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Viscosity of Aqueous Electrolyte Solutions at High Temperatures and High
Pressures. ViscosityB-coefficient. Sodium lodide
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Institute for Geothermal Problems of the Dagestan Scientific Center of the Russian Academy of Sciences, 367003 Makhachkala,
Shamilya Str. 39-A, Dagestan, RussiaAzerbaijan State Oil Academy, Baku, 370601, Azerbaijan

The viscosity of seven (0.062, 0.166, 0.456, 0.552, 1.754, 3.062, and 4.70Rymdiinary aqueous Nal solutions

has been measured with a capillary-flow technique. Measurements were performed at pressures up to 30 MPa.
The range of temperature was from (298 to 575) K. The total uncertainty of viscosity, pressure, temperature, and
composition measurements was estimated to be less than 1.6 %, 0.05 %, 15 mK, and 0.015 %, respectively. The
effect of temperature, pressure, and concentration on viscosity of binary aqueous Nal solutions was studied. The
measured values of the viscosity of Nal(aq) were compared with data, predictions, and correlations reported in
the literature. The viscosity data have been analyzed and interpreted in terms of the extendeDdlereguation

for the relative viscosityf/no) of strong electrolyte solutions to accurately calculate the values of the viscosity

A- andB-coefficients as a function of temperature. The derived values of the vis@esityd B-coefficients were
compared with the values calculated from the Falkenha@ee theory and ioni®-coefficient data, respectively.

The physical meaning parametéfsand E in the Eyring’s absolute rate theory of viscosity, the hydrodynamic
molar volumeVy (effective rigid molar volume of salt) in the extended Einstein relation for the relative viscosity,

and the Arrhenius Andrade parametes andb = E4/R (whereE, is the flow activation energy) were calculated

using the present experimental viscosity data. The effective presBumhse to the salt (Nal) in water were
calculated from the present viscosity measurements by using the TTG model. The predictive capability of the
various models for viscosity electrolyte solutions has been tested.

Introduction important cation) of many aqueous fluids (natural fluids). Thus,
there is great practical interest in the thermodynamic and

Transport properties (viscosity, electrical and thermal con- tansport properties of aqueous salt solutions at high tempera-
ductivities, diffusivity) of aqueous electrolyte solutions in awide a5 and high pressures.

range of solute concentrations and solution temperatures and The vi itV of el | luti is al f h
pressures are of fundamental importance for the understanding e viscosity of electrolyte solutions s aiso of researc

of various physicochemical processes occurring in the chemical'me"?St gec?use ofbthe Iong-r:nge electrostatic |n(tjeract|ons
industry and in the natural environment, for example, crystal- (Coulombic forces) between iofis:* Temperature and con-

lization, osmotic desalination, wastewater treatment, pollution centration dependencies of the viscosity of aqueous electrolytes

control, oil recovery, heat and mass transfer, fluid flow, mineral SO'P“O“S are crucial aIsp for understand.lngmlve.nt (sol-
transport and deposition, corrosion, electrometrical energy Y2tion) and long-range icrion electrostatic interactions. Ac-
storage devices, portable energy systems (rechargeable batterieg,urate_' viscosity _data_are needed to _calcu_late th_e _Phys'ca'
lithium-ion cells), electrochemical technology, and so férth, ~ Meaning of the viscositj- and B-coefficients in the limiting

In many applications (chemical engineering and geochemistry), |2 ©f viscosity and extended JoreBSole viscosity equation,
these processes occur at high temperatures and high pressurefeSPectively. Furthermore, the Jord3ole viscosity B-coef-
Aqueous solutions are present at high temperature and highf'c'em is important in th_e descrl_pthn and understanding of the
pressure in deep geological formations. Aqueous systems at higtstructure and destruction of ionic processes, for example,
temperatures also arise in steam-power generation, geothermagolvation effects of cations and aniohs? The variations of
power plants, hydrothermal synthesis, seawater desalinationtn® Solvational properties are reflected in the viscosty
processes, and other industrial operations. The oceans andC€fficients of ions. The theory predicts only the values of the
undergroundwaters are the largest reservoirs of aqueous elecViscosityA-coefficient of electrolyte solutions at infinite d|Iut_|on
trolyte solutions at high temperatures and high pressures.(M — 0) (Falkenhagen and Ddf. To accurately determine
Groundwaters encountered in deep wells drilled in crystalline the higher-degree viscosity coefficients (e8:,andD- coef-
rocks also commonly are highly saline brines in whichtNe ficients) in the extended JoneBole equation, reliable and very

the dominant cation. Nais one of the dominant cations (most &ccurate viscosity data for electrolyte solutions at a high
concentration range are required. Theoretical mod&liggé20
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Table 1. Summary of the Viscosity Measurements for Aqueous Nal Solutions

uncertainty temperature pressure concentration

first author methodl % K MPa motkg~t
Goldsack®22 ov n.a. 298-328 0.1 0.5-3.0
Kacperska? Ub 0.02 288-313 0.1 0.271.07
Taniewska-Osinsk&31
Sah#’ ov n.a. 298 0.1 0.0973.48
LengyeP4 ov n.a. 283-313 0.1 1.147211.286
Satol#? oV n.a. 296 0.1 0.4854.35
Desnoyer® Ub 0.01 298 0.1 0.02540.6808
Dunlop?® ov 3.6 298 0.1 0.292.65
ICT32 n.a. 283-333 0.1 0.5-8.0
Ebergs Ub n.a. 293-363 0.1 8.0
This work CVv 1.6 298-575 0.1-30 0.062-4.700

aCV: capillary viscometer; OV: Ostwald-type viscometer; Ub: Ubbelohde-type viscometer; n.a.: no uncertainty given in source reference.

Literature Review. ExperimentA literature survey revealed  viscosity of Nal(aq) solutions at temperatures between (288 and
that the number of measurements reported for the viscosity of 313) K and at concentrations from (0.27 to 1.07) rkgt™. The
aqueous Nal(aq) at atmospheric pressure cover very limitedauthors claimed that the uncertainty of the derived values of
ranges of temperature (up to 363 K) and concentration. In Table relative viscosity was about 0.02 %. The reported viscosity data
1, a summary of all viscosity measurements for Nal(aq) is were used to calculate the viscosiy and B-coefficients in
presented. A survey of the literature reveals the lack of reliable the JonesDole equation at 298 K. Zaytsev and Ase$ev
experimental viscosity data for Nal(aq) solutions at high presented available experimental viscosity data for aqueous Nal
temperatures and high pressures (see Table 1). Furthermore, theolutions in the temperature range from (273 to 373) K and at
scatter of the reported data at atmospheric pressure is quite largeoncentrations from (0.74 to 11.4) rmikog~! at atmospheric
(up to 20-30 %, especially at high concentrations) and exceeds pressure by the following correlation equation
the quoted mutual uncertainties of the authors. Here, the
published data are briefly reviewed. Most reported experimental l0gyo7 = 10,5770 + (0.0064+ 0.0000558 1)
data on the viscosity of Nal(aq) cover near ambient temperatures
(298 to 363) K and atmospheric pressure. Most of the data werewhere 7o is the viscosity of pure water in mPa x is the
obtained using a Ubbelohde and Ostwald-type viscometer. Somecomposition in mass fraction, artds the temperature ifAC.
of the reported viscosity data are inaccurate and inconsistent.The absolute uncertainty of the calculated values of the viscosity
Goldsack and Franchet{@?reported viscosities of aqueous Nal  of Nal was 0.072 Pa.
solutions in the temperature range from (298 to 328) K and at It is apparent that experimental viscosity data at high
atmospheric pressure for concentrations between (0.5 and 3.0femperature and high pressure for agueous Nal solutions are
mol-kg~1. The measurements were made with an Ostwald-type not available. Thus, the primary objective of this work was to
microviscometer. The measured values of viscosity were usedexpand the existing viscosity database to higher temperatures,
to calculate the values of the parameté@andE in the absolute pressures, and concentrations. The main objective of the paper
rate theory of viscosity. The temperature dependence of theis to provide new, accurate experimental viscosity data for binary
viscosity of concentrated aqueous Nal solutions has beenNal(aq) solutions at high temperatures (up to 575 K) and high
explained in terms of the temperature dependence of ted pressures (up to 30 MPa) for compositions up to 4.7-kgolt
E parameters. Satoh and Hay&8heported viscosities of Nal-  using a capillary-flow technique, which has been previously used
(aq) solutions at a temperature of 296 K and at concentrationsfor accurate measurements on other aqueous electrolyte solutions
from (0.485 to 4.35) meL ~1. Measurements were made with at high temperatures and high pressufe4’ The available
an Ostwald-type viscometer. Lengyel efbhlso measured the  experimental viscosity data for Nal(aq) have been comprehen-
viscosity of Nal(ag) with an Ostwald-type viscometer for sively analyzed to estimate the reliability and consistency of
concentrations from (1.1472 to 11.286) rkof * at temperatures  the published data sets. The present results considerably expand
between (283 and 313) K. Desnoyers and Péfrmported the the temperature, pressure, and concentration ranges in which
viscosity data for dilute Nal(aq) solutions in the concentration viscosity for aqueous Nal(aq) are available. This work is a part
range from (0.0254 to 0.6808) mhbi! and at 298 K to of a continuing prograft—+7 on the transport (thermal conduc-
accurately determine the viscosity, B-, and D-coefficients. tivity and viscosity) properties of electrolytes in aqueous
Measurements were performed with a Ubbelohde-type viscom- solutions at high temperatures and high pressures.
eter. Dunlopg® reported viscosity data for Nal(aq) at 298 K. The Modeling. Jiang and SandI& proposed a new equation to
uncertainty of the measured values of viscosity is 3.6 %. describe the concentration dependence of the viscosity of various
Measurements were made with an Ostwald-type viscometer.types of electrolyte solutions based on the combination of liquid-
Sahu and Behefdemployed an Ostwald-type viscometer to state theory and absolute-rate theory. The adjustable parameters
measure the viscosity of Nal(aq) solutions at 298 K and in the in the model ¢;* = 0.0953,¢; = 0.0728,b = —0.1393 for

concentration range from (0.097 to 3.48) rmkg®. The Nal(aq)) have physical meaning and are related to the degree
measured data were used to calculate the values of the-Jones of ion hydration. This model was used to describe the
Dole B-coefficient and the effective rigid molar volumé in concentration dependence of viscosity for Nal(aq) solutions at

the Einstein relation at 298 K. Ebert and Wend&rfheasured atmospheric pressure and 298.15 K. The average relative
the viscosity of Nal(aq) with a Ubbelohde-type viscometer in deviation is about 2.28 % at concentrations up to 7.85mal

the temperature range from (293 to 363) K and at concentrationsEsteves et al° also developed a new model for correlating the
up to 8 motL~1. The measured results were presented graphi- viscosity of binary strong electrolyte solutions. The proposed
cally. Kacperska et & and Taniewska-Osinska and Kacper- model was based on Eyring’s absolute rate theory and the
ska®3lemployed a Ubbelohde-type viscometer to measure the Debye-Huickel model for calculating the excess (electrostatic)
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Table 2. Test Measurements of the Viscosity (mPa) of Pure Water

P =10 MPa P =30 MPa
TIK this work IAPWS7 this work IAPWS7
310.85 0.6849 0.6828 0.6883 0.6848
345.28 0.3964 0.3949 0.4028 0.4002
387.18 0.2459 0.2477 0.2512 0.2529
423.95 0.1851 0.1838 0.1875 0.1887
486.04 0.1270 0.1278 0.1335 0.1325
543.84 0.0985 0.0985 0.1051 0.1040
deviation AAD = 0.58 %; Bias= 0.14 %; St.Dev= 0.65 %;

statistics St.Err= 0.19 %; Max.Dev= 1.05 %

free energy of activation of the viscous flow. The two adjustable
parameter®\ = 0.0136 andB = 1.0279 of the model for Nal-

The Nal(aq) solutions were prepared from chemically pure
Nal (Merck GR,>99.5 mass %) and triple-distilled water. The
solutions were prepared gravimetrically with an analytical
balance having a precision &f 5 x 1078 kg. The solutions at
the desired composition were prepared by mass by careful
weighing. To check the accuracy, we determined the density
of each solution at room temperature (298.15 K) and atmo-
spheric pressure with the aid of a pycnometer accurate to 0.005
% and compared it with the reference data.

Results and Discussion

The viscosity measurements for seven (0.062, 0.166, 0.456,
0.552, 1.754, 3.062, and 4.700) ni@~! binary aqueous Nal

(aq) have been determined using the reported data. This model ions have been performed in the temperature range from

was used to correlate experimental viscosity data for Nal(aq)
solutions at 298.15 K and 0.1 MPa in the concentration range
from (0.0254 to 2.947) mekg~t. The overall average mean
relative standard deviation (MRSD) is 0.05 %.

Experimental Apparatus and Procedures

The details of the experimental method, the description of

(298 to 575) K at pressures up to 30 MPa. All experimental
viscosity data were obtained as a function of temperature at
three isobars (0.1, 10, and 30) MPa. The experimental temper-
ature, viscosity, pressure, and composition values for the
aqueous Nal solutions are presented in Table 3. Some selected
experimental viscosity data for Nal(aq) solutions as an example
of the present results are shown in Figures 1 to 3 inthen,

the apparatus, and the procedures used for the viscosity” 1+ and#7—P projections together with values reported by

measurements of Nal(aq) solutions are given in several previous

publications®*~43 Only a brief review will be given here. The

measurements were made using a capillary-flow method. This

method is most frequently used for the measuring of the

other authors. These figures also include the values of viscosity
of Nal(aq) calculated with the correlations of Zaytsev and
AseyeVv® and of Goldsack and Franche#e??

Comparison with Other Data and CorrelationThe present

viscosity of aqueous electrolyte solutions at high temperatures experimental values of the viscosity for Nal(aqg) solutions at

and high pressures (see, for example, refs3®. The technique

is based on Poiseuille’s law which relates viscosity to the rate
of fluid flow through a capillary tube. The main parts of the
apparatus consisted of a working capillary with an extension

atmospheric pressure were compared with the data and correla-
tions reported by other authors in the literature (Figures 1 to
3). As one can see from these figures, basically the agreement
between various data sets at low concentrations is gooe-(0.2

tube, a high-temperature and high-pressure autoclave, movabld).9 % at 298 K and 1:21.4 % at 313 K), except for some
and unmovable cylinders, electrical heaters, and a solid redscattering (up to 2630 %y"-32at high concentrations(> 3

copper block. The working capillary with an i.d. (inner diameter)

of 0.3 mm and length of 216 mm is made from stainless steel.
The typical value for the capillary radius is 0.15091 mm. The

value of the capillary length is 540.3240.005 mm. To create

mol-kg~1). These figures illustrate that our data are consistent
with most literature values at various temperatures and con-
centrations. This good agreement between the present and
published data confirms the reliability of the present measure-

and accurately measure the pressure, the autoclave is connecte@éents and its consistency with literature data.

to a dead-weight pressure gauge (MP-600) by means of a Concentration Dependence of the Viscosity of Nal(aq)
separating vessel. Flow time measurements were made elecSolutions.For some aqueous electrolyte solutions such #3 H

tronically with an uncertainty of less than 0.1 s (0.5 %). The
Reynolds Re number occurring during all measurements was
less than the critical valueR@ = 2000). To calculate the
dynamic viscosity from measured quantities, the densities of
the solutionp(P,T) are needed. For this purpose, we used the
density data,p(P,T), reported in previous publications by
Akhundov et aP*~56 for Nal(aq) solutions. After a very careful
analysis of the uncertainty of all of the measured quantities
(Abdulagatov and Azizo¥), it is estimated that the combined
relative uncertainty in measuring the viscosity (up to the highest
temperature of 575 K) is 1.6 %.

For testing the performance of the apparatus, we have
measured the viscosity of triple-distilled pure water. The
measured values of the viscosity of pure water along two

+ NaCl, H,O + LiCl, H,O + LiBr, H,O + Lil, H,0 + NaF,

H,0 + KF, H,O + RbF, and HO + CsF, the viscosity increases
monotonically with the electrolyte concentration, while for other
types of electrolyte solutions such agd+ KCI, H,O + RbCl,

H,O + CsCl, HO + KI, and H,O + KBr, the viscosity
decreases with concentration at low electrolyte concentrations
reaching a minimum value, then increases monotonically for
higher concentrations (see also Figure 9 below). As one can
see from Figure 1, the viscosity of Nal(aqg) solutions increases
monotonically very slightly with the electrolyte concentration
without a minimum at low concentrations (up to 1.5 rkgi™1),

then increases rapidly at high concentrations.

The existing theoretical result which describes the concentra-
tion dependence of the viscosity of ionic solutions is valid only

selected isobars (10 and 30) MPa and over the temperature rangat very dilute concentrations (> 0). FalkenhagenOnsaget-
from (311 to 544) K are presented in Table 2. These data were Fuos3®%8 and Debye-Hiickel-Onsag€et?60 theories predict a

compared with values calculated from the IAPWS formulation
(Kestin et alP”). The agreement between both sets of data along
the isobars is excellent (AAB- 0.58 %, the maximum deviation

is 1.05 %). This excellent agreement confirms the reliability

square root concentration dependenge] c2, of the relative
viscosity 7 = n/no, whererq is the viscosity of pure water) of
ionic solutions at infinite dilutiond— 0). This theory correctly
explains the rise of viscosity with concentration in the limit of

and high accuracy of the measurements for Nal(aq) solutionsvery low (dilute solutions) ion concentratiors<0.05 motL ).
and gives us an assurance that our instrument is operatingThe dilute solution theorié58-60 of viscosity are not practicable

correctly.

because of their very limited concentration range. Jones and
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Table 3. Experimental Viscosities, Pressures, Temperatures, and Concentrations of Nal(ag) Solutions

7 (MPas) n (mPas)
P=0.1 MPa P =10 MPa P =30 MPa P=0.1 MPa P =10 MPa P =30 MPa

TIK m=0.062 moitkg ! TIK m = 0.552 moikg™?*
298.15 0.8921 463.41 0.1579 0.1623
302.42 0.8116 0.8119 0.8128 484.82 0.1409 0.1462
321.75 0.5635 0.5655 0.5698 444.84 0.1753 0.1806
344.64 0.4002 0.4028 0.4083 463.41 0.1579 0.1623
367.46 0.3042 0.3078 0.3125 484.82 0.1409 0.1462
387.38 0.2520 0.2575 497.90 0.1338 0.1384
408.99 0.2102 0.2154 522.75 0.1214 0.1264
432.31 0.1779 0.1830 547.95 0.1099 0.1162
455.25 0.1547 0.1590 568.45 0.1005 0.1360
479.90 0.1358 0.1403 m= 1.754 motkg~?!
504.62 0.1210 0.1258 298.15 0.9506
537.90 0.1048 0.1103 305.85 0.8131 0.8142 0.8150
574.60 0.0891 0.0960 321.75 0.6170 0.6192 0.6236

m= 0.166 motkg~?! 332.41 0.5284 0.5314 0.5367
298.15 0.8954 348.05 0.4330 0.4360 0.4436
311.38 0.6828 0.6837 0.6868 365.45 0.3568 0.3605 0.3668
329.64 0.5015 0.5041 0.5094 388.95 0.2880 0.2942
345.42 0.4023 0.4052 0.4109 400.05 0.2628 0.2688
367.48 0.3106 0.3136 0.3195 412.30 0.2404 0.2464
387.11 0.2590 0.2646 424.52 0.2218 0.2280
411.36 0.2123 0.2177 443.93 0.1972 0.2028
430.74 0.1854 0.1906 464.95 0.1760 0.1815
452.55 0.1625 0.1674 483.72 0.1612 0.1670
469.89 0.1486 0.1535 505.60 0.1477 0.1535
489.55 0.1351 0.1400 527.95 0.1359 0.1421
504.81 0.1263 0.1310 m=3.062 moikg~*
522.52 0.1169 0.216 298.15 1.0409
543.87 0.1065 0.1125 308.74 0.8494 0.8512 0.8521
571.85 0.0939 0.1011 322.30 0.6801 0.6833 0.6881

m= 0.456 motkg~! 334.90 0.5734 0.5772 0.5834
298.15 0.9034 352.01 0.4682 0.4715 0.4794
309.52 0.7161 0.7167 0.7187 368.56 0.3916 0.3956 0.4031
330.94 0.5016 0.5046 0.5094 389.98 0.3267 0.3343
347.39 0.4011 0.4041 0.4098 402.43 0.2967 0.3041
365.45 0.3249 0.3281 0.3338 415.64 0.2697 0.2762
386.83 0.2657 0.2717 431.75 0.2444 0.2510
402.81 0.2318 0.2375 444.40 0.2287 0.2355
424.53 0.1976 0.2029 465.90 0.2040 0.2104
445.44 0.1732 0.1784 489.64 0.1841 0.1911
470.80 0.1510 0.1560 516.93 0.1658 0.1730
489.98 0.1377 0.1422 m= 4.700 motkg~?!
507.67 0.1270 0.1328 298.15 1.2154
526.82 0.1175 0.1230 302.50 1.1145 1.1157 1.1152
544.95 0.1090 0.1140 318.70 0.8458 0.8489 0.8542
572.29 0.0967 0.1035 337.62 0.6563 0.6613 0.6688

m = 0.552 moikg™?* 353.74 0.5613 0.5662 0.5748
298.15 0.9076 370.98 0.4756 0.4804 0.4887
305.82 0.7724 0.7739 0.7742 391.41 0.4085 0.4179
326.55 0.5388 0.5413 0.5459 405.10 0.3734 0.3824
349.60 0.3926 0.3957 0.4014 423.33 0.3354 0.3440
365.96 0.3259 0.3290 0.3348 444.44 0.3004 0.3090
391.45 0.2575 0.2636 461.58 0.2778 0.2864
406.89 0.2268 0.2322 483.79 0.2543 0.2634
423.95 0.2000 0.2050 501.44 0.2395 0.2491
444.84 0.1753 0.1806 521.55 0.2238 0.2340

Dole’! proposed an empirical extension of the Falkenhagen and (pure water, IAPWSY), its relative permittivity (dielectric
constant, IAPWS) ¢y, and the temperatufg The value of the
viscosityA-coefficient of the JonesDole equation is determined
by an ion-atmosphere interaction and ionic mobility. The values
of the A-coefficient are a measure of long-range -oon
interaction (Coulombic forces), whil@-coefficients are a

Dole'®> and Falkenhagéf® model to high concentrations as

nne=1+Avc+Bc

()

for the viscosity of electrolyte solutions. In eq2andng are

the viscosities of an electrolyte solution and pure solvent (water), manifestation of ior-solvent interaction. At a given concentra-
tion, theB-coefficient can be interpreted in terms of competition

respectivelyA is an always positive constautis the electrolyte

molarity concentration (mel~1), and B is the empirical
extension viscosityB-coefficient (JonesDole coefficient).

Falkenhagen and Ddfegave a theoretical derivation of the

between specialized viscosity effects (Coulombic interaction,
size and shape of effects or Einstein effect, alignment or
orientation of polar molecules by the ionic field, and distortion

A-coefficient. According to this theory, the value of parameter of the solvent structure). These effects govern the viscosity

A can be calculated from the ionic equivalent conductatice

at infinite dilution of the ions, the viscosity of the solveps

behavior of the aqueous electrolyte solutions. The values of the
viscosityB-coefficient are a highly specific property of the solute
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Figure 1. Measured values of viscosity of Nal(aq) solutions as a function of molalitp along the selected isotherm of 298.15 K and at atmospheric
pressure together with values reported by other authors from the literature.

and can be determined by adding individual contributions of in the temperature range from (298 to 575) K have been
the solute constituent8 = z'B~ + z B*, wherez and B* examined.

refer to the ionic valence and ionic (cationic and anionic)  Desnoyers and PerréaKaminsky?>~77 Jones and Talley?
viscosity B-coefficient!4.65-74 The values oB* are constant at  Desnoyers et af} Feakins and Lawrendg, Robertson and

a givenT for given ions in a specific solvent and describe solely Tyrrell,2® and Chagnes et &. added a quadratic terrc?

the ion—-solvent interactions. The values & at different (extended JonesDole equation)
temperatures are available in the literature (see, for example,
refs 14 and 6574). The behavior of the concentration n,=1+A+c+Bc+ D 3

dependence of the viscosity of solutions depends on the nature

of the solute ions (Da¥, Das and Da8). No theory has yet  to extend the JonesDole equation for more concentrated
been developed for thB-coefficient. TheB-coefficient is an electrolyte solutions. The ne®c? term of eq 3 includes all
adjustable parameter and is related to the size and the shape ofolute-solvent and solutesolute structural interactions that
the ions and iofrsolvent and iorrion interactions, respectively.  were not accounted for by thact’2 and Bc terms at high
Therefore, the viscosity\- and B-coefficients of electrolyte concentrations such &2%84 high terms of the long-range
solutions are useful tools in the study of structural interactions Coulombic forces, high term hydrodynamic effect, and interac-
(ion—ion, ion—solvent, and solventsolvent) in solutions. An  tions arising from changes in soluteolvent interactions with
extensive compilation of Jone®ole A- andB-coefficients for  concentration. The present experimental data together with
aqueous electrolyte solutions is reported by various auth- reported data for the relative viscosity, of Nal(aq) for various
ors>~ 714657586 | ow concentration viscosity measurements for temperatures at low concentrations were used to calculate the
most aqueous electrolyte solutions show good agreementvalues of the viscositp-, B-, andD-coefficients in the extended
between experiment and thedf/> 7981 The values of the  Jones and Dole eq 3. The values of the viscosityB-, and

viscosity A-coefficient are always positive, while th8- D-coefficients for Nal(aq) derived by least-squares analysis are
coefficient can be either positive or negative depending on the summarized in Table 4 for two isobars (0.1 and 10) MPa. The
nature of the solute and the solvent. The sign oBfeefficient derived values of the viscosith- and B- coefficients are

depends on the degree of solvent structuring introduced by thepresented in Figure 4 as a function of temperature together with
ions. A positive value of thd-coefficient is associated with  reported data. For the sake of comparisd@icoefficients
structure-making (ordering) ions, while a negative value is reported by other authors and calculated from the ionic viscosity
associated with structure-breaking (disordering) it¥8:84The B*-coefficient#8067.68have been included in Figure 4 (right).
temperature coefficient d8 is positive (dB/dT > 0), in most As one can see from Figure 4, generally the agreement between
cases. The values of3d/dT for Mg?* and Li* are negative, A- and B-coefficients derived from the present data and
for Na' are almost zero, and fé¢* are positive. The values of  calculated with ionid8*-coefficients data is good. Figure 4 (left)
B-coefficients for I and CI increase with temperature Bd/ also demonstrates that the viscogitgoefficient monotonically

dT > 0) (Jenkins and Marc&. The ions I interact weakly increases with temperature and the derivative (temperature
with the solvent molecules and act as structure-breakers. Thecoefficient) d/dT > 0 is positive (structure-breaking ions).
viscosity B-coefficient for aqueous solutions shows strong  The values ofA- andB-coefficients can be estimated directly
temperature dependence, which can be attributed tesolvent from experimental viscosity data as the slope of the depen-
interactions. However, measurements of the temperature de-denc@ 7390y, — 1)/c¥2 on c!2 (Jones-Dole plot, see Figure
pendence of thé- andB-coefficients have so far been limited  5). Figure 5 illustrates the JoneBole plot for Nal(aq) solutions

to rather narrow ranges of temperature (at 298.15 K) with less for the fixed temperature of 298.15 K. The intercepts and the
than satisfactory accuracy. The viscosiyandB-coefficients slopes of the linear plots are the viscogiyandB-coefficients,
values of aqueous Nal solutions as a function of temperature respectively. The derived values of tihe and B-coefficients
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Table 4. Values of the ViscosityA-, B-, and D-Coefficients respectivelyy, = ¢,z 2 sz|Cj ij; A, is the equivalent conduc-

(Equation 4) of Aqueous Nal Solutions as a Function of tance of ioni; ri = 1 — zAi/(zZA) (i = 1,N)); and B; are the

Temperature ’ . e PRSP .
molar concentration and-coefficient of theith species,

T A B D respectivelyf; andf; are fractions if théth andjth speciesD;

K dm?3/2-mol~112 dm?mol~? dmP-mol—2 is the interaction parameter betweieandj. For concentrated
208.158 0.01085 0.0122 0.01266 solutions, the paramet&; depends on the ionic strength and
323.15% 0.02180 0.0415 0.00307 can be expressed as
333.1% 0.03145 0.0454 0.00374
343.18 0.03570 0.0581 —0.00063 _ 3l
348.13 0.03770 0.0627 ~0.00121 Dy = d; + d,l + d; exp(0.08%%) ®)
353.13 0.04110 0.0647 —0.00166 .

373.1% 0.05420 0.0742 —0.00479 whered; are the empirical parameters. The model reproduces
398.1% 0.06765 0.0799 —0.00871 the viscosity of aqueous systems ranging from dilute to
42318 0.07134 0.0901 —0.00620 concentrated solutions (30) at temperatures up to 573 K. A
448.1% 0.08513 0.0941 —0.00774 techni ¢ dicting the t i d d f th
47319 0.09632 0.0966 000833 echnique for predicting the temperature dependence of the
498.1% 0.12050 0.0992 ~0.01100 viscosity B-coefficients has been developed using the concept
523.1% 0.13261 0.1011 —0.04720 of structure-breaking and structure-making #ns

548.1% 0.17510 0.1021 —0.09245

573.1% 0.17960 0.1051 —-0.13777 B= BE + BS exp[—K(T _ 273.15)] (9)

a At a pressure oP = 0.1 MPa.? At a pressure oP = 10 MPa .
P P where the value oK = 0.026 is a constan3z = 0.0945

for 298.15 K are 0.00279 d#i-mol-2and 0.0281 dimol-1, L-mol~! is the Einstein contribution (hydrodynamic, intrinsic

respectively. The value of th&-coefficient at 298.15 K  term), andBs = —0.1866 L:mol~* was calculated using the

predicted by ionidB+-coefficient data (Jankins and Maréfjs ~ Present values oB-coefficients for Nal(aq). Comparisons of

B = 0.012 dni-mol~* is almost two times lower than the present Vvalues of the viscosit-coefficients calculated from eq 9 with

value, while the values reported by Palepu e$150.0317 the values reported in the literature are given in Figure 4.

dm®mol-%), Robertson and Stok&50.0178 drd-mol-?), and The Hubbard-Onsager theof9 of dielectric friction was

Bhattacharyy&-%8 (0.0200 drd-mol-1) are in satisfactory agree-  applied by Ibuki and Nakahat&to the viscosityB-coefficients.

ment with the present results. The agreement between the valued he resulting expression for the viscosiycoefficient is

of the A- and B-coefficients reported by Kacperska et?aht

296.15 KA = 0.0052 andB = 0.023 dni-mol~! (extrapolated _ ﬁr 3 I (10)

values) and the present result is still acceptable. Unfortunately, 3000 "° "\ryo

there are no reliable experimental viscosity data for Nal(aq) at

dilute concentrations for the accurate determination of the whereryo is the characteristic radius defined as (Hubbard and

intercepts and slopes of the Jor@ole plot at high tempera- ~ Onsage?)

tures. Therefore, the estimated uncertainty in derived values of

the A- and B-coefficients is about 56 %. The values of the Mo = [(621/1671775)(60 - ew)/eOz]”4 (11)

viscosityA- andB-coefficients calculated also as limiting slope

and intercepts are shown in Figure 5 together with the data whereeis the unit charger is the dielectric relaxation timeo

reported by other authors. is the static permittivity (i.e., that at low frequencyy), is the
Lencka et al! developed a comprehensive model for high-frequency permittivity, and functiof(r/ryo) had to be

calculating the viscosity of aqueous electrolyte solutions ranging calculated numerically from a solution of the differential

from dilute to very concentrated. The model includes a long- equation of the shear viscosit§For aqueous solutions,io =

range electrostatic interactions terpf? (OnsagerFuss the- ~ 0.15 nm. The values of the*-coefficients for Na and I" at

ory), contributions of individual ionsy® (using JonesDole 298.15K calculateq from this theory are abo_ut_0.060 and 0.018

B-coefficients), and a contribution of specific interactions dm*mol~ respectively. Therefore, the predictive value of the

between ions or neutral speciew;s?,‘S (for the concentrated B-coefficient for Nal(aq) at 298.15 K is about 0.078 mol~*
solutions, function of the ionic strength) which is considerably higher than the present and published

experimental data. This theory is not successful in predicting

7 . the temperature dependence of Bweoefficient. This means

d 1+ LR+S+SS (4) X N X L. . X

o e 1y that the dielectric and viscous frictions are minor factors in the
temperature effect on thg coefficient. Therefore, the structure
and molecular nature of the solvent are important factors which
define the temperature dependence of Brenefficient.

1 [21\¥2[[ N iz o The Einstein theof? is a well-known continuum theory for

W'FR:a— —_ — | —ar Zocng‘ (5) the B-coefficient. EinsteifP calculated the increase of the

Mo \€T, — A W= viscosity of solution due to the perturbation of the original field

by the presence of the solute in the solvent continuum. Eirf8tein

where

,]rS: 2 B, (6) calculated the increase in the viscosity from the linearization
. of the Navier-Stokes equation as
’7rSiS: Z Z f; fj Dij 12 (1) =1+ ke (12)
]

where ¢ = (4/3)TRNac is the volume fraction of the solute
wherea = 0.36454;10 and ¢ are the viscosity and dielectric  molecules,R is the effective solute ion radiug, = 2.5 is a
constant of pure water (Kestin et &l.Fernandez et &), constant determined by the hydrodynamic boundary condition
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Figure 2. Measured values of viscosity of Nal(aqg) solutions as a function of temperatdiralong the two selected concentrations of (0.456 and 3.062)
mol-kg~! and at atmospheric pressure together with values reported by other authors from the literature.
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Figure 3. Measured values of viscosityof Nal(aq) solutions as a function of pressiat various temperatures at two selected concentrations (0.062 and
4.,700) motkg~L. Solid lines are predicted from eq 20.

at the solute surface. Thonfashas extended the limiting  volume Vi from experimental relative viscosity data. Moulik
Einstein relation (eq 12) for the hydrodynamic effect to high and Rakshf® also used eq 13 to correlate the concentration
concentrations by showing that for suspensions the relative dependence of the viscosity of 72 different electrolyte solutions
viscosity is given by the relation at high concentrations. A least-squares fit of the correlation
between viscosityB-coefficients and the hydrostatic volumes
Vi for Nal(aq) results in the following correlatidh= 2.8502/

— 0.0286. Relating Einstein’s eq 12 for the relative viscosity
where¢ = Vic and V is the hydrodynamic molar volume or to the JonesDole eq 3, theB-coefficient can then be related
effective rigid molar volume of the salt. As was shown by to the molar volumeVy by B = 2.5Vi. Breslau and Mille¥’
Breslau and Mille# this relation can be used to represent the proposed the following equation for 1:1 electrolyi®s= 2.9V
concentration dependence of the relative viscosity for concen- — 0.018, which is very close to the present result. Isono and

n, =14+ 2.5+ 10.09% =1+ 2.5V,c + 10.05/,%° (13)

trated electrolyte solutions % is taken as an adjustable

parameter. We determined the values\afas a function of
temperature for Nal(aq) in eq 13. The derived value¥,cdre

from this table, the value of, = 0.0149 L:mol~1 at 298.15 K
is in satisfactory agreement with the value 0.017inal™! by

Breslau and Mille¥ but is much higher than the value of 0.008

L-mol~1 reported by Sahu and Behéféor Nal(aq). Therefore,

TamamusHP also found a linear relation between the viscosity
B-coefficient of the electrolyte solution and the molal volume
Vi of the hydrated saltB = aVik — b, where the values of
given in Table 5 and shown in Figure 6 (right). As one can see parametean vary within (2.6 to 2.8) depending on temperature.
As one can see, the values afire very close to the Einstein
value of 2.5. Our result foa = 2.85 is in good agreement with
the values reported by Isono and Tamamisdmid close to the
Einstein value of 2.5 for the ideal system. As discussed by
eq 13 can be used to estimate the values of the hydrodynamicDesnoyers and Perréhy should be given by the partial molar
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Figure 4. Experimental viscosity- andB-coefficients of the Nal(aq) solutions as a function of temperature together with values reported by other authors
from the literature.

i Table 5. Values of Effective Rigid Molar Volume {/x, Equation 13)
T=298.15K of Nal From Viscosity Data as a Function of Temperature at
0.031 - o Atmospheric Pressure
P =0.1 MPa &
o ?“ T Vi
0.026 |- ' K L-mol~t
. 298.13 0.01488
< 323.1% 0.02301
o 333.13 0.02714
2 0016 e 343.158 0.03019
& 8> 348.18 0.03182
sa a7 353.1% 0.03308
0.011 - s A p——— 373.1% 0.03782
c. *o a Ka::sp:;ﬁ etal. [29] 398.1% 0.04143
0.006 L 5 Desnoyresand Peron (25] 42318 0.04629
A=0.00279 B=0.0281 448.19% 0.07617
473.1% 0.08273
0.001 L L L . 498.1% 0.09607
0.0 0.2 0.4 0.6 0.8 1.0 523.1% 0.10496
c'2, (mol'2.112) 548.1% 0.11480
573.1% 0.12410
Figure 5. Jones-Dole plot, - — 1)/c¥2 vs c2 for Nal(aq) solutions for
the selected isotherm of 298.15 K at atmospheric pressure. At a pressure oP = 0.1 MPa.” At a pressure oP = 10 MPa
volume of the soluté/, although other authors (for example, n= M (15)
Skinner and Fuod®) consideredVi as the apparent molar 1+xv

volume. Therefore, for such an ideal system, the viscosities are

predictable from densities and vice versa. Sahu and B&hera Where » is the viscosity of the electrolyte solution at a

also represented the experimental relative viscosity of electrolyte cOncentratiorm and temperaturd, 7o is the viscosity of the

solutions as solvent (pure water) at temperatufex is the mole fraction of
the cation or anion in solution, and the paramekeendV are

7= 1+ 2.5V + V2 + k V3 + kvt (14  defined as

— * K £
where V is the molar volume of electrolyte in solution E=(AG; + AG; — 2AGy)/RT
(dm*-mol™?) andc is the concentration in malm=3. The values
of correlating coefficient&; (i = 1,3) for electrolyte solutions and
were derived from experimental viscosity data at°Z5 (ref
27). v (Vc—i—Va) _

A simple extension of the absolute rate theory of viscosity Vo
to include the contributions from all the particles in a concen-
trated electrolyte solution led to an equation which quantitatively WhereVc is the molar volume of the cation particl; is the
accounted for the concentration dependence of the viscosity ofmolar volume of the anion particl&j is the molar volume of
electrolyte solutions in the-110 m range at fixed temperature  the solvent particle (pure wated)G{ is the molar free energy
(Goldsack and Franche#e? of activation for viscous flow of the cation particlAG; is the

(16)
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Figure 6. Values of flow activation energ\g4/R (left), and effective rigid molar volume of Nal (hydrodynamic molar volun\g)(right), calculated from
the present viscosity data.

Table 6. Values of Parametersy and E (Equation 15) for Aqueous
19| H,O+Nal Nal Solutions as a Function of Temperature
®  E (Thiswork) T B
OV (Thiswork) - [
o (Goldamek and Francheti 11 K E v dmd-mol-1
298.15 13.77 13.7 0.0128
323.15 12.90 10.6 0.0415
333.15 13.27 10.5 0.0498
2 343.15 13.17 9.90 0.0589
v 348.15 13.70 10.2 0.0631
353.15 14.21 10.6 0.0651
373.15 14.64 105 0.0746
398.15 15.70 11.2 0.0811
423.15 15.92 10.9 0.0904
448.15 17.17 11.9 0.0950
473.15 17.89 125 0.0971
498.15 18.82 13.3 0.0995
0 ) ) ) ) 523.15 19.53 13.9 0.1014
270 330 390 450 510
T.K

in Table 6 and shown in Figure 4. The agreement between these
data and the values derived by other authors at low temperatures
is acceptable.

molar free energy of activation for viscous flow of the anion Leyenndekkerd! applied the TTG (TimmanaTait—Gibson)
particle, AGy is the molar free energy of activation for viscous  model to viscosity to develop an equation covering zero to high
flow of the solvent particle, and = m/(55.5+ 2m), wherem (near or at saturation) concentrations. The derived equation
is the molality of the salt. The _|nd_|V|duaI ionic components of covers changes in temperature and pressure and is simply
theV parameter are related to ionic solvation numbers, and the g, ;ended to multicomponent solutions. The general principles
individual ionic free energy of activation components of Ehe of the TTG model have been outlined in the works of
are related to a surface free energy for formation of a hole in Leyenndekkerd! and Leyenndekkers and Hun€?.The basic

the liquid. Equation 15 was applied to the present experimental idea of the TTG model is that the effect of the ion{c size, shape
viscosity data for Nal(aq). The results are presented in Table 6and charge on water is equivalent to the effect of an,appliec;

and shown in Figure 7. Analysis of thé parameters of the the effecti Ba which ch h |
electrolytes leads to absolute ionic hydration numbers (GoldsackIoressure (the e e(‘:‘ ve press" § which c anges the voiume
of the water to the “apparent” volume of water in solutign,.

and Franchetfd?3. The temperature dependence of these : ' _ o

hydration numbers reveals two types of ionic behavior: structure- "€ volume of the salt in the solutiogs, is negligibly affected

making ions and structure-breaking ions. by pressure. According to the TTG model, the viscosity equation
The JonesDole viscosity B-coefficient is related to the ~ can be presented 85102

parameterd/ and E by the relation

Figure 7. Values of parameteig andE (eq 15) for aqueous Nal solutions
as a function of temperature. The solid curves are a guide for the eye.

E—-V s = Nwis exp(alm + aZrnZ + ) (18)

B= 55.51

17)
wherens andnuis represent the viscosities of the solution and

The values of the viscosit@-coefficients calculated with eq  the water in solution, respectively, andis the concentration
17 using the values &f andE parameters for Nal(aq) are given in molality. This equation can be interpreted to mean that at a
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Figure 8. Values of viscosity of water in solutioms (left), and effective pressure due to the sBl(right), calculated with eqs 18 and 19, respectively,
from the present viscosity data at atmospheric pressurg; Smoothed curve.
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Figure 9. Viscosity of a series of aqueous solutions as a function of composition at a selected temperature of 298.15 K and a pressure of 0.1 MPa reported
by various authors. Left®, Nal (this work); O, NaCl (Isond1%113; 00, NaBr (Isond%11); W, NaNOs(Isond1011): @, NaSQ, (Isond1%11y; x, NaOH

(Zaytsev and Aseyé¥); A, NaCO; (Zaytsev and Aseyé¥). Right: @, Nal (this work); O, KI (Lengyel et al?%; O, Lil (Stokes and Mill§); 4, Rbl

(Getman!? and Desnoyers and Perf8y; B, HI (Zaytsev and Aseyé).

given temperature the difference in the phenomenological 1s(P) _ (Pt P)

activation volumes (Kelf9) of the solution and the water in n40.1) n,(P,+ 0.1)

solution is a simple function of the concentration. It can be

expected that the parameté(s), the TTG parameters, willbe  £qation 18 was used to calculate the valygs for Nal(aq)

simple functions of the solute properties, in this case, the TTG from the present experimental viscosity data for the solution.

volume. The value Ofyuis is given by This equation accurately represents the concentration depen-
dence of the viscosity of aqueous solutionsjf is considered

(20)

Mwis(P) = 1 (Pe + P) 19) as an adjustable parameter. The derived valuesefire given
in Table 7 and shown in Figure 8 (left). The values of the effec-
wheren,, is the viscosity of pure water at pressurRe{ Pg), P tive pressuré. were calculated from eq 19 using derived values

is the external pressure, aRgis the effective pressure due to  of s (left side of eq 19) and the IAPWSreference equation
the salt. For each electrolyte, the valueafis close to the for the viscosity of pure water (right side of eq 19) by using an
corresponding Joneole coefficient (viscosityB-coefficient). iteration procedure. The derived valuesRafare presented in
On the basis of the TTG model, the valuesf¢f) should not Table 7 for various temperatures and shown in Figure 8 (right).
be very sensitive to pressure. Thus, the viscosity of the solution Afzal et all%4 also used this relation to describe their experi-
at pressuré® is given by mental viscosity data for some aqueous electrolyte solutions.
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Table 7. Values of the Viscosity of Water in Solution s, Table 8. Values of the Arrhenius Parameters at Pressures of 0.1
Equation 18), the Parameters #i,a2), and the Effective PressurePe and 30 MPa for Nal(aq) (Equation 21)
of Nal From Viscosity Data as a Function of Temperature P—01MPa P — 30 MPa
T Nwis ar a Pe m b b
—1 2. —2 E——
K mPas kg-mol kg?-mol MPa mol-kg* In 70 K In o K
298.15  0.8925 0.02036 0.00966 112.9 0.000 ~5.8842 171231 57365  1667.18
323.18 0.5518 0.03932 0.00806 26.0
0.062 —5.8492 1705.06  —5.6201 1632.53
333.18 0.4724 0.04997 0.00687 25.7
0.166 —5.7400 1671.87  —5.2581 1514.76
343.13 0.4109 0.05308 0.00687 27.4
0.456 —5.6693 1654.44 —5.2133 1506.25
348.18 0.3848 0.05559 0.00726 26.9
0.552 —5.6385 1646.87  —5.2027 1506.36
353.18 0.3638 0.05038 0.00925 35.4
1.754 —5.3871 1584.62  —4.9650 1448.88
373.1% 0.2922 0.06024 0.00861 29.3
3.062 —5.0639 1514.72  —4.7544 1414.84
398.1%  0.2323 0.06083 0.01046 30.0 4700 ~4.6048 142507 —4.3495  1341.56
423.1% 0.1905 0.09153 0.00191 23.0 ' ' ' ' '
448.1% 0.1635 0.07193 0.01140 27.6 A
47318 01434 0.07014 001279 30.0 follows from Table 8 that the vglues of the flow activation
498.1% 0.1273 0.07576 0.01282 28.3 energy E./R) decrease monotonically along the isobars (0.1
523.1% 0.1140 0.08401 0.01217 25.0 and 30) MPa (see Figure 6 left). Chagnes P4 proposed
. \ a linear relation between the activation energy for the viscous
At a pressure oP = 0.1 MPa.? At a pressure oP = 10 MPa flow E, and the salt concentration as
Figure 9 (right) demonstrated the concentration dependence E,=E2—EXm (22)
of the viscosity of a series of aqueous solutions with the same
. - . L D L
anions (I') and various cations (K Na’, Li*, Rb*, and H"). where E? and ES are the energy of activation for the pure

This figure demonstrates the effect of various cations on the solvent and the contribution of the salt to the activation energy
values and concentration dependence of the viscosity of saltfor the transport process, respectively. Figure 6 (left) demon-
solutions (iodides). As one can see from Figure 9 (right), the strates the variation d&, with concentration for two pressures
Nal(aq) solutions observed intermediate values of viscosity (0.1 and 30) MPa. The derived vaIuesEmj and ES are the
among other aqueous (KI, Lil, HI, and Rbl) solutions at the following: 13.96 kdmol--K~1 and 0.448 kz:kgfl.Kafl (atP
same thermodynami®(T,m) conditions. The viscosity of Rbl-  — 1 MPa) and 12.66 kihol--K~* and 0.316 kkg 1-K 1

(aq) and Ki(aqg) solutions at constant temperature and pressurqat p = 30 MPa). Equation 21 fails to represent the present
decreases with concentration and passes through a minimumyaa over the complete temperature range (at high temperatures
between (2 and 3) mdig™! and then increases at higher - 373 k). To accurately describe the experimental viscosity
concentrations. Figure 9 (left) also shows the concentration yaa at high temperatures (up to 575 K), one more term is
dependence of the viscosity of a series of aqueous solutionsrequiredos,me

with the same cation (N@ and various anions (Sﬁ, NO;™,

Cl-, Br, I, ClO;~, OH-, and CQ?. Figure 9 (left) shows n=n exp(9+£) (23)

the Nal(aq) observed lowest values of viscosity among other 0 T T2

solutions (NaCl, NaBr, Nal, N&Os, NaNG;, NaCOs, NaClQy, ) ) ) )

and NaOH). Figure 9 also demonstrates how the behavior of Equation 21 represents the present experimental viscosity data
the concentration dependence of the viscosity of solutions Within 0.95 % at temperatures up to 373 K. The Eyring's
depends on the nature of the solute ions. The different absolute rate theory (Glasstone et'd).enables a detailed
concentration behavior (see Figure 9) for several electrolyte description of the temperature dependence of the viscosity of
solutions indicates the dependence of ionic interactions on theconcentrated aqueous electrolyte solutions

nature of the electrolytes. 4
Temperature Dependence of the Viscosity of Nal(aq) _hN F(&)
Solutions. The selected experimental viscosity data for Nal- v RT

(aq) solutions as a function of temperature are shown in Figure

2 in theny—T projection together with values reported by other

authors at constant pressures and constant composition. The AHT
viscosity of solution considerably decreases with temperature. n=A exr( RT)
For example, at constant pressures (from 0.1 to 30 MPa)

between temperatures (298 and 575) K, the viscosity of Nal- where AGT and AH™ are the free enthalpy of activation and
(ag) solutions changes by (5 to 9) %. For pure water at the enthalpy of activationh is Planck’s constant)l is Avogadro’s
same temperature and pressure ranges, the viscosity changesonstantR is the gas constant, andis the molar volume of
by 11 %. In the concentration range > 1 mokkg™t, the the hole in the liquid. The enthalpy of activatiddH™ can be
empirical equation of ArrheniusAndrade is valid for the calculated from the slope of the straight line by theylr: 1/T

(24)

temperature dependence of the viscGsigy 108 function (see Figure 10). The temperature dependence of the
viscosity of concentrated aqueous electrolyte solutions can be
_ ex‘{p) 1) explained in terms of the temperature dependence dE ted
= "o T, V parameters of eq 15 for the viscosity of solutions (see Figure
7).
whereno andb = EJ/R (E; is the flow activation energy) are a Pressure Dependence of the Viscosity of Nal(aq) Solutions.

function of concentration. The values of these parameters for The viscosity is affected little (up to 8 %) at high temperatures
Nal(aq) solution calculated with the present measurements at(575 K) and low concentrations (0.062 maj~1) and up to
pressures (0.1 and 30) MPa and for each measured concentratiofh.5-2.7 % at low temperatures (302 K) by pressure (with the
are given in Table 8 together with values for pure water. It pressure changing between 0.1 and 30 MPa) (see Figure 3).
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H,O+Nal

02r P=30 MPa

® 0.062 mol-kg™!
O 4.700 mol-kg™
— eq{21)

0.4

Inm, mPas

13 . I . I . I . I 1.3 : : : :

10°T", K1 10°T", K

Figure 10. Measured values of Iy as a function of I (Arrhenius-Andrade plot, left) at the two selected isobars (0.1 and 30) MPa for two constant
concentrations (0.065 and 4.700) rkgi~* together with values calculated with eq 21.

H,O+Nal

P=0.1 MPa T=302.5 K

1 | | | |
0 1 2 3 4 5
m, moI-kg'1
Figure 11. Pressure coefficients of viscosit§ly = 1~1(91/0P)tm, for Nal(aq) solutions at fixed pressure of 0.1 MPa and temperature 302.5 K as a function
of concentration: ), smoothed experimental curve.

Table 9. Values of the Pressure Coefficient for Nal(aq) at 0.1 MPa comparison between measured and calculated values of the
as a Function of Temperature for Selected Concentrations viscosity of Nal(aqg) as a function of pressure along various
m= 0.062 motkg! m= 4.700 motkg! isotherms and constant concentrations. As one can see, the
T (3 In /oP)r,m x 10° T (3 In n/oP)rm x 1C° agreement between predicted and measured values of the
— — viscosity of Nal(aq) is excellent (deviations within 0.5 to 0.7
K MPa K MPa . .
%). Figure 11 shows the concentration dependence of the
302.42 5.0320 302.50 1.4700 experimental pressure coefficients of viscosiiy, = 7~ 1(on/
321.75 37.502 318.70 32.934 P for Nal luti fixed 0.1 MP
34464 67 850 337.62 62323 dP)t.m, for Nal(aqg) solutions at a fixed pressure of 0. a
367.46 89.110 353.74 79.233 and temperature 302.5 K. As one can see from Figurentl,
370.98 91.382 goes through the maximum near 1.0 rkgf ..

The pressure dependence of the experimental viscosity of Nal-
(aqg) in the range from (0.1 to 30) MPa is almost linear. The

pressure dependence of the viscosity of aqueous solutions can The present viscosity data for Nal(aq) agree with the most
be predicted by the TTG model (see eq 20). We applied eq 20 reported values within (0.2-0.9) % at 298 K and (2124) %

to Nal(aqg) to calculate the viscosity at high pressures. The at temperatures of 313 K. The viscosity of Nal(aq) solutions
calculations were performed using tie from Table 7 and increases monotonically very slightly with the electrolyte

IAPWS®” formulation for pure water. Figure 3 shows the concentration without a minimum at low concentrations (up to

Conclusions
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1.5 motkg™), then increases rapidly at high concentrations. (17) Hu, Yu. Prediction of viscosity of mixed electrolyte solutions based

; ; ; i ; on the Eyring’s absolute rate theory and the equations of Patwardhan
The derived viscosityA-coefficients for Nal(aq) solutions o Kur%’ar_ghem_ Eng. Sc2004 55, AT 42 "
monOton'Fally 'ncreas'”g W|th.t.emperature and thg tgmpera- (18) Hu, Yu.; Lee, H. Prediction of viscosity of mixed electrolyte solutions
ture coefficient @/dT > 0O is positive (structure-breaking ions). based on the Eyring’s absolute rate theory and the semi-ideal hydration
The value of theB-coefficient at 298 K predicted by ionic model. Electrochim. Acta2003 48, 1789-1796.

B*-coefficient data is in satisfactory agreement with the present (19) Gering, K. L. Prediction of electrolyte viscosity for aqueous and
measurements. The extended Einstein relation can be used to  nonadueous systems: Results from a molecular model based on ion
: solvation and a chemical physics framewdglectrochim. Acta2006

accurately estimate the values of the hydrodynamic volvine in press.

from the experimental relative viscosity data. The linear relation (20) Gering, K. L.; Duong, T. Q. Prediction of electrolyte transport

B = aVi — b (wherea = 2.8502 and = 0.0286) between the properties using a solvation-based chemical physics model. In
. . .. . Proceedings of the Electrochemical Soci@@4th Meeting, Orlando,

viscosityB-coefficients and the hydrodynamic voluméswas FL. October 12-16, 2003,

found. The value o& is close to the Einstein value of 2.5 and (21) Goldsack, D. E.; Franchetto, R. C. The viscosity of concentrated

the value reported by other authoes= 2.9). The TTG model electrolyte solutions. Il. Temperature dependerCan. J. Chem-

; ; ; ; Rev. Can. Chim 1978 56, 1442-1450.
can be applied to accurately predict the viscosity of Nal(aq) Goldsack, D. E.; F?anchetto R. C. The viscosity of concentrated

lutions at high t t d high It was found®?

solutions at high temperatures and nigh pressures. It was foun electrolyte solutions. I. Concentrated dependence at fixed temperature.
that the absolute rate theory of viscosity for aqueous electrolyte Can. J. Chem-Rev. Can. Chim 1977, 55, 1062-1072.

solutions with temperature depending parametéand E is (23) Satoh, T.; Hayashi, K. The viscosity of concentrated aqueous solutions
suitable to accurately represent the experimental viscosity data ___ ©f strong electrolytesBull. Chem. Soc. Jpri.961 34, 1260-1264.

. . . (24) Lengyel, S.; Tarm J. Giber, J.; Holdeith, Study of viscosity of
in the wide temperature (up to 575 K) and concentration (1 aqueous alkali halide solutions.Alcta Chim. Hung1964 40, 125-

10) m regions. From the measured viscosity data, it can be 143.

concluded that the pressure coefficient of viscosityncreases  (25) Desnoyers, J. E.; Perron, G. The viscosity of aqueous solutions of

with concentration, passes through a maximum near 1.0 ig‘?g inggtgfrzalazlkylammomum halides at 2. J. Solution Chem.
Jea—1 H . , .

mol-kg™, and then decreases at higher concentrations. (26) Dunlop, P. J.; Stokes, R. H. The diffusion coefficients of sodium and
potassium iodides in aqueous solution at°®5 J. Am. Chem. Soc
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