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ABSTRACT: The electromotive force of the cell containing two ion-selective electrodes (ISEs), Na−ISE|NaBF4 (m), PEG4000
(Y), H2O (100 − Y)|BF4−ISE, has been measured at temperatures of (288.15, 298.15, and 308.15) K as a function of the weight
percentage Y of PEG4000 (poly(ethylene glycol) 4000) in a mixed solvent. Y was varied between (0 and 25) % in five-unit steps,
and the molality of the electrolyte (m) was between ca. (0.04 and 7) mol·kg−1. The values of standard electromotive force were
determined using routine methods of extrapolation, together with Debye−Hückel and Pitzer equations. The results obtained
produced good internal consistency for all of the temperatures studied. Once the standard electromotive force was determined,
calculations were made of the mean ionic activity coefficients for NaBF4, the Gibbs energy of transfer from the water to the
PEG4000−water mixture, and the primary NaBF4 hydration number.

1. INTRODUCTION
Experimental values of activity coefficients of electrolytes in salt
+ water + polymer systems are important in studies oriented to
the prediction of the liquid−liquid equilibrium of aqueous two-
phase systems (ATPS's).1−5 In addition, they are relevant to the
development of thermodynamic models and for the design,
operation, and optimization of separation processes that involve
ATPS's.2,3,6,7

Activity coefficients are normally determined via one of two
methods: electromotive force (emf) measurements of galvanic
cells or isopiestic vapor pressure measurements. With the first
method the determination is direct, while with the second
method water activity is determined experimentally (the
osmotic coefficient). The Gibbs−Duhem equation may also
be used to obtain the value of the electrolyte activity
coefficient.8−14

Owing to the lack of bibliographic information on mean ionic
activity coefficients of electrolytes in poly(ethylene glycol)
(PEG) + H2O, previous works15−25 have studied systems
containing (NaCl, LiCl, KCl, NaNO3) + PEG4000 + H2O at
temperatures of (288.15, 298.15, and 308.15) K, using an
experimental methodology (measurement of the electromotive
force, emf, of electrochemical cells containing two ion-selective
electrodes without transport).
In this report, we present the corresponding study for a

system of NaBF4 + PEG4000 + H2O. Since various salt beds in
northern Chile contain boron, a fact which has driven our
interest in studying the properties of some systems that contain
boron compounds in recent years,26,27 the current study was
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Table 1. Experimental Electromotive Force E and Mean Ionic Activity Coefficients γ at Different NaBF4 Molality and PEG4000
wt % in the PEG4000−Water Mixture at (288.15, 298.15, and 308.15) K

m −E m −E m −E

mol·kg−1 mV γ mol·kg−1 mV γ mol·kg−1 mV γ

288.15 K
0 wt % 5 wt % 10 wt %
0.0052 61.4 0.9152 0.0047 58.1 0.8965 0.0056 69.3 0.8927
0.0250 133.5 0.8439 0.0191 122.7 0.8408 0.0184 124.2 0.8406
0.0649 176.3 0.7889 0.0464 163.1 0.7990 0.0465 166.0 0.7932
0.1308 206.4 0.7301 0.1135 202.3 0.7373 0.0991 199.6 0.7473
0.2120 226.3 0.6807 0.2150 229.6 0.6853 0.1739 223.0 0.6917
0.3616 247.8 0.6233 0.3579 250.2 0.6311 0.2534 238.6 0.6561
0.4929 259.8 0.5866 0.5059 264.6 0.6020 0.3988 257.1 0.6117
0.6851 272.3 0.5469 0.7064 276.1 0.5472 0.6509 276.2 0.5570
0.9767 284.9 0.4982 1.0036 288.8 0.5013 0.9886 291.0 0.4985
1.2928 294.7 0.4612 1.4352 300.9 0.4505 1.4585 304.1 0.4434
1.8344 305.8 0.4092 1.9395 310.7 0.4085 2.0680 315.2 0.3936
2.6303 317.2 0.3615 2.6458 320.0 0.3631 2.7773 323.9 0.3511
3.6518 326.8 0.3177 3.4425 328.4 0.3322 3.6028 331.5 0.3168
4.7942 334.6 0.2845 4.5053 335.3 0.2929
6.3720 342.0 0.2496
15 wt % 20 wt % 25 wt %
0.0045 60.0 0.9216 0.0040 61.3 0.9264 0.0057 78.3 0.8877
0.0164 117.9 0.8321 0.0132 112.3 0.8145 0.0180 129.4 0.8078
0.0396 158.0 0.7921 0.0351 156.2 0.7607 0.0470 172.6 0.7569
0.0797 188.5 0.7414 0.0670 185.2 0.7265 0.0928 202.8 0.7180
0.1501 216.5 0.7034 0.1349 214.9 0.6680 0.1643 227.6 0.6778
0.2566 239.0 0.6563 0.2395 239.2 0.6226 0.2734 249.3 0.6390
0.4234 259.2 0.6047 0.4081 260.3 0.5660 0.4734 271.3 0.5825
0.7238 279.4 0.5378 0.7165 281.6 0.5015 0.7534 289.2 0.5305
1.1059 295.5 0.4915 1.0796 296.4 0.4524 1.1112 303.5 0.4839
1.5299 306.6 0.4473 1.6471 310.7 0.3989 1.6706 317.3 0.4285
2.0039 315.1 0.4073 2.3906 322.2 0.3489 2.2348 326.2 0.3853
2.6568 323.4 0.3649 3.2153 330.4 0.3075 2.9943 335.0 0.3451
3.4891 331.1 0.3260

298.15 K
0 wt % 5 wt % 10 wt %
0.0042 43.1 0.8993 0.0116 97.7 0.8636 0.0182 −122.4 0.8455
0.0155 107.2 0.8723 0.0378 153.7 0.8070 0.0437 −162.8 0.7869
0.0447 157.3 0.8147 0.0843 190.2 0.7466 0.0927 −197.1 0.7328
0.0986 193.4 0.7569 0.1607 218.6 0.6885 0.1576 −220.6 0.6872
0.1846 221.1 0.7004 0.2696 240.9 0.6389 0.2906 −247.3 0.6334
0.3550 249.1 0.6349 0.4034 257.8 0.5970 0.4886 −269.0 0.5794
0.6032 271.2 0.5794 0.5966 273.8 0.5546 0.8332 −290.2 0.5175
0.9718 289.8 0.5202 0.9103 290.4 0.5053 1.2407 −305.4 0.4699
1.4410 304.7 0.4715 1.3270 304.5 0.4585 1.7975 −318.6 0.4215
1.9872 316.2 0.4296 1.9622 318.5 0.4094 2.4562 −328.9 0.3784
2.9231 329.1 0.3773 2.8064 330.9 0.3661 3.5040 −340.4 0.3332
3.9055 338.6 0.3410 3.7041 339.7 0.3303
5.3721 348.2 0.2999
7.1339 357.0 0.2689
15 wt % 20 wt % 25 wt %
0.0167 122.2 0.8336 0.0097 99.3 0.8392 0.0090 99.3 0.8322
0.0491 172.0 0.7620 0.0220 137.5 0.7869 0.0217 139.6 0.7729
0.0943 201.6 0.7138 0.0385 164.6 0.7692 0.0364 164.4 0.7529
0.1718 228.3 0.6655 0.0617 186.0 0.7342 0.0595 186.9 0.7187
0.2850 250.3 0.6206 0.0995 208.1 0.7061 0.0795 200.6 0.7069
0.5085 274.2 0.5591 0.1505 226.6 0.6745 0.1217 220.0 0.6786
0.8638 295.2 0.4993 0.2098 241.5 0.6501 0.1714 235.0 0.6485
1.3385 312.7 0.4560 0.3807 267.4 0.5989 0.2672 254.4 0.6114
1.8967 324.7 0.4083 0.5001 278.3 0.5661 0.4270 274.3 0.5680
2.7502 337.1 0.3602 0.7633 295.3 0.5197 0.7315 296.2 0.5120
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carried out between (288.15 and 308.15) K to approximate
local conditions in this region where the annual temperature
varies between (5 and 40) °C.

2. EXPERIMENTAL SECTION

Sodium tetrafluoroborate (Aldrich pro analysis, 98 %) was
vacuum-dried at 330 K for 2 days before use. It was then stored
over silica gel in desiccators and used without further
purification. Analytical grade (Fluka) PEG, with an average
molar mass of 4000 and a minimum purity of 99 % was also
used without further purification.
For each set of experiments (corresponding to a wt % of

PEG4000), working solutions were obtained by adding
successive known masses of solid NaBF4 to a previously
prepared solution of PEG4000 and bidistilled water (κ·10−6

S·cm−1). The uncertainties in the electrolyte molality and PEG
wt % were ± 0.0003 and ± 0.02, respectively. The solutions
were continually stirred with a magnetic stirrerm and the
temperature was controlled at ± 0.03 K. The cells, apparatus,
and temperature control system as well as the measurement

procedure employed in the present study have been described
previously.16−18,23

3. RESULTS

Mean ionic activity coefficient values for NaBF4 in PEG4000−
water mixtures were determined from the emf measurements of
the following bi-ISE (ion-selective electrode) cells without
transference:

− |

− | −

m Y

Y

Na ISE NaBF ( ), PEG4000( ), H O

(100 ) BF ISE
4 2

4 (1)

In these cells, m is the molality of NaBF4 (moles of NaBF4/
kilograms of mixed solvent) in the working solution of mixed
solvent and Y the wt % of the PEG4000 in the mixture.
Applying the Nernst−Nikolsky equation,28,29 the following

expression is obtained:

= * − γE E k m2 log0
(2)

Table 1. continued

m −E m −E m −E

mol·kg−1 mV γ mol·kg−1 mV γ mol·kg−1 mV γ

15 wt % 20 wt % 25 wt %
3.6695 346.2 0.3234 1.2804 315.3 0.4608 1.2035 315.4 0.4556

2.2333 335.2 0.3921 1.8862 331.4 0.3993
3.2409 346.7 0.3395 2.7887 344.4 0.3496
4.3871 356.8 0.3065 3.8619 354.7 0.3097

308.15 K
0 wt % 5 wt % 10 wt %
0.0088 79.2 0.8684 0.0090 80.0 0.8181 0.0064 62.6 0.8004
0.0263 134.0 0.8425 0.0239 129.2 0.8063 0.0190 117.4 0.7824
0.0544 169.3 0.8130 0.0502 166.5 0.7948 0.0478 163.8 0.7684
0.1091 202.1 0.7682 0.1087 203.4 0.7544 0.1027 200.5 0.7323
0.2028 230.8 0.7235 0.1955 230.7 0.7148 0.2000 231.6 0.6898
0.3526 255.8 0.6780 0.3587 258.2 0.6665 0.3788 260.9 0.6452
0.6151 280.4 0.6281 0.6046 281.0 0.6169 0.6359 284.2 0.6056
0.9257 297.6 0.5838 0.9570 300.6 0.5714 0.9816 302.5 0.5607
1.4079 314.8 0.5370 1.4768 318.2 0.5221 1.5745 321.8 0.5095
2.0936 330.2 0.4877 2.2375 334.3 0.4718 2.3092 336.5 0.4628
2.8551 342.1 0.4512 3.0957 345.8 0.4268 3.1206 347.0 0.4204
3.9412 353.5 0.4083 4.3075 357.6 0.3862 4.2245 357.8 0.3834
5.0621 362.5 0.3789
7.0063 374.0 0.3426
15 wt % 20 wt % 25 wt %
0.0091 88.3 0.8346 0.0078 84.9 0.8206 7.6275e-3 87.3 0.8043
0.0276 142.3 0.7902 0.0212 131.6 0.7506 0.0206 134.4 0.7464
0.0503 172.2 0.7756 0.0415 163.5 0.7153 0.0535 180.3 0.7041
0.0999 204.5 0.7339 0.0850 197.5 0.6778 0.0935 206.6 0.6730
0.1923 235.9 0.7037 0.1340 218.9 0.6526 0.1925 240.5 0.6336
0.3752 265.5 0.6428 0.2106 239.7 0.6229 0.3873 272.2 0.5847
0.6451 288.8 0.5891 0.2928 254.9 0.6030 0.6721 295.9 0.5352
1.0363 308.8 0.5418 0.3958 269.2 0.5896 1.0604 314.9 0.4915
1.5064 323.7 0.4985 0.5397 282.7 0.5627 1.6592 332.4 0.4419
2.1752 337.6 0.4528 0.7927 299.1 0.5277 2.3647 345.8 0.4028
3.2823 352.0 0.3975 1.1354 313.7 0.4899 3.2989 357.2 0.3607

1.5962 327.9 0.4597
2.0685 337.9 0.4312
2.7328 348.0 0.3975
3.5266 356.9 0.3665
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where E is the emf of the cell, k = (ln10)RT/F is the Nernst
theoretical slope, and m and γ are the molality and
stoichiometric mean ionic coefficients of NaBF4. E

0* is the
apparent standard potential (molal scale) of the cell and
contains the potential of asymmetry of both selective
electrodes. It has been verified previously23,24 that these
asymmetric potentials are small, independent of the solvent
composition, and remain practically constant during the period
of time that this type of study lasts.
Table 1 shows E values for different temperatures and

different mixtures of PEG4000−water as a function of NaBF4
molality. Since the activity coefficients of NaBF4 in pure water
are known for each temperature, the values of E that appear in
Table 1 for 0 wt % of PEG4000 allow the calibration of the
electrode system using eq 2. These were obtained based on the
thermodynamic data reported by Galleguillos et al.33

A very good linear relationship is obtained when E versus −2
log mγ is plotted at each temperature studied. The k values
obtained, when applying a least-squares regression analysis to
the previous plots, were (55.51 ± 0.06, 58.01 ± 0.04, and 59.17
± 0.09) mV at (288.15, 298.15, and 308.15) K, respectively,
with correlation coefficients greater than 0.9999 in all cases.
The standard deviations were (0.10, 0.13, and 0.14) mV at
(288.15, 298.15, and 308.15) K, respectively. These values are
more than acceptable levels for a system containing two ISEs.
In these calculations it has been assumed that kNa ≅ kBF4 ≅ k ≅
(kNa + kBF4)/2.
Once the electrodes have been calibrated and found to be

operating correctly, the next important step is to determine E0*
for each temperature studied. The determination of E0* was
carried out following a method similar to that proposed by
Hitchcock30 and using the extended Debye−Hückel and Pitzer
equations to represent the dependency of log γ on

concentration. For 1:1 electrolytes, these equations may be
written as the following. The extended Debye−Hückel
equation is:31

γ = −
+

+ +

− + +

A m
Ba m

cm dm

mM

log
1

log(1 0.002 ) Ext

2

(3)

with a the ion size parameter, c and d the ion-interaction
parameters, M the average molecular mass of the mixed solvent,
and Ext the contribution of the extended terms. A and B are the
Debye−Hückel constants given by:

= · ρ ε · −A T1.8247 10 /( ) kg mol6 1/2
r

3/2 1/2 1/2
(3a)

= ρ ε · ·− −B T50.2901 /( ) kg mol Å1/2
r

1/2 1/2 1/2 1
(3b)

where ρ, εr, and T stand for the density, permittivity relative
(static dielectric constant) of the solvent, and the temperature,
respectively. The Pitzer equation is:32

γ = + +γ γ γf B m C mln 2
(4)

where

= − + +

+

γ
ϕf A m bm b

bm

/(1 ) (2/ )

ln(1 )

1/2 1/2

1/2
(4a)

= β + β α − + α

− α − α

γB m m

m m

2 (2 / ){1 (1

/2)exp( )}

0 1 2 1/2

2 1/2
(4b)

=γ ϕC C3 /2 (4c)

Table 2. Summary of Both Standard emf and the Parameter Values Obtained from the Debye−Hückel and Pitzer Equations, for
Different PEG4000−Water Mixtures at (288.15, 298.15, and 303.15) K

E0* a c d σa E0* β(0) β(1) Cγ σa ⟨E0*⟩

wt % mV Å kg·mol−1 kg2·mol−2 mV mV kg·mol−1 kg·mol−1 kg2·mol−2 mV mV

Debye−Hückel Parameters Pitzer Parameters
288.15 K

0 −320.02 3.02 −0.0378 −0.00368 0.14 −319.24 −0.0416 0.1586 0.00500 0.32 −319.63 ± 0.55
5 −321.94 4.65 −0.0678 0.00425 0.27 −321.92 −0.0510 0.3964 0.00966 0.24 −321.93 ± 0.01
10 −325.03 5.45 −0.0761 0.00338 0.17 −325.21 −0.0590 0.5693 0.01459 0.16 −325.12 ± 0.12
15 −324.68 6.20 −0.0590 −0.00521 0.10 −325.10 −0.0419 0.7952 0.00965 0.10 −324.89 ± 0.30
20 −330.78 5.17 −0.0578 0.00032 0.15 −331.13 −0.0193 0.6829 0.00317 0.18 −330.95 ± 0.25
25 −333.22 6.86 −0.0489 −0.01652 0.23 −333.61 −0.0430 1.1192 0.01527 0.15 −333.42 ± 0.25

298.15 K
0 −321.21 3.56 −0.0369 0.00224 0.21 −324.13 −0.0224 0.1749 0.00200 0.20 −324.17 ± 0.05
5 −329.63 3.77 −0.0422 0.00347 0.12 −329.44 −0.0189 0.2656 0.00263 0.09 −329.53 ± 0.13
10 −332.54 5.03 −0.0564 0.00214 0.11 −332.63 −0.0308 0.5464 0.00765 0.13 −332.59 ± 0.06
15 −337.74 5.88 −0.0521 −0.00413 0.08 −337.74 −0.0280 0.8409 0.00909 0.14 −337.58 ± 0.22
20 −341.38 7.31 −0.0420 −0.02475 0.16 −342.39 −0.0322 1.2030 0.01165 0.19 −341.88 ± 0.71
25 −344.89 7.38 −0.0425 −0.02971 0.15 −346.48 −0.0119 1.2759 0.00850 0.31 −345.69 ± 1.13

308.15 K
0 −329.44 4.87 −0.0253 −0.00054 0.19 −328.82 −0.0128 0.4425 0.0016 0.29 −329.13 ± 0.44
5 −331.73 5.69 −0.0287 −0.00315 0.13 −331.33 −0.0108 0.6152 0.00255 0.15 −331.53 ± 0.28
10 −332.78 6.98 −0.0170 −0.01646 0.17 −333.41 −0.0038 0.9390 0.00297 0.17 −333.09 ± 0.45
15 −337.88 7.88 −0.0003 −0.04211 0.08 −338.87 0.0056 1.3341 0.00318 0.09 −338.38 ± 0.70
20 −342.12 8.81 0.0145 −0.09196 0.20 −345.40 0.0120 1.8023 0.00804 0.31 −343.76 ± 2.32
25 −346.88 10.08 0.0418 −0.19940 0.47 −348.71 −0.0555 2.5537 0.04039 1.22 −348.30 ± 2.00

aσ = [∑(Eexptl − Ecalcd)2/(N − n)]1/2 where N is the number of experimental points and n is the number of adjustable parameters.
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In these equations α and b are assumed to be constant with
values of 2.0 and 1.2 kg1/2·mol−1/2, respectively, both in water
and in PEG4000−water mixtures; Aϕ is the Debye−Hückel
constant for the osmotic coefficients defined by:

= · ρ ε ·ϕ
−A T1.4006 10 /( ) kg mol6 1/2

r
3/2 1/2 1/2

(4d)

where all symbols having their usual meaning. β0, β1, and Cϕ are
solute-specific interaction parameters.
By combining eqs 2 and 3 or 2 and 4, the values of E0* can

be optimized in accordance with the different models used and
with the characteristic interaction parameters of each model. In
Table 2, these values are presented along with the
corresponding standard deviation of the fit.

4. DISCUSSION
As can be observed in Table 2, the values of E0* obtained with
the studied models are in good agreement, and the standard
deviations of the adjustments are also comparable. The two
models require the same number of adjustable parameters. It
was observed that for the different PEG−water mixtures that
parameter a of the extended Debye−Hückel equation has
higher values than those obtained in pure water. This behavior
is verified at all three studied temperatures and is possibly due
to the entry of PEG4000 molecules in the solvation sphere of
ions, replacing the water molecules.
The values of β0, β1, and Cγ obtained in the fit using the

Pitzer model are outlined in Figure 1 versus the reciprocal value

of the relative permittivity of the PEG4000−water mixture, for
the three studied temperatures. It can be seen in this figure that
the parameters generally present a linear tendency with 1/εr
and that NaBF4 follows similar behavior to that observed with
previous work.15−18

The average values for E0*, which appear in the last column
of Table 2, were calculated considering the studied models.
These average values were used for calculating the mean ionic
coefficients γ, which are shown in Table 1 for the different
molality values of NaBF4 and the percentage weight of
PEG4000 at the three studied temperatures. Figure 2 shows
log γ versus m1/2 for the three temperatures and for the six
studied weight fractions of PEG4000. It can be observed that,
for a fixed concentration of NaBF4, the log γ values decrease
with the increase of PEG4000, following a similar behavior to
that observed with NaNO3 in the PEG4000 + H2O mixture.18

In accordance with the preceding behavior, it can be assumed
that the ion−ion interactions are much more significant than
the ion−solvent interactions when the PEG4000 concentration
increases.
The standard Gibbs energy of transfer, ΔGt

0, is defined as the
difference between the standard Gibbs energy per mole of
electrolyte in a pure solvent, usually water, in another pure or
mixed solvent. It uses the values of E0* to measure the change
in the total energy of the solute when it is transferred from one
solvent in accordance with the expression:

Figure 1. Plot of Pitzer parameters, ○, β0; □, β1; △, Cγ; for NaBF4 in PEG4000 + water mixtures as a function of the inverse of the relative
permittivity at T/K: 288.15 (a), 298.15 (b), and 308.15 (c).

Figure 2. Plot of log γ vs m1/2 for NaBF4 in PEG4000 + water and PEG4000 different wt %: ○, 0; ●, 5; ■, 10; ▲,15; ▼, 20; ◆, 25; at T/K: 288.15
(a), 298.15 (b), and 308.15 (c).
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Δ = − −

= − − − −* *
G zF E E

zF E E E E

( )

[( ) ( )]
t
0

s
0

w
0

s
0

w
0

s
asym

w
asym

(5)

where E0, E0*, and Easym correspond to standard potential,
apparent standard potential, and the asymmetry potential (εNa

asym

+ εBF4
asym), respectively. Subscript s refers to mixed solvent and w

to water. All other symbols have their usual meaning. As
mentioned above, in our case, Easym is a constant value, small
and independent of the composition of the solvent which
allows us to state that (Es

asym + Ew
asym) is negligible compared

to (Es
0* − Ew

0*), and thus eq 5 may be used without any
problems.
Table 3 contains the values of ΔGt

0 calculated for each
temperature. In all cases an increase in the standard Gibbs

energy of transfer is observed with the increase of PEG4000 in
the mixture, which would indicate a decrease in solvation of the
electrolyte in the mixture. This seems to be related to an
increase in the hydration of the PEG4000.24

As we have no primary hydration number from the Feakins
and French equation,34 an alternative is to make an estimation
of the primary hydration number of the electrolyte based on the
dependency that exists between the standard electromotive
force of the cell and the logarithm of the mass fraction of water
in the mixture, in accordance with:

Δ = − ≅ − =* *E E E E E n k wlog0
s
0

w
0

s
0

w
0

hydr (6)

Figure 3 shows the relationship between ΔE° vs −k log w,
where excellent linear correlations can be observed for all cases.
The values found for nhydr were 1.9 (r = 0.987), 3.3 (r = 0.994),
and 2.2 (r = 0.995) at temperatures of (288.15, 298.15, and
308.15) K, respectively, the variability of the hydration number

with temperature may be due to the effect of the values of ΔGt
0

calculated for each temperature. The average value of (2.5 ±
0.4) Å is similar to those found for NaClO4 (2.1) and KI (2.9),
both having an a-value of 4 Å, approximately.31

5. CONCLUSIONS

Using the bi-ISE cell Na−ISE|NaBF4 (m), PEG4000 (Y), H2O
(100 − Y)|BF4−ISE, we have determined the mean ionic
activity coefficients of NaBF4 in water at (288.15, 298.15, and
308.15) K from emf measurements. A good fit of the
experimental data was obtained with the equations of Pitzer
and Debye−Hückel.
Excellent behavior of the electrodes used, in spite of the

broad range of concentrations employed in the study, is
observed.
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(33) Galleguillos, H. R.; Hernańdez-Luis, F.; Graber, T. A.; Morales,
J. W. Activity coefficients of NaBF4 in aqueous solution. J. Chem.
Thermodyn. 2007, 39, 1632−1636.
(34) Feakins, D.; Frenchn, C. M. Standard potentials in aqueous
organic media: A general discussion of the cell H2(Pt)|HCl|AgCl-Ag. J.
Chem. Soc. 1957, 2581−2589.

Journal of Chemical & Engineering Data Article

dx.doi.org/10.1021/je201074x | J. Chem. Eng.Data 2012, 57, 500−506506


