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Abstract: This work is a continuation of previous studies on phase demixing —
salting-out effects — in agueous nicotine solutions. Thus, pH measurements
were performed, allowing a brief analysis of the existing hydrogen bond
interactions. Salting-out effects — the related experimental cloud point shifts —
provoked by the addition of two inorganic salts, potassium nitrate and sodium
sulfate, which have not hitherto been studied, were determined. Analysis of the
current and previously reported salting-out/or salting-in phenomena in nicotine
agueous solutions was performed. In this respect, five studied salts were inc-
luded: four inorganic salts (sodium chloride, potassium nitrate, sodium sulfate
and trisodium phosphate (NagPO,)), and ionic the liquid 1-ethyl-3-methylimi-
dazolium ethyl sulfate ([C,mim][EtSO,], commercial name ECOENG212®).
Based on pH measurements, the effective Gibbs energies of hydration and the
ionic strengths of the respective ternary solutions were calculated and plotted
against the related cloud-point shifts caused by the addition of the salts. For the
studied salts, the results and diagram obtained within this work may be used to
predict the cloud-points shifts, based on the related quantities of the salts added
and/or the molar Gibbs energies of hydration and/or ionic strengths requested
in each case.

Keywords: inorganic salts; ionic liquids, pH measurements of solutions.

INTRODUCTION

Nicotine is an extremely toxic alkaloid? that is completely soluble in water at
ambient temperatures.23 It is widely present in tobacco (dust) and the related
industrial (agueous) wastes — thus, nicotine and its agueous solutions represent a
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dangerous threat to the environment and human health.14-6 On the other hand,
nicotine recently started to appear, albeit with concerns, as a potentially useful
drug for the treatment of some neurodegenerative diseases.”9 Therefore, these
issues impose the need not only for nicotine separation/extraction, but also for its
purification or recovery. However, common organic (toxic) solvents still play the
main rolein such applications.10-14 Thus, it has become an emerging necessity to
develop methods that are more environmentally friendly.

In previous studies,515 the potential use of ionic liquids and inorganic salts
as the media for eventual sustainable treatment of nicotine and its aqueous solu-
tions were investigated and discussed. In this respect, the salting-out effects,
which revealed the very complex nature of the studied aqueous nicotine solu-
tions, were particularly considered.®

In thiswork, the aforementioned studies and the reported salting-out effects -
cloud point shifts — provoked by the addition of another two inorganic salts,
sodium nitrate and sodium sulfate, were continued. Moreover, both the current
and previously reported® salting-out and sating-in phenomena were analyzed.
Thus, five salting-out media were scrutinized: four inorganic salts (NaCl, KNOsg,
NaxSO4 and NagPO4) and the ionic liquid 1-ethyl-3-methylimidazolium ethyl
sulfate ([Comim][EtSOy4], commercial name ECOENG212®).

The pH values for the (nicotine+water) binary solutions and for the ((nico-
tinetwater)+salt) systems were measured. Based on these measurements a brief
analysis of the hydrogen bond interactions was given. Moreover, the effective
Gibbs energy of hydration and ionic strength were calculated for the respective
ternary solutions and the diagrams showing their relation to the related cloud-
-point shifts were constructed. These results enabled the prediction of the cloud-
points shifts, for each salt included, based on the related quantities of the salts
applied and/or the molar Gibbs energies of hydration or ionic strengths necessary
for each shift to be achieved.

EXPERIMENTAL
Chemicals

lonic liquid 1-ethyl-3-methyl imidazolium ethyl sulfate, [Comim][EtOSO3] (ECOENG
212®), was purchased from Solvent Innovation (Merck), with a stated purity > 98 mass %
(water and chloride content 153 and 404 ppm, respectively). Nicotine, sodium chloride, potas-
sium nitrate and sodium sulfate were obtained from Sigma-Aldrich, with the stated purities:
> 99, 99.5, > 99 and > 99 mass %, respectively. Trisodium phosphate (NagPO,) was acquired
from Riedel de Haén with a stated purity of 96 mass %.

ECOENG212® was subjected to vacuum (0.1 Pa) at moderate temperature (60 °C), seve-
ral days prior to the experiments. This procedure was primarily applied to reduce significantly
the presence of volatile compounds (solvents) in the ionic liquid but aso to dry it. The water
contents after the drying procedure were very low, below 90 ppm, as determined by coulo-
metric Aquapal Karl—Fischer titration. Thus, the presence of water was not considered in the
subsequent preparation of the agueous solutions. As in previous studies®15 and according to
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recommendations from literature,16 the stated chloride contents were taken as acceptable and
no further reduction was performed. Considering the possibility of the anion hydrolysis,817
which would lead to acidity increase,® the pH of the used ECOENG212® was checked and the
values were far from acidic (pH 6.50-6.90).

Nicotine was dried using 3A molecular sieves for at least 48 h ahead of the experiments
and the Karl—Fischer titrations revealed water contents of 100 ppm.

Solutions were prepared gravimetricaly using a Mettler AT201 analytical semi-micro-
balance with a stated accuracy (repeatability) of +2x10 in mass fraction. Doubly distilled
and deionized Millipore water (Millipore Co. equipment, Bedford, MA) was used to prepare
the solutions.
pH Measurements

Current pH measurements were performed at room temperature, using an InoLab Multi
720 pH meter (WTW GmbH, Germany). The device was calibrated each time prior to the
experiments using two different buffers having pH values of 7.00 (Technischen puffer WTW
STP 7) and 10.00 (Technischen puffer WTW STP 10). Fresh Millipore water was always used
for the measurements.

Liquio-iquid equilibria — cloud-point shift determination

The liquidiquid equilibria experiments performed herein were related to the deter-
mination of cloud-point shifts due to salt addition (salting-out effects) to the (nicotinet+water)
solutions initially having a near-critical concentration of nicotine (the mole fraction of nico-
tine was 0.0708). In this respect, a dynamic, visual method was used — in the studied solu-
tions, the turbidity (cloud-point) that indicates the beginning of phase demixing was observed
by eye, while heating a homogeneous solution. The experiments were performed in a Pyrex-
-glass cell, introduced by Domanskal® and applied in several studies thereafter.51925 A des-
cription of the cell, its application and the procedure of the cloud-point observation were
described in details in earlier contributions.62223 The uncertainties in the determination of the
cloud-point temperatures (T, estimated from repeated measurements, were +0.4 K. A 2-L
glass beaker filled with ethylene glycol, as athermostatic liquid, was used as a thermostat bath
in al the experiments. Temperature was monitored using a Pt100 temperature probe, having
an accuracy of £0.03 K.

RESULTS

The pH values determined for the studied (nicotine+water) solutions, without
any added buffer, are presented in Table I. In order to keep the concept of water
as a solvent and, thus, its ion product applicable, the measurements were per-
formed in the nicotine concentration range up to 85 % by mass.26 This table also
gives the pH-dependent percentage (P) of unprotonated nicotine molecules (NicO
— free base) and protonated nicotine (both Nict and Nic2*) given as:2?

100
+12 +
(H2  [H*]
KaKar  Ka2

In Eqg. (1), [H*] is the concentration of the protons in the solution, calcul ated
from the related pH values in Table |; Ky and Ky are the acid dissociation

P(Nic0) = (1)
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equilibrium constants having the values 10341 and 10-8.01, respectively, accord-
ing to the pKy values cited in the literature.28 These constants refer to the follow-
ing equilibria:

_ [Nict][H*]

Kal [Nic2'] (2

that is related to the acid dissociation of the nicotine dication:
Nic?t — Nic™ +H* (29)

and to:
Kazz—[NiCO_]EH+] 3
[Nic™]

that refers to the acid dissociation of the nicotine monocation:
Nict — Nic0 + H+ (3a)
The percentage of the protonated nicotine is then calculated by the expression:
P(Nict + Nic2t) =100— P(Nic0) (4)

TABLE I. pH Vaues of the studied (nicotine+water) solutions, at 298.15 K, and the
percentages of nicotine that exists in the solutions as the free base P(Nic%); wy;c and Xyc are
the mass and mole fraction of nicotine in the agueous solutions, respectively; p is density of
the studied nicotine aqueous solutions and c is the related molar concentration of nicotine. The
pH of the Millipore water used for the preparation of these solutions was 6.81

Whiic Xnic . plkgm3@ c/moldm3 pH [HY]x10Y P(Nic9)P P(Nictand Nic?*)
0.0002 2.2x10° 997.13 0.0012 9.10 79.4 92.48 7.52
0.0007 7.6x10° 997.13 0.0042 9.55 28.2 97.20 2.80
0.0019 0.0002 997.13 0.0114 9.95 11.2 98.86 1.14
0.0045 0.0005 997.33 0.0277 10.10 7.94 99.19 0.81
0.0103 0.0012 997.61 0.0633 10.25 5.62 99.43 0.57
0.0478 0.0055 999.93 0.2947 10.38 4.17 99.58 0.42
0.1401 0.0178 1006.31 0.8690 10.48 331 99.66 0.34
0.2001 0.0270 1010.46 1.2463 10.50 3.16 99.68 0.32
0.4071 0.0708 1024.55 2.5708 10.38 4.17 99.58 0.42
0.6012 0.1433 1034.09 3.8319 10.10 7.94 99.19 0.81
0.7055 0.2100 1035.28 45019 9.85 14.1 98.58 1.42
0.8012 0.3074 1031.69 5.0872 9.62 24.0 97.60 2.40
0.8501 0.3860 1027.49 5.3832 9.52 30.2 97.00 3.00

Densities of the (nicotine+water) solutions were calculated using experimental data;3 Phicotine as a free base is
an unprotonated form (Nic®) of this alkaloid represented by its neutral molecule

The experimenta cloud-point temperatures, at a pressure of 0.1 MPa, as a
function of the salt compositions in the present ternary solutions are given in
Table Il. Following the previous procedure, the salts were added to the initial
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(water+nicotine) solution of a near-critical nicotine concentration ((Xg)t = O;
Xnic = 0.0708 in mole fractions).6

TABLE Il. Ternary solutions (nicotinetwater+salt) at a pressure of 0.1 MPa: liquid phase
demixing temperatures (cloud-points, Te,) and their negative shifts (ATg,) as a function of the
salt compositions. (Xg)1 and (Xnic)T ae mole fractions of salt and nicotine in the ternary solu-
tions, respectively. The salts were added to theinitial (nicotinet+water) solution of near-critical
nicotine concentration ((xg)t = 0; Xnic = 0.0708 in mole fractions). Standard NIST uncer-
tainties were, in mole fraction, u(x) = 3x104 and in temperature u(T) = 0.4 K

Sat: KNOj Salt: Na,SO,
(XS)T (XNic)T Tcp/ K ATcp/ K (XS)T (XNic)T Tcp/ K ATcp/ K
0.0000 0.0000 335.0 0.0 0.0000 0.0000 335.0 0.0
0.0087 0.0702 326.3 8.7 0.0008 0.0707 328.2 —6.8
0.0131 0.0699 322.2 -12.8 | 0.0013 0.0707 323.1 -11.9
0.0181 0.0695 317.0 -18.1 | 0.0019 0.0707 3184 -16.6
0.0247 0.0690 310.6 -24.4 | 0.0023 0.0706 314.7 -20.4
0.0286 0.0688 306.3 —28.7 | 0.0027 0.0706 311.3 —23.7

The values of the molar Gibbs energies of hydration of each ion speciesi at
298.15 K and 0.1 MPa, (Gj)nyd, both for the solutions studied herein and pre-
viously, are presented in Table I11. The values of (Gj)nyq for [Comim]*, HPOZ
and [EtSO4]~ at 298.15 K — to the best of our knowledge not available in the
literature — were calculated using the related ionic radii and applying the
calculation procedure set by Marcus.2® The radii for [Comim]* (0.303 nm)30 and
HPO‘%‘ (0.238 nm)3! were taken from the literature. However, no reported
values for the radius of [EtSO4]~ could be found. Thus, the radius was calcul ated
either i) using the radius for SO%‘ (0.230 nm)31 and the contributions for the
CH3— and CH>— groups given by Bondi32 or ii) by applying the procedure based
on the McGowan volumes,33 given by Zhao et al.34 — see the Supplementary
Material to this paper for details. Both approaches gave very similar values of the
anion radius: i) 0.280 and ii) 0.282 nm.

TABLE IIl. Molar Gibbs energies of hydration at 298.15 K and 0.1 MPa, (gj)nyq, Of the ion
species present in the studied salts (this work and from the literature®)

lon (Ghya/ kJmolt | lon (Ginya / kI molt
Na* -385 Cl- 270

K* -305 NOs 275
[Cmim]* —53.2 S0, -1145
[EtSO,4)* —139.7 PO, —2835

OH- —345 HPO,2 —1125.3

For the other ions in Table |11, the experimental values of the molar Gibbs
energies of hydration at 298.15 K and 0.1 MPa taken from the literature2® were
included.
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834 GROZDANIC et al.

In Table IV, for al these hitherto studied solutions, the cloud-point tempe-
ratures, Tep, are given as a function of the effective Gibbs energies of hydration,
(AGeff)hyds Of the sdts and ionic strength increase of the solutions, Al. The last
two properties were calculated as follows:

(AGetf )nyd = éz N (G )hyd )
Al =Y m 72 (6)

In the equations above, n;, nT, Ny and z are number of moles of each ion, tota
number of molesin the ternary solution, molal concentration of every present ion
and its formal charge, respectively. (Gj)nyd is molar Gibbs energy of hydration of
each ion i as explained above with the values givenin Table lll.

TABLE 1V. Cloud-point temperatures (Tc,), a a pressure of 0.1 MPa, as a function of the
effective Gibbs energies of hydration (AGgr)nyq Of the studied salts and of ionic strength of the
respective solutions

(AGeff)hya / kI mol2 Al / mol kgt ac.u.2 T/ K
Salt: NaCl
0.000 0.000 335.02
1.954 0.212 329.32
2.861 0.311 326.32
4232 0.461 323.22
5.768 0.630 318.52
9.822 1.079 309.52
10.939 1.204 306.32
12.764 1.409 301.12
Salt: Na2804
0.000 0.000 335.0°
1.430 0.168 328.2b
2.439 0.287 323.1P
3.398 0.400 318.4°
4.155 0.489 314.7°
4.845 0.571 311.3°
Salt: KN03
0.000 0.000 335.0P
5.168 0.621 326.3°
7.776 0.939 322.2b
10.763 1.306 317.0°
14.707 1.797 310.6°
17.019 2.087 306.3°
Salt: NagPO,
0.000 0.000 335.02
0.633 0.062 33042
1.416 0.152 327.42
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TABLE IV. Continued

(AGgtf)pya ! kI molt Al / mol kgl ac.u?2 T/ K
Salt: NagPO,4
2.019 0.217 323.72
2.757 0.297 320.12
2,912 0.314 319.42
Salt: [Comim][EtSO,]
0.0000 0.000 335.02
1.513 0.583 339.82
5.692 2.246 343.32
7.453 2.970 340.32
10.159 4111 334.62
12.276 5.028 329.72
14.775 6.141 321.62
15.953 6.676 318.22
19.255 8.218 305.82
22.051 9.572 296.22

aCloud-point taken from the literature;® Pcloud-point obtained within this work

It is known that the inorganic salts NaCl, KNOg and NapxSO4 are practically
completely dissociated in their agueous solutions and the same is postulated for
ECOENG212®.35 However, in order to confirm experimentally that these
expectations stand in the presence of nicotine, the pH values of the studied
(nicotinet+water+salt) solutions were measured at distinct salt compositions. The
changes in pH upon addition of the aforementioned salts to (nicotine+water)
solutions confirmed their complete dissociation. Namely, the percentages of the
change in pH were, on average, 1.24 (NaCl), 0.19 (KNOs3), 2.01 (NapSO4) and
2.5 % (ECOENG212®). Thus, the values of nj and my of the actual ions needed in
Egs. (5) and (6) were calculated using the respective stoichiometry. However, the
large increase of pH observed when NagPO4 was included (17.47 %) imposes
that the equilibrium:

PO}~ +H20 &2 HPOZ~ + OH- @)

has to be taken into account. The equilibrium constant for hydrolysis is Kp =
= 2.24x102, while the other two dissociation reactions can be neglected.
Therefore, PO43-, HPO42-and OH~ exist in the solutions and their molal concen-
trations were calculated using the aforementioned value of Kp,.

A low molar entropy of hydration36:37 imposes a weak temperature depend-
ence of the molar Gibbs energies of hydration — this was true for al the ions of
the studied inorganic salts and could be reasonably assumed for those of
ECOENG212®. Therefore, the values of (Gi)hya a 298.15 K were used for the
calculations of the effective Gibbs energies of hydration at the other temperatures
presented in Table V.
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Figure 1 compares the liquid phase demixing data from Table Il and from a
previous study,® whereas Figs. 2 and 3 give cloud-point temperature as a function
of the ionic strength increase in different salts and in ECOENG212®, all aong
with the fittings.

Fig. 1. Cloud-point temperatures
(T¢p) asafunction of the composition
of different salts in the ternary (nico-
tinetwater+salt) solution ((xg)7): A —
NagPO, (literature dataf), x -
NaSO, (data from this work), e —
NaCl (literature dataf), + — KNO;
(data from this work) and o —
ECOENG212® (literature dataf). The
salts were added to the initial binary
(nicotine+water) solution of near-
critical nicotine concentration ((xg)t
290 — —— — = 0 and Xyjc = 0.0708). The lines

0.00 0.02 0.04 0.06 0.08 0.10 0.12 repr@ent the fittings Of the experl-

(gl mental data.

340

330
Fig. 2. Cloud-point temperatures

¥ 320 (Tep) as a function of the effective
I Gibbs energy of hydration (AGg) nyd:
A — NagPOy, X — NapSOy, @ — NaCl,

310 + — KNOz and o — ECOENG212®.

1 The sats were added to the initia

300 binary (nicotine+water) solution of

near-critical nicotine concentration
S ((xg)t = 0 and Xyjc = 0.0708). The
o 2 4 6 8 10 12 14 16 18 20 22 lines represent the fittings of the
~(AG, )y | kJ mol™ experimental data.

Table V presents the effective Gibbs energies of hydration calculated for
ternary (nicotine+water+salt) solutions of a given composition ((xg)T = 0.0006,
(xnig)T = 0.07075, Eq. (5)) and the related negative cloud-point shifts (ATcp)
obtained from the linear fits of the data from Table Il and from the previous
study.6 Thus, the obtained ATcp Vs. (AGgif)hyd data are shown in Fig. 4. In respect
to ECOENG212®, both procedures of the radius calculation (see above) gave
also very similar values of (AGegff)hyd (-0.7507 kJ mol—1 in the first case and
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—0.7408 kJ mol—1 in the second) and, for practical reasons, only the first point is
included in Fig. 4.

8]

3404 ¢

3104

300 4

290

Admol kg'1a.c.u.2

Fig. 3. Cloud-point temperatures (Tcp)
as a function of the ionic strength inc-
rease (Al): A — NagPOy, x — NapySOy,,
e — NaCl, + — KNO3 and o —
ECOENG212®. The salts were added
to the initial binary (nicotine+water)
solution of near-critical nicotine con-
centration ((Xg)t = 0 and Xnjc =
= 0.0708). The lines represent the fit-
tings of the experimental data.

TABLE V. Effective Gibbs energies of hydration, (AGe)nyg, and the related negative cloud-
-point shifts, AT, for the studied sdlts in (nicotine+water+salt) solutions of the given com-
position (ternary salt mole fraction was (Xg)t = 0.0006 and that of nicotine (Xyic)T = 0.07075)

Salt ~(AGei)hyd / kI mol2 AT /K
NagPO, 1.849 -10.1
N&a,SO, 1.086 -53
NaCl 0.423 -1.0
KNO3 0.357 -0.6
ECOENG212® 0.112 1.5
04
24
Fig. 4. Generdized graph: cloud-
g 7 point shifts (AT,,) as a function of
= the effective Gibbs energy of hyd-
L ration (AGe)nyg (for the (nico-
tinetwater+salt) solution of a
-8+ given composition ((xg)t = 0.004,
(Xnie)T = 0.07051): e — the points
-10 related to the four inorganic salts
studied herein and o — the point
12 : , : , : related to ECOENG212%. The lat-
0.0 05 1.0 1.5 ter was excluded from the linear

~(AG )y | kJ mol™

regression given in the graph.
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DISCUSSION

It is well-known and described in the literature that nicotine can exist in
three forms in its aqueous solutions. as a free base (unprotonated, neutral mole-
cule Nic0), singly protonated (monocation Nic*) and doubly protonated (dication
Nic2+).12,27,38-40 The first protonation (pKp = 5.99 or pKa = 8.01 occurs on the
nitrogen atom (Nsp3) of the nicotine N-methylpyrrolidine ring, while the second
one occurs on the nitrogen (Nsp?) in the pyridine ring (pKp = 10.59 or pKg =
= 3.41).28 In other words, the much higher basicity of the pyrrolidine nitrogen
compared to that of the pyridine one implies that the presence of the monocation,
created by the protonation of the pyridine nitrogen, can be neglected.39 However,
it was also emphasized that the percentage of protonated nicotine is dependent on
the pH of the solution.3840 Thus, Table | shows that the pH values of the
(nicotinet+water) solutions allowed that the major part of the nicotine remained as
the free base. As the nicotine concentration was increased, the pH first increased,
then exhibited a maximum and finally decreased, see Fig. 1. Both experimental 41
and simulation studies?*2 imply that the network of hydrogen bonds between
nicotine and water is a complex dynamic structure that depends on the proton-
ation of nicotine that mainly occurs at the pyrrolidine nitrogen.38:40 Briefly, it
appears that this protonation — as an overall effect — even reinforces the hydrogen
bond network by introducing one more (a two-fold) binding site and stabilizing
the structure of the bonds via the specific interactions between water and the
charged pyrrolidine ring.42 Although any extrapolation to higher nicotine mole
fractions is as yet uncertain, Table | shows a behavior that agrees with the afore-
mentioned findings. Namely, in agqueous nicotine solutions with a nicotine con-
tent over ~36 mol %, generally homogeneous at any temperature (see the nico-
tine+twater temperature-composition “closed loop” phase diagram reported in
literature3), protonation is increasingly present. The percentage of protonated
nicotine follows an abrupt, practically linear increase with increasing nicotine
composition, which commenced when the near-critical concentration of nicotine
(0.0708 mole fraction) was surpassed. From the interaction point of view only,
this analysis certainly concurs with a very good solubility of nicotine in water,
depicted in the large areas of complete miscibility in its phase diagram.

Figure 1 showed that KNO3 was the inorganic salt that provoked the worst
salting-out effect, reasonably poorer than that of NaCl, determined previously,8
probably due to the lower hydration abilities of the constituting ions. On the con-
trary, the achievement of NaxSO4 was exceptionally good and very similar,
although dlightly inferior, to that of NagPO4. This occurrence could have been
expected since salts of doubly- and triply-charged anions are excellent water-
-structuring (kosmotropic) salts, having highly negative effective Gibbs energies
of hydration.36:43
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The effective Gibbs energies of hydration or ionic strengths necessary for
each salting-out effect (cloud-point shift) of each salt added to the aforement-
ioned initial binary (nicotinetwater) solution are depicted in Figs. 2 and 3, res-
pectively. These figures indicate that a change in ionic strength strongly affected
the liquid phase demixing behavior.

On the other hand, as reported and discussed previously,6 ECOENG212®
changes its behavior from salting-in, at lower concentrations (chaotropic beha-
vior prevails, provided by the non-polar alkyl side chains), to salting-out at
higher concentrations, (kosmotropic behavior becomes dominant, due to the
polar part of the ions). Thus, it has to be added in larger quantities in order to
afford Gibbs energies of hydration and/or ionic strengths able to provoke a sig-
nificant cloud-point decrease. Nevertheless, the fact that ECOENG212® is a
molten salt (wide liquid range), completely soluble in water and that it is arela
tively low-priced ionic liquid speak in favor of its use for the present purposes.

Figure 4, in relation to Table V, shows which effective Gibbs energy of
hydration is required in order to achieve a certain temperature shift in nicotine
agueous solution after adding an exact quantity (0.06 mole fraction in the ternary
solution) of salt in general. For the four studied inorganic salts, the linear regres-
sion was very good (R2 = 0.999975), which could have been expected from the
linear form in the mole fractions of Eqg. (5) and generally the very good linear fits
of Tep by ternary composition ((xs)1) of the added inorganic salts, see Fig. 1.
Actually, the results of this work and a previous study,® as well as the salting-out
effects studied in the other agueous solutions such as those of ionic liquids3® and
poly(ethylene glycol)#4 indicate, although still with caution, that the linear
dependence shown in Fig. 1 is not a sheer coincidence but something that might
reasonably be expected, once the experiments were performed carefully. If this
assumption is accepted, Fig. 4 could be considered as a general graph for (nico-
tine+water) solutions and, thus, shows two interesting features: i) which effective
Gibbs energy of hydration is expected to provoke a null cloud-point shift and ii)
what is the salting-in effect that could be anticipated applying a salt that would
give a null effective Gibbs energy of hydration. — in principle, this could occur
since there are some ions that possess null or positive molar Gibbs energy of hyd-
ration.29

However, the point related to ECOENG212®, which was included in Fig. 4
but not in the regression since the ionic (van der Waals) radius of its anion,
necessary to obtain (AGeff)hyd, Was calculated and not taken from literature, see
the text above and the Supplementary Material to this paper. Moreover, the posi-
tive shift for the given composition in the case of ECOENG212® was not
obtained by linear but polynomial fit of the related cloud-point—composition
curve (see Fig. 1). These could be the reasons for the worse agreement to alinear
regression compared to the other four points.
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Thus, Figs. 1-4 demonstrate which solutions should be prepared in order to
expect certain salting-out effects (T¢p shifts) and which effective Gibbs energies
of hydration and/or ionic strength are required to achieve them.

The results show that small quantities of inorganic salts, actually extremely
small in the case of the salts with polyvalent ions, provide effective Gibbs ener-
gies of hydration and ionic strengths sufficient to allow strong salting-out effects
and abrupt decreases in the cloud-point.

CONCLUSIONS

The pH measurements of (nicotine+water) solutions showed that the bulk of
nicotine molecules therein exist in the neutral, unprotonated form. This study
also demonstrated that the presence of the protonated form rapidly increases as
the critical concentration of nicotine in water is surpassed. Moreover, as stated
above, in nicotine solutions with a nicotine content over ~36 mol %, the percent-
age of the protonated form steadily increases.

Analyses in literature clearly show that the hydrogen bonded network of
nicotine with water is very stable and strong in both neutral and protonated form
of its molecule. In fact, the overal effect of the protonation of nicotine is the
strengthening of this network, which isin agreement with the results obtained in
the present study.

The inorganic salts studied herein appeared as very efficient salting-out
media — added in very small quantities they provided effective Gibbs energies of
hydration and ionic strengths sufficient to allow large negative cloud-point shifts.

The results of this work may be useful as a guide in future applications of the
studied salts in treating agueous hicotine solutions.

SUPPLEMENTARY MATERIAL

Calculation of the McGowan volumes and the Pauling ionic radius are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ

BOJEHH PACTBOPU HUKOTHUHA: PH MEPEIA U ,SALTING OUT* EOEKTH — AHAJIU3A
E®EKTUBHE 'MBCOBE EHEPITMJE XUOPATAIIMJE U JOHCKE JAUMHE PACTBOPA

HUKOJIA [I. TPO3IAHUR' MARTA S. CALADO?, MUPJAHA Jb. KWJEBYAHMH', CJIOBOMIAH I1. INEPEAHOBUR'
1 30PAH I1. BUIIAK®

1Texnonowxo—meu7aﬂypmxu paxyniuewi, Ynusep3uttiein y beoipagy, Kapietujesa 4, 11120 Beoipag u 2Centro
de Quimica Estrutural, Instituto Superior Tecnico, Universidade Técnica de Lisboa, Av. Rovisco Pais 1,
1049-001 Lisboa, Portugal

Paj je HacTaBak NpETXOOHE CTy[Hje O HEMEIUBUBOCTU ¢asa y BOJEHUM pacTBOpPHMA
HUKOTHHA. pH Mepema cy Jana KpaTKy aHa/lW3y HHTepakiuja nocrojehux BOJOHUYHUX Be3a.
Onpebusanu cy “salting out” edpexkTH M3a3BaHU NONABAKEM IBE HEOPraHCKE COJIM, KaJHjyM-
-HUTpaTa U HaTpUjyM-cyndara, KOju HUCY pa3MaTpaHU paHuje. Y 0BOj Kao U MPETXOTHOj CTy-
IVj¥, aHa/lW3uUpaHu cy “salting out or in” edeKkTH y BONEHHUM DacTBOpPHMa HHUKOTHHA 3a
YETUPU HEOPraHCKe CONH: HATPUjYM-XJIOPHI, KaJHWjyM-HUTPAT, HATpHjyM-cynadar WU HaT-
pujyMm-docdaT kao ¥ 3a jOHCKY TE€YHOCT 1-eTHJI-3-METHIMMHIA30IHjyM E€THI-Cynadat
([C,mim][EtSO4], xoMepLHUjaTHA HA3UB ECOENG212®). 3a pasMaTpaHe COJIH, PE3y/ITaTH U
nodujeHH AUjarpaMu y OBOM paly MOTY Ja Ce y3My 3a IpelcKa3uBame MoMepama Tadaka
3amyhemwa, Ha OCHOBY KOJIMYMHE NONATHX Coiu, ['MdcoBe eHepruje xumparanuje ¥ joOHCKe
jauuHe.

(ITpumsbeHo 17. aBrycra, peBUSHpaHo 2. okTodpa, npuxsaheHo 19. okrodpa 2013)
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