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AnHoTanus. B pabote uccienoBana 3aBUCUMOCTD yJIepKUBAaHMS 3-TIFOKO3UA0B IECTH OCHOBHBIX aHTOIMA-
HUJIMHOB — AeNb()UHNUANHA, ICTYHUANHA, MaJIbBUINHA, IMaHUANHA, ICOHUIMHA U TeNIaproHUINHA OT JaBJIe-
HHS Ha BXOJE B KOJOHKY, T.€. OT CKOPOCTH IIOJABIDKHOW (ba3bl. Y CTaHOBIICHO, YTO Ha XpOMAaTOrpaduyecKoi
kosoHke 150%4.6 mm Symmetry C18, 3.5 mkm, B mogsmxHOH daze 10 06.% aneronurpuna u 10 06.% mypa-
BBUHOM KHCJIOTHI B BOZE yIep>KMBaHKHE BO3PACTAIIO C POCTOM CKOPOCTH MOJIauH TTOIBUYKHOH (ha3bl B JMana3oHe
0.2-0.8 cm*/mun. TIpu 3TOM pocT QakTopa yjepKUBaHUs ObLT HAUOOJIBIIAM TP HAMMEHBIIEH TEMIIEPAType
paznenenusi. Kpome Toro, poct Qakropa ynepKuBaHHs OKa3ajcs MPOIOPILHMOHATIBHBIM MOJIBHOMY 00BEMY.
st Beex nccnenoBanubix Temmeparyp (30, 40 u 50°C) 3aBUCMMOCTE MEXY HaTypalibHbIM JioraprudmoM dak-
TOpa yAEp>KUBaHUs aHTOLMAHOB OT JAABJIECHHS HA BXOJIE B KOJIOHKY OIMCBHIBAJIACH KBAIPaTHYHBIM YPaBHEHHUEM.
3TO TO3BOJIMIIO BBHIIIOJIHUTE pacyeT SHTAJIBIINI IepeHOCa aHTOLMAHOB C ITOJBIKHOM (Da3bl HAa CTAIIIOHAPHYIO
TPaAUIIMOHHBIM METOJIOM — 10 HaTypallbHBIM JIorapu(MaM (pakTOpOB yAEPKUBAHHS P IMOCTOSHHBIX 3HAYE-
HUSIX CKOPOCTH TOAA4H TIOABIKHOHN (a3bl (T.€. P Pa3INYHBIX BXOJHBIX JIaBICHHUSAX Ha KOJIOHKY) M TIO HATY-
pasbHBIM Jorapr(MaM pacueTHHIX 3HAUeHHUH (PaKTOPOB YACPKMBAHUS aHTOIMAHOB, HAWAECHHBIM 110 KBaJIpa-
THUYHBIM YPaBHEHMSAM — /7SI BHIOPAHHBIX ITOCTOSHHBIX JABICHUSX HA BXOJE B KOJOHKY, T.€. IIPH Pa3IMIHBIX
CKOPOCTAX MOJIauyl MOABIKHOH (a3bl. OKa3aiock, 4TO B IIEPBOM BapHAHTE HaWCHHBIC 3HAYCHUS SHTAIBITUH
JUISL OTHHX M TEX )K€ BEIECTB Pa3IMIaIUCh JUIS PACUETOB, BBIOIHEHHBIX MIPU PA3IHYHBIX CKOPOCTSAX TOABMK-
HbIX (a3, npumepHo Ha 10%. BTtopoii BapuaHT pacuera NpHUBeN K NPAKTUYECKH HE 3aBHUCSILUM OT BXOJHOTO
JIABJICHUS] 3HAUEHHSIM DHTAIBIMK ISl BCEX HIECTH aHTOIMaHOB. Clie0BaTeNIbHO, AJIsl KOPPEKTHBIX PAacueToOB
TEPMOJIMHAMHUYECKUX XapaKTEPUCTUK COPOATOB CIIEAYET YUUTHIBATH 3aBUCHMOCTbD HX YJEPIKUBAHUS OT CKOPO-
CTH TI0/1a4H TIOJIBM)KHOHN (pas3bl WIIM OT BXOJHOTO JIABJICHHSI Ha KOJIOHKY.

KaioueBnle ciioBa: oOpaieHHo-(ha3oBas xpomarorpadus, aHTOIHAHbI, YASpP)KHUBaHNE, JaBICHIE Ha BXO/JIC B
KOJIOHKY, SHTaJIBIIUS NTEPEeHOCca, pacyer.
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Abstract. The article focuses on the dependence of the retention of 3-glucosides of six common anthocya-
nidins: delphinidin, petunidin, malvidin, cyanidin, peonidin, and pelargonidin, - on the pressure in the column
input, i.e. on the mobile phase flow rate. The study determined that on a 150x4.6 mm Symmetry C18 column,
3.5 um, in the mobile phase of 10 vol.% of acetonitrile and 10 vol.% of formic acid in water, the retention
increased with an increase in the mobile phase flow rate within the range of 0.2-0.8 cm?/min. An increase in
the retention factor was maximal at the lowest temperature of separation. The increase in the retention factor
was also proportional to the molar volume. For all the studied temperatures (30, 40, and 50°C) the dependence
of the natural logarithm of the retention factor of anthocyanins on the inlet pressure was described by a quad-
ratic equation. This allowed us to calculate the enthalpy of transfer of anthocyanins from the mobile phase to
the stationary phase using a traditional method, i.e. based on the natural logarithms of the retention factors with
constant values of the mobile phase flow rate (i.e. different values of the inlet pressure) and natural logarithms
of the calculated values of the retention factors of anthocyanins calculated using quadratic equations for the
selected constant values of the inlet pressure (i.e. at different mobile phase flow rates). It appeared that in the
first case the calculated enthalpy values for the same substances differed from the results of the calculations
performed at different rates of mobile phase flow by about 10%. In the second case, the enthalpy values did
not depend on the inlet pressure for all of the six anthocyanins. Therefore, to perform accurate calculation of
the thermodynamic characteristics of sorbates, it is necessary to take into account the dependence of their
retention on the mobile phase flow rate or the inlet pressure in the column.

Keywords: reversed-phase chromatography, anthocyanins, retention, inlet pressure, enthalpy of transfer, cal-
culation.
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BBenenue

s TepMOAMHAMUYECKHX PAaCUETOB BO
Bceil xpomaTorpaguu u B o0parieHHo-(pazo-
BOIl B 4aCTHOCTH HCIIOJIb3YETCSl YpaBHEHUE
[1-4].

Ink = 2 155 4 e (1)
RT R

B sTOM ypaBHeHUM P — Tak Ha3bIBa€MOE
(a30BOE OTHOILIECHHE KOJIOHKU — COOTHOIIE-
HUE OO0BEMOB COPOIIMOHHOTO CJIOS M TIO-
neuskHOM Basbl, AH’ u AS® crannapTHbIE U3-
MEHEHUS YHTAJIBIIUHU U SHTPOIIUU IIPH Mepe-
HOCE BelIecTBa ¢ MOABMKHOU (pa3bl Ha cTa-
IUOHAPHYI0, R —Ta30Bas NOCTOsIHHAS, a T —
abcountoTHas TeMmmeparypa. VneanbHblil Ba-
pUAHT UCHOJb30BaHus ypaBHeHus (1) — mo-
ctpoenue rpaduka Bant ['opda — 3aBucu-
MOCTH HATypaJbHOTO Jorapudma Qaxrtopa
yaepxuBanus (/nk) ot o6patHOIl abcomoT-
Hou Temmeparypsl (1/T) mo ypaBrenwuro (1).
OpnHako, He Bceraa Takoil rpaduk JHMHEeH,
YTO MOKHO MHTEPHPETUPOBATH KaK CMEHY
MeXaHu3Ma COpOIMM WM OIpEeeIonX
yAEpKUBAaHUE THUIIOB MEXMOJIEKYISIPHBIX
B3aumoeiictBuil [5]. Bropas Bo3MoxkHas
NpUYMHA HEITWHEHHOoCcTH Tpaduka BaHT
'odda — HenocTostHCTBO P MPU CMEHE TEM-

neparypsl, npu kotopom AH° MoxeT ocrta-
BaThCsl KOHCTAHTOM [4]. B HUTHpOBaHHBIX
pabotax o0OCYXIarTCs Cepbe3HbIE TIPO-
OJleMbl, OTIMYAONINE WCCIEAOBAaHUE pac-
npeesieHnsi copOaToB B oOpareHHO-(a30-
Boii BOXX mno cpaBHeHuio ¢ pacnpenene-
HUEM BEIIECTB MEX/y IByMsI HECMELINBAIO-
mMucs kugkuMu pazamu. U 3To HE ynu-
BUTEJIBHO, TOCKOJIBKY CTalllOHapHasi 00pa-
meHHast aza COACPKUT MPUBHUTHIC AJTKHIIb-
HbI€ paJuKajbl y IMOBEPXHOCTU cOpOeHTa
paspsuKeHHBIE IPUMEPHO B 2 pa3a Mo CpaB-
HEHUIO ¢ TBepHou ¢a3zoil ankaHoB[6], my-
CTOTHI MEXAY paauKalaMd MOTYT ObITh 3a-
MOJIHEHHBIMH KOMITOHCHTAMH W3 TTOJBHIK-
HOM (ha3bl — 1o crienupuKe CTPYKTYPHI AaXKe
BOIIPEKH PACTBOPUMOCTH COOTBETCTBYIO-
IIMX BEIIECTB B H-alIKaHAX.

C npyroit CTOpOHBI, B MOCIEAHEE BpEeMs
MOSIBUJIMCH MTyONUKALIMU, B KOTOPBIX YKa3bl-
BaeTcs, 4To (aKTOp YICPKUBAHUS MOMKET
OBITh HE MOCTOSIHHBIM MIPH CMEHE CKOPOCTH
MOJIaY TOJABWKHON (ha3bl, MPUBOISAIICH K
W3MEHEHHUIO JaBJICHUS HA BXOJE B KOJOHKY
[7-9]. Ilpu aTOM M pacueTHbIE 3HAUEHUS TEP-
MOJMHAMUYECKUX TTapaMeTPOB MOTYT 3aBU-
CETh OT CKOPOCTH MOIBIKHOH (ha3sl [10].
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Llens HacTOsMIEH paOOTHI — OTIpEIeTICHNE
3aBUCUMOCTU TCPMOJUHAMUYCCKUX TIIapa-
METpPOB IMEpPEHOCa AHTOIMAHOB C IMOJBHXK-
HOM (ha3bl HAa CTAIMOHAPHYIO OT CKOPOCTH
M0J1a4yM MOABMXKHOM (a3bl, T.€. OT TaBICHUS
Ha BXOJI€ B KOJIOHKY.

JKCIEepUMEHTAJIbHAS YaCTh

AHTOIMAHBI OBLIM IKCTPAarUpOBaHBI W3
JUCThEB OarpssHHUKa KaHajackoro[ll] wu
wiofgoB Oapbaprica 0ObIKHOBEeHHOTO [12]
HACTauBaHHEM PACTUTENILHOTO MaTepuaia B
0.1 M BoHOM pacTBOpE COISTHOW KHCIIOTHI.
[lepen xpomarorpadupoBaHUeM SKCTPAKTHI
OUHUIIAIA METOJIOM TBepA0(]a3HOI IKCTpaK-
nuu Ha natpoHax JIMAITAK C16 (buoXum-
Mak CT, Mocksa) [13].

Xpomarorpadguueckoe MoBeIeHHE aHTO-
[[MaHOB UCCJIEIOBAIIN HAa XpoMartorpade Ag-
ilent 1260 Infinity ¢ muogHO-MaTpUYHBIM
JIETEKTOPOM, TEPMOCTATOM KOJIOHOK U aBTO-
J103aTOPOM. XpoMaTtorpadpuueckasi KOJIOHKa
150%4.6 mm Symmetry C18, 3.5 mxm. Ilo-
newkHas ¢aza 10 00.% amneronuTpuna,
10 00.% MypaBbHHOI KHCIOTHI B BOJE.
O06bem BBOAMMOM TIPOOKI 5 MKJI. MepTBOe
BpEeMs OTIPECIISLTU 0 yIEePKUBAHUIO ypa-
A,

XpoMarorpaMMbl  3allUCBIBANIA  MPHU
JUTMHE BOJIHBI IeTeKTOopa 515 HM, XpaHUIu 1
obpabareBasin B [1IO Agilent ChemStation.

MonbHbIe 00BbEMBI aHTOIMAHWIMHOB pac-
cuuthiBaiy B nporpamme ACD ChemSketch
12.0.

OGcy:kneHue pe3yJbTaToOB

Pesynbratel  ompeneneHus  (HakTOpoB
yaepxkuBanus 3-raoko3ugoB (3G) mectu
OCHOBHBIX TPHPOAHBIX aHTOIIMAHUIMHOB
(menmppunuanaa Dp3G, nerynununa Pt3G,
MaibBUaIMHa Mv3G, nmanuguHa Cy3G,
neonuauHa Pn3G u nmenapronununa Pg3G
MIPHU TPEX PA3TUIHBIX CKOPOCTSIX MOa4H T10-
nBUKHOU (a3el, comepskasmeit 10 00.%
aneronutpuia u 10 06.% MypaBbUHOI KucC-
70Tel B Bojie mipu Temmeparype 30 u 50°C
MpeACTaBIeHBI B Ta0. 1 1 Tab. 2, COOTBET-
CTBEHHO.

[To manabIM TabI1. 1 GakTopsl yaepKuBa-
HHUS BCEX BEIIECTB BO3PACTAIOT C YBEIUYE-
HUEM JaBJICHUS, TPUYEM IIPUPOCT (PaKTOPOB
yACPKUBAHMUSI TEM BBIIIE, YeM OoJblie
YUCJIO KaK THAPOKCHIIBHBIX, TaK K METOKCH-
rpynn B Kousiblle B arnmkoHa, MpoHHMKAIO-
niero B npuBuTYO ¢asy. [Ipu aTom mMexmy
M3MEHEeHHEM (akKTopa yaepKuBaHus (B IIpo-
IIEHTaX) ¥ MOJbHBIMU OOBEMaMH COOTBET-
CTBYIOIIUX arfIMKOHOB (MMEHHO 3Ta 4acTh
MOTPpYy>KaeTcsl BHYTPh NMPUBUTON (a3bl 1O
«TIOTIIABOYHOMY» MeXaHu3Mmy [ 14]) oOnapy-
JKUBAETCS CBS3b OJU3Kas K MPSMOJIMHEH-
HOI, puc. 1.

[To manHBIM Tabd. 2 ¢ POCTOM TEeMIIepa-
Typbl W3MEHEHHE (QaKTopa YICpKUBAHUS

Tabmuua 1. @axTopsl yAepKUBaHuUs, k, BEIIECTB U UX H3MEHEHHS ¢ pocToM AaBieHus npu 30°C

(= 0.5%)
Table 1. Retention factors, k, of substances and changes caused by the growth of pressure at 30°C
(£ 0.5%)
u, cM’/MUH 0.8 0.4 0.2 Makcu-
No MaJIbHOE
- Hasnenwue, P, bar 171 86 43 M3MEHEHNE
¥, %
1 Dp3G 0.784 0.745 0.717 8.6
2 Cy3G 1.502 1.436 1.386 7.7
3 Pt3G 2.234 2.127 2.047 8.4
4 Pg3G 2.666 2.561 2477 7.1
5 Pn3G 3.991 3.812 3.675 7.9
6 Mv3G 5.575 5.298 5.087 8.8

*CKOPOCTh MOJAa4d TMOABIKHON (asbl, **poct k mpum 0.8 CM’/MHUH IO CpPaBHEHHIO C NAHHBIMH

mpu 0.2 cM?/MuH.
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Tabnuma 2. dakTopsl yaepKUBaHuUs, k, BEIIECTB U MX U3MEHEHHSI ¢ POCTOM AaBiieHus mpu 50°C

(#£0.5%)
Table 2. Retention factors, k, of substances and changes caused by the growth of pressure at 50°C
(£0.5%)
u*, cM>/MHUH 0.8 0.4 0.2 Makcu-
No MaJibHOE
- lasnenwue, P, bar 152 76 38 H3MCHCHHE
k*¥*, %
1 Dp3G 0.377 0.377 0.371 1.6
2 Cy3G 0.772 0.771 0.763 1.2
3 Pt3G 1.138 1.133 1.122 1.4
4 Pg3G 1.395 1.397 1.389 0.5
5 Pn3G 2.103 2.098 2.083 0.9
6 Mv3G 2.878 2.866 2.842 1.2

*CKOPOCTh TI0/Ia4M MOJBMKHON (asbl, **poct k npu 0.8 CM’/MHMH O CPAaBHEHHIO C JaHHBIMU IIPH

0.2 cM3/MuH
g .

k()

240

260 280

(i), A®

Puc. 1. 3aBucumocTh u3MeHeHus (pakTopa yAepKUBaHHS C POCTOM JIABJICHUSI OT MOJBHOTO
00beMa COOTBETCTBYIOLIETO aHTOLMAHHUIMHA
Fig. 1. Dependence of the change in the retention factor following the increase in pressure
on the molar volume of the corresponding anthocyanin

AQHTOIIMAHOB NPH M3MEHEHHUM JIaBJICHUS HA
BXO/JI€ B KOJIOHKY YMEHBIIIAETCSI.

Ornpezenenne YHTAIBINKI NIEPEHOCA COP-
OaTa W3 MONBIXXHOW (pa3bl HA CTaIMOHAP-
HYI0 OCYIIECTBISIOT, HU3Mepss (aKTOpbI
yACP)KUBAHUS COPOATOB TIPH PA3TUIHBIX
TEMIIepaTypax Mpy OJJHOM U TOM K€ COCTABE
MOJABWXKHOU (Da3bl U TIPU OJHON M TOM Ke
CKOpOCTH ToAauyu moaBmxHON (assl. [lo-
CKOJBKY (DakTop yIepKMBaHUS CBSI3aH C
KOHCTAHTOU pacmpesenieHus yepe3 (hazoBoe
COOTHOIIICHUE KOJIOHKH, KOTOPOE B HACTOS-
1iee BpeMsi He IPEICTaBIIAETCS BO3MOKHBIM
OTIPENIeTIUTh, TO 1O DSKCIEPUMEHTAIHHO
HalJICHHBIM 3HaYeHUSAM (DaKTOPOB YIEpPKH-
BaHMsI MOXXHO PACCUHMTATh TOJILKO HM3MEHE-
HUE SHTAJIBIINU JAHHOTO MEepEeHoca Mo ypaBs-
Henuro (1).

OpHako BCIIEACTBHE 3aBUCUMOCTH (pak-
TOPOB YJEPKHUBAHUS OT JABJICHUS NPH pa3-
JUYHBIX CKOPOCTSAX IOJAa4YM TOJBMKHOM
(a3pl MONy4aroTCsl 3aMETHO PA3INYaOLIH-
€csl 3HaUeHUsI SHTAIBIUI nepeHoca, Tadi. 3
— SHTQJIBIIUM YMEHBIIAKOTCS NMPUMEPHO Ha
10 % mpu CHM>KEHMH CKOPOCTH IOJA4M I0-
JBIDKHOM (has3bl.

C npyroii CTOpOHBI, BHIIIOJIHEHHBIE B pa-
00Te HuccIeOBaHus, MOKa3alH, YTO MEKIY
norapupmamMu (HaKTOpPOB yJEPKUBAHHUS aH-
TOLIMAHOB U JABJICHHUEM Ha BXO/E B KOJIOHKY
CYILLECTBYET 3aBUCUMOCTb, XOPOLIO alIpoK-
cUMHpyeMasl KBaJpaTUYHbIM ypaBHECHHEM
(2), puc. 2.

Ink(i)=a,+a,-P+a, P’ (2)

Hcnonp30BaB HaliIEHHBIE U1 BCEX aHTO-
LIUaHOB [P BCEX TeMIEepaTypax napaMeTpsl
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Tabmuua 3. DHTansnuH nepeHoca aHToranoB (KJk/MoJb) ¥ UX W3MEHEHUS! OTHOCHTEJIEHO Be-
JIUYMH, onpeeseHHbIX pu 0.8 cM®/Mun

Table 3. Enthalpies of transfer of anthocyanins (kJ/mol) and changes in them as compared to the
enthalpies at 0.8 cm®/min

DHTAIBOKH TIPU CKOPOCTSIX MOa4U HOJBUKHOM (asbl, cM>/MUH
Ne AHToLMaH 0.8 04 0.2
AH AH AAH*, % AH AAH, %

1 Dp3G -29.8 -27.8 6.73 -26.8 10.0
2 Cy3G -27.1 -25.3 6.48 -24.3 10.2
3 Pt3G -27.5 -25.6 6.73 -24.5 10.9
4 Pg3G -26.4 -24.6 6.5 -23.6 10.7
5 Pn3G -26.1 -24.3 6.9 -23.1 11.4
6 Mv3G -26.9 -25.0 7.1 -23.7 12.0

*y3meHennss AH OTHOCHTENBHO BEJINYMH, OnpeaeneHHbIX npu 0.8 cM’/MuH.

Ink(i)

81 Mv3G

Pn3G
e ‘/,'/&””*
Pg3G

1-/y,,k”’46,

0.8 t t t
0 50 100 150 P, 6ap
Puc. 2. 3aBUCHMOCTD MeX/y JaBIECHHEM Ha BXOJIE B KOJIOHKY M HaTypaIbHBIM
norapudmom (akTopa ynepKUBaHUSL
Fig. 2. Dependence between the pressure in the inlet of the column and the natural logarithm

of the retention factor

Tabnuma 4. DHTAIBIUU MIEPEHOCA aHTOLMAHOB, KJIM/MOJb, PaCCUMTAHHBIC MPHU MOCTOSHHBIX
JABJICHUSX Ha BXOJE B KOJIOHKY

Table 4. Enthalpies of transfer of anthocyanins (kJ/mol) calculated at a constant pressure in the
inlet of the column

AH nipu naBnenuu, 6ap Pacxoxnenue,

Ne AnTonman 0 50 100 o

1 Dp3G -25.8 -26.1 -26.6 -3.1
2 Cy3G -23.3 -23.4 -23.6 -1.2
3 Pt3G -23.3 -23.2 -23.2 0.5
4 P3G -23.4 -23.4 -23.3 0.4
5 Pn3G -21.8 -21.8 -21.6 1.0
6 Mv3G -22.3 -22.2 -21.9 1.6

ypaBHEeHUH TUMA (2), HECTIOKHO PACCUUTATH
norapudmbl  (HaKTOPOB YACPKUBAHUS HE
IPU TOCTOSHHBIX CKOPOCTSIX TOJBHIKHBIX
da3, a mpu JOOOM 3aJaHHOM 3HAYCHHUH
BXOJTHOTO JaBlieHUs. TONBKO IMOCIE 3TOTrO
[0 HaWJEHHBIM 3HAYEHUSIM HATypajbHBIX

aorapupmoB (paKTOpOB yIEpKHUBAHUS IPH
pa3IMYHBIX TEMIIEPATYyPaX MOKHO BOCIIOJIb-
30BaThcs ypaBHeHHeM (1). amst pacuera co-
OTBETCTBYIOIIUX SHTalbnuil. Takol mnepe-
CYET MpHBEN K NMPUHLIUIHUAILHO UHBIM pe-
3yJabTaTam, Taoi. 4.
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[To nanHBIM TabJI. 4 SHTAIBIINH, OTIPEJIC-
JICHHBIC JIA BCCX aHTOIIMAHOB ITPU TPEX 3HA-
YeHUsIX (BKJIFOYasi HKCTPANOIMPOBAHHOE Ha
HYJIEBOE) JABJICHUS HA BXOJI€ B KOJIOHKY,
OKa3INCh OJM3KHUMH MEXIy COOOW mIJis
KKIOT0 M3 aHTOIMAaHOB. MakcuMallbHOE
pacxoxaenue Toiapko 1 Dp3G (kak co-
CAWHCHUA C CaAMbIM MAJICHLKUM YICPIKUBA-
HUEM, T.€. C CaMOW BBICOKOW YYyBCTBUTEIIb-
HOCTBIO K TOYHOCTH OMPCACIICHUA MCPTBOT'O
BpEMEHH KOJOHKH) cocTaBuio 6onee 3%, a
B OCTAJIBHBIX CJIIYYasaAX COCTABJIAJIO MOPsSJIKa
OJIHOTO MPOIICHTA.

3aKjaoueHue

TakuM o0Opa3zom, mepes onpeaciicHuEM
SHTAJBIUNA COPOIMOHHBIX MPOLECCOB B 00-
pamenHo-¢azooii  BOXX HeoOxomumo
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