the coin
cell, which is characteristic of the formation of
a high-resistance SEI film (probably due to the
formation of a poorly conductive layer on the
surface of the electrodes consisting of products
of the interaction of manganese ions with an
electrolyte at high potentials, for example
MnF, MnCO, [20] on the surface of the ca-
thode material (R2). In addition, the frequency
of the maximum of the second f _arc is in the
typical range for cathodic charge transfer in
lithium-ion batteries (usually 0.001-0.5 kHz).
SEI on lithium usually manifests itself at
higher frequencies (1-100 kHz), which is ob-
served in the impedance spectra [21, 22].

The equivalent circuit used in the fitting
of impedance spectra is shown in Fig. 4. The

R parameter in the equivalent circuit corre-
sponds to the resistance of the electrolyte in
the separator pores and is determined in the
frequency range of 1-0.1 MHz. It should be
noted that the R_values exhibit non-mono-
tonic dynamics upon cycling, which is typical
for lithium-ion cells and is associated with a
combination of physicochemical processes
(changes in wettability, contact resistances,
temperature fluctuations, etc.). However, the
absolute changes in R_do not exceed 0.7 Q,
which amounts to less than 1% of the total cell
resistance R , at low frequencies and does not
significantly affect the regularities discussed in
this work. Table 1 lists the calculated parame-
ters of the constituent elements and their va-
riation upon cycling of the LMFP cells.

Table 1.
EIS data for the electrodes with different types of binders.
Binder Parameter
State of the coin cell RS] Ohm |[R . Ohm Rz, Ohm Rd’ Ohm fmax, Hz| C ” uF setive, 2

PVDF as prepare 3.20 - - 103.50 - - -

after 40 cycles 2.90 226 368 492 4 108.00 5.41

after 90 cycles 3.50 480 936 1164 4 32.50 2.13
NV-1A as prepare 2.01 - - 12.57 - - -

after 40 cycles 2.71 6.85 34.19 38.49 150 27.56 1.38

after 90 cycles 2.47 5.00 15.28 19.25 150 69.40 3.47

" - The measurement error of the equivalent circuit parameters does not exceed 5%.

To estimate the double-layer capacitance
(C,) and to calculate the electrochemical-
ly active surface area (A ) of the electrode,
the parameters of the low-frequency arc were
employed. This arc corresponds to the charge
transfer process through the solid electrolyte

https://ucj.org.ua

interphase (SEI) formed on the cathode mate-
rial. The resistance R2 and the maximum fre-
quency f of this arc allow C, to be calculated
using the formula for a parallel RC circuit, un-
der the assumption that the low-frequency arc
is not significantly distorted by diffusion:
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Cu= 2; ’
f . R2
where f is the frequency at the apex of the
arc, corresponding to the maximum of the ima-
ginary component -Z” on the charge-transfer
semicircle.

The electrochemically active surface area
A, is related to the double-layer capacitance
by the following expression:

_Cu
act > (2)

S,

where S_is the specific double-layer capaci-
tance per unit of true surface area. For smooth
electrodes, this value typically lies in the range
of 10 - 40 uF/cm? and may be slightly higher

for porous or rough surfaces.

In the present work, a value of S_=20 uF/cm?
was adopted for calculations. This is a com-
monly accepted reference value for flat sur-
faces and is widely used in the literature (e.g.,
Moriguchi et al. [23] reported a value of 20 +
2 pF/cm? for ideal carbon surfaces). Similar
values have been reported by other authors. For
instance, Hang Shi estimated the specific dou-
ble-layer capacitance on the micropore surface
to be approximately 15-20 uF cm™ [24]. This
assumption was introduced for comparative
purposes to assess the relative changes in the
electrochemically accessible surface area upon
cycling within the same series of experiments.
It should be emphasized that the obtained A_,
values do not represent the absolute true sur-
face area, but rather provide an effective elect-
rochemically active surface area within the
framework of a smooth-electrode model.

The calculated A_, values reliably reflect the
relative changes in the surface area available
for electrochemical processes during cycling.
For the PVDEF-based electrodes, a decrease in
A__ from 5.41 cm? (after 40 cycles) to 2.13 cm?

(1)
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(after 90 cycles) was observed. This trend cor-
relates well with the increase in charge-trans-
fer resistance R2 and the corresponding drop
in capacity retention from 98% to 76%, respec-
tively. These findings suggest progressive sur-
face passivation and loss of active sites due to
the formation of a blocking interfacial layer.

In contrast, for the PAA-based electrodes,
a decrease and subsequent stabilization of the
charge-transfer resistance R2 was observed,
along with a steady increase in A . This in-
dicates an expansion of the electrochemically
active surface area, which may be attributed
to continuous electrolyte infiltration and/or
the development of microcracks without loss
of electrical contact between particles. The
capacity retention for the PAA-based samples
was found to be 92% and 80% after 40 and
90 cycles, respectively, further confirming the
superior performance of this binder compared
to PVDE

CONCLUSIONS.

A comparative study of the LiMn,.;Feo.sPO4
cathode material with two types of polymer
binders (conventional PVDF and water-so-
luble NV-1A (PAA-based)) reveals significant
differences in their electrochemical behavior
upon cycling.

1. The charge transfer resistance (Rct) for
the electrodes based on the NV-1A binder
remains practically unchanged upon cycling
(from 12.6 Q) as prepared to 15.3 Q) after 90 cyc-
les), whereas for the PVDF-based electrodes a
nearly 10-fold increase in RctRct is observed
(from 103.5 Q) to 936 Q) after 90 cycles). This
indicates a substantially higher stability of the
electrode/electrolyte interface when using the
water-soluble binder.

2. The use of the NV-1A binder results in
higher specific capacity of the material at C/2
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and higher rates, as well as lower capacity
loss upon cycling, compared to the standard
PVDF binder. These observations are consis-
tent with the impedance data and confirm
the better electrochemical performance of the
PAA-based system.

3. The calculated effective electrochemical-
ly active surface area (A ) for the NV-1A-based
electrodes shows an increasing trend upon cyc-
ling (from 1.38 cm? after 40 cycles to 3.47 cm?
after 90 cycles), whereas for the PVDF-based
electrodes a decrease is observed (from 5.41 to
2.13 cm?). The observed increase in A for the
PA A-based system may be tentatively attribut-
ed to progressive electrolyte infiltration and/or
the development of microcracks without loss
of electrical contact between particles, which
could lead to additional surface availability
for electrochemical reactions. However, di-
rect evidence for this hypothesis is not avail-
able within the scope of the present work, and
the obtained A _ values should be considered
as relative estimates rather than absolute sur-
face areas. In contrast, the decrease in A _ for
the PVDEF-based electrodes is consistent with
gradual blocking of the electrode surface by
the accumulation of electrolyte decomposition
products and/or manganese dissolution pro-
ducts (e.g., MnF,, MnCO3), leading to reduced
availability of active sites for lithium-ion inser-
tion and ultimately resulting in capacity decay
upon prolonged cycling.

Overall, the water-soluble binder NV-1A
demonstrates clear advantages over the con-
ventional PVDF binder in terms of interfacial
stability and capacity retention, making it a
promising candidate for high-performance
LMFP cathodes. Further studies, including
post-cycling surface analysis (e.g., SEM, XPS,
or BET), are required to clarify the mechanism

https://ucj.org.ua

of the observed increase in the electrochemi-
cally active surface area.
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Jocnif>)keHHA TPUCBAYEHO €NeKTPOXiMid-
HOMY IIOPIBHAHHIO MaKeTiB I'YA3MIKOBOTO TUITY
Li||LiMn,.;Feo.;POs 3 BUKOpUCTaHHSAM [EBOX
pisnux noniMmepis: PVDF Ta Bogopo3unHHO-
ro 3B’sa3ysaya NV-1A. Kpusi sapsamxanss/
pospAmKaHHA, oTpuMaHi 3a ctpymy 0.05 C,
OEMOHCTPYIOTh [jBa YiTKO BMPaXKeHI IIJIaTO
npn6mmsHo npu 3.5 B ta 4.1 B, sAxi Bigmosi-
IAI0Th OKWUCHO-BimHOBHMM mapam Fe’*/Fe®*
ta Mn**/Mn** Bignosigno. ChiBBigHOIIeH-
HSI €MHOCTENl LIMX IVIATO CTAaHOBUTH O/M3BKO
7:3, mo Bignosifiae cniBBigHOmeHHI0 Mn/Fe y
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BUXifITHOMY Martepiai. [InToma emHicTh Make-
TiB I'yJ3MKOBOTO TUIIY 3 Pi3HMMM Marepiasna-
MM-3B’I3yBa4aMyl 3HaXOAUThCA B MeXKax 137-
141 MAroz-T! Ta y3TOJPKY€EThCS 3 TACIIOPTHIU-
MU XapaKTepucTMKamy Mmatepiany. OfHaK Ha
NEPIIMX UMUKIAX MAKETU I'y[3MKOBOTO TUILY 3
NV-1A #eMOHCTPYIOTH [€Il0 HIDKYY IUTOMY
€MHICTDb. Ile MOB’A3aHO 3 MOXJIMBUM YTBO-
peHHAM 4acTuHOK Li;PO, Ha moBepxHi enekxr-
poja, o IpU3BOAUTDH O 3MEHIIEHHA IUTO-
MOI EMHOCTi Ha IIOYaTKOBMX IMKJIAX, ajie I0-
Kpalllye 3arajibHy CTabi/IbHICTb IIPY TPUBATIO-
My nukmoBaHHi. KynoHiBcbka edeKTuBHICTD
IIEepIIOro LMKy CTaHOBUTD 96.0 % g PVDEF
Ta 94 = 0,5 % msa NV-1A, 36inbiryounch 1o
99.5 = 0.1 % mpu mopganbUIOMy LMKITyBaHHI
11t 060X cucTeM. 30i/bIIeHHs TYCTUHY CTPY-
My 3apsAny/po3pAxy NpU3BOAUTH IO 3MEH-
HIEHHA OUTOMOI €MHOCTI LiMno.;Feo.3POy,
IpOTe I 3MEHIIEHHA € OiNbII BMpa>kKeHUM
mna PVDE: mpu 0.5 C eMHicTb CTaHOBUTH
68 mAron-r! mra PVDF ta 85 MArop-r! s
NV-1A. Bunpo6yBaHHA LMKITIYHOI CTabinb-
HOCTI IIOKa3aau, 10, He3Ba)Kal4y Ha HIDK-
4y II0YaTKOBY €MHICTb MaKeTiB I'YI3MKOBOTO
TUITy Ha OcHOBi NV-1A, mBuaKicTp merpapga-
uuka npu 0.1 C, toai sk gna PVDF et no-
KasHMK fopiBHIOE 0.45 %. Y pesynbraTi Iic-
14 75 UMKIIIB MakeTiB I'y3MKOBOIO TUIIY i3
NV-1A [eMOHCTPYIOTh Kpally CXOPOHHICTb
3apany. OTpuMaHi pe3ynbTaTy JOJaTKOBO 00-
TOBOPIOIOTBCA 3 TOYKM 30py MEXaHi3MiB Je-
Ipajiallil e/IEKTPOJIiB y IPOLECi IUKITYyBaHHA.

KmrodoBi crmoBa: momiMmepHmit 3B’A3yBay,
BOJOPO3YNMHHUII 3B’A3yBay, JIiTiii-MaHIraH-
3aizo-Qocdat, rapBaHOCTATUYHE IIVIK/TyBa-
HHA, €/IeKTPOXiMiYyHa iMIIEJaHCHA CIIEKTPO-
CKOIisl, 30epe>KeHH EMHOCTI.
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D-Amino acids (D-AAs) have become indispensable building blocks in modern peptide
drug design. Although relatively rare in higher organisms, D-AAs are widely utilized in na-
ture, particularly in bacterial peptidoglycans and microbial antimicrobial peptides, where
they confer proteolytic stability and unique biological activities. Inspired by these natural
strategies, medicinal chemists have successfully incorporated D-Aas into synthetic peptides
to overcome the inherent limitations of conventional peptide therapeutics, such as rapid
enzymatic degradation and poor bioavailability. The incorporation of D-AAs offers several
key advantages, including dramatically enhanced proteolytic resistance, prolonged plasma
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half-life, reduced immunogenicity, and improved receptor selectivity. These properties have
enabled the development of clinically successful drugs across multiple therapeutic areas.
Prominent examples include the early antibiotic gramicidin D (1955), the immunosuppre-
ssive agent cyclosporine, D-penicillamine, daptomycin, etelcalcetide, difelikefalin, and voclo-
sporin. These compounds illustrate the transformative impact of D-AAs on peptide phar-
macology and their expanding role in treating infectious diseases, autoimmune disorders,
nephrological conditions, and beyond.

This review highlights the strategic importance of D-AAs in pharmaceutical design, their
natural occurrence, clinical applications, and major advances in synthetic methodologies,
with particular emphasis on the versatile Ni(II) Schiff base complex approach for the prepara-
tion of tailor-made D-AAs. The evolution of D-AA-containing pharmaceuticals demonstrates
how stereochemical engineering continues to drive innovation in peptide drug discovery and

development.

Keywords: D-amino acids, chirality, chirobiotics, Ni(II) complexes, drug design, proteo-
Iytic stability, peptide therapeutics, marketed pharmaceuticals.

INTRODUCTION. The biochemistry of life
exhibits a strong preference for homochiral
peptides and proteins, composed almost ex-
clusively of L-amino acids (L-AAs) [1-3]. This
chiral homogeneity confers critical advantages
in structural stability, folding efficiency, and
functional precision that racemic or heterochi-
ral mixtures cannot achieve. Consistent chira-
lity enables the formation of stable, regular se-
condary structures, particularly a-helices and
pleated B-sheets, which rely on uniform back-
bone dihedral angles (¢/y) and regular i to i+4
hydrogen bonding patterns [4-6]. Introducing
D-amino acids (D-AAs) disrupts this geome-
try, preventing helix propagation and reducing
the number of backbone hydrogen bonds (ap-
proximately 60% in homochiral proteins ver-
sus ~30% in demi-chiral models). This leads to
a narrower and deeper folding funnel toward
the native state, lowering the entropic cost of
folding by restricting the unfolded ensemble
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and increasing the thermodynamic stability
of compact conformations through enhanced
enthalpy from helical collapse and backbone
interactions. In contrast, racemic systems fa-
vor rippled B-sheets (as predicted by Pauling
and Corey) [7], which exhibit distinct geo-
metry and often stronger inter-strand associ-
ations but are incompatible with the compact,
functional folds required for enzymatic active
sites and molecular recognition. Homochira-
lity further ensures precise stereospecific inte-
ractions with other chiral biomolecules (e.g.,
D-sugars in nucleic acids), supporting efficient
catalysis, ligand binding, and biochemical co-
operativity [4]. Evolutionarily, once a slight
chiral bias emerged, via amplification through
polymerization [8,9], self-disproportionation
of enantiomers [10-12], and selection favored
homochiral systems, as their superior folding
reliability and functional competence provided
a decisive competitive edge over mixed-chira-
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lity alternatives in sustaining metabolism and
replication. Thus, homochirality is not merely
a historical contingency but a biochemical ne-
cessity enabling the sophisticated protein ma-
chinery central to terrestrial life [4].

Similar to the xenobiotic fluorine, which
has revolutionized medicinal chemistry by
conferring enhanced metabolic stability, bio-
availability, and receptor affinity to pharma-
ceutical compounds [13-17], abiotic D-AAs,
here termed chirobiotics, possess tremendous
yet largely untapped potential in drug design,
offering unique stereochemical advantages
that can circumvent biological degradation
pathways and modulate molecular interactions
in ways unattainable with their L-configured
counterparts. In this review article, we delve
into the natural occurrence of D-AAs, ranging
from their presence in bacterial peptidogly-
cans and antimicrobial peptides to their roles
as neuromodulators in eukaryotic systems,
while also examining state-of-the-art synthesis
methodologies that enable scalable production
for therapeutic applications. Moreover, we out-
line the major avenues for their pharmaceuti-
cal exploitation as chirobiotics, such as in the
development of protease-resistant peptides for
antimicrobial and anticancer therapies, enan-
tioselective receptor agonists or antagonists
for neurological disorders, and immunomo-
dulatory agents that exploit chirality to en-
hance specificity and reduce immunogenicity.
Furthermore, we trace the evolutionary tra-
jectory of D-AA-containing drugs, from their
serendipitous discovery in natural products
like gramicidin [18] and cyclosporine [19],
through preclinical optimizations addressing
pharmacokinetic challenges, to pivotal mile-
stones including the first regulatory approvals
by agencies such as the U.S. Food and Drug
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Administration (FDA) for compounds like
D-penicillamine in treating Wilson’s disease
and rheumatoid arthritis, thereby illustrating
a paradigm shift toward incorporating abiotic
chirality in modern pharmacopeia. This re-
view article will be of interest to medicinal che-
mists, pharmacologists, biochemists, and drug
discovery professionals seeking to harness
D-amino acids as innovative chirobiotic tools
in addressing unmet medical needs, fostering
interdisciplinary collaborations to unlock their
full therapeutic promise.

Natural occurrence. D-AAs occur naturally
across a wide range of biological systems. They
are particularly prominent in microorganisms,
where D-alanine (D-Ala) and D-glutamic acid
(D-Glu) serve as key components of the bacte-
rial peptidoglycan in cell walls, contributing to
structural integrity and resistance.

Beyond bacteria, D-AAs appear in numer-
ous bioactive natural compounds, including
peptides produced by algae, fungi, marine in-
vertebrates, and even some vertebrates, with at
least 132 documented peptide natural products
incorporating D-AAs such as D-Ala, D-valine
(D-Val), D-leucine (D-Leu), D-serine (D-Ser)
(Fig. 1), and others. Across these organisms,
D-AAs are not rare curiosities but purpose-
ful molecular features that shape peptide sta-
bility, bioactivity, and ecological interactions.
In marine organisms, this stability supports
peptides that must persist in high-salinity or
protease-rich surroundings [20]. In fungi and
algae, D-AAs help maintain bioactive confor-
mations that would otherwise be unstable [21].

Free D-AAs in higher organisms, includ-
ing mammals and humans, arise through
intrinsic biosynthesis, gut microbiota, diet,
and age-related racemization. Among them,
D-Ser is the key endogenous co-agonist at
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the glycine site of N-methyl-D-aspartate re-
ceptors (NMDARs), enabling full receptor ac-
tivation with glutamate. It is more potent than
glycine and predominates in forebrain regions
such as the cortex and hippocampus. Formed
from L-serine by the serine racemase (mainly
neuronal in adults), D-serine is released synap-

0] H
o

NH
D-valine

NH,
D-alanine

2

tically—often via glia—to drive calcium influx,
synaptic plasticity (long-term potentiation and
long-term depression, LTP/LTD), learning,
memory, neuronal maturation, and cognitive
processes including mood regulation and fear
extinction [22].

@]
oY
NH.
D-leucine

-On-OH H OH NH,
o o HOMOH
0 0

HN N

N-methyl-D-aspartate

D-serine

H>

D-glutamic acid

Fig. 1. Chemical structures of some D-AAs found in higher organisms.

Disrupted D-Ser signaling contributes to
disease: reduced levels and NMDAR hypo-
function are linked to schizophrenia, Alzhei-
mer’s disease, and age-related cognitive de-
cline, whereas excess D-Ser can promote ex-
citotoxicity in ischemia or epilepsy. In aging,
forebrain D-Ser typically declines, correlating
with impaired NMDAR activity, weaker plas-
ticity, and deficits in learning and memory. Ex-
perimental D-Ser supplementation can restore
NMDAR function, connectivity, and neuronal
structure, improving cognitive performance in
aging models [23].

In proteins, particularly long-lived ones like
lens crystallins, tooth enamel, or certain brain
proteins, L-AAs (mainly L-aspartate/L-aspar-
agine) undergo time-dependent spontaneous
racemization to D-forms (e.g., D-Asp) during
aging. This alters protein higher-order struc-
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ture, function, and stability, contributing to
age-related diseases such as cataracts, Alzheim-
er’s (via protein misfolding/aggregation), and
other degenerative conditions. D-AAs accu-
mulate progressively with age, serving as a
molecular index of aging and protein “fatigue”
damage [24].

D-AAs are also detected in plants, soils,
aquatic environments, and processed foods,
highlighting their broader ecological distri-
bution and roles in physiological functions,
microbial competition, and potentially dis-
ease-related processes [25].

Primary Advantages and Applications of
D-AAs in drug design. L-AAs are fundamen-
tal to modern drug design [26-30]. They pro-
vide chiral, metabolically compatible building
blocks that shape the three-dimensional archi-
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tecture, stability, and biological activity of the-
rapeutic molecules. Their natural stereoche-
mistry allows medicinal chemists to construct
peptides, peptidomimetics, and small-mole-
cule scaffolds that engage protein targets with
high affinity and selectivity, while minimizing
immunogenicity and improving pharmacoki-
netic behavior. L-AAs contribute functional di-
versity through side-chain chemistry, enabling
hydrogen bonding, hydrophobic packing, me-
tal coordination, and covalent interactions,
and their predictable metabolic pathways sup-
port rational optimization of absorption, dis-
tribution, and clearance [31-33].
Incorporating non-natural, tailor-made
amino acids greatly expands the utility of
L-AAs in drug design by introducing func-
tions and physicochemical properties that nat-
ural residues cannot provide [32]. These engi-
neered amino acids allow medicinal chemists
to fine-tune molecular conformation, pola-
rity, lipophilicity, metabolic stability, and tar-
get engagement with a level of precision that
surpasses the natural amino acid repertoire.
Side-chain modifications can introduce steric
bulk, hydrogen-bonding motifs, redox activity,
metal-binding groups, or conformational con-
straints that enhance potency and selectivity
while reducing off-target effects or proteolytic
degradation. Among these designer residues,
fluorinated amino acids are the most exten-
sively studied and widely applied. The unique
electronic and steric characteristics of fluorine
enable modulation of pK, dipole moments,
hydrophobicity, and metabolic resistance, al-
lowing strategic control over binding affinity,
membrane permeability, and pharmacokinetic
behavior. As a result, tailor-made—and espe-
cially fluorinated—amino acids serve as po-
werful tools for optimizing peptide therapeu-

https://ucj.org.ua

tics, stabilizing secondary structure, improving
oral bioavailability, and designing next-gene-
ration peptidomimetics and small-molecule
scaffolds [34-39].

The incorporation of D-AAs represents a
cornerstone strategy in contemporary peptide
and protein drug design, addressing key limi-
tations of natural L-AAs-based therapeutics
while enabling novel pharmacological pro-
files. Unlike their L-enantiomers, which pre-
dominate in eukaryotic biology, D-AAs confer
distinct advantages rooted in stereochemical
differences that disrupt recognition by endo-
genous proteases, alter conformational dyna-
mics, and modulate biological interactions.

Enhanced Proteolytic Stability and Phar-
macokinetic Profile. The most established ra-
tionale for D-AA incorporation is resistance
to enzymatic degradation. Proteases exhibit
high stereospecificity for L-configured peptide
bonds, rendering D-AA-substituted sequences
dramatically more stable in plasma, gastroin-
testinal environments, and intracellular com-
partments [40-42]. This often translates to ex-
tended half-lives (up to orders of magnitude
in some cases), reduced dosing frequency, and
improved bioavailability—critical for transi-
tioning from injectable to potentially oral for-
mulations. In practice, partial or full D-AA
substitution (e.g., retro-inverso or mirror-im-
age designs) [43] has been pivotal in develop-
ing long-acting analogs of natural peptides,
such as somatostatin (octreotide with D-Trp)
[44], and supports emerging oral peptide can-
didates like cyclic PCSK9 inhibitors [45].

Improved Conformational Rigidity and Target
Binding. D-AAs introduce local stereochemi-
cal perturbations that favor specific secondary
structures (e.g., B-turns via D-Pro or D-AA-in-
duced turns), enhancing receptor affinity,
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selectivity, and potency. In cyclic or constrained
peptides, strategic D-AA placement stabilizes
bioactive conformations, often yielding supe-
rior binding kinetics compared to all-L-con-
figured counterparts. This is particularly valu-
able in targeting G-protein coupled receptors
(GPCRs), ion channels, or enzymes where pre-
cise geometry dictates efficacy [46-48].

Reduced Immunogenicity and Toxicity. Full
D-peptides (mirror-image proteins) evade
immune surveillance due to non-recognition
by major histocompatibility complex (MHC)
presentation pathways and lack of proteolytic
processing into immunogenic fragments. This
property underpins mirror-image phage dis-
play technologies for discovering ultra-stable,
non-immunogenic binders against challenging
targets (e.g., human immunodeficiency virus
(HIV) entry inhibitors like CPT31 in clinical
trials). Heterochiral designs can also mitigate
cytotoxicity in self-assembling biomaterials or
amyloid-targeted therapies [49, 50].

Disruption of Biofilms and Antimicrobial
Enhancement. D-AAs (especially free D-AAs
or D-AA-rich peptides) interfere with bacte-
rial peptidoglycan synthesis, quorum sensing,
and biofilm integrity, offering synergistic ef-
fects with conventional antibiotics against re-
sistant pathogens. This application extends to
preventing microbial colonization in medical
devices and combating chronic infections
[51, 52].

Direct Therapeutic Effects and Emerging
Roles. Certain D-AAs serve as bioactive entities
themselves (e.g., D-Ser as an NMDA receptor
co-agonist in neurological disorders; D-Trp/
D-Phe modulators in neurology). D-AA-con-
taining natural products inspire anticancer,
antimicrobial, and neuroprotective agents,
with some exerting antiproliferative effects via
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metabolic pathways (e.g., H,S generation from
D-Cys). In cancer, D-AAs show promise as
prodrugs in oxidase-based therapies or as in-
hibitors of tumor proliferation [53, 54].

Facilitation of Advanced Delivery and Bio-
materials. Heterochiral self-assembling pep-
tides form nanostructured hydrogels with un-
expected benefits, including altered gelation
kinetics, reduced cytotoxicity, and enhanced
drug release profiles for localized therapy
(e.g., in wound healing or tissue engineering)
[55, 56].

Illustrative Examples of FDA-Approved
Therapeutics Incorporating D-Aas. Gramicidins.
Gramicidins are a family of peptide antibiotics
produced by the soil bacterium Brevibacillus
brevis (formerly Bacillus brevis). They repre-
sent some of the earliest clinically used anti-
biotics, discovered in 1939 during intensive
research into soil microbes. The sequence of
gramicidin A was elucidated in 1964 with the
ion-channel dimer structure confirmed by nu-
clear magnetic resonance (NMR) spectroscopy
in the 1970s-1990s [57].

Gramicidins occur in multiple natural va-
riants produced non-ribosomally. Gramicidin
D (the primary commercial form) is a mixture
of linear pentadecapeptides (Fig. 2) gramici-
din A (80%), B (5%), and C (15%). The general
sequence is formyl-L-X-Gly-L-Ala-D-Leu-L-
Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Y-D-
Leu-L-Trp-D-Leu-L-Trp-ethanolamide, where
Xis Val or Ile, and Y is Trp (A), Phe (B), or Tyr
(C). Alternating D- and L-AAs enables forma-
tion of a right-handed B-helix. In lipid bilayers,
two monomers associate head-to-head into
a transmembrane channel ~2.6 nm long that
selectively conducts monovalent cations (K¥,
Na®) [58].
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~~_-OH

H L-X-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Y-D-Leu-L-Trp-D-Leu-L-Trp

X =Val or lle; Y = Trp (A), Phe (B), Tyr (C).
c-(-Val-Orn-Leu-D-Phe-Pro);

(S)

Fig. 2. Structures of gramicidins A, B, C, and S.

Gramicidin S is a distinct cyclic decapeptide:
cyclo-(-Val-Orn-Leu-D-Phe-Pro),. It adopts an
amphipathic antiparallel f-sheet conformation
with a hydrophobic face (Val, Leu, D-Phe) and
a positively charged ornithine face. This cyclic,
symmetric structure differs markedly from the
linear gramicidin D forms and confers broader
membrane-disrupting activity [59].

As mentioned above, gramicidins are bac-
tericidal ionophores or membrane disruptors.
Linear gramicidin D forms cation-selective
channels that collapse ion gradients, depo-
larize the membrane, and inhibit synthesis of
adenosine triphosphate (ATP)—highly effec-
tive against Gram-positive bacteria (Staphy-
lococcus, Streptococcus, Bacillus) but inactive
against most Gram-negatives due to the outer
membrane barrier. Gramicidin S inserts into
bacterial membranes, increasing permeabil-
ity and causing leakage of cellular contents.
It shows activity against some Gram-negatives
and fungi as well. Both are hemolytic and toxic
to mammalian cells at higher concentrations,
restricting use to topical applications. They ex-
hibit rapid killing at low micromolar doses and
low resistance potential because they target the
lipid bilayer rather than a specific protein [60].

Owing to systemic toxicity (hemolysis, or-
gan damage), gramicidins are used exclusive-
ly topically. Gramicidin D is formulated in
ophthalmic solutions (often combined with
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neomycin and polymyxin B) for bacterial con-
junctivitis, corneal ulcers, and external eye in-
fections. It also appears in some skin/wound
creams and throat lozenges. Gramicidin S has
been applied for infected wounds, dental in-
fections, and historically as a topical spermi-
cide or treatment for genital ulcers. Veterinary
use (e.g., in equine eye drops) is also common.
They provide broad-spectrum coverage against
Gram-positive pathogens in superficial infec-
tions where systemic antibiotics are unneces-
sary [61].

Gramicidins are produced by large-scale
fermentation of B. brevis strains. Biosynthesis
occurs via non-ribosomal peptide synthetases
(NRPS): four large multimodular enzymes for
linear forms and two (GrsA/GrsB) for the cyc-
lic Gramicidin S, incorporating D-AAs and
performing cyclization. The crude tyrothricin
mixture is extracted, purified by chromatog-
raphy or crystallization, and formulated into
sterile ophthalmic drops, ointments, or creams.
Production is well-established, cost-effective,
and yields stable crystalline solids [62].

Gramicidin has long-standing FDA recog-
nition as an active ingredient in approved com-
bination products, e.g., neomycin/polymyxin
B/gramicidin ophthalmic solution under Ab-
breviated New Drug Applications since the
1960s. It is listed in the FDA Orange Book for
topical/ophthalmic use in superficial bacterial
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infections. Gramicidins A-C and gramicidin S
have not been granted new-drug approval for
systemic administration or novel indications.
Their use remains confined to traditional topi-
cal, multi-component preparations available
by prescription or over the counter. The lack of
recent FDA approvals highlights their mature,
well-characterized profile as safe and effective
topical antimicrobials [63].

Gramicidins exemplify early peptide anti-
biotics whose distinctive ion-channel-forming
and membrane-disruptive activities remain
clinically relevant for topical use, even though
their intrinsic properties preclude systemic ad-
ministration. Their discovery helped inaugurate
the antibiotic era, and their unusual sequence
architecture, most notably the incorporation of
D-AAs that confer conformational rigidity, pro-
teolytic stability, and defined channel geometry,
continues to inspire contemporary research on
membrane-active peptides. This combination
of structural novelty and functional robustness
underscores why gramicidins remain a foun-
dational model for designing next-generation
peptide therapeutics [57-63].
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Cyclosporine. Cyclosporine (also known as
ciclosporin or cyclosporine A, CsA) is a po-
tent immunosuppressant and the prototype
calcineurin inhibitor. It revolutionized organ
transplantation and remains a cornerstone
therapy for preventing graft rejection and
treating certain autoimmune conditions [64].

Cyclosporine was first isolated in 1971 from
the soil fungus Tolypocladium inflatum during
routine screening for new antibiotics. A key
breakthrough followed in 1972, when its po-
tent immunosuppressive activity was identi-
fied in a functional screening assay, leading to
further characterization of its selective T-cell-
suppressive effects. The complete chemical
structure was elucidated in 1976 (Fig. 3). Cli-
nical efficacy in preventing organ rejection was
subsequently demonstrated in kidney and liver
transplantation, with the first patient receiving
cyclosporine in 1980. The drug entered medi-
cal use after FDA approval in 1983 (as San-
dimmune’) and is now included on the World
Health Organization (WHO) List of Essential
Medicines [65,66].

Me ,Me
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HN @]

I
O Me

o -

Fig. 3. Chemical structure of cyclosporine.
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Cyclosporine is a cyclic undecapeptide
(Fig. 3) produced non-ribosomally. It contains
seven N-methylated amide bonds, which con-
fer exceptional metabolic stability, high lipo-
philicity, and a ‘chameleonic’ conformational
flexibility that enables membrane permeation
despite its large size. The peptide includes sev-
era] unusual residues, most notably the unique
amino acid at position 1, (25,3R,4R,6E)-3-hyd-
roxy-4-methyl-2-(methylamino)-6-octenoic
acid (MeBmt or Bmt), as well as sarcosine
(N-methyl-glycine) and 2-aminobutyric acid
(Abu). It also contains one single D-AA, i.e.,
D-Ala at position 8. The macrocycle is closed
by a peptide bond, forming a highly stable
33-membered ring. This structural architec-
ture enables cyclosporine to bind intracellular
cyclophilin A. The resulting complex inhibits
calcineurin, thereby blocking T-cell activation
(66, 67].

As noted above, the FDA first approved
cyclosporine (Sandimmune’) in 1983 for the
prophylaxis of organ rejection in allogeneic
kidney, liver, and heart transplantation. A mi-
croemulsion formulation with improved oral
bioavailability (Neoral’) was subsequently ap-
proved. Ophthalmic emulsions (0.05%) for
dry-eye disease (keratoconjunctivitis sicca)
and additional topical formulations followed.
Numerous generic versions are now available.
In 2021, the structurally related analog voclo-
sporin was also approved by the FDA [68].

Cyclosporine is a calcineurin inhibitor that
selectively suppresses T-cell activation and
proliferation by blocking interleukin-2 pro-
duction. FDA-approved indications include:
prevention of organ rejection in kidney, liver,
and heart transplantation (typically in combi-
nation regimens); treatment of severe, recal-
citrant plaque psoriasis in non-immunocom-
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promised adults; rheumatoid arthritis inade-
quately controlled by methotrexate alone; and
dry-eye disease, for which a 0.05% ophthalmic
emulsion is approved for keratoconjunctivitis
sicca associated with Sjogren’s syndrome or
meibomian gland dysfunction [69,70].

Additional or off-label uses include atopic
dermatitis, ulcerative colitis, nephrotic syn-
drome, graft-versus-host disease, and certain
veterinary applications (e.g., canine atopic der-
matitis). Cyclosporine is administered prima-
rily orally—with therapeutic drug monitoring
due to its narrow therapeutic index—or topi-
cally; intravenous administration is reserved
for specific situations. Major adverse effects
include nephrotoxicity, hypertension, and an
increased risk of infections and malignan-
cies [70].

D-penicillamine. D-penicillamine is a che-
lating and disease-modifying therapeutic
agent that has been used in medicine for seve-
ral decades, particularly in the treatment of
heavy metal poisoning, Wilson’s disease, and
certain autoimmune disorders. It is a degra-
dation product of penicillin, although it does
not possess antibiotic activity. Its discovery
and therapeutic development represent an im-
portant example of how chemical derivatives
of existing drugs can acquire entirely different
medical applications [71].

D-penicillamine was first identified as a
metabolite of penicillin during studies of peni-
cillin degradation in the mid-20th century.
Chemically, it is a dimethylated analog of the
amino acid cysteine, containing a free sulf-
hydryl (-SH) group that gives it strong metal-
binding properties (Fig. 4). This characteristic
led to its recognition as an effective chelating
agent capable of forming stable complexes
with metals such as copper, lead, and mercury.
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Its therapeutic importance became evident
in the 1950s, when researchers discovered its
ability to remove excess copper from the body,
providing a breakthrough treatment for Wil-
son’s disease [71-73].

O

XN

H»

HS OH

Zlin

Fig. 4. Chemical structure of D-penicillamine.

The FDA approved D-penicillamine in the
late 1950s and early 1960s for clinical use,
and it was marketed under trade names such
as Cuprimine’ and Depen'. Its approval was
particularly significant for Wilson’s disease, as
it became the first effective oral treatment for
reducing copper accumulation and preventing
severe liver and neurological damage [71-73].

Medically, D-penicillamine has three major
therapeutic applications. The most important
is in the treatment of Wilson’s disease, a rare
genetic disorder characterized by excessive
copper accumulation in tissues, especially the
liver and brain. By binding copper and pro-
moting its urinary excretion, D-penicillamine
helps reduce toxic copper levels and prevents
disease progression [74-76].

A second important use is in the manage-
ment of heavy metal poisoning, including lead
and mercury intoxication. As a chelating agent,
D-penicillamine binds toxic metals and facili-
tates their elimination from the body, although
in many cases newer chelators are now pre-
ferred because of better safety profiles [72-76].

The third major use is in the treatment of
severe rheumatoid arthritis, where D-penicill-
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amine acts as a disease-modifying antirheu-
matic drug (DMARD). In rheumatoid arthri-
tis, it helps reduce inflammation and slow joint
damage, although its use has declined due to
the availability of safer and more effective al-
ternatives [71].

Additionally, D-penicillamine is used in the
management of cystinuria, a hereditary dis-
order in which excessive cystine in the urine
leads to recurrent kidney stone formation. The
drug reacts with cystine to form a more soluble
compound, thereby reducing stone formation.

Despite its effectiveness, D-penicillamine is
associated with significant adverse effects, in-
cluding skin reactions, bone marrow suppres-
sion, nephrotoxicity, and autoimmune compli-
cations such as drug-induced lupus. Because
of these risks, its use requires careful medical
supervision and regular monitoring [74].

D-Penicillamine is a remarkable example
of a simple D-AA derivative produced by the
chemical degradation of penicillin. This com-
pound has emerged as a valuable therapeutic
agent with key applications in heavy metal
chelation and the treatment of autoimmune
diseases. Its contribution to the management
of Wilsons disease is especially noteworthy:
introduced in the 1950s, it dramatically trans-
formed a previously fatal inherited disorder
into a treatable condition and remains an es-
sential medicine in modern clinical practice.

Daptomycin. Daptomycin is a cyclic lipo-
peptide antibiotic and the first member of its
class approved for clinical use. It represents a
unique example of a complex molecule con-
taining multiple D-AAs that exhibits potent
bactericidal activity against Gram-positive
bacteria, including methicillin-resistant Sta-
phylococcus aureus (MRSA) and vancomycin-
resistant Enterococci (VRE) [77].
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Daptomycin was discovered in the late
1980s by researchers at Eli Lilly and Compa-
ny from the soil actinomycete Streptomyces
roseosporus. Early clinical development by Eli
Lilly was halted due to concerns about skele-
tal muscle toxicity at high doses. In 1997, the
rights were acquired by Cubist Pharmaceu-
ticals, which optimized the dosing regimen
(once-daily administration) to minimize toxi-
city while maintaining efficacy. Daptomycin
was approved by the FDA in September 2003
under the brand name Cubicin” and has since
become an important option for treating re-
sistant Gram-positive infections [77-79].

Daptomycin is a 13-amino acid cyclic lipo-
depsipeptide (Fig. 5). It consists of a decanoyl

fatty acid tail attached to the N-terminus of a
linear tripeptide “handle’, linked to a 10-ami-
no acid macrocyclic core closed by an ester
(lactone) bond: decanoyl-Trp'-Asn*-Asp’-
Thr*-Gly’-Orn®-Asp’-D-Ala®-Asp®-Gly'°-
D-Ser''-MeGlu'*-Kyn'* (10-residue lactone
ring between Thr* and Kyn'?). It contains
three D-AAs (D-Asn at position 2, D-Ala at
position 8, and D-Ser at position 11), as well
as several non-proteinogenic amino acids in-
cluding L-ornithine, (2S,3R)-3-methyl-L-glu-
tamic acid, and kynurenine (Kyn) (25)-2-ami-
no-4-(2-aminophenyl)-4-oxobutanoic  acid.
The molecule is anionic and requires calcium
ions (Ca®*) for its membrane-inserting activity
[78-80].

LR

oL

o
H,N 0

D
M HN@

NHO

) OZS )‘*OH

NH

HzN

Fig. 5. Chemical structure of daptomycin.

As stated above, the FDA first approved dap-
tomycin (Cubicin’) in 2003 for the treatment of
complicated skin and skin structure infections
(cSSSI) caused by susceptible Gram-positive
bacteria. In 2006, the indication was expanded
to include Staphylococcus aureus bloodstream
infections (bacteremia), including right-sid-
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ed infective endocarditis caused by methicil-
lin-susceptible and methicillin-resistant iso-
lates. It is also approved for pediatric patients
(1-17 years) for cSSSI and bacteremia. A new
formulation (Cubicin’ RF) was later approved
for improved stability and shorter infusion
time [77-81].
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Daptomycin exerts rapid, concentration-de-
pendent bactericidal activity by binding to
the bacterial cell membrane in a calcium-de-
pendent manner, inserting its lipid tail, and
causing rapid depolarization of the membrane
potential. This leads to disruption of multiple
membrane functions, potassium efflux, and ul-
timately bacterial cell death without significant
lysis. It is primarily used for serious Gram-po-
sitive infections [82].

Daptomycin is produced commercially by
submerged fermentation of Streptomyces ro-
seosporus. It belongs to the A21978C family of
lipopeptides and is biosynthesized by a large
NRPS system. The fatty acid side chain is add-
ed by supplying decanoic acid (or its precur-
sors) during fermentation to direct production
toward the decanoyl derivative. After fermen-
tation, the compound is extracted and highly
purified. Strain improvement, precursor feed-
ing, and metabolic engineering have been used
to significantly increase yields for industrial
production [77, 79, 81].

Daptomycin itself remains the only clini-
cally approved member of this specific lipo-
peptide class for systemic use. Semisynthetic
derivatives and analogs have been explored
in research to improve activity, reduce toxici-
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ty, or expand the spectrum, but none have yet
reached broad clinical approval. Minor natural
variants produced by the same organism differ
mainly in the length of the lipid tail and show
reduced potency [82].

Etelcalcetide. Etelcalcetide (brand name:
Parsabiv’) is a synthetic peptide calcimimetic
agent and the first intravenous calcimimetic
approved for clinical use. It is a unique exam-
ple of a chirobiotic peptide composed almost
entirely of D-AAs, designed to act as an al-
losteric agonist of the calcium-sensing re-
ceptor (CaSR). It is used for the treatment of
secondary hyperparathyroidism (SHPT) in pa-
tients with chronic kidney disease (CKD) on
hemodialysis [83, 84].

Etelcalcetide (originally known as AMG
416 or KAI-4169) was developed by Amgen
(in collaboration with KAI Pharmaceuticals).
It was designed as a novel, longer-acting chi-
robiotic alternative to the oral calcimimetic
cinacalcet (Mimpara’). The compound entered
clinical development in the early 2010s. Am-
gen submitted the New Drug Application to
the FDA in 2015. It received approval from the
European Medicines Agency (EMA) in No-
vember 2016 and from the FDA in February
2017 under the brand name Parsabiv' [83-85].

NH,
: OH

O

Fig. 6. Chemical structure of etelcalcetide.
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Etelcalcetide is an 8-amino acid linear pep-
tide with a disulfide linkage. It consists of a
chain of seven D-AAs linked via a disulfide
bond to an L-cysteine residue (Fig. 6).

The high content of D-AAs provides excel-
lent proteolytic stability, allowing the chirobi-
otic peptide to remain active in circulation de-
spite being a relatively small peptide [86].

Etelcalcetide (Parsabiv’)) was approved in
2017 for the treatment of SHPT in adult pa-
tients with CKD on hemodialysis. It is ad-
ministered as a bolus injection three times
per week at the end of hemodialysis sessions.
Etelcalcetide acts as a positive allosteric modu-
lator (agonist) of the CaSR on the parathyroid
glands. Activation of CaSR decreases the secre-
tion of parathyroid hormone (PTH), lowers se-
rum calcium and phosphorus levels, and helps
control the mineral and bone disorder associ-
ated with CKD. It is indicated for secondary
hyperparathyroidism in adult CKD patients
on hemodialysis [86]. Unlike oral cinacalcet,
etelcalcetide is given intravenously during
dialysis, which improves adherence and en-
sures delivery in patients who have difficulty
taking oral medications. Common side effects
include hypocalcemia, nausea, vomiting, and
muscle spasms. Serum calcium levels must be
monitored closely [83-86].

Etelcalcetide is produced by chemical syn-
thesis using solid-phase peptide synthesis
(SPPS) technology. Because the molecule con-
sists predominantly of D-AAs, it is assembled
using protected D-AA building blocks. The
disulfide bond is formed in a controlled oxi-
dation step between the D-Cys and L-Cys resi-
dues. The final product is purified and convert-
ed to the hydrochloride salt for pharmaceutical
use. As a synthetic peptide, it does not rely on
fermentation or biological extraction [87, 88].

Difelikefalin. Difelikefalin (brand name:
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Korsuva™) is a synthetic tetrapeptide and a
first-in-class, peripherally restricted kappa
opioid receptor (KOR) agonist. It is a notable
example of a peptide drug composed entire-
ly of D-AAs, designed to selectively activate
peripheral KORs while minimizing central
nervous system penetration. It is approved for
the treatment of moderate-to-severe pruritus
(itch) associated with chronic kidney disease
(CKD-aP) in adults undergoing hemodialysis
(89, 90].

Difelikefalin  (originally developed as
CR845) was discovered and developed by Cara
Therapeutics. The compound was engineered
to create a potent and selective KOR agonist
with minimal ability to cross the blood-brain
barrier, thereby reducing the risk of centrally
mediated side effects such as dysphoria or se-
dation commonly associated with traditional
opioids. After successful Phase 3 clinical trials
(KALM-1 and KALM-2), the FDA approved
difelikefalin in August 2021 under the brand
name Korsuva™, making it the first approved
therapy specifically for chronic kidney dis-
ease-associated pruritus [89-90].

Difelikefalin is a tetrapeptide consisting of
four D-AAs linked to a modified piperidine
moiety (Fig. 7).

The exclusive use of D-AAs confers high
resistance to proteolytic degradation, result-
ing in a favorable pharmacokinetic profile for
intravenous administration. Difelikefalin was
approved for the treatment of moderate-to-
severe pruritus associated with chronic kidney
disease (CKD-aP) in adults undergoing hemo-
dialysis. It is administered as an intravenous
bolus injection (0.5 mcg/kg) at the end of each
hemodialysis session, typically three times per
week. It has also received approval in several
other countries, including the European Union
and Australia [91].
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Fig. 7. Chemical structure of difelikefalin.

Difelikefalin selectively activates KORs locat-
ed on peripheral sensory neurons and immune
cells. This activation modulates itch signaling
pathways without significant central opioid ef-
fects. It is the first and only FDA-approved treat-
ment specifically indicated for CKD-associated
pruritus, a condition that significantly impairs
quality of life in hemodialysis patients. Clinical
studies demonstrated significant reduction in
itch intensity and improvement in itch-related
quality of life compared to placebo. Common
side effects include dizziness, somnolence, and
paresthesia, which are generally mild to mo-
derate. Because of its peripheral restriction, it
has a lower risk of central side effects compared
to non-selective opioids [92,93].

Difelikefalin is produced by chemical syn-
thesis using SPPS. The peptide chain is assem-
bled from protected D-AA building blocks,
followed by coupling to the 4-aminopiperi-
dine-4-carboxylic acid moiety. The final pro-
duct is purified and formulated as a sterile
solution for intravenous injection (often as
the acetate salt). As a small synthetic peptide,
it does not require biological fermentation or
recombinant production [90-92].

Difelikefalin remains the only approved
drug in its chirobiotic class. Oral formula-
tions of Difelikefalin have been investigated
for other indications such as postoperative
pain and osteoarthritis pain but have not yet
received broad regulatory approval. No major
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structural analogs are currently in late-stage
clinical development.

Voclosporin. Voclosporin (brand name:
Lupkynis’) is a semisynthetic cyclic undeca-
peptide and a next-generation calcineurin in-
hibitor. It is a structural analog of cyclosporine
A with a modified side chain at the unique
MeBmt residue. Voclosporin was specifically
designed to offer improved potency, a more
predictable pharmacokinetic profile, and po-
tentially reduced nephrotoxicity compared to
cyclosporine [94].

Voclosporin was developed by Isotechni-
ka Pharma (later Aurinia Pharmaceuticals) in
Edmonton, Canada. The molecule was created
through a targeted chemical modification of
cyclosporine A, replacing the MeBmt at posi-
tion 1 with a modified amino acid containing a
shorter unsaturated side chain. After successful
Phase 2 and Phase 3 clinical trials (AURA-LV
and AURORA), the FDA approved voclosporin
in January 2021 under the brand name Lup-
kynis’, making it the first approved oral thera-
py for lupus nephritis in over a decade [94, 95].

Voclosporin is a cyclic undecapeptide
(Fig. 8). It retains the core macrocyclic struc-
ture of cyclosporine A but features a modified
side chain at position 1. The molecule contains
seven N-methylated amide bonds and one
D-AA (D-Ala at position 8), which contribute
to its metabolic stability and membrane per-
meability [96].
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Fig. 8. Chemical structure of voclosporin.

The FDA approved voclosporin (Lupkynis’)
for the treatment of adult patients with active
lupus nephritis (LN), in combination with
background immunosuppressive therapy (ty-
pically mycophenolate mofetil and low-dose
corticosteroids). It is currently the only ap-
proved calcineurin inhibitor specifically indi-
cated for LN [94,95].

Voclosporin acts as a calcineurin inhibitor
by binding to cyclophilin A, forming a com-
plex that inhibits the phosphatase activity of
calcineurin. This prevents dephosphorylation
of nuclear factor of activated T-cells (NFAT),
thereby suppressing T-cell activation and in-
terleukin-2 production. It is primarily used for
active LN (Class III, IV, or V) in combination
with standard-of-care therapy [97].

Voclosporin offers a more consistent phar-
macokinetic profile and a narrower therapeu-
tic index than cyclosporine, allowing for more
predictable dosing with therapeutic drug mo-
nitoring. Common side effects include hyper-
tension, nephrotoxicity, tremor, and increased
infection risk. Regular monitoring of renal
function and blood pressure is essential [98].
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Voclosporin is produced by semisynthetic
modification of cyclosporine A. The process
begins with fermentation-derived cyclospo-
rine A, followed by selective chemical trans-
formation of the MeBmt side chain at position
1 to introduce the shorter unsaturated chain.
The final product is purified by chromatogra-
phy and formulated into soft-gelatin capsules
for oral administration. This semisynthetic
route is significantly more efficient than total
chemical synthesis of the entire 11-residue
macrocycle [96].

Voclosporin is currently the only approved
derivative of cyclosporine specifically opti-
mized for LN. Other experimental analogs of
cyclosporine (such as alisporivir) have been in-
vestigated for antiviral indications but have not
reached approval for autoimmune diseases.

Synthesis

The development of efficient, scalable, and
environmentally sustainable synthetic metho-
dologies for D-AAs is no longer a niche aca-
demic pursuit but a strategic necessity in phar-
maceutical science. Continued innovation in
asymmetric synthesis [99-108], biocatalysis
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[109-115], and chemoenzymatic approach- tide therapeutics advances toward more stable,
es [116-120] will be crucial to unlocking the selective, and orally bioavailable candidates,
full therapeutic potential of D-AA-containing robust access to diverse D-AAs will remain a
peptides and to meeting the growing needs of cornerstone of future drug discovery and de-
the peptide drug pipeline. As the field of pep- velopment.
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Scheme 1. General application of chiral Ni(II) complexes for asymmetric synthesis
of tailor-made amino acids.

46 ISSN 2708-129X. VKp. Xim. XypH., 2026




Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Hiroki Moriwaki, Kunisuke Izawa; Hiroyuki Konno, Vadim A. Soloshonok

UCJ Nz 5/ Vol. 92

The Ni(II) complexes of amino acid Schiff
bases (Scheme 1) represent one of the most
powerful and versatile general methodologies
for the asymmetric synthesis of tailor-made
a-amino acids [121-23]. In its most general
form, as depicted in Scheme 1, this approach
utilizes ligands 1 bearing a chiral auxiliary on
the amino acid fragment, which are condensed
with o-benzophenone or its derivatives. Li-
gand 1 is subsequently transformed into the
corresponding Ni(II) complex 2 by reaction
with glycine under basic conditions in the
presence of Ni(II) ions. The Ni(II) ion serves
a dual role: as a template that rigidly organizes
the molecule and as a Lewis acid that dramat-
ically increases the acidity of the a-hydrogen
of the coordinated glycine. This enables highly
stereoselective transformations at the a-po-
sition, including alkylation, dialkylation, al-
dol, Michael, and Mannich additions, as well
as other C-C bond-forming reactions, under
mild conditions. After the reaction, the prod-
ucts 3 can be readily disassembled under acidic
conditions to release the enantiomerically en-
riched tailor-made amino acid 4, while the chi-
ral auxiliary is typically recovered and reused.
Thanks to its high diastereoselectivity, opera-
tional simplicity, scalability, and broad sub-
strate scope, the Ni(II)-complex methodology
has become a widely adopted strategy for the
preparation of structurally diverse, non-pro-
teinogenic, and isotopically labeled a-amino
acids required in modern medicinal chemistry
and peptide drug development [121-123].

For example, amino acids of type 5 bearing
virtually any substituents or functional groups
on the side chain R can be readily prepared via
alkylation of the Ni(II) glycine Schiff base com-
plex with alkyl halides [124-127]. This method-
ology can be further extended to the synthesis of
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a,a-dialkyl-substituted amino acids 6 [128-131].
The approach also works efficiently with se-
condary alkyl halides, providing access to high-
ly sterically hindered amino acids 7 containing
both a- and [-stereogenic centers [132,133].
Additionally, the use of a,w-dihaloalkanes en-
ables the preparation of bis-amino acids of
type 10 [134, 135]. B-Hydroxy amino acids 8
[136-138] and B-amino derivatives 9 [139, 140]
are accessible through aldol and Mannich ad-
dition reactions, respectively. The Michael ad-
dition reaction of glycine Schiff base complex
2 [141-143] is particularly versatile, allowing
the synthesis of a wide range of glutamic acid
derivatives 11 [144-146], including B-methy-
lene analogs 12 [147], as well as highly substi-
tuted pyroglutamates [148-150] and prolines 13
[151, 152]. Furthermore, multistep sequences
employing these Schiff base complexes facili-
tate the preparation of more structurally com-
plex targets, such as thalidomide derivatives
[153-155], oxazolomycin and neooxazolomycin
analogs [156], the AHOD (3-amino-2-hydroxy-
octadecanoic acid) moiety of ralstonin A [157],
and various derivatives of 1-amino-2-vinyl-
cyclopropanecarboxylic acid [158-160].

Creative efforts in the structural design of
ligands 1 [161-163] have led to the develop-
ment of a new generation of chiral auxiliaries.
These include derivatives featuring planar chi-
rality 14 [164-166], (Fig. 9), axial chirality 15
[167, 168], and N-H-containing ligands 16
with a stereogenic nitrogen center [169-171].
Among the most practical and versatile struc-
tures is the Ni(II) complex 17 [172-174], which
bears three strategically positioned chlorine
atoms that enhance both reactivity and stereo-
selectivity. Notably, Ni(II) complexes 14 and
17 have proven particularly effective for the
large-scale preparation of D-AAs.
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Fig. 9. New generation of chiral Ni(II) complexes.

D-AAs can be efficiently prepared via the
Ni(II) Schiff base methodology using either
L-to-D interconversion or deracemization
strategies [175-177]. This allows the con-
version of readily available L-AAs into their
D-configured enantiomers or the direct trans-
formation of inexpensive racemic (L/D) mix-
tures into the desired D-AAs with high selec-
tivity [178-180]. As illustrated in Scheme 2, the
planar chiral ligand 18 is reacted with an L-AA
or its racemic counterpart to form the corre-
sponding Ni(II) Schift base complex 19. The
(S)-configuration of the chiral amine moiety
in the ligand strongly favors (>95% diastereo-
selectivity) the formation of the D-configured
amino acid. The resulting complex 19 is typi-
cally isolated by filtration and then disassem-
bled under mild acidic conditions (aqueous
HCI) to liberate the free D-AA while allowing
recovery of the chiral ligand 18 [181-183]. Be-
cause the planar chirality of ligand 18 remains
stable under the reaction conditions, it can
be recovered and reused over multiple cycles
without loss of performance. Owing to its high
efficiency, excellent recyclability, and opera-
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tional simplicity, this Ni(II) methodology is
often more economically attractive than many
catalytic approaches. It has been successfully
scaled up to kilogram-scale production of var-
ious D-AAs.

Conclusions. In summary, the strategic in-
corporation of D-AAs has fundamentally
transformed peptide therapeutics, converting
inherently fragile and rapidly degraded biolog-
ics into stable, drug-like chirobiotic molecules
with enhanced pharmacokinetic profiles, im-
proved target specificity, and prolonged dura-
tion of action. This approach has significantly
broadened the therapeutic utility of peptides
across multiple therapeutic areas, including in-
fectious diseases, metabolic disorders, oncolo-
gy, autoimmune conditions, nephrology, and
neurology. The evolution of D-AA-contain-
ing pharmaceuticals reflects more than seven
decades of progress, from the early clinical use
of gramicidin D in 1955 to modern approved
drugs such as cyclosporine, daptomycin,
etelcalcetide, difelikefalin, voclosporin, and
others. This remarkable journey highlights the
critical role of molecular chirality in drug dis-
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covery and development. Advances in asym-
metric synthesis, particularly Ni(II) Schiff base
methodologies, computational design, mir-
ror-image phage display, and peptidomimetic
engineering have enabled the creation of in-
creasingly sophisticated D-AA-rich peptides
and macrocycles that were previously inacces-
sible. These innovations have delivered tan-
gible clinical benefits, offering new treatment
options for conditions with historically limited
therapies, such as CKD-aP, LN, and rare com-
plement-mediated disorders. By enhancing
proteolytic stability and membrane permea-
bility while reducing immunogenicity, D-AAs
have helped bridge the gap between promis-
ing peptides and successful marketed drugs.
Nevertheless, challenges remain. High manu-

R

HoN

CO.H
(S)- or rac-

facturing costs, potential off-target effects, and
the need for specialized synthetic expertise
continue to limit broader application. To ful-
ly unlock the potential of this class, future ef-
forts should prioritize scalable and sustainable
production methods, deeper structure-activ-
ity relationship studies, and the development
of next-generation delivery systems. Overall,
D-AA-containing chirobiotics exemplify how
precise stereochemical design continues to
drive innovation in pharmaceutical science.
As synthetic methodologies mature and our un-
derstanding of peptide pharmacology deepens,
D-AA strategies are poised to play an increa-
singly central role in the development of safer,
more effective, and longer-lasting therapeutic
agents for a wide range of human diseases.
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Scheme 2. Procedure for the preparation of D-AAs.
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IIpuceara

[Tpodecopy Tamio Xasmi - TUTany
acMMETPUYHOro Karanisy, Ilonapnii
3ipui B Hayli, 4yMe€ Myfipe KepiBHUII-
TBO CTaJ/IO0 Iy OararboX IMOKOIiHb Xi-
MiKiB HailpOpMaTUBHILIIMM iHTe/eK-
Tya/JIbHUM JOCBiIOM.

D-amiHoKMCcOTH CTamu He3aMiHHUMU Oy-
fiBeTbHMMM OZIOKaMU B CYYacCHOMY AM3aliHi
HeNTUAHNX JIiKapchKux 3aco6is. Hespakato-
YJ Ha IXHIO BiJHOCHY PiJJKiCHICTb y BULIUX OP-
ranismax, D-aMiHOKMCIIOTM € JOCUTDH IIOIIN-
PEeHMMU B IPUPOAI, 30KpeMa B 6aKTepiaTbHUX
HeNTUOMIiKaHaX Ta MIKpOOHMX aHTUMIKpOO-
HUX TIeNTHAAX, [ie BOHM 3a0e3IedyoTh IIpo-
TEONITUYHY CTabIbHICTD i yHiKanbHY 6iomo-
riyHy aKTuBHIiCTh. HaTxHeHHI nyMu npupon-
HUMM CTpaTeriAMy, MeAV4Hi XiMiK1 yCIinrHo
BIIpOBaiuM D-aMiHOKMCTIOTY B CMHTETUYHI
HeNTUAN, o6 MMofoIaTy IpUTaMaHHI oOMe-
JKEHHA TPAJMUIIVIHKX MEeNTUIHNUX NIpenaparis,
Taki AK IIBUAKA QepMeHTaTVMBHA Jerpaja-
Iif Ta HM3bKa 6iogocTymHicTb. BrimioyeHHA
D-aMiHOKIMC/IOT IIPONOHY€E HM3KY KIOYOBUX
IepeBar, 30KpeMa CyTTEBO Ii/IBUILEHY CTiil-
KiCTb IO IPOTEO1i3Y, IIOJOBXXEHMII TIEPiof Ha-
IIiBBUBEIEHHA 3 I/Ia3MM, 3HVDKEHY iIMyHOI€H-
HICTb Ta ITOKPALE€HY CEJIEKTUBHICTb /IO peLel-
topis. L1i BmacTuBOCTI O3BOMIMIN PO3POOUTHI
KT{HIYHO YCIIiIIHI IpenapaTy B 6aratbox Te-
paneBTMYHUX ranysax. Cepen NOMITHUX IIpu-
KIaJiB — paHHill aHTMO6i0TMK TpaminuanH D
(1955), iMyHOCYTIpeCMBHMIT areHT LIMK/IOCIIO-
puH, D-meninmiamMid, [AaNTOMILVH, €Te/lb-
Kanbuetus, audenikdanin Ta BOKIOCIOPUH.
i cronyku sACKpaBO NEMOHCTPYIOTH TPaHC-
dopmanirianit BB D-amiHOkmcmor Ha
HnenTuAHy (apMakosorilo Ta iXHIO 3poCTalo-
4y posb y NiKyBaHHI iH(QeKIiTHUX 3aXBOpIO-
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BaHb, ayTOIMYHHMX pO3/1a/iiB, HePOIOTiYHNX
cTa”iB Ta OaraThbox iHmmMx maronoriin. Ilen
OIVIAZ, BUCBIT/IIOE CTPATEriyHy BaXK/IMUBICTh
D-amiHOKMCIOT Y apMalleBTUYHOMY AM3a-
JIHi, IXHE NpUPOAHE INOXOIKEHHs, KIIiHi4He
3aCTOCYBaHHA Ta 3HAYHI JOCATHEHHS B CHH-
TEeTUYHNX METOMOJIOTiAX 3 OCOONMMBUM aK-
LIEHTOM Ha YHiBepCaJbHMI IiJXiJ Ha OCHOBI
komiiekciB IlIndda Ni(II) gnsa orpumanHs
tailor-made D-aminokucnot. EBomonis mikap-
CbKMX 3ac00iB, 1[0 MICTATb D-aMiHOKKCIIOTH,
IEMOHCTPYE, fAK CTepeoXiMiuHe KOHCTPYIo-
BaHHA IPOJOBXYE CTUMY/IIOBATY iHHOBALil y
BiIKpUTTi Ta pO3po6IeHH] NEeNTUAHNX IIpena-
paris.

Kmrogosi cnosa: D-aminokucnorn, Xipaib-
HicTb, XipobioTuku, kommiekcu Ni(II), ausaitn
NiKapchKUX 3aco0iB, MpOTeoIiTNYHa CTabiNb-
HiCTb, IENTHIHI TepaNeBTU4HI 3aco0u, JIiKap-
CbKI IIpelnapaTy, 110 BUIMILIIM Ha PUHOK.
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