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SIkicHa MTHA BOna € 0a30BOIO CKJIA0BOO

BHYTPIIIHBOTO 1 30BHINTHBOTO CEPEIOBHUIIA
moauau. ToMy  3a0e3lcueHHsS  HaCEJCHHS
SIKICHOFO MTUTHOIO BOJIOIO BUCTYIIA€

CTpaTeriuHUM 1 HaliOHAJLHUM iHTEpecoM Oynb-
SIKO1 JIEpPIKaBH.

[loripmenHss AKOCTi Bogu Moxe OyTu
BUKIIUKAHO 3a0pyJHIOBALHUMH DPEUYOBHHAMHU
opraniuyHoi Ta HeoprauiuHoi mpupomu. Cepen
HEOpraHivyHUX 3a0pyJHIOBANBHUX PEYOBHUH, € U
Taki, HasBHICTh SKHX Yy BOJaX 4YacTo HE
MOB'SI3aHa 3  TOCTOJAPCHKOI0  JiSTBHICTIO
monuHu. Tak, HaNpukiIam, MiIBHIEHANR BMICT
DepyMy CHOCTEPITaeTbcsi y MPUPOTHHUX BOAAX
0araTboX perioHiB YkpaiHW Ta iHIIUX KpaiH.
Xoua depyM 1 € BOKIUBAM €JICMEHTOM JUISI
JKATTEMISUIBHOCTI JIFOOUHY, HOro HAIIANIOK B
opraizmi MOXe BUKJIUKATH BaXKi
3axBOpIOBaHHsA [1].

Jns BupiieHHS TPOOJIEMH 3aBUIIEHOTO
BMicTy @epyMy y Bojax icHye O6arato MeTOMiB,
SKi 32 TWUIIOM Jii MiISThCS HAa pEarcHTHI Ta
Oespearentri [2]. Opuum 3 Ge3peareHTHHX
MeToAiB € ionHui oOmiH. Ilopsin 3 mepeBaramu
(MOXITHBICTH pereHeparii copOeHTy,
e(eKTUBHICTh, TOIIO) 10HHMI OOMIH Ma€ i ps
HE/OMIKIB, TOJIOBHUM 3 SIKHX € BUKOPHCTaHHSI
JOporux 10HOOOMiHHMKIB [3-7]. [lns ycyHeHHs
HEJOMIKIB JaHOTO METOmy 1 30€peKeHHS HOro
repesar, MOTPIOHO 3aMIHUTH JIopori
10HOOOMIHHI CMOJIM Ha 10HOOOMIHHUKH HHKYOT
BapTocTi. [laHe 3aBIaHHA MOXKJIIMBO peajlizyBaTh
yepe3 BUKOPUCTAHHS IPUPOTHUX ICOJTITIB.

OnHUM 3 HAWIOIIMPEHINIUX IEOJITIB, 10
Mae TEXHOJIOT14HE BUKOPUCTaHHS €
KITMHOTITHJIOIT.

Mertoro maHoi poboTH OysI0 IPOBECTH
KBaHTOBO-XIMiuHi pO3paxyHKH MpoIIECiB
10HHOTO oOMiHY  10HIB depymy  Ha
kauHomTHOMTI (cTpykTypHuit ™M HEU) Ta
oro MmoaudikoBaHUX QopMax.
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MeTtoauka eKciepuMeHTy

Jis  MOJenroBaHHS TPOLECY 10HHOTO
oOmiHy ©Oymo obpano ¢parment OinbImoi
MTOPO’KHUHHY, 13 JIOKAJi3allier0 aToMa AJIOMIHIIO
y monokerni T1, tak sk Oyno 3rigHo [8], came
II¢ TIOJIOXKEHHS € SHEPreTHYHO OibII BHTIIHUM
y meomitax crpykrypHoro tumy HEU. O6minHi
kationn Kanbiirto abo Hatpito posmimryBanu
mobmusy  terpaempy [AlO4 y  Oimbmiiit
nopoxuauHi. Koopaunanist oOMiHHOTO i0HY —
yepe3 Tpu aromMaM OKCHreHy aHiIOHHOTO
KapKacy KIHHONTHIOMTY (puc. 1).
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Puc. 1. dparMeHT KIMHONTWIONITY 3 OOMIHHUM
ioHoM Hatpiro.
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Monekynu BOIM AOAABalId 3 ypaxyBaH-
HAM  TEOMETPUYHUX  OOMEXKEHb  KOMIpPKH
KJIIMHONTIJIONITY. MakcuManabHEe TigpaTaiiifae
YHCIIO TepIoi coabBaTHOI OOOJIOHKU CKIIAAAIo
4. Takox, OyJn0 pO3IJISIHYTO BapiaHT i3 TphOMa
MOJIEKYJJaMH  BOJHM, WO TaKOX peaiti3ye
KOOpIMHALIHE YMCII0O METaly piBHE IIECTH, 3a
paxyHOK KoopauHanii Ha OKCHUTEH LEOTiTHOTO
Kapkacy (puc. 2).
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Puc. 2. ®parment xmHONTIIIONITY 3 ioHOM Depymy
KOOPJIMHOBAaHUM 4-Ma MOJIEKYJIaMU BOJH.

IoHn MetaniB He 3B SA3aHUX 3 KapKacoMm
KIIMHONTWIONITY — PO3TJISAANNCh Y  BUTIISIOI
rekcariipariB. MoJeKynu BOAM, SKi JOJATKOBO
copOyIOTbCs. a00 HaBIAKW BUIUISIOTECS Y
mporeci 10HHOTO OOMiHYy po3nisigaliach y

BUTTISIAI TekcaMepy. Takuii Bubip 0o0yMOBICHUI
HEOOX1THICTIO BpaxyBaHHSI KJIacTepHOL
CTPYKTYpH piIKoi BOJH 3a CTAaHJAPTHUX YMOB.

Ionn @epymy pos3rnsganuce y JABOX
crynensx okucHenus (2 ta 3). Kpim Toro,
pPO3TIITHYTO  MOXJIMBI  CJEKTPOHHI  CTaHH
KOXXHOTO 13 ioHIB @epymy no Ta micist copOuii
(HU3BKOCIIHOBUI CTaH — MYJIBTHIUICTHICTh 1y
Bumaaky FE€' Ta MynbTHIIIETHICTD 2 y BUIAIKY
Fe " BUCOKOCITIHOBHIA CTaH — MYJIbTUIUICTHICTh
5 y pumagky F€' ta Mynstumnernicts 6 y
Bumagky Fe).

loHOOOMIHHI peakIlii BHKOPUCTAHI IS
PO3paxyHKiB MOKHA MPEICTABUTH CXEMOIO:

Fe(H0)s"" + Zeo-X(H0)a =
X(H20)6 + Zeo-Fe(HO), + y1 (H20)s (1)
6

N pieae 2 a6o 3,

X o6minnmit ion (Naabo Ca),
apieae 3060 4,

b pisue 3 ab6o 4,

y piBae — 1, Oa6o 1.

pi(S

Taoauus 1. 3mina eneprii ['i66ca npu ionoo0OMiHHiH copOii ioHiB DepyMy rpu 0OMiHi Ha ioH Na©

O6Minnwmii ion Na'
Kinbkicte Monekyn | KibkicTh MONEKYIT 3apsin MynbTH- AG,
H,0, ion Na H,0, ion Fe Fe IUIETHICTD KKaJI/MOJIb

3 3 2 1 -99.1291
3 3 2 5 -116.893
3 3 3 2 -276.768
3 3 3 6 -311.212
4 4 2 1 -94.9183
4 4 2 5 -120.114
4 4 3 2 -271.525
4 4 3 6 -314.938
3 4 2 1 -101.2

3 4 2 5 -126.396
3 4 3 2 -277.806
3 4 3 6 -321.22
4 3 2 1 -02.8475
4 3 2 5 -110.611
4 3 3 2 -270.486
4 3 3 6 -304.93

s TepMoauHAMIYHMX — PO3paxyHKIB o0Opano HamiBeMmipuunuit Mmeronq GFN2-xTB, B

BHUKOpHUCTOBYBanu mporpamy XTB (Version 6.0.1
SAW181210) [9, 10]. fIx ©Oa3oBuit MeTOx

OCHOBI SKOI'0 JICKHTh MOIu(iKOBaHA TeOpis
¢yHKUioHanmy ryctuHd, a came — migxig DFTB
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(Density Functional based Tight Binding).
Jlannii miaxig Mae mepeBary IpH MOJEITIOBaHHI
CHCTEM 33 VYYaCTI0O TEpeXigHuX MeTaliB y
MOPIBHSHO, HANpPHUKIaM, i3 Merogamu CTroapra
PM7 ta PMG6. Bisyamizaiis mnpoBeacHa 3a
moromororo mporpamu VMD [11].

Onep:xaHi pe3yJibTaTH Ta iX 00roBOpeHHsI

Po3paxoBani 3HaueHHS 3MIiHH €HEpTil
I'i60ca peakrii i0HHOTO OOMIHY HaBEIEHO Y

tabn. 1-2.Cuig BiAMITHTH, IO Y BUIIAIKY, KOJIU
obminamMHu € ioHm Hartpito, ioHHUE OOMIH
MoxmBuil sk y Bumaaky ®epymy(Il) tak i y
Bunanky ®epymy(Ill). Toni sk, mpu oOMiHi 3
kKarioHamMu KambIlito, CHEPreTUYHO BHTIITHUM €
Tineku mporec 3a  yuactio Fe€'. Takox,
HE3aJIeKHO BiJl OOMIHHOTO i0HY, 10HHHN OOMiH
3a y4acTIio Fe* ¢ mabarato GibII BHIMiAHEM y
nopiBHsiHHi i3 Fe.

Ta6auus 2. 3MiHa eneprii [166ca npu ioH006MiHHIH copOuii i0HiB PepyMy mpu 0OMiHi Ha ion Ca’*

O6Mminumii ion Ca*
Kinmbkicte Moekyn | KinbKicTh MOJEKYIT 3apsin MynbTHr- AG,
H>0, ion Ca? H,0, ion Fe Fe IUIETHICTD KKaJI/MOJb

3 3 2 1 27.29597
3 3 2 5 9.53239

3 3 3 2 -150.343
3 3 3 6 -184.787
4 4 2 1 40.92262
4 4 2 5 15.72679
4 4 3 2 -135.684
4 4 3 6 -179.097
3 4 2 1 25.22516
3 4 2 5 0.029326
3 4 3 2 -151.381
3 4 3 6 -194.795
4 3 2 1 42.99343
4 3 2 5 25.22986
4 3 3 2 -134.645
4 3 3 6 -169.089

BucHoBku Cnucok BUKOPHUCTAHHUX KEPET

KBaHTOBO-XiMiUHI pO3paxyHKH peakuii
obminy depyMy Ha KIMHONTHIONITI BKa3yIOTh
Ha MOXJIMBICTH CAMOBLIHHOTO TIEpeOITy MpoIecy
(AG<0). IIpu omHOBaNeHTHNX OOMIHHHUX iOHAX,
ioHHmit 06MiH MoxcTHBHiL sk FE€* Tak i FE™. TIpu
JIBO3apSIHUX OOMIHHUX 10HAaX, IOHHUH OOMIH
MOKIMBHYM s ioniB FE€'. lonumii o6MiH 3a
yuactio ionis F€" € HaGarato Ginbl BUrigHIM y
nopiBHsHHI i3 ioHamu F€', mpo mo cBizuaTh
OiIBIIN BEMTMYMHY 3HAYCHB 3MiHN eHeprii ['160ca.
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Increased content of iron in water, impairs itsldqgand, in many cases, makes it impossible to
use such water for home and industrial needs. Adhoiron is the basis of many biochemical
processes in the human body, its excess conterttasamany negative effects. According to WHO
standards, the permissible content of iron in dnigkwater is 0.3 mg/l. The high iron content is
observed in the natural waters of many regions loblde and other countries. This phenomenon is
often not connected with anthropogenic influencet maused by the peculiarity of the
geomorphological structure of the area. Thereftive,development of new and improvement of the
existing methods of water desalination (iron rentjpiga pressing issue.

The methods of water desalination can be divided four different categories: traditional
techniques, biological methods, processes basetiembrane technologies, and methods based on
nanotechnologies. Among the traditional methods, afrthe main approaches is ion-exchange.

In this work, quantum-chemical calculations of irmm exchange processes on clinoptilolite
(structural type HEU) and its modified forms arerieal out. The calculations used the software xTB.
The semi-empirical GFN2-xTB method was chosen aspttimary method, based on a modified
density functional theory, namely the Density Fioml based Tight Binding (DFTB) approach.

Iron atoms were considered in oxidation states @ &nAlso, they considered the possible
electronic states of each of the ions and sorgirolucts (low spin state - multiplicity 1 and 2tire
case of F& and Fé&", respectively, and high spin state - multiplickyand 6 in the case of #eand
Fe”, respectively).

Fe(HO)s™ + Zeo-X(HO). = X(H,0)s + Zeo-Fe(HO), + y1 (H,0)s(1)
6
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The thermodynamic calculations of the ion exchafigendicate the possibility of the forward
reaction run AG <0). In the case of monovalent sodium exchangs, imn exchange is possible both
Fe&* and F&". In the case of double-charge calcium exchangs, iom exchange is possible for’Fe
ions. lon exchange involving Fe3 + ions is mucheremergetically favorable than¥éns.

Keywords: clinoptilolite; iron;ion exchange; thermodynamic calculations.
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