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Multicomponent diffusion properties for the tetra(ethylene glycol) (PEGédium chloride-water ternary

system are investigated at constant salt concentration (0.5 m@) dmd a wide range of PEG4 concentration
approaching 3.0 mol dni (60% volume fraction). Cross-velocity correlation (counterflows) for any pair of
components in this ternary system is determined. Comparison between the exact multicomponent approach
and the pseudobinary approximation, which is based on the assumption that the- wW&€rmixed solvent

can be treated as one component, shows how the latter approach is misleading in describing the electrolyte
diffusion properties in mixed solvents. Our results show strong coupling between the fluxes of NaCl and

PEG4, which is attributed to the Na€PEG4 nonpreferential interactions in water. Moreover, the behavior
of the NaCl and PEG4 chemical potentials as a function of the system composition cpmartéatvely

extracted from our diffusion measurements with the help of some interesting observations about the viscosity

and conductivity properties of the system.

Introduction suggested? Since no direct PEGprotein interactions have been
) o o . observed, the main effect of PEG on protein precipitation seems
The analysis of diffusion properties in aqueous solutions g pe related to a crowding effééthat excludes the PEG from

containing proteins and their precipitants has received increasingi,e protein domain, thus indirectly generating an attractive force
attention in recent yeafs> These studies have been motivated peatween the protein molecules.

by international programs to use microgravity conditions to grow
crystals of proteins suitable for structure determination, which
might not otherwise be grown under earth’s gravity. In micro-
gravity diffusion is the dominant transport mechanism in the
liguid phasé®. In contrast convection may dominate in earth’s

Another important factor worth considering is the large
decrease of the dielectric constant observed in aqueous PEG
solutions when the polymer concentration is incredsdéd.
change in the dielectric constant may significantly change the
X activities of the ions and thus can be expected to modify the
gravity. effectiveness of simple salts on the precipitation of charged

Precipitants used for protein nucleation and growth can be poteins.
divided into three classes: inprganip salts, _organic.solvents, qnd The analysis of the ternary systems PEG@ltwater is a
ponme_rs. Whlle the mechanism of inorganic salts in the protein preliminary step to understanding the properties of the quater-
crystallization process can be reasonably descrilibd,effect nary system proteinPEG-salt-water, representative of crys-
of polymers on the protein crystallization mechanism seems 10 1jization protocols. PEGsalt-water systems are extensively
display more complications. Since inorganic salts and polymers geqcrined in the literature especially for their interesting

are often used together in the crystallization protofod®) hermodynamic properties. In fact, several systems display
analysis c_)f such systems is a necessary step for understandlngquid_“quid phase separation, and the knowledge of the phase
the combined effect of salts and polymers. diagram is relevant for many technological applicatiths.

Among polymeric precipitants, poly(ethylene glycol), PEG, However, the characterization of their transport properties such
is the most widely used. PEG is a nonionic polymer that is very as diffusion is not well documented.
soluble in watePf, due to its mo!ecular structure. iny weak The mutual diffusion of aqueous binary and ternary systems
nonbonding PEGPEG interactions are present in aqueous containing simple electrolytes is widely described in the
solutions, and these interactions can be neglected in dilute iteraturel3 and predictive equations that take into account the
conditions. In concentrated solutions, the presence of a networkg|ectrostatic iorrion interactions have been proposed and tested.
of PEG molecules, mediated by water bridges, has beenThe NernstHartley equation is rigorously valid at infinite
dilution of salt mixtures with the assumption that the solvent

+ Address correspondence to this author. does not dissociate into ions and is useful for very dilute salt

; Universitadi Napoli “Federico II". mixtures4 Extensions include the Onsaggfuoss theory®
Massachusetts Institute of Technology. . .
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accounts for the effect of ion-pair formation on the electrolyte. on excluded volume effects (hard core intermolecular potential)
A semiempirical correlation based on binary properties and that is consistent with the behavior of the four diffusion

Irreversible Thermodynamics has been effective. coefficients.
Diffusion experiments also have been performed on solutions ) )
that contain weak electrolytésand polyelectrolyté§ and Experimental Section

interpreted in terms of both the mobilities of the constituents  Mmaterials. Tetra(ethylene glycol) (PEG4) was purchased from
and the association constants. However, to the best of ouradrich (purity listed as 99%) and used without further
knowledge, there is only one paper that reports diffusion pyrification. Its molar mass was taken to be 194.23 gthol
coefficients of an electrolyte in a nonaqueous solvent (aceto- Sodium chloride was purchased from Aldrich (purity listed as
nitrile),%° and a few papers that report pseudobinary diffusion 99.99), dried by heating at 45, taking into consideration
coefficients in methanelwate?! and dioxane-water mixtureg? the work of Rarc®® and used without further purification. Its
However, these latter systems are in fact ternary systems andnolar mass was taken to be 58.443 g mModnd its crystal
require four diffusion coefficients for their correct description. density as 2.165 g cm for buoyancy correction Deionized
Fick’s first law for a system wittln components and thus water was distilled and then passed through a four-stage

— 1 solutes may be written: Millipore filter system to provide high-purity water for all the
experiments. The molar mass of water was taken to be 18.015
n-1 g mol L.
J= —ZD” VG i=1,..,n—1 (1) Preparation of Solutions.Because PEG4 is hygroscopic, we
= prepared stock PEG4vater solutions by weight, and used them

for the preparation of the ternary solutions. The densities of
For each component, there is one main-term diffusion these stock solutions were in good agreement with the values
coefficient Dj that gives its flow contribution due to its own  previously determine®. All solutions for diffusion and viscosi-
concentration gradient, ami — 2 cross-term diffusion coef-  ties were prepared by weight, using NaCl and the P&@ter

ficients Dj (i = J) that give the contribution to the flow ofdue stock solutions with appropriate buoyancy factors. All weights
to the concentration gradient of each of the other solute were performed with a Mettler Toledo AT400 electrobalance.
components. Density Measurements.All density measurements were

Cussler and Breuer were the first to consider a multicompo- performed with a Mettler-Paar DMA40 density meter, thermo-
nent approach for ternary aqueous mixed-solvent solutions stated with water from a large, well-regulatedl(01°C) water
containing saltg® They found an extremely large cross-term bath. This instrument is interfaced to a computer for time
diffusion coefficient for the flow of the salts due to the gradient averaging, and gives precision &2 x 107> g cnv 2 or better.
of the organic cosolvents such as acetone and acetonitrile. They Viscosity Measurements.The viscosity measurements re-
qualitatively related this large diffusion coupling to the increased ported here were performed in part at Texas Christian University
thermodynamic activity of salt in the presence of the organic (ternary system PEG4ANaCl-H,0) and in part at the “Federico
cosolvent. Although they noted the correlation between multi- 11" University of Naples (binary system PEG4,0). In both
component diffusion and the thermodynamic behavior of the cases an Ubbelhode viscometer in a bath a#25%.01°C and
system, no microscopic interpretation of their results was double distilled water as a reference liquid were used
reported. Free-Diffusion Measurements?®3° The diffusion experi-

Recently some of us measured the four diffusion coefficients ments were performed with the Gosting diffusiom&eperat-
of the ternary system PEG 46MlaCl-wate?* (Part 1). These  ing in the Rayleigh modé:*2In the interferometric Rayleigh
measurements were made at a fixed NaCl concentration (0.776fechnique (as well as for the Gouy) two solutions differing
mol dn3) and PEG 400 concentrations that ranged from 0.125 slightly in concentration and initially separated by a sharp
to 0.390 mol dm3. At the higher PEG 400 concentrations, the boundary are allowed to diffuse into each other. The diffusion
volume fraction was as high as 17%. The effect of PEG 400 coefficients in such experiments are obtained from the position,
concentration on the diffusion coefficients of NaCl was dis- €volution in time, and total number of fringe) produced by
cussed. light passing through a cell containing the two solutions. Details

In this paper we report precise measurements of the diffusion ©" the experimental procedure and data analysis to extract the
coefficients D for the ternary system tetra(ethylene glycol) d[ﬁu5|on coefﬂuentslfrom the position of the interferometric
(PEG4)-NaCl-water at NaCl 0.5 mol dr?, over a very wide ~ [1nges are reported in the Appendix.
range of PEG4 concentration (at the highest concentration the
volume fraction of the PEG4 is about 60%). We also report
viscosity and volumetric measurements for the same systems Density Data. The ternary density data have been analyzed
because they are essential for the interpretation of the diffusionaccording to the equation:
properties.

The water component is the expected choice of solvent at d(c,,c) = d(C,c) + Hy(c, =€) + Hy(c, =) (2)
the lower PEG4 concentrations while at the highest concentra-
tion PEG4 becomes a logical choice of solvent. For this reason, Wheret, andc; are the averages of the mean concentrations
we will report diffusion coefficients based on PEG4 as the for all the experiments in a given series, and there defined
solvent, as well as the diffusion coefficients based on water as as:
the solvent. We will also show how ternary diffusion coefficients
can be a very useful and powerful tool in describing the H, = (a_d) (3)
thermodynamic behavior of the system. Specifically, we use aG; o, i=]
our diffusion results tauantitatively describe the dependence
of solute chemical potentials as a function of system composi- The d(¢;,c;), Hi, andH, are least-squares parameters, and
tion. Moreover we also provide a molecular interpretation based their values are reported in Table 1 for the five compositions.

Results
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TABLE 1: Volumetric Data for the Ternary System PEG4—NaCl—Water

Cy C2 Y Hi Ha Vi Va2 Vo

(mol dnT3)  (mol dnm2) (g cnd) (kg mol?) (kg mol?) (cm®mol™)  (cm®mol™?) (cm?® mol)
0.2500 0.4997 1.024365 0.000007  0.0278-0.0005 0.0394- 0.0002 166.8: 0.5 19.1+0.2  18.057 0.004
0.5000 0.4997 1.031505 0.000004  0.028& 0.0002  0.0394- 0.0001 166.6:0.2  19.1+0.1  18.061+ 0.003
1.0000 0.5000 1.045986 0.000005 0.0286- 0.0003  0.039G: 0.0001  166.0:0.3  19.5+ 0.1  18.054t 0.007
2.0000 0.5000 1.074692 0.000003  0.028% 0.0001  0.0374- 0.0001 165.8-0.1 21.1+0.1  18.041+ 0.005
2.9921 0.4988 1.100578 0.000003  0.023&-0.0002 0.0359: 0.0001  168.6: 0.1 22.3+£0.1 17.801+ 0.016

TABLE 2: Diffusion and Viscosimetric Data for the System PEG4(1)-NaCl(2)—Water2
A B C D E

C1 0.2500 0.5000 1.0000 2.0000 2.9921
C2 0.4997 0.4997 0.5000 0.5000 0.4988
nino 1.2172 1.4258 2.0133 4.2178 9.3664
Dgl 0.6032+ 0.0010 0.573# 0.0014 0.5165t 0.0004 0.403@: 0.0004 0.2833t 0.0004
Dtl’2 0.0371+ 0.0006 0.0668t 0.008 0.109Gt 0.0006 0.125H 0.0003 0.0932: 0.0006
Dgl 0.166+ 0.004 0.15A- 0.005 0.135+ 0.002 0.08H- 0.002 0.0455+ 0.0016
Dgz 1.311+ 0.002 1.163t 0.0025 0.894@: 0.0008 0.488t 0.006 0.2316+ 0.0006
D§o 0.6221+ 0.0026 0.5914 0.0032 0.5324+ 0.0013 0.4133t 0.0063 0.2904t 0.0023
Do, —1.066+ 0.014 —1.224+ 0.017 —1.392+ 0.010 —1.237+ 0.012 —0.816+ 0.017
D%o —0.0180+ 0.0004 —0.01704+ 0.0005 —0.0147+ 0.0002 —0.0088+ 0.0002 —0.0051+ 0.0005
D%z 1.2921+ 0.0026 1.145@ 0.0032 0.8781 0.0013 0.477# 0.0063 0.2243t 0.0023
Dil 0.27764 0.0085 —0.007+ 0.013 —0.412+ 0.011 —0.5811+ 0.0062 —0.415+ 0.017
D7, —0.0353+ 0.0006 —0.0629+ 0.0008 —0.1010+ 0.0006 —0.1071+ 0.0003 —0.0740+ 0.0008
Dsl 9.36+ 0.12 10.65+ 0.17 11.85+0.12 9.73+ 0.13 6.04+ 0.21
DSO 1.6366+ 0.0069 1.7441 0.0097 1.822@ 0.0065 1.472H 0.0036 0.9274t 0.0088
T? 1.9142 1.7367 1.4105 0.8910 0.5149
Ti 1.9142 1.7367 1.4105 0.8910 0.5147
T% 1.9142 1.7371 1.4100 0.8910 0.5124
Tg 0.7846 0.6567 0.4470 0.1865 0.0610
T% 0.7846 0.6567 0.4470 0.1865 0.0610
Tg 0.7847 0.6577 0.4462 0.1867 0.0621

a2The molar concentrations are expressed in motdamd the diffusion coefficient in 20m? s

With use of thed(c,,C;), Hi, andH, values, the partial molar

volumes of solutes 1 and 2 have been computed through the g
Dunlop—Gosting equatio#?

2 _ 1 047+ (0.809+ 0.006), — (0.149+ 0.007),2 +

(0.270+ 0.002x,°

(MW), — 1000
d—-cH; —cH,

where the value 1.047 &t = O corresponds to the viscosity
(4) ratio 7./1o of the binary system Na€lH,O at the average
concentration &),y = 0.4998 mol dm?. It was obtained by

i the equatiofP
The partial molar volume of solvent, component 0, has been

V=

computed from th&/; of the two solutes by the equation: Ny
—==1.000+ 0.006%,"?+ 0.0786@&, + 0.0129t,?
o _1000-cV; -~ oY, ] o
o Co ®) Diffusion Data. TheDj;; are reported in Table 2. The limiting

value ofDy; atc; = 0.0 mol dnt2is D7;(10° m? s1) = 0.6324
4+ 0.0016 and corresponds to the trace diffusion coefficients of

PEG4(1)-H,0(0) were reported elsewheteThe following PEG4 at infinite dilution in a solution of NaCl at the concentra-

equation was obtained from the experimental data by the least-tion (C2)av= 0.4998+ 0.0008 mol dm?. The limiting diffusion
squares method coefficient of PEG4 in aqueous solution correspondd®(il®®

m? s1) = 0.6694 0.00336 The value ofDy, atc; = 0.0 mol
7 dm=3 corresponds to the diffusion coefficient of the binary
1

—==1.000+ (0.499+ 0.014%, + (0.494+ 0_020):12 — system NaCl(2)H2O(0) at €2)ay = 0.4998+ 0.0008 mol dm?.
Mo It has been computed from the equatfon

(0.1475+ 0.0081%,° + (0.0666+ 0.0010%,*

Viscosity Data. The relative viscosities of the binary system

D,(10°m?s ™) = 1.597— 0.65%,"* + 1.20%, —

The viscosity data relative to the ternary system PEGA4(1) 0.94a,% + 0.27Z;?

NaCl(2)—H,0(0), with (c2)ay = 0.49984 0.0008 mol dm?,

are reported in Table 2. Thusf.y denotes the average of the and givesD5,(10° m? s71) = 1.4748.

salt mean concentrations for all the diffusion experiments in  The cross-diffusion coefficier;,, relative to the motion of
all the series. The following equation was obtained from the PEG4 due to the concentration gradient of NaCl, is zerg at
experimental data by the least-squares method = 0.0 mol dnt3® by definition. However, cross-diffusion
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Figure 1. Main- term diffusion coefficients as a function of. (®)
curve 1,D;4, and curve 2D;; (M) curve 3,Dz.

coefficient Dyj, relative to the motion of NaCl due to the
concentration gradient of PEG4, has a finite value;at 0.0
mol dm™3 and isD3,(10° m? s™1) = 0.226

Discussion

Volumetric Data. The partial molar volume¥; and V, of

PEG4 and water, respectively, are almost constant in the PEG4

concentration range we explored (see Table 1). However, it is
interesting to note the large increase of the paiabf NaCl
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Figure 2. Cross-term diffusion coefficients as a functionaf (®)
curve 1,D;; (M) curve 2,Dy;.

. _
(Dll)O Dll \/ (VlDll + V2D21)
(DlZ)O D12 + CO_ (V D12 + V DZZ)
B B (6)
(DZI)O DZl Vo(lell + V2D21)
C _
(D22)0 D22 \_/O(VlDlZ + V2D22)

The (Oj)o values are also a linear combination of both the ternary

as the PEG4 concentration increases, a change up to about 20%hermodynamic diffusion CoefficientSL|DO values, and the

A large contribution to the partial molar volume of the
electrolytes in aqueous solutions is due to the strong electros-
triction of water molecules in the ion hydration shéflsThis
contribution is negative. For multivalent ions, it is sometimes
larger than the positive contribution due to intrinsic volumes
of the ions, thus leading to negative values of their partial molar
volumes3® The release of water molecules from the hydration

shells to the bulk should correspond to a decrease of the
electrostriction effect, which causes an increase of the values

of the partial molar volumes. Then thg increment due to the
increase ofc; may simply be a decrease of water molecules
into the ion hydration cospheres due to adding the highly
hydrophilic PEG molecules.

Diffusion Coefficients. The main-term diffusion coefficients,
D11 andDy,, are shown in Figure 1 as a function @f along
with the corresponding binary values for PEG4{H,0(0). The
values of the cross-term diffusion coefficiems, andD,; as a
function of ¢; are shown in Figure 2.

The diffusion coefficients obtained by the Rayleigh technique
are referred to the “volume fixed reference fradfedind are
here reported aB; with the customary subscript omitted.

From these coefficients, the concentrations, and the partial molar

volumes of all the components, it is possible to compute the
diffusion coefficients in the “solvent fixed reference frani@”,
(Djj)o, using the relations

ternary thermodynamic factorsa;( /dc)) denoted byy,], as
shown in eq 7. According to the Onsager reciprocal relations

(1o = (Lll)Oul—l + (L12)0u;1

(D1o= (L11)0“12 + (le)ouzz @
(D)o = (L21)0“11 + (L22)0“21
(Dyo = (L21)0“12 + (Lzz)ouzz

(ORR){ Onsager cross-transport coefficients are equal in the
solvent-fixed frame.

Description of the Main-Term Diffusion Coefficients
Behavior. D11. The PEG4 main-term diffusion coefficieDt,
shown as curve 1 in Figure 1, is systematically smaller than
the correspondent binary diffusion coefficieDt, shown as
curve 2 in the same figure. They both decrease as PEG4
concentration increases, abg; displays the same behavior of
D1. The D14/D; values are constant in the concentration range
0 < ¢; < 1.000 M, and then show a small decrease as the PEG4
concentration increases further. Moreover, the rtj@D; is
in excellent agreement with the ratio of the corresponding
viscositiesy1/1712, wheren; is the viscosity of the binary system
PEG4-water andyi2 is the viscosity of the ternary system
PEG4-NaClwater (see Table 3). These experimental observa-
tions indicate that the effect of adding NaCl to the PEG solutions
is a hydrodynamic effect and that the thermodynamic effect can
be ignored. This allowed us to conclude that the condiu'{xln
= /4?1 applies. We apply the same argument to other PEG
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TABLE 3: Prediction of Di; and Da»

Vergara et al.

TABLE 5: Derivatives of the Chemical Potentials

C1 D11 D22 C1 ‘Lt]_]_/RT ‘LtlleT lLtz]_/RT /lzz/RT
(mol dmr3) 10 m?s7h) NNz 10 m?s7) 2Nz (moldnT®) dm*mol* dm*mol* dm*mol* dm?mol™?
0.2500 0.6032 0.609 1.311 1.241 0.2500 4.556 0.32 0.63 3.756
0.5000 0.5735 0.579 1.163 1.066 0.5000 2.574 0.31 0.65 3.756
1.0000 0.5165 0.518 0.8940 0.781 1.0000 1.618 0.31 0.70 3.754
2.0000 0.4030 0.397 0.488 0.365 2.0000 1.225 0.35 0.90 3.754
2.9922 0.2833 0.281 0.2316 0.165 2.9922 1.206 0.35 1.17 3.763
TABLE 4: Comparison betweenV; and V; TABLE 6: Thermodynamic Diffusion Coefficients
C1 Vi Vi RT(L11)o RT(L12)o RT(L21)o RT(L22)0
(mol dnr3) (cm®*mol™) (cm®mol™) a 1°Pm?st (1Pm?st (1PmPst (10Pm?st
3 3 3 3 3
0.2500 166.81 3071 (moldm™3) moldnT3) moldm3) moldm3) moldms3)
0.5000 166.04 303.4 0.2500 0.139 0.000 0.000 0.354
1.0000 165.98 291.8 0.5000 0.244 0.003 0.003 0.314
2.0000 165.76 254.9 1.0000 0.382 0.009 0.009 0.243
2.9922 168.57 231.9 2.0000 0.486 0.013 0.013 0.132
2.9922 0.473 0.015 0.015 0.066

NaCl systems and conclude that this condition is quite general
for this class of systems

D,,. The NaCl main-term diffusion coefficient values,
reported as curve 3 in Figure 1 with the correspondihg
decrease sharply as PEG4 molar concentration increases. At th

highest PEG4 experimental concentrations, it decreases to onl))N

15.7% of the corresponding value for the binary system NaCl-
(2)—H20(0).

The ratioD2y/D; is significantly different from the ratigy,/
712, as expected. In fact the StokeSinstein argument, which

The u}, and 43, values, obtained solving egs 8 and 9, are
reported in Table 5. As we can see from the table :theare
positive and almost independent of the PEG4 molar concentra-

éion. On the other hand thﬁgl values, also positive, increase

ith the PEG4 molar concentration. The magnitude and the
behavior ofy;l, as we are going to see in the next section, can
be explained in terms of excluded volume effects.

By using they{ values it is then possible to compute the

values of thel(j)o that are reported in Table 6. It is worth noting

is based on the friction caused by a continuum medium on a that the cross-thermodynamic coefficients are negligible with
macromolecule, cannot be applied to small molecules, becausd €sPect to the main-thermodynamic coefficients at least in the

the hindering motion is better described by the obstruction due
to quasilocalized large particles.
To investigate the PEG obstruction effect on the NaCl motion

range 0< c¢; < 1.000 M. This is not completely unexpected
because of the absence of strong specific PERECI interac-

tion. This absence of PEGANaCI interaction will allow us, to

we have performed measurements of salt conductivity for several®xPlicitly relate the cross-diffusion coefficients to the

PEG-salt-water ternary systems, PEG20006{NaCl(2)—
water, PEG400 NaCl-water, and PEG4NaCl—water.
In all cases, we have observed that the rddlig/D, is

guantities without the use of ththermodynamicdiffusion
coefficients.
Description of the Cross-Term Diffusion Coefficient's

practically equal to the corresponding ratio of the ternary/binary Behavior. Because of the values of the chemical potential
salt conductancaJ/A,. These results show that in general for derivatives and of the thermodynamic diffusion coefficients, at
all the PEG-NaCl—water systems, and in particular for the case €@st in the concentration range<0¢; = 1.000 M, we can

of the PEG4-NaCl-water ternary system, see Table 4, as the "€Write €qs 7 as
PEG concentration increases, bdh, and salt conductivity

: : (D190 = (Lio
decrease with the same dependence on PEG concentration. The 1vo 1V0"11

salt diffusion coefficient depends not only on the mobility of

the ions but also on the thermodynamic properties of the system.

This is a very important difference with respect to the
conductance, which depends only on the mobility of the ions.
Since conductivity and salt diffusion have the same behavior

(Dio= (Lll)Ou-:Il-Z

with respect to the PEG concentration, we expect that the valueFor PEG4 chemical potentials we have

of uz, is essentially not changed by the presence of PEG.

Calculation of the Chemical Potential Derivatives.Our
significant observations on the conductivity and viscosity
properties of the system allow us to takh anduj, from the
availablé3 binary data. Using the values pf, andu,,, we
can determine the cross-chemical potential derivativgsand
ﬂ;y with a procedure suggested recently by some of us.

This procedure is based on the application of Euler's
condition:

ﬂIz(l - C2\72) - ﬂIlcl\_/z = ﬂgl(l - Cl\_/l) - ﬂgzcz\_/l (8
and the ORR:

‘L‘Il(D12)O - ﬂIZ(DZJ)O = ﬂ;Z(DZJ)O - #L(Dzz)o )

(10)
(Dapo = (Lzz)ouzl
(Do = (L22)0“;2

u; =S+ RTInc, + RTp] (11)

whereRTp; is the chemical potential excess. By differentiation

of ptI, we obtain the following expressions

:
My 1
RT o' i

. (12)
iz = ﬁT
RT P12

where

Be
B_ [Fi S —
Bi = (8(:]-) withi,j=1,2
Using eqs 10 and 12 we obtain for thB16)o and D21)o the
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following expressions 1.60
1.40 i
(D1go = (D11)o ]ﬂlz 11)0 ]ﬁlz (13) I
1ﬂ11 1ﬂ11 120 | ]
We can now analyze the experimental behavior®f), as a - I
function of ¢, using eq 13. This diffusion coefficient, which ~ «~2 190© ]
vanishes at zero PEG4 molar concentration, becomes and = i
remains positive at all the concentrations explored. As we can “® 080 ]
see from Figure 2, the value dD(;), increases up to; = 1.60 " i
mol dmr2 and then decreases when the concentration of PEG4 Q" 060 | ]
becomes larger. i
This behavior can be deduced from eq 13. Since Ifgth 0.40 | 1
andp;, are positive and roughly constayi( can be estimated I
asfy, = u5/RT — 1/c, andp], = u;,/RT), we can see that the 0.20 ]
second factor in eq 13 increases for small values aind then i
becomes roughly constant at high PEG4 concentration. Thus, 0.00 o
000 010 020 030 040 050  0.60

for small c;, the behavior of D15)o as a function ofc; is

determined by the second factor while at large PEG4 concentra-

tion it reflects the decrease dD{1)o. Figure 3. Main-term diffusion coefficienD,, as a function of the
In the case of the salt chemical potential, we can assume thatPEG volume fractiort,Vy: (@) curve 1, system PEG4@ENaCl(2)—~

the salt concentration is increased due to the excluded volumewater, and M) curve 2, system PEG 400(2NaCl(2)-water.

effect of PEG4 and that the salt chemical potential in the ternary

system is simply equal to the salt chemical potential in the the PEG4 hydrodynamic volumé&/; = 225.7 cni mol™1,

corresponding binary system at the effective concentratjon  obtained by diffusion analysis on the PE©4&ater binary

where? systeni®

cV

o= C (14) Further Comments on D;
1-Vc
ok Diffusion Coefficients with Different Solvent Choices.It
andV; is the “effective” salt excluded volume due to 1 mol of is interesting to discuss the diffusion coefficients referred to
PEG solvent choices other than water. Note that, in this section, the
. solvent choice will be indicated by a superscript on the diffusion
coefficients (not to be confused with the reference frame). In
1 2 a
u(cuey) = 1B(c) =12+ 2RTIn G, + RT% (15)  Table 2 we report the values & andDj. These quantities
can be obtained from the experlmenﬁf values and the

where 82" is the value offg calculated at the effective salt ~Partial molar volumes of all the components.

Thus we can write:

concentratiorcs. In this case we obtain Since pure PEG4 is a liquid and is completely miscible with
water, it is also appropriate to treat this component as solvent

ﬂT and examine some interesting results. Figure 3 shows the values
i S f the diffusi fficient®g, relative to the motion of wat
RT 1-cv\c = of the diffusion coefficient;, relative to the motion of water

171 (16) under the NaCl concentration gradient with PEG4 as solvent.
#21 CVy 2 B* Déz is always negative and presents a sharp minimum when
RT 1-V C1) c 22 reported as a function of;. It is interesting to analyze the

limiting behavior of this diffusion coefficient as the concentra-
tion of water goes to zero. By using the ternary density data it
is possible to obtain, by extrapolation, the density of the binary
VA system NaCHPEG4 at the salt concentratiotp),y = 0.4998

(D2o= Dy)s—c — 17) + 0.0008 mol dm?,

(1—Vicy) At zero water concentration, we calculate= 5.8513 mol
dm~3. The diffusion coefficienDg, must approach zero when

. " - the water concentration is zero and the experimental data show

concentration and positive over the range of experiments, but

decreases as the PEG4 concentration increases (see Figure 227'8. trgnd (see Elgure 3). The diffusion coefflcmﬁtl displays
As we can see from eq 17, the decreaseh) is related to S'r_n'l_ar behavior.

the corresponding decrease Bb§)o. We can also use eq 17 to It is important to rezmark that at; larger than 0.5 mol dn¥,
calculate the values of;. As we can see from Table 4, thg the PEG main ternDj, is negative! This is unusual, but not
values are always larger than tiievalues, which is consistent ~ Prohibited?* In fact, it can be shown that only the conditions
with the presence of a PEGvater preferential interaction and  T1 = Df; + D3, > 0 (trace) andr, = ||D|| (determinant) must
corresponding PEGsalt nonpreferential interactiohd343More- hold for stable diffusion, and that both and T, must be the
over, the difference betwean andV; decreases as increases.  same for all solvent choices, .6 = T: = T2andTo = T; =

This behavior is consistent with the corresponding decrease ofT2. As expected, our experimental results satisfy these condi-
water content inside the system. It is interesting to observe thattions, see Table 2 (these conditions do not hold in other reference
our excluded volume values (see Table 4) are comparable withframes if the driving forces arac;/dx).4*

and then

The cross-term diffusion coefficierbg,)o is finite at zero PEG4
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Figure 4. Cross term diffusion coefficient as a function @f

Diffusion Coefficients of NaCl in the “Mixed Solvent”
(PEG4—H-0). An attractive but dangerous way of describing
such a ternary system is to determine (experimentally) and to
report pseudobinary diffusion coefficients of NaCl with respect
to a mixed PEGwater solvent. In this last section we are going
to show that the salt transport properties are inaccurately
described by this misleading approach.

In an experimental scenario where only the salt transport

Vergara et al.
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Figure 5. Main-term diffusion coefficienD,, and NaCl pseudobinary
diffusion coefficientDa as a function ot;: (®) curve 1,D,,; (H) curve
2, Da.

Conclusion

We presented the transport properties of the ternary system
PEG4-NaCl-H,;0O, where both PEG4 and water can be
regarded as a solvent. We have shown that the diffusion
properties of an electrolyte in a mixed solvent can be properly
described only in the case where the four diffusion coefficients

properties are of interest, an initial gradient of NaCl concentra- gre available, i.e., the pseudobinary approximatjoalitatively

tion needs to be prepared. Due to both the mass balance andyjis to describe the electrolyte diffusion. Moreover, we used
the fluid incompressibility, a corresponding concentration gradi- the four diffusion coefficients to determine the dependence of
ent of the solvent can be calculated in a binary system. In a the chemical potentials as a function of solution composition.
ternary system, where two components are considered as solutesyje demonstrated that the two cross-diffusion coefficients are
this is not possible. However, the ratio between the concentra- girectly related to the equilibrium properties of the system for
tions of the two solvents, consistently with the pseudobinary NaCl in aqueous PEG solutions and interpreted them by taking

condition, can be fixed from the ratio between their initial
gradients:

i = ﬁ) (18)

c, Ag

Equation 18 allows us to determine the three concentration
gradients occurring in a ternary system. The pseudobinary
diffusion coefficientDa4 is defined in terms of the eigenvalues
A1 and, of the ternary diffusion coefficient matixX

1 1 1
—— =T+
NCRE /s

The weightd'; andT’; (I'y + ', = 1)“ can be easily calculated
from the initial gradients (represented by the; values) and
the available refractive index increments,

We calculate the pseudobinary diffusion coefficiebis The
results forDa obtained with eq 19 are reported in Figure 5.
The difference observed between the behavio®-gfandDa
as functions ot; are quite significant. As we can see from the
figure, Dy, decreases sharply whenincreases. On the contrary,

(19)

into account excluded volume concepts and the presence of
PEG-NaCl nonpreferential interactions.
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Appendix

Rayleigh fringes reflect the refractive index distribution in
the diffusion cell, and their positions shift as the boundary is
traversed. This results from the change in refractive index with
vertical position in the diffusion channel, compared to the
refractive index of water or a solution of uniform composition
in the reference channel. Since concentration differences in the
diffusion channel are small in our experiments, a truncated
Taylor series expansion of the refractive index around the mean
concentration is adequate to relate refractive index to concentra-
tion, and yields for a ternary system

n=n+R(C,—C)+RY(C,— C) (A1)

where n is the refractive index at position xC; is the

Da first increases and then decreases toward a value that is aboutoncentration of soluté at position x, C; is the average

four times larger than the correspondibg, value. Thus, we
conclude that the pseudobinary approgcialitatively fails to
describe the salt diffusion properties in the mixed solvent.

concentration of solute n is the refractive index at the mean
concentrations, ang, is the refractive index increment of solute
i. The bar denotes mean concentrations of the given experiment.
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For the usual case where tly matrix has distinct eigen-  pair calculations. Note that bof(j) andx; are negative for all
values, substitution of the appropriate solution of Fick’s law j < J/2, so signs can be reversed for programming purposes.

for free diffusion boundary conditions into eq Al yields It is convenient to define a “reduced fringe positioy”as
o [2i=3\ _[n=n|_ S SX %
f(l) = (—J ) = (An/2) = 1“1 erf(;llz) + I“z erf(2t—1/2 yJ = ;1/2 (A13)
(A2)

Thisy; is independent of the corrected time (i.e., should be the
wheref(j) is the reduced fringe number amds the distance ~ same for all exposures) for a givgnFor a given, if there is
from the center of the boundary and is positive downward. The @ large deviation of; in one pattern from the averaggof all
difference in refractive index across the boundawy, is related ~ the patterns, it signifies an error in reading a fringe position.

to J by Consequently, that can be discarded and the remainifg
re-averaged. Since we have only 9 or 10 exposures, we actually
An= (JAMla) = RAC, + RAC, (A3) use all individual values ofy; after any such outliers are
discarded.
wherel is the wavelength of the light. ThE coefficients are The averagey is the representative position for thatThe

independent of the boundary conditions, and their expressionsset of averagg, values for allj values thus forms a representa-
are given below. Since thB appear as ratios in subsequent tive Rayleigh pattern. Use of this representative pattern will be

equationsi/a in eq A3 need not be determined. essential with automated data acquisition, which could yield
For the distinct eigenvalues case the equivalent of 20 to 1000 exposures.
For the least-squares analysis of data, eq A2 can be rewritten
Fl + Fz =1 (A4) as
andT can be written as f()) = (@+ boy) erf(syy) + (1 — a — boy) erf(sy) (Al4)
I''=a+ ba, (A5) The four least-squares parameters arb, s;, ands,.
Equation Al4 refers to a given fringe in a given exposure in
where a given experiment, for which the experimental quantities are
RAC G, X Xg-p, 1), taking into account eqs Al2 and Al13. The
o= (—') (A6) quantitiesJ anda; are experimental quantities associated with
1 .
RAC; + RAC, each experiment.
Finally the quantities, b, s, ands, and theD; calculated
aandb are the following functions of both th; andR from them are derived quantities associated with the combined
set of experiments. Althoughy, s;, ands, can be obtained by
$D — D,, — D;,(R/R,) least squares from a single experiment,atendb (andR; and
a= D(sf _ i) (A7) R, as well) cannot be obtained without data from two or more
experiments with differeng; values, i.e., from two or more

different AC/AC; ratios.
(A8) The four diffusion coefficients can be determined franb,
s, ands; by using the equatioA% >0

D22 + Dlz(Rl/Rz) - D11 - D21(R2/R1)

D(S — )

and D is the determinant of the diffusion coefficient matrix. (a+b)(1—as—a(l—a—b)s
Thes are functions only of th®j;, are related to the eigenvalues 1= b ﬁ i (A15)
A; of the Dj matrix, and are given by
(D, + D,,) — [(Dy; + D,,)? — 4D _[(-RJR)(S — )a(l — @)
A= (A9) 127 (A16)
2 bs s,
2 1/2
i ((Dn+ D,) + [(Dy; + D, — 4D] ) A10) o _[CRRIE-Sarpa-a-b)
2 21
bs's;
=1/ A1l
3 ' (A1) _[@+b(l-a$—al-a-bs L8
From eq A2 it is seen thd(j) = f(J — j) andx = —xj—j). 227 bﬁé (A18)

These are the two x-positions of a Creeth pair, and their

difference is twice for each one. Consequerify and We note that if the eigenvalues of the diffusion coefficient

o . matrix are exactly equal or nearly equal, then a different analysis
% = w (A12) will be required.
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