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Nano-sized particles of functional polymers i.enaxon-exchangers (NIEX), are unusual objects
which simultaneously behave as the hyper-chargesiand the solid ion exchangers. Due to similarggds
they form very stable colloidal systems. This papeatevoted to theoretical and practical studyhefproper-
ties of nano-exchangers, methods for their prejmarathe technique of experiments being practicatty
known, and the opportunities for their application.

The results of dynamic experiments are given foptson of nano-exchangers and the ions of back-
ground solutions on the beds of macro-particlessofal cationic and anionic resins. It is shown howb-
tain the NIEX hydrosols with the desired ionic camsjpion, and the concept of the standard statedsydiis
defined. The possibility for solid-phase exchanfeaunter ions between contacting particles of shme
polarity is demonstrated.

The possibilities and advantages of using nanceimshangers in chemical analysis are demonstrat-
ed by different examples: preparation of separgtimgses for ion chromatography, application as fiewdn
capillary electrophoresis and using in photo-luragence. The prospects of nano-ion-exchangers tay dr
delivery are also shown.

Keywords: nano-ion-exchangers; solid-phase ion exchangecliwomatography; capillary electro-
phoresis; luminescence; drug delivery.

HaHO-MOHOOOMEHHUKM -
HOBbIN KJTaCC peakTUBHbIX MaTepunanos

HonronocoB A.M., Xamu3oB P.X., Konorununa H.K.
Hucmumym eeoxumuu u anarumudeckoti xumuu um. B.U. Bepnaockoeo PAH, Mockea

[MomumepHbIC MOHWUTHI C YACTHIIAMH HAHOMETPOBBIX Pa3MEPOB, HAHOHMOHUTHI, SBISIOTCS HEOOBIY-
HBIMH O0BEKTaMH — OJJHOBPEMEHHO THICP3apsHKCHHBIMU HOHAMH M MOHOOOMCHHUKAMU, CO3/IAI0ONIMMHU YC-
TOWYMBBIC BOJHBIC CyCIieH3WU. B paboTe paccMOTpPEHBI BOMPOCHI TEOPETHYECKOTO U MPAKTHYCCKOTO HCCie-
JIOBaHUSI CBOWCTB HAHOMOHHUTOB U CIOCOOBI UX MoNTydeHHs. [IpuBeICHBI pe3ylbTaThl JUHAMHYECKUX COpO-
[MOHHBIX YKCIIEPUMEHTOB, B X0/ KOTOPBIX OCYIIECTBIISIACH COPOLHS HAHOMOHUTOB U HOHOB COITYTCTBYIO-
IIMX PACTBOPOB, CO3/ABAJIKMCH CTaHAAPTHBIC COCTOSHHUS HaHOCycleH3uiH. OCOOEHHOCTH KHHETHKH HOHHOTO
oOMeHa, Ype3BbIYaiiHO OBICTPOIl B CHCTEMax C HAHOMOHHTAMH, TO3BOJHIIM OCYIIECTBUTH MPOIECC TBEPO-
(hazHorO 0OMEHa IPOTHBOMOHOB MEXYy HOHOOOMEHHBIMH (pazaMu OJJUHAKOBOM MOJIIPHOCTH.

HaHOMOHUTBI MMEIOT YHHKAJIbHbIE CBOWCTBA, MCIOJb30BAHHE KOTOPHIX B AHAIUTHYECKOW XUMHHU
gpe3BbIuaiiHo 3G pekTHBHO. B paboTe mokazaHbl MyTH Pa3BUTHS METOJI0B HOHHOW XpoMaTorpaduu U Karmi-
JSIPHOTO 3JIEKTpodope3a ¢ MPUMCHCHUEM HAHOMOHHTOB B KAueCTBE HEMOJBIDKHBIX U TOJBIDKHBIX (a3, a
TaKXKe JEMOHCTPHPYETCs CIOCO0 MCMONIb30BaHUS HOHOOOMEHHBIX MUKPOPEAKTOPOB JUISl JIIOMUHECIICHTHOTO
OTIPENICIICHUS TSHKEIBIX METAIJIOB B IPUPOJIHBIX BOIAX.

PaccMOTpeHBI EepCIeKTUBBI UCIOIB30BAHUS HAHOMOHUTOB ISl TOCTABKU JICKAPCTB B OOJIBHEIC TKA-
Hu. [lokazaHo, YTO MPUMCHECHUEC HAHOMOHUTOB IPH IPOBEICHHUH XUMHOTCPAIHH TO3BOJISCT CHU3UTH J03Y
JICKapCTB B HECKOIIBKO pas.

KiroueBble cjloBa: HaHOpPa3MEpHBIC MOJUMEPHbIE HOHOOOMEHHUKH, TBEpIOQa3HbI HOHHBIA 00-
MeH, HOHHasI Xpomarorpadus, KalUBIPHbL d51eKTpodopes, TIOMUHECIICHIIHSI, TPAHCIIOPT JIEKapCTB.
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Introduction

lon exchange (IEX) processes are widely used innvibyidd for water treatment, in
hydrometallurgy, food industry, biotechnology antiev fields. These processes are car-
ried out with using ion exchangers - solid parsaté about 0.2-1.0 mm in size, containing
fixed functional groups charged negatively for gait - and positively for anionic ex-
changers. In analytical chemistry, ion-exchangingraspheres of dimensions of the order
of 10 um are used in columns for ion chromatography, @ntigles of submicron sizes are
also used as the modifiers for the stationary phadke have no information available in
the literature on the use of smaller particles.

This work is devoted to the research in the fidldlataining, studying and applying
a new class of chemical substances — nano-scalexidmangers (NIEX), which are pros-
pective in chemical analysis and in medicine fargddelivery.

The properties of particles of ion-exchange resinkie under-hundred nanometers
range have not been studied to the present dag.Wés due to the laboriousness of syn-
thesizing functionalized nano-polymers, the comipyeaf working with them and the lack
of tasks for their application. Meanwhile, thesgeots are interesting not only for their
obviously high kinetic properties, but also duethie ability to form very stable colloids
and combine the properties of hyper-charged ionssaid ion exchangers. Unlike con-
ventional IEX resins, NIEX can pass through midtation membranes and some other
filtering materials. Large charges of them at smadisses make it possible to control their
motion and distribution at phase boundaries. Nanedsion exchangers can be of great
interest not only from practical, but also from theoretical point of view. For example,
the existing mathematical theory of mass-transferachics for bi-disperse systems could
be applicable to such objects, if its appropriaaegalization would be done. It is also in-
teresting to develop a chemical theory of NIEX, ethincludes hetero-phase reactions of
ion exchange not only on nanoparticles, but algh e nanoparticles themselves as the
ions.. The next step is the development of techesdar working with hydrosols of nano-
ion-exchangers. In many respects, the areas of Nigication coincide with the already
mastered ion exchange branches. These are: aablgtid preparative chromatography,
deep purification and concentration technologidgengcal synthesis, medicine, and the
like. However, the most promising and specific rahemical quality of NIEX is combin-
ing the properties of solid sorbents and hypergbations, and this intrigues us.

Attempts have been made to synthesize functiorthlzymers in form of nano-
sized patrticles on the basis of styrene and diligrytene [1,2]. The copolymer particles of
several tens nm has been synthesized succesdbuitymodification with sulfonic or
strong-base anionic groups have resulted in thegotution [1]. From studies like [2], it is
possible to estimate the dimensions of the critraatleus in the synthesis of nano-ion-
exchangers near 50 nm.

We can consider the opposite, top-down approacbbitaining nano-sized ex-
changers - by ultrafine grinding coarse materilailg,a question arises: how to do it with
the use of abrasive surfaces of micrometer rougtthesany way, the problem solution is
in improving both the approaches: the bottom-ugtssis from molecules and the disinte-
gration of materials with the desired properties.t8 the last approach, not the abrasion
but grinding in a ball mill can be used. In thiseaat impact action of the ball on micron-
sized particles, a tiny proportion of fragmentsnigesmaller in tens and hundreds times is
produced. This method is used in our studies [34 the problems of preparation, tech-
niques for working with NIEX and the prospects floeir application in ion chromatogra-
phy and medicine are considered in this work.
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Chart of existence, preparation and physicochemical characteristics
of NIEX

The main of the first results obtained after staytur experiments was that strong
acid or strong base nano-ion-exchangers (NIEXshdidcoagulate in water solutions. The
NIEX particles do not require any chemical treatimfen making protective shells, they
form themselves stable for years colloidal solugi¢guspensions).

It is suitable to illustrate the field of existenokEnon-coagulating nano-sized par-
ticles (of any type: protected or not) by the clséwdwn in Fig. 1.

(S/V)/1000 m%cm?
3/r, nm™

Region 1 Region 2

Sedimentation

Dissolution

1 3 s 10 % % 100 "M
Fig. 1. Chart of the existence of nano-ion-exchasge

Here, the ratio of smooth (projection) surface tmame (S/V) is pictured depen-
dently on the radius of spherical particle (in lotpmic scale). This ratio is critical and it
determines physical and chemical properties, schlifiusion, sedimentation, electro-
conductivity, catalytic activity and others. Thetically, the taken boundaries of the chart

can be explained that one can start from the ratlinsn (with S/V =3010° m?cm?® or

SV =3/r =3 nm™ for spherical particlgsand finish with 100 nm, neglecting the values
less than 1% of the starting parameter. From gkt of the figure, the field of NIEX ex-
istence is limited by the effect of dissolutionr@no-sized functionalized copolymer [1],
and this region 1 extends up to an average pasizieof 50 nm (r=25 nm). On the right,
this theoretical area intersects with the regiodefermined by the sedimentation condi-
tions of large particles. It is possible to analylais condition from the Brown diffusion -
sedimentation equilibrium equation, arising frore #tquality of the corresponding fluxes
Jp andJey :

2

_ 29Apr o= KT dc -3y, (1)
In 6rmr dH

where( - acceleration of gravityAp — difference between densities of particle and wate

n - dynamic viscosity. Solution of (1) gives a formw@nalogous to a barometric one:
3KT

~ 4mrigap
whereH is the height of the suspension bed along whiehctincentration of particles in-
creases ire times from the top to the bottom level. For ion lexegers with internal po-

rosity around 50% and with the true polymer densfty.2 g/cni, the effective density in
water is (g/cr):

Jsad

(2)

Ap=gp,+(@Q-€N2-p,=01 (3)
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Let us intake the range of concentrations of fuumal groups of NIEX particles in

hydrosol, being suitable for experimental operaidrom c=10" mol/L to 1 mol/L. We
can estimate a maximal height of the suspensionrsede of which the stable sedimenta-
tion-diffusion equilibrium can be keptis = 23030b[H .

In various experiments, it is not convenient to kvaith the bed height less than
10 cm, and it gives us a critical radius of NIEXb® precipitated around 50 nm. It defines
the left boundary of the region 2 in the figure.u$hthe existence area of nano-ion-
exchangers in the form of stable colloids in theegs solution is very narrow, this area
(between regions 1 and 2) is approximately limhlgdarticle sizes from 50 to 100 nm (25
nM<r<50 nm).

Preparation of nano-ion-exchangers by the top-d@ehnique

Nano-ion-exchangers are the indirect and minorycbdf grinding in a ball mill in
which the insignificant part of micro-granules che destroyed under the influence of
strong mechanical impacts, and particles of extheramall sizes can be split off from
them.

NIEXs were obtained in the form of stable colloidsydrosols in experiments that
included several rather long stages: a) grindingroercial granulated ion exchanger in a
ball mill for more than 100 hours; b) suspending ttust product in the pure water and
sedimentation in the columns for several days tmlpce clarified suspension; c) continu-
ous centrifugation of this suspension for sevemlrd with the insulation of transparent
colloidal solution, usually, red coloured. The dialf the final product - in terms of the
content in the hydrosol obtained was no more thdan The coarsely dispersed part of the
material remaining after all operations was usuedlynbined, dried and allowed to be re-
grinded.

In a number of experiments, very stable colloidatams — hydrosols of sulfonic
cation exchanger and quaternary ammonium strong &aisn exchanger, both with a sty-
rene copolymer matrix and with 8% of a crosslinkexgent, divinylbenzene, were ob-
tained.

The micrographs of nano-particles (obtained inetéld electrons after drying the
single drops of products on a silicon surface)stu@vn in Fig 2. The particles are irregular
in shape, often — in the form of flakes or pyramah maximum dimensions in the range
50 - 300 nm. It will be shown below that in ternfstleeir physicochemical properties, in
particular, relative surface charge (analogouSAd ), the sizes of the particles of irregular

form correspond to the dimensions of the true replteres from the chart of their exis-
tence.

285.7nm

QSZ.HU""I

57.80nm

245.0nm

SEI 50KV X170000 100nm WD 23mm GEOKHI v 10nm WD 32mm b) GEOKHI COMPO 100KV X27000 Tz

Fig. 2. Electron micrographs of nano-exchangerth@)argest and smallest particles of ca-
tion-exchanger NIK (KU-2); b) the particles of amiexchanger NIA (AV-17)

a) GEOKHI

As will be shown also, the concentrations of naadiples in different suspensions
produced were varying from 7 to 40 mM of functiogedups.
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Relative surface charge of nano-ion-exchangers

The consequence of the sizes of NIEXs in the rafidg®-100 nm (for particles of
irregular shape the boundaries are spread out-80Q0hm) is the dual nature of NIEXs
which are to be both ions and solid ion exchandeis.important to distinguish between
the total and real charge of NIEX. The total chasgequal to the charge of the functional
groups of the particle. The actual charge is datexdhby the amount of fully dissociated
functional groups on the surface of the particlee Tissociation is practically complete for
strong acid cation- and strong base anion exchang@hus, at the interface of the phases, a
spatial separation of the fixed charges locatethersurface of the particle takes place, and
counter-ions are located at some (dynamically) ayedistance in the direction toward the
solution (Fig. 3).

—_—— — Fixed charges

Counter-ions
Size of particle > 10 nm

Fig. 3. Uncompensated surface charge, arisingaltrestdissociation of the functional
groups of ion exchanger.

In determining the relative surface charge (RS@cfional groups inside the con-
ditional outer smooth surface sphere are not censttj even if these groups are complete-
ly dissociated. For the simplicity, we can considetubic particle with a sidB (or 2)
constructed from the small secondary cubes withstitie D =1nm, each having a single
charge. Formula for estimating the dimensionlesantity of relative surface charge will
be:

atD=2nm:
+D(D -2)+(D -2)?

D3
were k =1 nm, and it is the relationship between the surtawkvolume concentrations of
charges (functional groups) at a distance betweem tequal 1 nm,

at D <2 nm, we deal with one charge, and RSC = 100%,

at D >>2 nm, up to a coefficienk = 1m, the value of RSC become close to the
relation of the surface area to the volume of npadicle shown in Fig.1 (for cubic form,
as for sphere oD = 2r: SV =6/D in nmi* or 6000'D in m?/cm®) For example, for a cu-

bic particle with a side of 10 nm and with an agerdistance between adjacent functional
groups of 1 nm, the total charge in absolute viestimated in TOAU (the atomic unit is
equal to the charge of the electron), and the Acharge equal to the charge of the surface
groups is 488 AU, i.e. approximately twice lessr EO0 nm particles, these values are,
respectively, 10and 610° AU. In the second case, the actual charge is 6¥yof the total
one. The ratio of the real to the total chargehefibn exchanger, i.e. RSC, is a quantitative
parameter expressing the ionic nature of the part@bviously, particles with an RSC less
than 5% © > 120nm) hardly make sense to be considered as thea-efpeged ions. This
border, as we see, coincides approximately withsthe-limits of the NIEX shown on the
chart in Fig.1 and estimated in term of for spredrfarticles.

2
RSC=2kEP

x100% (4)
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According to the RSC, the following classificatiohcharged particles is accepta-
ble (Table 1): for RSC less than 5% - classicalegnhangers (including micro- and ma-
cro-sized patrticles), more than 75% - low molecigas, and between 5% and 75% - na-
no-ion-exchangers. The group of micro-ion exchas@asigned to classical ion exchang-
ers is applicable as the chromatographic statiopbases, and macro-ion exchangers are
used in ion-exchange technology.

Table 1. The classification of charged particlethwespect to the relative surface charge
with an average distance between fixed chargedaribie ion exchanger of 1 nm

State in water and

Particle Characteristic sizes, nm RSC, % ;
water solutions
lon 0.1-5 78-100 Dissolved
Nano-ion-exchanger 5-50 12-78 Dissolved
Nano-ion-exchanger 50-120 5-12 Stable hydrosols ang

suspensions

Micro-ion-exchanger 120-20000 0.1-5 Suspen;|grr11tand sedi

Macro-ion-exchanger >20000 <0.1 Sediment

We can estimate the values of R&ad SV for nano-particles of irregular form
prepared experimentally. For the largest flakestiak the form of disks or round plates of
a diameter 300 nm and with the thickness of 20 nespectively, RSC=9% (as in Tablel),

or SV x1073=0.09 nf/cn?, according to the radius of spherical particleuac 33 nm
(Fig. 1). In both cases, the particles experimégntabtained correspond to the designated
regions for NIEXs.

Estimation of surface electric potential of NIEXrees

Taking the above considerations as a basis, ssiple to estimate the surface po-
tential of a NIEX particle in a dilute aqueous s$mn according to the known density of
functional groups in the solid phase - the ion exde capacity, (meg/cr), and the par-

ticle diameteD (nm): the maximum limit ish; ~10ayD (mV) at a level: 300-1000 mV.
The actual values of s strongly depend on the particle size, but in oafenagnitude this

interval is not so far from the electrokinetic patal (which is little affected by the size)
for ion exchangers with strongly dissociative fuoical groups. For example, for strong
base anion exchangers with the distance betweemaéighboring charges equal 1 nm, it
was found zeta potential; ~ 250 mV [4]. In this work, streaming potential was measl

for homogeneous membrane AMX-SB in Cl-form and waityted solution of NaCl, and
zeta potential was calculated with the use of HeliizhSmoluchowski modified equation
[5]. At the and, the lower limit of the electrokirepotential for ion exchangers can be es-
timated from the jump in the Donnan potential & ithterface between phases compared to
the bulk of solution an determined by the ratidhe NIEX capacity and the concentration
of counter-ions in a mono-component diluted solutiGor example, for nano-anion-
exchanger (NIA) witta=1.5 M, atco=10° M andT=298 K:
2o = 1020 <190 my 5)
= ¢

For NIC (z = -1 for co-ions) withag = 25M, A$¢p =-200 mV.

All the estimations give a few hundred mV for zetential, this provides high
stability of NIEX colloidal systems, which persist many years. The electrostatic nature
of nano-anion- and cation-exchangers determineddttethat the mixing corresponding
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hydrosols, stable separately, leads to immediatsgconds) coagulation of particles. Fig.
4 illustrates the dense branched structures trs# at mixing hydrosols NIA and NIC.

P

#

Fig. 4. Micrograph of the precipitate, obtainednixing
of NIEX hydrosols of different polarity.

Concentration of particles
The concentration of NIEX particles can be assigioethe concentration of func-
tional groups through the capacity of the solidggha

Cx = Cig = Copog: (6)
whereCy, is the concentration of NIEX particles (g/l8gs,- the capacity of the solid phase
(mol/g), i.e. density of functional groups in thelygmer matrix. This value can be constant
for particles and is known as the capacity of thigal ion exchanger before the process of
obtaining nano-ion-exchangers by grinding. In ttase, the concentration of NIEX is con-
veniently defined a6, (mol/L), if necessary, easily recalculatecCiy.

Example. A sample of NIC/H has a concentration of 10.7 rdé¢ording to the re-
sults of titration with alkali. Evaporation of 19 of the hydrosol (then, suspension) to air-
dry state gave a precipitate with a mass of 37.9whgnce the mass concentration of NIC

2.53 g/l. The ratio of the obtained values give&34nmol/g, which corresponds to the ca-
pacity of the initial cation exchanger KU-2x8.

Electrical conductivity and particle shape.

The ratiok of the electrical conductivity determined by thenn-ion-exchanger in
the form of iond (NIEX/I) to the electrical conductivity of thid solution with a concen-
trationCy is:

Cx)‘xl
— 7
(A +2;) "
where A, is the electrical conductivity per functional NIEQtoup in the form of ion I.

Heavy NIEX particles (in order of $MDa) give a negligible contribution to the elecatic
conductivity, and therefore, its magnitude is daiaeed only by counter-ions |, the number
of which is equal to the surface charge. In acawrdawith the definitions, the equality
holds:

k =

A = YA, (8)
whereYy is the relative surface charge of the NIEX pasticl
Combining expressions (6-8), we express the SRaugrk:
y:)\_XI:ki 1+}‘_J . (9)
A Cx A
Example. In the experiment, the electrical conductivity tbe hydrosol of NIC/H
prepared from KU-2-8/H, and the conductivity of Z60M HCI solution were measured.

The concentration of NIC in terms of functional gps was found to be 0.038 M by alkali
titration. The substitution of the measured vakie 035 together with the equivalent
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electrical conductivity of the ions into the formaul9) givesy=0.28. If the particles were

spherical, then such a relative charge would cpoed toD =22 nm (at average distance
of 1 nm between the nearest functional groups). adseimption of the shape of a patrticle
in the form of a tablet of heigltt gives more realistic values1=10 D =50nm (in this

example).

Kinetics and dynamics of ion exchange processes with nano-ion-
exchangers

The total charge of a NIEX patrticle is proportiotalits mass due to the homo-
geneity of the distribution of functional groupsthre bulk of the polymer. In this connec-
tion, the charge/mass ratio, which is a charadterid the mobility of the particle, can be
associated with the effective charge. The diffusibility of nanoparticles is proportional
to the effective charge. In particular, it is muolwer than that of ordinary molecules or
ions. Therefore, during the sorption of NIEX by aaro-ion-exchanger of opposite polari-
ty, the convective mass transfer of nanoparticteses to the fore; it depends strongly on
the temperature gradient and the vortex motiomefiuid phase.

Another process, connected with the exchange of imnms of NIEX and macro-
ion-exchanger of the same polarity, largely inckidgernal diffusion. In it, the particle of
a NIEX plays the role of a co-ion, hence the charéstic period of achieving equilibrium
in such a system includes the sum of the diffusiores inside the macro-ion-exchanger
and in the NIEX. The latter value is estimatedha tange of tens of ms, which is much
lower than the first value. At low ionic strengthtbe solution, the ion exchange process is
characterized by an increased external diffusigioredue to strong repulsion of NIEX
from the surface of the same polarity.

lon-exchange dynamic method for operation with NIEX

To work with nano-ion-exchangers, it is convenientise NIEX in a standard state
- in the form of water ions (NIC/H, NIA/OH) againatbackground of pure water. Such a
hydrosol can be easily and quantitatively convettedther ionic forms using acid-base
titration keeping the background of pure water. &w@mple, to obtain the sodium form of
NIC, an equivalent amount of sodium alkali is toduEled to the NIC/H solution; if it is
desired to obtain a chloride form of NIA, an equeve amount of hydrochloric acid is to
be used for NIA/OH solution. Therefore, the grindedcro-ion exchangers can be first
converted into the form of the corresponding wates. Unless the methods of restoring
standard states are elaborated, the NIEXs will Bpodable at their using in IEX
processes.

Below are two-letter designations for ion exchasg&rere the second letter is x
(from the "exchanger"), and the first let#a) or C(c) corresponds to anion-exchanger or
cation exchanger, with a capital letter for resiith macro-particles and a lower letter for
nano-ion-exchangers.

One can consider a very important task for the asieynof nano-ion-exchangers:
the hydrosol of NIEX with an arbitrary compositionust be turned to another hydrosol
with any pre-determined ionic form in the approfi@ackground or in pure water. The
solution of this problem is illustrated by the tlling theoretical scheme.

Let, for definiteness, be given the NIC in the fosfB" in equilibrium with the so-
lution of the salt AB. It is required to obtain aQ\in the form of X in equilibrium with a
solution of XY. We perform the following dynamicqmesses:

(1+ p) AX'Y" +cx B + AB* « AX*A™+ pAxTex” +(1- p)ex BY +(1+ p)B*Y™ (10)
wherep is the effective charge.
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Passing the initial hydrosol through a column withcro-ion-exchange€x™ in
X - form leads to the exchange of counter-Bh giving:
CX XT+ex B"+B'Y = CX B +ex X"+ X*Y™. (11)
Such a method gives a fractida p of target productx™ X *in the solution ofXY
with the concentration of NIC by+ p times increased compared to the initial one.

The reaction (10) takes place in a system with $otod phases and the common
liquid phase. One of the product of such a solidsghreaction is a nano-composite in
which the surface of macro-resin is not blockeayvping the entire volume of its grains
for the exchange of counter-ions. The scheme aowptd the reaction (10), has been im-
plemented in the experiment illustrated by Fig.Be Toncentration histories were moni-
tored at passing hydrosol of KU-2/H admixed with tectrolyte HCI through the column
with macro-resin AV-17/OH. Light absorption was ree@ed to get a curve 1 and conduc-
tivity of the solution — for a curve 2. The expeeim resulted in anionic capacity
0.95 meqg/mL, and about 0.1 meqg/mL for the catiome.

C/Co ; Conductivity 1/1000 (1)
1,0 Cc,9/1 (2)
0,849 2,54
06 2,04
0,44 1,0
0,24 °
0,0 . T . T . T . T . T ) 2'0 4'0 &;o 3'0 1;30 Vv, mi
0 10 20 30 40 50 v,ml
Fig. 5. Concentration histories for nano- Fig. 6. Concentration histories for the
suspension NIC KU-2/H + HCI on the col- hydrosol: KU-2 + NaCl and the system of
umn with macro-resin AV-17/OH: cunde successively arranged columns with macro-
for NIC (measured by light absorption), anion-exchangers AV-17 (OH) and KU-2
curve?2 for sum NIC+CI" (measured by elec- (H). Curvel for conductivity, curve? for
tro-conductivity). Concentrations at inlet: chloride concentration.

0.038 meg/ml of NIC/H and 0.025 M of
HCI. Bed volume 1 ml. Column diameter 4
mm. Flow rate 0.22 ml/min.

Reaction (11) in a conjunction with the reactiof)(tvas experimentally tested at
passing nano-suspension KU-2 (NIC) with the elégieoNaCl through the system of suc-
cessively arranged columns with macro-anion-exceengV-17 (OH) and KU-2 (H). For
the construction of concentration histories, comiglitg (curve 1 in Fig.6) and chloride
concentration (curve 2) were measured with theaisen chromatograph. The average
concentration of NIC determined by the alkali tiva of the effluent fractions in the range
of 6-80 ml was found to be 0.038 meg/mL. The reac(il1) without external electrolyte
has a form:

H,0
CX XT+cx'B" = Cx'BY+ex X7 (12)

This process is unusual and this implies a dirgchange by ionic forms between
solid phases. For the confirmation of principal gbity of the reaction (12), the experi-
ment was carried out in which the hydrosol of NIEXpure water was used for the trans-
ference of counter-ions from one column to the la@o(Fig. 7).
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NIA/OH + H:0
NIA/CI + H20
AV-17/Cl AV-17/OH

Fig. 7. Laboratory installation for testing thectian (12). Loading volume - 6 mL, diame-
ter of each column - 4 mm, the hydrosol concemrati0.0025 M, flow rate 0.7 mL/min. At rege-
neration, 145 mL 0.1 M NaOH was passed; flow raté:mL/min.

The experimental setup comprised two consecutinaas with the same beds of
strong base anion exchanger AV-17 in differentiahitonic forms: the first one was in
chloride, and the second bed - in hydroxyl forme Hydrosol of NIA AV-17 in OH form
was passed through the columns. At the outlet efsacond column, the fraction of re-
mained OH-form was determined by the titration wathd. After passing of the hydrosol
of the equivalent amount equal to 10-20% of the taphcity, the process was stopped.
The second column was regenerated with the al&hltisn with measuring the amount of
desorbed chlorides. This amount aroused strictiyvadent to the total content (capacity)
of passed hydrosol. The experiment clearly showedttansition of chlorides and con-
firmed the reaction (12). For example, after thespay 50 mL of the initial hydrosol, the
retention of OHwas found to be 0.125 meq (2% of the capacityhefahloride columns).
After the regeneration with 145 mL of 0.1 M NaOR3Imeqs of chlorides desorbed from
the second column were found.

A special case of the reaction (10) is the inteéoacdf hydroxyl form of macro-ion-

exchangerY™ =OH™) with H-form of NIC in water media
AXTOH™ +cxHY = Ax'ex™ +H,0 (13)

The product of the reaction is a nano-compogi€cx” being a bipolar sorbent
with thin cation-exchanging layer which can be ussda high efficient phase for ion
chromatography. The interaction strengths in tre#esgs: macro-cation-exchanger + NIA
and macro-anion-exchanger + NIC exceed many time$orces of interaction of low mo-
lecular ions with usual ion exchangers. These systeend to the state of the nano-
composites in which the macro-ion exchangers behasdhe «host», and NIEX plays the
role of the "guest". In the host exchanger, on/ dlter surface and macro-pores are avail-
able to the guest one. As mentioned above for macrexchanger, the surface capacity is
a very small fraction of the total one distributaeer the volume, so that the NIEX-guest
does not interfere with the ion exchange proceshemost.

Application of nano-scale ion exchangers in chemical analysis

lon chromatography and capillary electrophoreséscarrently well-developed me-
thods, but one can find some problems: expensideirsufficiently effective phases, in-
sufficient selectivity, problems with linearity arsinsitivity. These drawbacks result in
low productivity and high cost of ion analysis. Somroblems can be solved at using
NIEX phases as modifiers. The distinguishing featof them are high equilibrium and
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kinetic properties. Unlike conventional ion exchargy NIEXs can pass through macro-
porous membranes and filtering materials. Largeggeaof nano-ion-exchangers, simulta-
neously with small masses, makes it possible tdrabtheir motion and distribution at
phase boundaries.

lon chromatography. Cation-exchanging chromatograypfumn NACATEX

When creating the cation exchange column NACATEX,aghieved the formation
of a structure of the sorption surface, the distisiging feature of which was fixing the ca-
tion-modifying nanoparticles in the pores of theoanexchanging basis [3,6-10]. In our
studies, the basic rules and techniques listed\bedere implemented [9,10].

1. Macro-porous ion exchanger, the surface of whscltomposed of the intra-
porous and the outer one, is selected as the atdiiost).

2. The ion exchanger of opposite polarity, withpexs to the substrate, with the se-
lectivity required for chromatography, is selectescthe modifier (guest).

3. The patrticle size of the modifier is chosen ¢osmaller than the pore size of the
substrate, to allow the penetration of guest gagimto the inner space of the host.

4. The modification of the substrate is carried ioud dynamic mode, for which a
hydrosol of the modifier is passed through a chitographic column filled with a host par-
ticles until NIEXs slip through the column.

5. Fixation of the modifying particles of NIEX ohe surface of the substrate occurs
by the mechanism of interaction of the oppositetelecharges.

6. The ionic forms of the substrate and the mod#iesure the neutralization reac-
tion proceeding during their interaction; this farasharp front of the dynamic process and
provides a strong retention of the nanoparticlabépores of the substrate.

7. The outer surface of the substrate is cleangdeomodifier by washing with wa-
ter, ethanol, strong solutions of acids and alkalis

A micrograph of the base particles is presentegign 8. Inclusions of the modifier,
recessed in macro-pores of anion exchanger arblevisihis type of surface structure is
characterized by the stability of its sorption pdms and chemical stability, which is an
advantage over the poly-functional silica-basedaotr described in [6]. The analytical
properties of the chromatographic column and camastfor separation were tested by the
example of determination of alkaline elements amdhanium. The experiment was carried
out on the ion chromatograph TSVET-3006 (Russidh \&i conductometric detector in a
two-column scheme. A suppression column with amiwchanger AB-17 in OH form was
used. The results of the chromatographic experimeatshown in Fig. 9. The detection
limits of the analytes were the dozens of ppb.

V. uSm

SEM HV: 3.0 kV WD: 12.16 mm MIRA3 TESCAN| -5 T T T T T T T 1
View fleld: 37.4 ym Det: BSE 10 um 0 200 400 600 800 1000 1200 1400 1600
SEM MAG: 11.6 kx t,s
Fig. 8. Electron micrograph of the Fig. 9. Chromatogram of model mixture
NACATEX grains. The bright blotches match (ppm):1 - Li*(1),2 - Na' (5),3 - NH," (5),4 -
the modifier particles. K" (5),5 - Rb(10),6 - CS(15).The column is

NACATEX 150x46(i.d.) mm. Eluent: 2.5
mM HNQO;; flow rate 1.5 ml/min.
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Capillary electrophoresis

As it was published in [11,12], the NIA preparedus/was used as a modifier of
the background electrolyte in capillary electrofsis to separate inorganic anions. The
influence of the concentration of nano-ion-exchange¢he composition of the background
electrolyte on the magnitude and sign of the ebectmotic flow was revealed, as well as
the efficiency and resolution factors at the elgmioretic separation of inorganic anions. It
was established for the first time that the additd a highly basic nano-anion-exchanger
to the background electrolyte in a concentratioceexling 0.01 mM in functional groups
leads to reversal of the electro-osmotic flow. Tihdicates a dynamic modification of the
walls of the quartz capillary and leads to an iaseein the efficiency and selectivity of the
separation of inorganic anions in comparison Wit tesults obtained with the traditional
cationic agent cetyl-trimethyl-ammonium bromide.s@lective and highly efficient elec-
trophoretic separation of eight inorganic anionsay@isNIA was demonstrated (Fig. 10).
The technique was implemented to determine inoogamions in urine (Fig. 11).

mAU
0.4

0.3
02 o
0.1 7

0]
0.1 ‘A

-0.2 4

0.3 1
min

4 5 6
Fig. 10. Electropherogram of the mixture of anidh®&r, 2-CI, 3-NG,, 4-SQ, 5-NG;,
6- F, 7 - HPQ?, 8 - CQ?. Indirect UV detection at 254 nm. Background elglgte: 5 mM CrQ,
40 mM DEA, 0.05 mM NIA, 10% (v/v) of methanol. (Withe permission of the authors [11,12]).
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min

Fig. 11. Electropherograms of a urine sample (A)itedd 200 times with deionized water
(pH of sample 6.5): 1 - GI2 - SQ%, 3 - HPQ”, 4 - CQ*; and a model anion mixture (B). The
conditions are the same as for Fig. 10.

Photoluminescence of polystyrene NIEX

The presence of dissolved impurities of heavy rsatahatural waters is one of the
important environmental problems. Very strict stad for the maximum allowable con-
centrations less than 1 ppb are set for many hewtgls. Analysis of such metal contents
is laborious and expensive, and it is not alwagsiffed for the purpose of environmental
monitoring. The photoluminescence method of analigsivery promising owing its sensi-
tivity and simplicity, but the direct determinatiar traces of heavy metals is hard to be
realized. The problem can be solved with using N|&&Xticles as the luminescence emit-
ting points, simultaneously concentrating the metas. The method of sensitive determi-
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nation is based on the effect of quenching of lesaence of NIEX by heavy metals.
Highly diluted solutions of NIEXs on polystyrenepgy can be used a&lse luminophores.
The highest signal corresponds to the NIEX (H)ha standard state. Alkali and alkali-
earth elements, widespread in nature, do not infleeon this signal. However, transition
metal atoms extinguish the luminescence [13]. Elagiof NIEX concentrate highly such
ions, and so, the samples containing NIEX can ladyaad by luminescence method with
good sensitivity [14]. A new approach for the as@éyf heavy metals in water, developed
on the principle of quenching luminescence, isratirect (differential) method with a li-
mited dynamic range (1-2 orders of magnitude chm@alyte concentration), and this can be
attributed to its shortcomings. However, its adages lie in the ability to move the dy-
namic range by the choice of the quantity of th&Xhydrosols to be dozed and in the
versatility of the method with respect to varioesy metals.

Example. Preliminarily, NIA was transformed into the forrh anions of sulfosali-
cylic acid (SSa). Model solutions containing 28! of NIA/SSa and 0.4-2:M of Cu**
were prepared. A spectro-fluorimeter with a gad©@fnm had an excitation band of 272

nm. The emission maximum corresponded to 405 nm (Za).
()

1,81 .

1
57 58 59 6,0 6,1 6,2 6,3 6.4 6,5

b -logC.

330 380 430 480 A.nm

a
Fig. 12. Luminescence spectra of NIA/SSa with ttierisities decreasing with the concen-
tration of sorbed Cii (a). Calibration graph for the determination of Cors by the luminescence
method with nano-ion-exchangg).

An analytical signal for the presence of Cu- iorsswhe difference between the
maxima of the spectra of water solution of NIA/§&aand the sample. Figure 12b shows
a calibration graph for the system under considerat The equation of calibration curve

for copper concentratio@ (mol/L) is Iy —1 =1171+logC

cu®* cu?t "

Prospects for medical application of NIEXs

A large body of literature is devoted to the problef targeted delivery of drugs by
the use of nanoparticles. Some articles describagiplication of inorganic nanoparticles
[15, 16], others — polymeric nanoparticles [17].wéwer, we could not find any sources
that describe the application of nan-oion-exchasd@r these purposes. The main charac-
teristics of drug-suppliers are: the size, shapdase properties and stability of particles.

Size A number of publications specified particle diaems of 200-250 nm, as the
upper limit

Form Spherical particles have less ability to moveossrthe vessel wall in com-
parison with particles of irregular shape.
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Sorption propertiesThe main qualities are the capacity of a supgiet the force
of holding particles of drug molecules.

Target delivery An important quality is the ability of the supplito release the
drug in the place of destination.

Mechanical and biochemical stabilityhe lifetime of the particles in the body of
the supplier must be greater than the charactepstiod of pharmacokinetics. Material of
the supplier and the products of its metabolismukhnot be poisonous to the body.

Based on all the listed characteristics, includhmg biocompatibility with living or-
ganisms, it is possible to allocate NIEX as thenpsing drug-suppliers into diseased tis-
sues, especially for cancer curing. Opportunityhef saturation of ion exchanger nanopar-
ticles by ionic forms of drugs may be implementgdubking the special ion exchange col-
umns or by their accurate dosing with form non-<gioducts. According to the properties
and sizes, nano-ion-exchangers are the solid rhahyed microreactors, selectively pene-
trating into the enlarged pores of diseased tisGwang to these qualities, called in the li-
terature EPR-effect (enhanced permeability andhtiete), the NIEXs can serve as the ef-
fective means for drug delivery. Due to hyperchasgemall number of NIEX can carry a
large amount of drugs.

Example. Preparation and testing of a sample of nano-caamanger (NIC)
treated with doxorubicin cations (the "NICDOR sae'ip[18].

The initial solution was a NIC hydrosol in the fohhydrogen ions NIC/H with
the particle maximum sizes of 50-300 nm and with ¢bncentration a functional group:
0.007 M (concentration of polymer particles: 1.3b)g

Doxorubicin C27H29011 is soluble in water with fbemation of a protonated ca-
tionic form, it is stable in a weakly acidic andutr@l medium (at pH range from 3 to 7).
One commercial bottle of Doxorubicin-LENS contairig®lmg of doxorubicin and 40 mg
of mannitol. The saturation of NIC hydrosol withxadoubicin was performed, as follows:
12.3 ml of the HS of NIC/H was added to the cordenit5 bottles of the medicinal sub-
stance «Doxorubicin-LENS». The powder was dissoineithe hydrosol when heated in a
water bath and after a day, a mix was filtered ugtoa blue tape paper filter. Insoluble
residue of the powder was 10% of the initial weigftie concentration of doxorubicin of
3.7 mg/mL (6.4 mmol), and mannitol of 14.6 mg/mLrevebtained in a final modified hy-
drosol. The obtained sample was called «<NICDOR».

The test results of the NICDOR sample in vitro aglBl culture cells under incuba-
tion conditions for 48 hours are presented in T&ole comparison with the direct use of
the doxorubicin preparation.

Table 2. Results of testing the NICDOR-preparationomparison with the pure doxoru-
bicin.

NICDOR sample Pure doxorubicin
C,M HelLa cell viability, % C,M HelLa cell viability, %
6.410" 27.3 1.610" 41.4
6.410° 16 1.010° 52.2
6.410° 10.6 1.010° 68.5

As it shown, he efficacy of doxorubicin in the hgdol of NIC nanoparticles is 3 to
6 times higher than the same doze of pure doxarubltis effect is associated with the
concentration of the drug component on the ion-argke nanoparticles. This allows to
reduce the concentration of toxic drugs in the sewf chemotherapy in 3-6 times.
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In preliminary studies in collaboration with thedjov Russian National Research
Medical University, the satisfactory propertiestbé NIC and NIA, as the suppliers of
drugs, were confirmed [18].

Conclusion

Thus, the paper shows that:

* It is possible to obtain a new class of chems#lstances — nano-scale ion ex-
changers (NIEX) in the form of stable in time susgpens of two, cationic NIC and anio-
nic NIA types:

* NIEXs simultaneously show dual physicochemicalparties of dissolved hyper-
charged ions and microscopic solid ion exchangapslale to a solid-phase ion exchange;

* application of NIEX can solve many problems afrgmsing the efficiency, speed
and sensitivity of analytical chemistry methodsthe field of ion analysis, in particular,
ion chromatography, capillary electrophoresis amotpluminescence.

* NIEXs are prospective for drug delivery owingthir sorption properties, me-
chanical and biochemical stability.
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