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Abstract

Preparative-scale separation of concentrated solutions of simplest mineral electrolytes by size-exclusion chromatography was performed c
three samples of commercially available microporous hypercrosslinked polystyrene sorbents “Macronet Hypersol” and two experimental sample
of activated carbons. Selectivity of separation of a pair of electrolytes was found to be determined by the largest ions in each pair. Fortunately

selectivity rises at higher concentrations of electrolytes, which was explained by exclusion of smaller species from the concentratedsolution, i.

mobile phase, into small pores of the column packing that are inaccessible to large species. The separation of concentrated mixtures reveal
another remarkable advantage of the new process — self-concentrating of each of two separated components in the corresponding fractions. S
concentration is more pronounced for the minor component that occupied less space in the initial mixture. The new method may prove productiv

in processing pickle bath solutions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction an analytical technique, implying injection into the column of a
small portion of a diluted polymer solution, only, followed by
At present, size-exclusion chromatography (SEC) representbe elution of the probe with the mobile phase. This precondi-
the most widespread method of determining molecular weightion provides the independency of macromolecular coils from
and molecular weight distribution of polymers. The method capeach other, prevents any competition between them for space
italizes on the difference in size of molecular species and theiavailable to the mobile phase in the chromatographic column.
ability to penetrate into pores of the column packing material Thus far, only micro-preparative separations of macromolecular
Large species cannot enter smaller pores and, therefore, mospecies that strongly differ in their size have been described, for
with the mobile phase along the column with a higher veloc-nstance, SEC separation of nanosponges from their clyslers
ity than that of smaller species which explore both large andn a larger scale, SEC (so-called gel filtration) operates in the
small pores incorporating stagnant zones of the mobile phasepurification of proteins from inorganic salts, the former being
Though the theory that relates the size of macromolecular coilexcluded from a hydrogel-type packing, while small inorganic
to diameters of accessible pores and the accessible portion wfolecules enter the gel phase and reside longer in the column.
the total pore volume of the packing material, is far from being Separation of inorganic ions by analytical-scale SEC is also
mature, the practical usefulness of SEC in the macromoleculavell documented2-7], mainly by publications of Yoza and
research is beyond any doubt. However, SEC represents hete-workers, on densely crosslinked hydrogels, as Sephadex G-
15. Though the elution volumes of different hydrated ions were
found to basically correlate with their size, the situation was
* Corresponding author. Tel.: +7 95 1356471; fax: +7 95 1355085. often complicated by numerous side effects. Thus, interaction
E-mail address: davank@ineos.ac.ru (V.A. Davankov). of nitrate or chlorate anions with the sorbent matrix or of barium
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cations with its hydroxyl groups cause retention of both theseelf-concentrating of the components, determine the productiv-

ions and their oppositely-charged partner ions, which results iity of the process, thus giving an idea of the practical value of the

the rise of the retention volumes of electrolytes over the value oprocess.

the hold-up volume of the column. To the best of our knowledge,

no attempts have been made to apply SEC on neutral packin@s Experimental

for preparative separations of electrolytes.

Recently we suggested that the mechanisms of industriallg. /. Materials

important processes of “ion retardation” and “acid retardation”

on amphoteric and anion-exchange resins, respectively, have Ethylene diamine tetraacetic acid (EDTA) disodium salt dihy-

much in common with SEC separations, and described a nedrate, CaCGl-2H,0, Ca(NQ)2-4H,O and Ab(SOy)3-18H,O

type of preparative chromatographic process, separation of simvere purchased from Acros Organics (Belgium). Mercury(ll)

plest mineral electrolytes by means of frontal SEC of theiracetate was from Aldrich (UK). Other chemicals were from

agueous concentrated solutions on neutral microporous matBeakhim (Russia). All the above compounds were used with-
rials [8,9]. The size of hydrated mineral cations and anionsout additional purification.

is relatively small, on the level of several angstis, and so Three types of hypercrosslinked polystyrene sorbents pro-

their SEC separation requires using microporous stationargtuced on an industrial scale by Purolite International (UK) were

phases. Very promising proved to be microporous neutral hypersed in this study. Those are two neutral resins, MN-270 and
crosslinked polystyrene sorbents. These materials represent thN-202, and a sulfonated resin MN-500. Two experimental
first and up to now the only microporous non-functionalizednew activated carbons, D4609 and D4610, were also received
polymeric adsorbing material with the pore size comparable térom the same company.

diameters of hydrated electrolyte ions. Several types of neutral Following our early suggestioi$2], Britain company Puro-

hypercrosslinked polystyrene sorbents are currently manufadite Int. manufactures several types of neutral and function-

tured by Purolite International (Pontyclun, UK) on an indus-alized hypercrosslinked polystyrene adsorbing resins. Among
trial scale[10]. Another useful column packing material proved these are, first of all, neutral MN-270 and MN-202. The former
microporous activated carbons prepared by pyrolysis of beadagpresents microporous sorbent with uni-modal pore size dis-
hypercrosslinked polystyrene sorbefitd]. Due to high rigid-  tribution. According to information of the manufactufdiO],

ity of the framework of both the carbons and hypercrosslinkedb0% of pores in the polymer have a diameter of 1.5nm. Sor-

polystyrene, their largely hydrophobic micropores avoid col-bent MN-202 has a biporous structure in which large transport

lapsing and accommodate water that can be accessed by smadires of 80—100 nm in diameter penetrate microporous hyper-
molecules and ions. crosslinked domains that have micropores of approximately the

Our previous reporf9] dealt with some distinguishing fea- same diameter, 1.5 nm. It should be pointed out, however, that a

tures of SEC that are most important for a preparative-scalesliable measurement of diameters of microporesis hardly possi-
process, such as: ble, especially for rather flexible hypercrosslinked polystyrene
materials that are capable of swelling even in liquid nitrogen

e species separated by an exclusion chromatography proceds3]. Therefore, the above data should be used for orienta-
are transported along the column by the mobile phase, buion, only. As regards to pore volume of the resins, it amounts
move faster than that mobile phase; to 1.0-1.1 cri/g for MN-202 and 0.7-0.8 cftg for MN-270.

e a size-exclusion column, being equilibrated with the mixtureThese values should apply for both dry and swollen state, since
under separation, always incorporates a liquid the concerthe volume of beads of the above materials does not change
tration of which remains reduced with respect to excludechoticeably on wetting (at most, 5—7%).
species; Sulfonated resin MN-500 belongs to the same group of

e concentration of all species that appear in the correspondinigyporous products as MN-202 and, as a whole, has the same
fractions of the effluent in a frontal size-exclusion chromatog-features of porosity. However, the introduction of noticeable
raphy rises againto the level of their concentration in the initialamounts of the voluminous substituents (ion exchange capacity
mixture, or, in other words, frontal SEC does not cause anyvith respect to sulfonic groups is 2.2—2.8 meqg/g) undoubtedly
dilution of solutes; reduces accessible space in the micropores and the size of the

e rather the opposite, separation of a concentrated twdatter.
component mixture by SEC is connected with a self- Parameters of the porous structure of the new activated
concentrating effect of the components in the correspondingarbons based on hypercrosslinked polystyrenes, D4609 and
fractions of the effluent, according to inherent results of arD4610, have not been disclosed, as yet. Our experiments on
“ideal separation process”. pyrolysis of some hypercrosslinked polystyrenes shojt4d

that the process results in about two-fold reduction of beads
This communication is focused on the selectivity of thein size and, depending on conditions of MN-500 pyrolysis,
new chromatographic preparative procedure, which can bénal carbonaceous materials have pores ranging from 0.5 to
defined as the distance between the fronts of chromatographicO nmin diameter. Therefore, it would be logical to suppose that
zones of separated components, expressed, e.g., in bed vaktivated carbons examined in this work have pores of similar
umes of the column. Selectivity, together with the extent ofsizes.
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2.2. Procedure results. Similarly, concentration of N8Oy in its mixture with
NaOH was determined by adsorption of NaOH and conversion
A sorbent to be tested (with beads of 0.3—-1.2 mm in diameteof Na;SO, into H,SOy through the ion exchange on Dowex
for the polymeric sorbents and 0.3—0.8 mm for the activated ca50 x 8 in H*-form.
bons) was placed into a 30 ml glass column (20cm in height). To determine the concentration of chloride anions, a;00
All pores in the sorbent were pre-filled with water by washingaliquot of an effluent fraction was dissolved in 10 mlwater, 10 mi
the sorbent with ethanol and then excess water. A solution oéthanol and 4 ml of 0.5N HNg)two drops of Bromphenol Blue
electrolytes was passed through the column from its bottom tgolution and seven drops of diphenylcarbazone solution were
the top (“forward” experiment). Once the column has been equiadded and the probe was titrated with 0.2N Hg(QAsn)lution
librated with the feed solution, the electrolytes were pushed outthat was provided with 3 ml of 70% HN§per 1.0 | solution)
of the column by washing the sorbent with pure water from theuntil the color of the probe changes from yellow to violet.
top to the column bottom (“reverse” experiment). In the both Calciumionsina20@.lprobe, diluted with 20 mlwater, were
experiments, the liquids were transported by gravity at a flowtitrated with 0.05 M EDTA solution in the presence of murexide
rate of 0.5-0.7 ml/min, with fractions of the effluent of aroundand 1.0 ml 5N NaOH solution, taking the change in color from
1.3 ml being collected by a fraction collector. By adjusting thecrimson to lilac as end point.
height difference between the level of liquid in the feed reser-
voir and the outlet tubing of the column, it is easy to regulate
the flow rate and keep it constant throughout the experiment.
For a more precise monitoring of the effluent, weight of each 1. Experimental findings
fraction was determined, before analyzing the composition of?' - B 8
fractions in appropriate aliquots. After the electrolytes were _. . .
completely removed from the sorbent, for safety reasons, th Fig. 1 presents a typical chromatogram obtained by trans-

. ) orting a rather concentrated mixture of two electrolytes from
latter was additionally washed with 250-500 ml water, and therﬁ\e bottom to the top of a 30 ml column packed with a micro-

next experiment with another pair of electrolytes was carried OUIporous material (“forward” experiment), until the column is
equilibrated with the mixture, and then replacing the electrolytes
2.3. Analysis of electrolytes from the column with pure water introduced from the top of the
column downwards (“reverse” experiment). Substantial diver-
Concentration of electrolytes in each fraction of effluent wasgence of elution fronts of Caglnd HCI is evident from that
determined by titration. Concentrations of acids and bases (prdigure, as well as the remarkable self-concentrating within the
tons and hydroxyls) were determined by directtitration of @00 CaCb fraction and HCI fraction that can be isolated in the for-
aliquots with alkali or acid solutions in the presence of phenolward and reverse experiments, respectively.
phthaleine or methyl orange. When separating mixtures of sul- It would be hardly possible to characterize quantitatively
furic acid with metal sulfates, a 2Q0 aliquot of each fraction the results of such separation process in terms of conventional
was first titrated with 0.2 N NaOH solution till methyl orange selectivity values and plate numbers. Therefore, for practical
end point, to give the concentration of the excess acid. Themgasons, breakthrough volumes, B¢, were determined in the
an equal aliquot of the effluent was introduced into a columrforward experiments at the 5% level of the initial concentration
packed with 10-15ml of cation exchanger Dowex>58 in  of each of two electrolytes under separation. From theoretical
H*-form, followed by washing the resin with 30—40 ml of water point of view, more meaningful are breakthrough volumes
and titrating the filtrate with NaOH, to give the sum of the freemeasured at the half of the height of the concentration waives,
acid and that released trough exchange of metal cations by pr&tVgs. These values were estimated for both the forward and
tons. Thus, the concentration of FeSOCuSQ, or Al2(SOy)3 reverse experiments. In the forward experiment, the difference
was calculated as the difference between the above two titration; between Bt\§ 5 values of the two separated electrolytes,

. Results and discussion

Concentration, N

CaCl y ! ! '
0 20 BiVps® 40 60 Btve' eo 100

Weight, g

Fig. 1. SEC separation of 4N calcium chloride and 4N hydrochloric acid on D4609 carbon. Column, 30 ml in volume; flow rate, 0.6 ml/min. Feed soldtion (50 m
delivered from the bottom upwards, then eluent (water) delivered from the top of the column downwards.



Table 1

Separation of electrolytes on hypercrosslinked polystyrene resins

Electrolyte MN-270 MN-202 MN-500
Co(N) BtVgpos BtVps CmalCo A (BV) P(BV) Co(N) BtVooes BtVps CmalCo A (BV) P(BV) Co(N) BtVooes BtVps CmaxdCo A (BV) P (BV)
(ml) (ml) (ml) (ml) (ml) (ml)
CaCb 3.6 15 22.5 1.34 0.25 0.29 35 18 23.4 1.14 0.20 0.22
HCI 3.8 28 30.0 1.50 0.25 0.31 3.9 27.5 29.5 1.41 0.15 0.18
LiCl 2.1 16.2 20.9 1.08 0.24 0.25 3.85 195 23.5 1.15 0.18 0.19
HCI 2.1 25.8 28.0 1.36 0.20 0.24 4.0 26 29 1.45 0.14 0.17
KCI 1.2 14 17,3 1.08 0.19 0.20
HCI 4.2 21 22.9 1.08 0.17 0.18
HoSOp 4.0 17 22.4 1.07 0.14 0.14 4.0 20.5 24.9 1.05 0.06 0.06 4.5 18 23.2 1.00 0.05 0.0
HCI 3.9 23 26.5 1.12 0.05 0.05 39 23.5 26.8 1.07 0.05 0.05 3.5 19 24.6 1.06 0
NapxSOy 1.8 13.5 17.0 1.17 0.32 0.35
NaOH 0.95 23 26.5 1.15
(Fe+Cu)SQ 2.15 13 18.0 0.28 0.28
HoSOy 2.75 19 26.4
Al2(SOy)3 0.9 13 18.0 0.26 0.26
HSOy 3.4 18 25.7
CaCb 1.8 23.4 1.01 0.05 0.05 4.0 19.5 23 1.00 0.05 0.05
Ca(NG)2 1.7 24.9 1.06 0.08 0.08 4.3 19.5 24.5 1.06 0.05 0.05
NacCl 1.9 23.3 1.0 0 0
NaOH 2.2 23.3 1.0 0 0

6£-=2€ (S002) 0011 v #80mwwbly) r /v 12 Aoyuvanq VA
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Table 2
Separation of electrolytes on activated carbons

Electrolyte Carbon D4609 Carbon D4610

Co (N) BtVo.05 BtVos Crmax/Co A (BV) P (BV) Co (N) BtVo.05 BtVos Crmax/Co A (BV) P (BV)
(ml) (ml) (ml) (ml)

CaCh 3.75 17 23.6 1.56 0.28 0.36 7.3 23 27.5 1.26 0.25 0.28
HCl 4.0 30 31.0 1.54 0.24 0.30 3.1 24 35 1.84 0.13 0.18
LiCl 3.3 24.5 1.42 0.24 0.29
HCl 3.9 30 31.7 1.37 0.16 0.19
NaCl 2.8 19 25 1.24 0.33 0.37

HCl 2.7 31 35 1.42 0.33 0.40

HpS0y 45 24 26 1 0 0 3.7 27 28 1 0 0

HCl 3.4 24 26 1 0 0 43 27 28 1 0.03 0.03
Nap SOy 1.2 15.3 18.3 2.1 0.35 0.54

NaOH 0.94 25.8 30.9 1.3

(Fe+CusSQ 2.3 15 18.4 0.53

HpS0y 2.7 32 34.2 1.14 0.30 0.32

Al (SOs)3 1.0 14 17.0 0.47

HpS04 3.3 28 31.1 1.06 0.47 0.48

caChb 4.2 16.5 21.2 1.18 0.17 0.19 3.8 22 26.3 1.13 0.12 0.13
Ca(NQy), 4.0 23 26.4 1.04 0.15 0.15 45 26 30 1.03 0.07 0.07
NaCl 2.9 17.3 21 1 0.18 0.18 1.7 22.7 25.7 1 0 0
NaOH 2.7 21.6 22.5 1 0 0 2.1 23.2 25.7 1 0 0

when divided by the bed volume (30ml), was thought toresponding electrolyte can be (theoretically) isolated:
characterize the selectivity of the separation (expressed in ACay
bed volumes) with respect to the faster moving componentP =
Selectivity A2 of isolation of the slower moving component Co
similarly results from the difference between two B#/
values determined in the reverse experiment. These values2. Size of ions and selectivity of their separation
are presented ifable 1for a series of electrolyte mixtures
examined on hypercrosslinked polystyrene-type sorbents. Note According to[14], the interstitial volume of a column that is
that in each pair of electrolytes, the first line of data correspondpacked with a beaded material of broad bead size distribution
to the faster moving electrolyte, whereas second line of datamountsto about 40% of the column volume. Fora 30 mlcolumn
characterizes the slower moving compondiable 2presents used in our experiments, the interstitial volume thus amounts to
the corresponding data for the two activated carbons examinedirca 12 ml. In addition to this volume, the mobile phase (water)
One can note that the electrolyte separation selectivity ~ also occupies the porous volume within the sorbent, which can
the frontal SEC process can amount to astonishingly high valuebg evaluated from the true density and porosity of the material.
up to 0.5 bed volumes of the column. Noteworthy is also the factWe estimated directly the total volume of the mobile phase in
that theA; and A, values for the two separated components dathe columns filled with the material MN-270 and MN-202 as
not need to be equal. 21.5 and 24.6 ml, respectively, by weighting out dry polymer,
Second important quantitative parameter of the separatiodry column and the column filled with the polymer and water.
process is the degree of self-concentrating of the isolated elec- Theoretically, elution volumes of components separated in
trolytes, expressed as the ratio of the maximum concentratiomccordance with the SEC mechanism should vary between 12 ml
Cmax Of the corresponding isolated electrolyte to its initial con-for a totally excluded component and 21.5 and 24.5 ml for MN-
centration(p, in the feed mixture. The self-concentrating effect 270 and MN-202 columns, respectively, for species of the size
definitely enhances the practical value of the new process, itsf a water molecule. The difference between elution volumes of
total productivity. For the practice, it is advisable to estimate thehe above extreme solutes should not be expected to exceed the
concentrationCyy, graphically averaged over the total span  total porous volume of the packing material, i.e., 9.5-12.5ml or
of fractions that contain isolated components, and the averagedughly one third of the column bed volume (BV). However, the
self-concentrating coefficients,/Co for each of the two elec- practically attainable selectivityA) of the process may exceed
trolytes. A productP of the A values with the corresponding this theoretical value several-fold, when working with highly
averaged self-concentrating coefficients will then characterizeoncentrated electrolyte solutions.
the total productivity of the separation process; it is expressed As follows fromFig. 1 andTables 1 and 2in frontal chro-
in bed volumes (BV) of the initial mixture from which the cor- matography experiments, fronts of CadLiCl, NaCl and KCI
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move significantly faster through the SEC column than the front 4 .

of HCI. In [9], we stated “Since the salts and the acid in the i 3.51 h R

above systems have the same chloride anion, the divergence of £ °1 o oom 8et |

the salt and acid fronts is due to different behaviors of the proton ,E 2’25' ¢ IR

and the metal cations in the (hypercrosslinked) sorbent phase.” 8 5 ° IR

This logical statement, however, does not generally imply that § 1 * Nac ¢ HCI

the distance between the two fronts, i.e., selectivity of separa- ~ 0.51 Nacl e ot

. . . . . . 04 e sseen Dﬂﬂu%*”.
tion, is determined by the difference in sizes of the above metal 0 10 o0 3 20 20 60 70 80 90 100

cations, on one side, and that of hydrated proton, on the other. Weight, g
First of all, the effective size of protons (hydroxonium ions) . . _ o
in the considered chromatographic system can be set close - 2. SEC separathn of 2.5N soc_jlym chl'on_de and 2.7I\_l_ hydrochloric acid on
. . . D4609 carbon. Experimental conditions, similar to thosEigm 1
zero. As explained ifi9], protons and hydroxyl anions do not
need to migrate through the column, at all, since a rapid shift of
electrons along "a hydrogen-bonded water wire”, the chain OIS observed in the forward experimend € 0.18) with no sep-
hydrogen bonds between water molecules in an aqueous m?d?ration at the tail of the chromatographic zonegy( 3). This

can |mmed!ately generate a positive or neg§t|ve charg(.e,_ -€result could not be explained, if we would try to compare sizes
a hydroxonium or hydroxyl ion, respectively, in any position

of cations N& and H' in the first pair and anions Cland OH"

of that aqueous phase where a charge is required. In fact, ﬂi"ﬁthe second pair, though these ions distinguish the electrolytes

electron-proton-coupled transfer of a charge in an aqueous IOhai%eeach pair and represent the target and the actual result of the

proceeds by electrons hopping along the “wire” with the pmtonsseparations

in the chain of hydrogen bonds hopping in the opposite direc- In contrast to the remarkable separation of the above
tion. Therefore, the migration velocity of the HCI frontis entirely NaCI/HCI pair, NaPQ is not separated from 490, on the

determined by the movement of chloride aT“O”S: rgtherthan th%%me carbonaceous material. Certainly, hydrogen phosphates

of protons. Due to_tr_\e_ local elec_troneutra_lllty pr|_nC|pIe, prOmnSNE><zHPO4 and NakPO4s dominate in the feed solution, and these

emerge in close vicinity of moving chloride anions, IorObabIY’Iarge phosphate anions determine the migration velocity of the
both electrolytes. Smaller cations of Nand H" in this system

without retarding noticeably the movement of the latter. Simi-
larly, the migration velocity of a base MOH through a neutral are bound to follow the leading phosphate anions without being
erarated at the end.

sorbent bed must be entirely determined by the rate of migratio
of the M" cation, with the hydroxyl anion emerging close to the Tables 1 and Zemonstrate that alkali cations govern the
separation, if combined with small anions, like Cbnly. When

moving cation.
judged by the values o, on all sorbents tested, the selectivity

As to the velocity of the front of a metal chloride, it must be
largely determined by the rate of movement of the largest io f separation of HCI from metal chlorides logically increases in
the series K<Na* <Li* <C&*, along with the increase in the

of the salt, which is stronger excluded from the porous spac
of the packing material and, therefore, has to migrate fastelradius of the above hydrated cations,
than the smaller counter-ion. Of the ions under consideration,
hydrated radiug15] of cations C&*, Li* and N& decreases
in the given order (4.12, 3.82 and 3E8respectively), all of
them being larger than the Chnion (3.32&). Of course, chlo-

In combination with the larger anion $& (r= 3.79,&), only

polyvalent cations have a chance to significantly contribute to
the separation. Indeed, Cu(ll), Fe(ll) and Al(lll) sulfates read-
ily separate from sulfuric acid. Hydrated radii of these cations

: . . . €hre estimated to amount to 4.19, 4.28 and 4'\,7Eespectively
cations, probably slowing down the resulting velocity of the palr[15]

to a certain degree. Where hydrated cations exceed in size their anions, the break-

From this consideration it logically follows that the total through volumes of the salt correlates with the size of the cation.

selc_ectlwty of separation of t.WO eIectronte_s » MC aqd H,Cl’ IS Ifargest cations appear in the effluent very early. Measured at the
mainly caused and determined by the difference in sizes o

the cation M and anion Ct, the largest ions of the two elec-
trolytes under separation, not those two ions*(kind H) that

make the electrolytes differing from each other. This rater non- Sf_ 5

trivial for chromatography expectation finds a strong supportin i 25 dﬁfm ﬁx‘f

the results of separation of two pairs of electrolytes, NaCl/HCI % 5] o s

and NaCl/NaOH on carbon D4609. In the first pair, the rate- £ ;] Do o NaOH
determining species are Nand CI~ with ionic radii 3.58 and g ] NaOH ¢ NaCl

3.32A, respectively[15]. The difference in their size is nottoo & 051 o e NaCl v

large, but, obviously sufficient for a successful separation. As 0 ol . . . oo .
illustrated inFig. 2, fronts of NaCl and HCI diverge by one ¢ 10 20 30 40 5 6 70 80 90
third of the total bed volumeA =0.33), both in the forward Volume, mL

and reverse experiments. In the pair NaCl/NaOH, the largesty. 3. sec separation of 3.9N sodium chloride and 2.5N sodium hydroxide on
ion is N& for the both electrolytes, and only a poor separationb4609 carbon. Experimental conditions, similar to thosEigm 1
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level of 5% of the zone height (B{)os, ml), the sequence of elu- the form of a sharp zone with a concentration of up to 0.9N, i.e.,

tion of salts on sorbents examined is as follows: with a 15-fold self-concentrating effect.
We believe similar strong concentration gradients to oper-
MN-202: C&£*(18) <Li*(19.5); ate in many (not all) examined systems. Otherwise, it would
MN-270: AI¥*(13)~ Fe2*(13) < C&*(15) < Li*(16); be difficult to explain why two elution fronts in a mixture like
Carbon D4609: Al*(14) < F&*(15) < C&*(17) < Na'(19). NaCl/HCI diverge by as much as one-third of the column vol-
ume, in spite of the rather small difference between the sizes of
3.3. Influence of concentration and “salting-out” effects the situation-determining ions of Nand CI-. Here, “retention”

of HCI in the “immobilized liquid phase” most probably con-

Whereas ion chromatography and capillary electrophoresidributes to its separation from NaCl by the size-exclusion effect.
as efficient analytical techniques, develop toward increasing th@n the contrary, NaOH cannot be excluded into and “retained”
sensitivity and resolution (efficiency), SEC of electrolytes mayin a stagnant compartment of the mobile phase, since no extra
have an opposite application niche, i.e., preparative and induspace is available to NaOH as compared to NaCl, both of which
trial processing of concentrated solutions. For this reason, abeing restricted to the pores accessible for the same lar§e Na
our experiments were carried out on concentrated electrolyteations.
mixtures, which is quite unusual for chromatography. From
theoretical viewpoint, the separation capacity of a size-exclusioB.4. Self-concentrating effects and productivity of
column with respect to the volume of the sample has an uppeeparation
limitthatis determined by the total porous volume of the packing
material. In the best possible case, the elution front of a smallest The practical value of a preparative chromatographic proce-
species can fall behind the front of a totally excluded componendure is usually evaluated on the maximum volume of the sample
by the total volume of pores. To the best of our knowledge, thehat can still be tolerated by the column and the concentration of
role of the concentration of species in SEC has not been prevthat sample. The two parameters usually counteract each other.
ously examined. Fortunately, in our experiments, increasing thErom this viewpoint, SEC of electrolytes appears superior to all
concentration of electrolytes in the sample was found to enhanagther chromatographic techniques in thatthe volume loading of a
not only the overall productivity of the process, which is rathercolumn in many cases increases with the rise in the concentration
trivial, but also the selectivity of separation. of the feed. This phenomenon results form the unique advantage

Thus, raising the concentration of LiCl up to 12N in its ofthe newtechnique, that becomes evident on working with con-
mixture with 0.06N HCI was found to widen the gap betweencentrated feed solutions, namely, that the separated components
the breakthrough fronts of LiCl and HCI up to more than five appear in the effluent with remarkably enhanced concentrations.
bed volumes. IM16], we suggested, that explanation of this Tables 1 and #lustrate this self-concentrating effect with the
unexpected phenomenon requires consideration of concentreatio Gnax/Co between the maximum concentration of a com-
tion gradients in the mobile phase. LiCl is excluded from aponent zone to the concentration of the component in the initial
certain part of the porous volume and exists as the concerieed solution. Depending on the total concentration of the feed
trated (12N) solution in the interstitial space and within largerand the proportion of the components, the value g 0o
pores. Meanwhile, the mobile phase within smaller pores camaries in a broad range, amounting to 15 in the above-discussed
be expected to become 0.06N in HCI, only. Because of thease of a dilute solution of HCI in a concentrated LiCl solution.
extreme gradients in the concentration of common &tions, The self-concentrating phenomenon was explained in our
the latter are forced into those diluted domains of the mobilgrevious repor{9] in terms of an “ideal separation process”,
phase. Chloride ions can easily accumulate there in the forrdefined as a process that does not introduce any additional mat-
of HCI (not LiCl). Since there is no movement of the mobile ter (e.g., additional eluent) into separated fractions of the initial
phase through the porous space, HCI remains retarded in tlsample. In such a process, self-concentration is the unavoidable
stagnant zones of small pores, until the concentration of com-
mon CI~ anions there becomes comparable with that of the

feed solution. This situation can be compared with known 5 .

“salting-out” effects or with some kind of “retention” of HCI = anrrassss s,

by an “immobilized liquid phase”. We can also speak of steric § 4 ot ¢

exclusion of larger species from the stagnant portion of the & 3 o .

mobile phase in the micropores, combined with the gradient- £ 5 . S .

driven exclusion of smaller species from the moving part of the 2 CaClpx 200 Y, o+ Hel

mobile phase into the micropores. A porous material thus brings 81 ¢ HCI CaClyx mnﬂ ‘.

about differentiation in space of the two electrolytes confined ol T e e E‘J_I,n@mmj;.’

in the porous space and, in addition, levels out concentration 0 10 20 30 40 50 60 70 80 90

differences of these electrolytes with respect to the common Volume, mL

1on. . . Fig. 4. SEC separation of 0.1N calcium chloride and 4.7N hydrochloric acid
On eluting the above e|eCtr0|ytes_fr0m the C0|Umn_W|th Wate_ron D4609 carbon. Experimental conditions, similar to thos€im 1 Note:

HCI emerges in the effluent immediately after the LiCl zone inconcentration scales for HCl and Cagliffer by a factor of 2.0
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result of removing of one (or several) component(s) from theappears to be of significant interest from both practical and
initial mixture. It was also reasoned that the self-concentratingheoretical points of view. Selectivity of separation was shown to
effect must be more pronounced for the minor components dbe determined by the largest ions in each pair under separation.
the mixture: the more matter (i.e., major component) is with-Distinct to other types of chromatography, the separation selec-
drawn from the mixture, the stronger rises the concentration difivity in SEC of electrolytes increases parallel with the increase
the remaining minor components. Minor component in this conin the concentration of the initial mixture. In addition to this
text is the one that occupies less space in the initial mixture. Fdiavorable dependence, the practical value of the technique is fur-
an electrolyte it means that its concentration is smaller and/ather enhanced by the unique self-concentrating effect of the both
its hydrated radius is smaller. Indeed, dataTables 1 and 2 separated components. In accordance with the concept of “ideal
show that, at comparable concentrations of two componentsgparation process”, the self-concentrating of the two compo-
the last eluted one is stronger concentrated, because its hydrateeints automatically results from the vary fact of their separation.
ions are smaller and occupy less space. An extreme value of High selectivity, combined with the self-concentrating effect
Cmax/Co = 15 for the above example with 12N LiCl and 0.06N of resolved components, render the SEC approach as one of great
HClI is the result of combined action of three factors: low con-practical importance. Besides, the process requires no auxiliary
centration of HCI, its smaller effective molar volume, and thereagents and generates no mineralized waste flows. Thus, pro-
above-discussed “salting-out” effect. An opposite restiti (4) cessing of acidic pickle bath solutions, in order to isolate Cu, Al,
was achieved with a solution 5.0N in HCI and 0.1N in GaCl Ni, etc. and save excess sulfuric acid, can prove economically
separated on carbon D4609. Here, the concentration of;CaCleasible. Separation of more complex mixtures of electrolytes
in the first eluting zone peaks up to 1.8 of the initial value,may also present practical interest.
whereas concentration of the last eluting major component, HCI, Further studies are under way, aimed at revealing the role of
rises insignificantly. In this system, the “salting-out” effect of the porous structure of column packing, extent of hydration of
the minor component into a small stagnant zone cannot opeiens under separation, contribution of possible additional inter-
ate, since CaGldoes not fit into the small pores. Besides, theactions of ions with the packing material, effects of temperature,
factor of molar volume difference of the two electrolytes actsflow rate, and many other details of the new technique. Still, at
counterproductively. Hence, the smaller extent, 1.8, of the selfthe present stage the nature of basic processes is believed to be
concentration of the minor component, which is entirely due inargely understood. This stage already reduces empirical work
this system to the fact of separation, i.e., removing HCI from theand allows making certain predictions to be then checked in a
minor component, Cagl purposefully planned experiment.

The “ideal separation process” naturally divides the volume
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