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Abstract

The effects of temperature, pressure, and concentration on viscosity of aqueous Lil solutions were determined with a capillary-flow technique an
compared with literature data and correlations. The data are interpreted with the extended Jones—Dole equation for strong electrolytes to calcule
the viscosityA-, B-, andD-coefficients. Good agreement was found between derived values of the vistoaitg B-coefficients and the results
predicted by Falkenhagen—Dole theory of electrolyte solutions and calculated with th@iooéfficient data. It was found that the temperature
coefficient, dB/d% 0, for Lil(aq) is positive (structure-breaking ions). Physical meaning paramégardE in the absolute-rate theory of viscosity
and hydrodynamic molar volurmié, were calculated using present experimental viscosity data. The values of parBrakt@st independent on
temperature (around 11.1), while the values of paraméteonotonically decreasing as temperature increases. The Arrhenius—Andrade parameters
(A andE,/R) were calculated from measured viscosity data. The predicted capability and validity of the various theoretical models for the viscosity
of electrolyte solutions were tested.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 7+ and BT refer to the ionic valence and ionic viscosiBy
coefficient[1-3]. The Falkenhagen—Dole theory predicts only
Thermodynamic and transport properties of aqueous eleghe values of the viscosity-coefficient of electrolyte solu-
trolyte solutions in a wide range of solute concentrations andions at infinite dilution[4—10]. Determination of the3- and
solution temperatures and pressures are of fundamental impap-coefficients in the extended Jones—Dole equation forgfn/n
tance for the understanding of various physico-chemical prorequires reliable viscosity data for electrolyte solutions at high
cessesoccurring inthe chemical industry and in the environmengoncentrations.
Inmany applications, these processes occur at high temperaturesviscosity data for Lil(aq) solutions are scarce, especially
and pressures. Viscosity is one of the key transport propeiander high pressure and at high temperatures and with less
ties. Temperature and concentration dependences of viscosiliyan satisfactory accuracy. Theoretical mode[itiiy-18]of the
of aqueous electrolytes solutions are crucial for understandingiscosity of Lil(ag) can serve as an example for other 1:1 elec-
ion—solventinteractions. The solvational properties are reflecteiolytes. The main aim of the present paper is to measure the
in the viscosityB-coefficients of ions which are specific prop- viscosity of Lil(aqg) solutions at 293-525K, at pressures up to
erty of the solute and can be determined by adding individualio0 MPa, and at molalities up to 3molky to calculate the
contributions of the solute constitueBtz"B~ +z~B*, where  viscosityA- and B-coefficients, effective hydrodynamic molar
volumeVy in the extended Einstein relation for the relative vis-
- cosity (n/p), and the parametefg and E in the absolute-rate
* Corresponding author. Present address: Physical and Chemical Propertilseory of viscosity. The present results considerably expand the
Division, National Institute of Standards and Technology, 325 Broadway, BOU'Temperature, pressure, and concentration ranges in which vis-
der, CO 80305, USA. Tel.: +1 303 497 4027; fax: +1 303 497 5224. ; . . )
E-mail addresses: mangur@datacom.ru, iimutdin@boulder.nist.gov COSIty. for aqueous Lil 30'9“0“5 are gvallable. Most repor?ed
(.M. Abdulagatov), NazimAzizov@yahoo.com (N.D. Azizov). experimental data on the viscosity of Lil(ag) are at near ambient
! Tel.: +7 8722 62 66 23; fax: +7 8722 62 70 79. temperatures (298-323 K) and atmospheric preq@ut8—21].
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Only two sources of data on Lil(aq) solutions under pressureinder study at room temperature and experimental pressure,
are available in the literatur22,23], up to 573K and pres- AHy=(H1— H2)/In (H1/H>), whereH; and H are the mercury
sures up to 40 MPa at concentration from 0.4 to 5mofkg levels at the beginning and end of the flowing fluid, respectively,
Mashovets et al[21] measured the viscosity of Lil(ag) at at room temperature and atmospheric pressoigis the den-
atmospheric pressure and at 273.15-363.15K between 0.08ity of mercury at room temperature and experimental pressure,
and 9.17 molkgl. Several compilations of the volumetric and and Po,Hg is the density of mercury at room temperature and
transport properties of Lil(aq) at atmospheric pressure exist imtmospheric pressure.

the literaturef24,25]. However, new data have appeared since The values of the parametetsand W can also be deter-
Lobo and Quaresm{4] and Aseyev[25] reported a com- mined by means of a calibration technique. The time of fluid
prehensive review of all the Lil(aq) viscosity measurementdlow through the capillaryt was measured with a stop-watch
which were made between 1908 and 1994, except some missimgth an uncertainty of less than 0.1s (0.5%). An electromag-

works. netic device was used to start and stop the watch.
In this method, the measurement of the following basic quan-
2. Experimental tities are needsk*, AHo, L, Veyi, T, pHg, pr, T, and P. The

uncertainty of the viscosity measurements was assessed by ana-

The details of the experimental method, the description ofyzing the sensitivity of Eg(1) to the experimental uncertainties
the apparatus and procedures used for the viscosity measu@fthe measured quantitiz5]. Atthe maximum measured tem-
ments of the Lil(aq) solutions have been described in previougerature (525 K), the values of the root-mean-square deviations
papers[26-33]. Only brief and essential information will be inthe viscosity measurements wias=1.91x 10 °>gcm s,
given here. The measurements were made using a capillarfased on a detailed analysis of all sources of uncertain-
flow method, which gives an uncertainty of 1.5%. The capillaryties likely to affect the determination of viscosity with the
viscometer is the most frequently used instrument for the mearesent apparatus, the combined maximum relative uncertainty
surement of viscosity of aqueous electrolyte solutions at higlin/n in measuring the viscosity was less than 1.$26].
temperatures and high pressures (see for exaja#37]). The ~ The Reynolds (Re) number occurring during all measurements
technique is based on the Poiseuille’s law, which relates viswas (about 300) considerably less than the critical values
cosity to the rate of fluid flow through a capillary tube. The (Rec=2000).
main parts of the apparatus consisted of a working capillary with As one can see from E@l1), to calculate the dynamic vis-
an extension tube, a high-temperature and high-pressure autepsity from measured quantities, the values of the density of the
clave, movable and unmovable cylinders, electrical heaters, argplution under study at room temperature and experimental pres-
a solid red copper block. The capillary together with an extensurepr, and the density at the experimental conditi@iB, 7)
sion tube were located in the high-temperature and high-pressugée needed. For this purpose, we used the density data reported
autoclave. When the movable cylinder was moved vertically atn our previous publicatiof#0] for aqueous Lil solutions at high
constant speed, the fluid flowed through the capillary. The autdemperatures (up to 600 K) and high pressures (up to 40 MPa)
clave was placed in a solid red copper block. To create anéPr concentration up to 3 molkd-
measure the pressure, the autoclave was connected with a dead-As acheck of the method and procedure of the measurements,
weight pressure gauge (MP-600) by means of a separating veRefore engaging in measurements on aqueous Lil solutions,
sel. The maximum uncertainty in the pressure measurements w& have measured the viscosity of triple-distilled water along
0.05%. three selected isobars 0.1, 10, and 40 MPa and over the range

Poiseuille’s law assumes adherence to the same conditio®$ temperature from 284 to 436 K. These data were compared
during flow through the capillary (see R488]). After taken ~ With values calculated from the IAPWS formulatif4i]. The
into account all corrections the final working equations for thisagreement between both sets of data (IAPWH formula-

method arg26]: tion and the present results) along the isobars (0.1, 10, and
40 MPa) is excellent (average absolute deviation, AAD = 0.64%;
n= Ut (p) (1 - pr) (A+ar)®—w (ﬂ) ’ 1) seeTable 1). This excellent. agreement between the present
Pr PHg T data and IAPW$41] calculations for pure water confirms the

reliability and high accuracy of the measurements for Lil(aq)
e R A Hopo Hg nVeyl and gives us an assurance that our instrument is functioning
= 8Lvey W= 8L’ correctly_. . _ _

y The Lil(ag) solutions were prepared from chemically pure Lil
whereR =0.150914+ 0.005 mm is the inner radius of the cap- (Merck GR, >99.5 mass%) and triple-distilled water. The solu-
illary, L =540.324+ 0.005 mm the capillary tube length,the  tions were prepared gravimetrically with an analytical balance
time of flow, « the linear expansion coefficient of the capillary having a precision of5 x 10-8 kg. The solutions at the desired
material, Az the difference between experimental temperaturecomposition were prepared by mass by carefully weighing. To
and room temperature,=1.12 a constant (kinetic-energy cor- check the accuracy, we determined the density of each solution
rection factof39]), po(P,T) the density of the fluid under study at at room temperature (298.15 K) and atmospheric pressure with
the experimental conditions (P, ey = 1.2182 cmithe volume  the aid of a pycnometer accurate to 0.005% and compared it
ofthe unmovable (measuring) cylindgfthe density of the fluid ~ with the reference data.

U
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Table 1
Test measurements of the viscosity (mPas) of pure water
T (K) 0.1 MPa 10 MPa 40 MPa

This work IAPWS [41] This work IAPWS[41] This work IAPWS[41]
284.56 1.2570 1.2550 1.2490 1.2460 1.2310 1.2250
304.83 0.7654 0.7697 0.7725 0.7692 0.7745 0.7701
335.46 0.4482 0.4506 0.4504 0.4529 0.4635 0.4604
368.64 0.2938 0.2957 0.2966 0.2983 0.3086 0.3064
397.56 - - 0.2278 0.2258 0.2358 0.2334
435.61 - - 0.1679 0.1690 0.1745 0.1770
Deviation statistics AAD (%) =0.632; bias=0.012; S.D.=0.718; S.E.=0.179; max.

dev. =1.433N = 16; confidential interval (%) =95

3. Results and discussion 0.1 to 40 MPa and between temperatures 293 and 525 K the vis-
cosity of Lil(aq) solutions changes by a factor of 8-10. In the
Viscosity measurements have been made for seven (0.0806pncentration range: > 1 mol kg1, the empirical equation of
0.1600, 0.2832, 0.6621, 1.6046, 2.1603, and 3.0886 mdikg Arrhenius—Andrade is valid for the temperature dependence of
Lil(aq) solutions in the temperature range from 284 to 525 K atviscosity[45—47]:
pressures up to 40 MPa. All experimental viscosity data were b
obtained as a function of temperature on three isobars (0.1, 19,= A exp () , 2)
and 40 MPa) at fixed concentrations. The experimental temper- r
ature, viscosity, pressure, and composition values for the Lil(ag\hereA andb = E4/R (Eq is the flow activation energy) are func-
solutions are presentedTable 2. Some of selected experimen- tion of concentration. The values of these parameters for Lil(aq)
tal viscosity data for Lil(aq) solutions, as an example of thesolution calculated with present measurements at atmospheric
present results, are shown igs. 1-3in the n—m, =T, and  pressure are given ifable 3. This equation represents present
n—P projections, together with values reported by other authorsyiscosity data within 0.8-1.0% in the temperature range from
These figures also include the values of viscosity of Lil(aqg) cal-293 to 373 K. However, Eq2) failed to represent present data
culated with correlations by Goldsack and Franch@t®43]  over the complete temperature range at high pressures. As one
and Zaytsev and Aseygé4]. can see fronTable 3, the values of activation energyfor the
Fig. 4(left) demonstrates the concentration dependence @fow are monotonically decreasing with concentration of Lil.
the viscosity of a series of agueous solutions with the same The Eyring’s absolute-rate theory (Glasstone et[4#])
anion (negative ion1) and various cations (positive ions™l.i  enables a detailed description of the temperature dependence
K*, Na', CcP*, B&?*, NH*, and C3). This figure demonstrates of viscosity of concentrated aqueous electrolyte solutions as:
the effect of nature of N@ various cations on the values N N
and concentration dependence of the viscosity of salt solutions _ (hN> exp<AG ) or n=A exp(AH ) (3)
(iodides). As one can see frofig. 4(left) the Cdj(aq) solution 14 RT RT )’
observed highest values of the viscosity among most other aqugtare AGH
ous iodide solutions (Csl, Lil, KI, Nal, and Bglat the same

and AH* are the free enthalpy of activation and
enthalpy of activatior; the Planck’s constary the Avogadro’s
constantR the gas constant, afds the molar volume of the hole
f the liguid. The enthalpy of activation H* can be calculated

ous solutions With the same cation (positive ioﬁ)L;ind va_rious from the slope of the curve by thetyfunction of 1/T{Arrhenius
anions (negqnve lons §&, CI", B_r ,and ). AsFig. 4(”9ht) . plot; seeFig. 5). In simplified form for a 1:1 electrolyte, E(B)
shows the LiS@(aq) observed highest values of the ViSCoSity .o e given by the relatid@2,43]:

compared to other aqueous (LiCl, LiBr, LiNQand Lil) solu-
tions, while the viscosity of Lil(ag) showed lowest valuesy. 4 1= 10 exp E 4)
demonstrates also how the concentration dependence of the vis- 1+xV’

cosity of solutions depends on the nature of the solute ions. \yherey, is the viscosity of the electrolyte solution at a concen-
trationm and temperaturg, ng the viscosity of the solvent (pure

3.1. Temperature dependence of the viscosity of Lil(aq) water) at temperatufg x the mole fraction of the cation or anion
solutions in the solution, and the parametéandV are defined as:
. . . . AGE + AGE — 2AGY Ve + V.
Some selected experimental viscosity data for Lil(ag) soluE = ct R; O and V= ;Jr 2‘3, (5)
o —

tions as a function of temperature are showrfig. 2(a and
b) in then—T projection together with values reported by otherwhere V, is the molar volume of the cation particl¥,. the

authors. The viscosity of solution is considerably decreases witmolar volume of the anion particléd/; the molar volume of
temperature (sd€ig. 2(aand b)). For example, at pressures fromthe solvent particle (pure water),G% the molar free energy of
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Table 2
Experimental values of viscosity, pressure, temperature, and concentratio@eflHl solutions
T (K) 0.1 MPa 10 MPa 40 MPa T (K) 0.1 MPa 10 MPa 40 MPa
m=0.0800 (mol kg?) m=0.1600 (molkg?)
293.15 1.0085 1.0046 0.9978 293.15 1.0151 1.0118 1.0041
298.15 0.8961 0.8946 0.8920 298.15 0.9025 0.9012 0.8979
304.77 0.7764 0.7770 0.7779 308.74 0.7215 0.7221 0.7256
324.62 0.5385 0.5407 0.5475 323.74 0.5504 0.5527 0.5599
341.69 0.4164 0.4192 0.4252 344.06 0.4065 0.4093 0.4177
369.35 0.2968 0.2996 0.3079 368.79 0.3014 0.3044 0.3128
396.70 - 0.2301 0.2381 397.82 - 0.2304 0.2385
422.12 - 0.1885 0.1959 424.49 - 0.1874 0.1947
449.02 - 0.1581 0.1648 448.75 - 0.1602 0.1674
472.45 - 0.1387 0.1452 473.46 - 0.1397 0.1467
523.72 - 0.1089 0.1163 522.70 - 0.1109 0.1182
m=0.2832 (mol kg?) m=0.6621 (molkg?)
293.15 1.0246 1.0205 1.0135 293.15 1.0497 1.0466 1.0393
298.15 0.9114 0.9098 0.9070 298.15 0.9363 0.9351 0.9225
310.64 0.7028 0.7047 0.7074 304.75 0.8141 0.8149 0.8164
32251 0.5682 0.5704 0.5768 324.23 0.5733 0.5758 0.5829
347.42 0.3940 0.3976 0.4052 343.64 0.4337 0.4368 0.4458
367.05 0.3119 0.3142 0.3227 369.49 0.3189 0.3222 0.3313
398.32 - 0.2331 0.2414 399.03 - 0.2447 0.2534
424.14 - 0.1913 0.1988 421.45 - 0.2060 0.2139
449.71 - 0.1622 0.1696 449.06 - 0.1725 0.1802
472.92 - 0.1429 0.1501 474.98 - 0.1497 0.1572
524.07 - 0.1123 0.1199 525.42 - 0.1185 0.1266
m=1.6046 (molkg?) m=2.1603 (molkg?)
293.15 1.1218 1.1184 1.1115 293.15 1.1578 1.1543 1.1472
298.15 1.0021 1.0008 0.9979 298.15 1.0395 1.0385 1.0355
311.74 0.7684 0.7700 0.7748 312.45 0.7939 0.7957 0.8016
323.45 0.6301 0.6327 0.6406 324.02 0.6554 0.6584 0.6666
344.66 0.4673 0.4708 0.4804 345.43 0.4884 0.4912 0.5015
368.75 0.3544 0.3580 0.3678 364.95 0.3905 0.3944 0.4048
398.94 - 0.2713 0.2809 397.72 - 0.2921 0.3023
422.47 - 0.2275 0.2363 424.41 - 0.2400 0.2494
447.94 - 0.1945 0.2029 444.25 - 0.2119 0.2206
473.06 - 0.1699 0.1784 473.07 - 0.1815 0.1900
524.86 - 0.1344 0.1433 525.49 - 0.1435 0.1531
m=3.0886 (molkg?)
293.15 1.2270 1.2237 1.2150
298.15 1.1078 1.1009 1.0975
307.45 0.9235 0.9250 0.9291
325.64 0.6865 0.6896 0.6986
348.24 0.5101 0.5144 0.5255
363.94 0.4275 0.4317 0.4435
398.72 - 0.3165 0.3278
422.41 - 0.2666 0.2770
447.54 - 0.2284 0.2383
473.71 - 0.1992 0.2091
523.42 - 0.1603 0.1711

activation for viscous flow of the cation particleG* the molar  of the temperature dependence of theand V parameters of
free energy of activation for viscous flow of the anion particle,an Eq.(4) for the viscosity of solutions. Analysis of thg
AG{ the molar free energy of activation for viscous flow of the parameter of the electrolytes leads to absolute ionic hydration
solvent particle, and =m/(55.5 + 2m), wheren is the molality = numberg42,43]. The temperature dependence of these hydra-
of the salt. The individual ionic components of the param®&ter tion numbers reveals two types of ionic behavior: structure-
are related to ionic solvation numbers, and the individual ionianaking ions and structure-breaking ions. The results of the
free energy of activation components of theare related to a application of Eq.(4) to the present viscosity measurements
surface free energy for formation of a hole in the liquid. for Lil(aq) are presented iffable 4as a function of temper-
The temperature dependence of the viscosity of concerature. As one can see froffable 4, the values of parameter
trated agueous electrolyte solutions can be explained in ternfs almost independent on temperature (around 11.1), while the
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Fig. 1. (a and b) Measured values of viscositgf Lil(ag) solutions as a function of molality along various selected isotherms of 293.15, 298.15, and 323.15K
and at atmospheric pressure together with published data.

Table 3

The values of parametersAnandb (Eq. (2)) for Lil(aq) as a function of com-
position at atmospheric pressure

m (molkg™1) InA (mPas) b=EalR (K)
0.0800 —5.9551 1741.18
0.1600 —5.9346 1736.77
0.2832 —5.9038 1730.54
0.6621 —5.7453 1691.68
1.6046 —5.5306 1647.77
2.1603 —5.4018 1620.67
3.0886 —5.2323 1588.74
Table 4

The values of parametevaandE (Eq.(4)) for Lil(aq) as a function of temperature

T (K) v E B (dm*mol~?) Eq. (17)
293.15 7.90 10.9 0.0541
298.15 7.70 11.1 0.0613
303.15 7.53 11.1 0.0649
323.15 6.45 11.1 0.0837
333.15 6.04 11.1 0.0911
353.15 5.41 11.1 0.1025

values of parametdr monotonically decreasing as temperature
increases.

3.2. Pressure dependence of the viscosity of Lil(aq)
solutions

The viscosity is little affected (up to 3—4%) at high temper-
atures (367 K) and high concentrations (3 motkgand up to
1.0% at low temperatures (298 K) by pressure (for pressures
between 0.1 and 40 MPa) along the isotherms—isopleths (see
Fig. 3). The pressure dependence of the experimental viscosi-
ties for Lil(aq) in the range from 0.1 to 40 MPa is almost linear
(seeFig. 3). Leyendekkergt8] and Leyendekkers and Hunter
[49] have applied the Tammann-Tait—Gibson (TTM) model to
the calculation of viscosity of the aqueous electrolyte solutions
at high pressures. According TTG model the viscosity equation
can be present as:

ns = Nwis eXpLf(m)], (6)
f(m) = aim + aym® + - - -, (7)
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Fig. 2. (a and b) Measured values of viscosijtyf Lil(aqg) solutions as a function of temperatufat selected concentrations of 1.6046 and 3.0886 mol kgd at

pressures of 0.1, 10, and 40 MPa together with reported data.
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Fig. 3. Measured values of viscosifyof Lil(aq) solutions as a function of pressuPeat two selected temperatures 473.15 and 573.15K and at concentration of

3.0886 molkg!. The solid lines are guides for the eye.
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wherens andnys are the viscosities of the solution and water the testing of Eq(8) for Lil(aqg) solution. We used this technique

in solution, respectively, and is the concentration in molality.

to predict the pressure dependence of the viscosity of NaBr(aq)

This model predicts the viscosity of the solution at presgure and CaCl(aq) solutions for which there are thig data. The

as:
g
RO

(8)

whereny is the viscosity of pure wate® the external pres-

sure, andP; is the effective pressure due to the salt (function of

concentration):

Pe=ho+ hix + h2x2 + h3x3, 9)

difference between predicted and measured values of viscosity
for these solutions is about 0.5-1.0%.

3.3. Concentration dependence of the viscosity of Lil(aq)
solutions

For some electrolyte solutions such asp(H+ NacCl,
H»O +LiCIl, H,O+LiBr, H,O+Lil, HoO+NaF, BO +KF,
H,O +RbF, and HO+CsF the viscosity increases mono-
tonically with the electrolyte concentration, while for other

wherex is the concentration of the solute in grams per gram ottypes of electrolyte solutions such ag®i+ KCI, H,O + RbCl,
solution andh; parameters are functions of temperature only.H,O + CsCl, BO +KI, and HO + KBr, the viscosity decreases
The lack of thePe data as a function of temperature precludedwith concentration at low electrolyte concentrations reaching a
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K

Fig. 5. Measured values of Inas a function of"~* (Arrhenius plot) at two selected concentrations 0.0800 and 3.0886 mbiku at pressures 0.1 and 10 MPa.
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minimum value, then increasing monotonically for higher con-distortion of the solvent structure). These effects are governing
centrations (see, for examplEjg. 4). As one can see from the viscosity behavior of the agueous electrolyte solutions. The
Fig. 1(a and b), the viscosity of Lil(aq) solutions monotonically values of ionidB* -coefficients are constant at a givEfor given
increases with the electrolyte concentration without minimum.ions in a specific solvent and describe solely the ion—solvent
The existing theoretical result, which describes the conceninteractions. The values df*-coefficients for various ions at
tration dependence of the viscosity of ionic solutions, is validdifferent temperatures are available in the literature (see, for
only at very dilution. Falkenhagen—-Onsager—Fuf®40,50] example Jenkins and Marc[®1]). The behavior of the concen-
and Debye—-ldckel-Onsagef51,52] theories predict a square- tration dependence of the viscosity of solutions depends on the
root concentration, (n/g) o +/c, dependence of the viscosity of nature of the solute ions. The valuesAsfandB-coefficients of
ionic solutions at infinite dilution (e> 0). This theory correctly an electrolyte provide information on the interaction between
explains the rise of viscosity with concentration in the limit of dissolved ions (Li*, I1~) and molecules of a solvent ¢8).
very low (dilute solutions) ion concentrations{0.05 mol I-1). For example, thet-coefficient of the Jones—Dole equation is
This model was based on macroscopic considerations. Therdetermined by ion—atmosphere interaction (long-range coulom-
fore, this model is inadequate when intermolecular correlationbic interactions) and ionic mobilities of solute ions. Theand
become important. Jones and D{&] proposed an empirical D-coefficients are adjustable parameters and related to the size
extension of the Falkenhagph-8] model to high concentrations and shape of the ions and the ion—solvent and ion—ion interac-

as: tions, respectively. Therefore, the viscosityandB-coefficients

n of electrolyte solutions are useful tools in study structural inter-
— =1+ AJc+ Be (10) s (ion_ion. i ; :

o ’ actions (ion—-ion, ion—solvent, and solvent—solvent) in solutions.

An extensive compilation of Jones—Dole and B-coefficients
for the viscosity of electrolyte solutions. In H40),nandnoare  for a series aqueous electrolyte solutions is reported by various
the viscosities of an electrolyte solution and pure solvent (waterauthors[1,46,54—68]. Low concentration viscosity measure-
respectivelyA an always positive constant, ands the elec-  ments for most aqueous electrolyte solutions show good agree-
trOlyte mOlarity concentration (mOTll) This equation is valid ment between experiment and thetﬁ'y_61,69_72] The values
only for concentrations below 0.1 mof}, although the theory  of theA-coefficient are always positive, bBtcoefficient can be
cannot exactly predict the concentration range wherdEX)is  eijther positive or negative depending on the nature of the solute
valid. Usually, the values of the parameters of i) are deter-  and the solvent. The sign of ttRcoefficient depends on the
mined by fitting over various concentration ranges. The optimagiegree of solvent structuring introduced by the ions. A positive
concentration range also depends on the temperature. The vghlue of theB-coefficient is associated with structure-making
ues ofB-coefficient Strongly depend onthe flttlng Concentration(ordering) ions, while a negative value of tBecoefficient is
range. This is one of the reasons of the discrepancies betwe@gsociated with structure-breaking (disordering) ions. The tem-
reported by various authors’ the values of #eoefficients.  perature coefficient oB (dB/dT>0), is positive in most case.
Eq. (10) provides a better description of the experimental vis-For example, dB/dZ 0 for Mg?* and Li* is negative, for N&
cosity data than limiting law, (n/0) = 1+ A/c. Falkenhagen it is almost zero, and for Kit is positive. The values oB-
and DO'q:g,lO] gave atheoretical derivation of thecoefficient. coefficients for LT are decreasing with temperature (dBfCH),

Its general form i$54]: while for I- are increasing with temperature (dB&D) (Jenk-
* ins and Marcug54]). The viscosityB-coefficient for aqueous
A= 71/2]’()\3?, 22 74, 22), (11)  solutions shows strong temperature dependence, which can be
no(eoT) attributed to ion—solvent interactions. However, measurements

of the temperature dependence of th@ndB-coefficients have

. FezNi/Z(l +/2) so far been limited to rather narrow ranges of temperature (up to
= W 368 K) with less satisfactory accuracy. We examine the values
of A- andB-coefficients for aqueous Lil solutions as a function
f zz(/\ﬁ’f + A%) 1 40 — ASO)Z of temperature in the range from 298 to 523 K.
= —_ , . 2
A2+ V2) (.00 20100 | 3 00)2 Some authorf57-60,67,73—-75dded a quadratic terfc
( JOFA=) (1++2) (F +2%) 12) (extended Jones—Dole equation):
where A"=1.113x 10°°°C? (mKmol=3)Y2,  f(1%, 1, % =1+ AJc+ Be + Dc?, (13)

7+, z—) is a function of the equivalent conductena€s at infi-
nite dilution of the ions, and. is the charges. The value of to extend the Jones—Dole equation for more concentrated elec-
parameter depends also on the viscosity of the pure solventrolyte solutions (< 0.1-0.2m). The newc? term of Eq(13)is
(water) no (IAPWS [41]), its relative permittivity (dielectric including all solute—solvent and solute—solute structural interac-
constantlo (IAPWS [90]), and the temperaturE At a given  tions that were not accounted by the/c andBc terms at high
concentration, th8-coefficient can be interpreted in terms of a concentrations such §6,67,74]: high terms of the long-range
competition between specialized viscosity effects as (coulombicoulombic forces; high term hydrodynamic effect; and interac-
interaction, size and shape of effects or Einstein effect, aligntions arising from changes in solute—solvent interactions with
ment or orientation of polar molecules by the ionic field, andconcentration. The range of the concentration in present study
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Table 5 also from experimental viscosity data by extrapolating the func-
The viscosityA-, B-, andD-coefficients (Eq(13)) of agueous Lil(aq) as a func- tion:

tion of temperature

_ (n/mo) —1—Act/?

T (K) A (dmP2mol~1/2) B (dm? mol1) D (dm® mol~2) B+ Dc = , (15)
C
298.1% 0.0042 0.073 0.005 ] . )
323.1% 0.0056 0.085 0.010 to zero concentration (e> 0), using theoretical value of
373.1%8 0.0080 0.116 0.011 (Egs.(11)and(12)), or the slope of the experimental dependence
42319 0.0100 0.135 0.012 [(n/no) — 1)/c¥? on 12 (Jones-Dole plot; seeig. 7):
473.19% 0.0140 0.145 0.014
523.1% 0.0160 0.160 0.021 o) —1
i % — A+ B2 (16)
At pressure of?=0.1 MPa. c
b - . ..
At pressure ob =10 MPa. The experimental values of the andB-coefficients are deter-

mined by plotting the left side of the E€L.6), [(n/n0) — 1]/¢/?,
is overlaps range whet®c andDc? terms are essential. In our against2. Fig. 7illustrate such plots for a Lil(aq) solutions for
previous publications (Abdulagatov et f0-33]), we included  the selected temperature of 298.15K. The intercept and slope
one more termFc2-2, for applications to higher concentrations: of the linear plot are viscosity- and B-coefficients, respec-
n ) 95 tively. Unfortunately, there are no experimental viscosity data for
o 14+ AVe+ Be+ Dc” + Fe™. (14)  Lil(ag) at dilute to accurate determination of the intercepts and
slopes of the Jones—Dole plot. Therefore, the estimated uncer-
Including a term containing thBc?>, the concentration range tainty in derived values of tha- and B-coefficients from Eq.
of the validity of Eq.(14) can be sufficiently extended to higher (13)is about 0.001-0.002 | mot.
concentrations. The present experimental data for the relative The Jones—Dole viscositB-coefficient is related to the
viscosity (n/ip) for various temperatures, together with dataparametery andE in Eqg. (4) by the relation:
reported by other authors for Lil(aq) at low concentrations were E_vV
used to calculaté-, B-, andD-coefficients in the extended Jones p = — . (17)
and Dole Eq(13)in the concentration range up to 3 molkg 55.51
The results are summarized Table 5and presented ikig. 6  The values of viscositB-coefficients calculated with E§17)
as a function of temperature, together with values reported bysing the values o¥ and E parameters for Lil(aq) are given
other authors and those calculated from theory. As one can sée Table 4and shown inFig. 6 together with data reported in
from Fig. 6, the agreement between theand B-coefficients  the literature. The agreement between these data and the values
derived in present study and those calculated with theory anderived by other authors is acceptable (4-5%).
the ionic B-coefficient data, is good-ig. 6 also demonstrates Jiang and Sandl¢t2] proposed a new statistical mechanics-
that theA-coefficient monotonically increasing (almost linearly) based equation to describe the concentration dependence of
with temperature and the derivative (temperature coefficient)he viscosity of various types electrolyte solutions. This model
dB/dT> 0 is positive (structure-breaking ions). based on the combination of liquid-state theory and absolute-
According to a conventional technique of determining therate theory. The adjustable parameters in the moq'é,l £, b)
viscosity coefficient, th@- andD-coefficients can be estimated have physical meaning and are related with the degree of ion

H,O+Lil
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0.16
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Fig. 6. Experimental viscosity- andB-coefficients of the Lil(aq) solutions as a function of temperature together with values reported by other authors.
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Fig. 7. Jones-Dole plot [(n) — 1]/cY/2 vs. Y2 for Lil(aq) solutions for selected isotherms of 298.15 K at atmospheric pressure.

hydration. According to the model, the reduced viscosity of thetions (30m) at temperatures up to 573 K. The comparisons the

electrolyte solution is: values ofB-coefficients calculated from E(RO) with the values
reported in the literature are givenkig. 6. As one can see, this
n = no(1 + a/x + bx) exp (fEX> , (18)  model excellent represent present and published data for Lil(aq)
RT at temperatures up to 523 K.

wherefex is the excess contribution of the activation Helmholtz ~_ Einstein[76] has calculated the size effect (hydrodynamic
energy of the solution with the pure solvent. Jiang and Sandegfféct) for an infinitely dilute suspension of rigid spherical par-
[12] provided the analytical expression for hard-sphere and eledicles in a continuum and obtained following expression:
trostatic contributionfx =fus + fgL. This model was appliedto  n

Lil(aq) solution to describe the concentration dependence of visy, =1+ko, (21)
cosity (up to 4.4 molt1) at 298.15 K and atmospheric pressure.

Fig. 1shows the comparison of the model with present experi?/Neré ¢ is_the volume fraction of the solute molecules

mental data. The agreement is within 0.3-0.5% (¢ = (413)7R3N4c, whereR is the effective solute ions radius or
Lencka et al.[13] developed a comprehensive model for hydrodynamicradiu; ofthg ions, ant the salt concentration).
calculating the viscosity of aqueous electrolyte solutions rang—':Or solid spheres with a diameter large compared to molecular

ing from dilute to very concentrated. The model includes aﬁimensiolnr?, thehvallue afin IIEq.(Zl) is corﬂmontljy accepted to db
long-range electrostatic interactions tergh? (Onsager—Fuss € 2.5, although values as large as 5.5 have been suggested by

theory), contributions of individual ions;® (Jones—DoleB- Happell[77]. If ¢ is expressed in terms of the concentration in
coefficients), and a contribution of specific interactions betweeﬁnOI I”%, then Eq(21) becomes:

; i0gS—S -
ions or neutraI. speciesy (for the concentrated solutions, 7 _ 1+ 25Vic. 22)
function of the ionic strength): 70
D1y R S 4SS (19)  WhereV; is the hydrodynamic molar volume in émmol~*. If
10 Einstein's Eqg.(21) is related to the Jones—-Dole EJ.0), the
where analytical expression fgfR, n°, and,®~S are given in bl 6

aple

Ref. [13]. A technique for predicting the temperature deDen_Thevaluesof/k (Eq.(23)) for Lil(aqg) as a function of temperature at atmospheric

dence of the viscositB-coefficients has been developed using pressure
the concept of structure-breaking and structure-making ions

[13]: T (K) Vi (Imol=1)
293.15 0.0258

B = Bg + Bs exp[—K(T — 273.15], (20) 29815 0.0271
303.15 0.0286

where K=0.012 is the constantBg=0.1626Imot? the 313.15 0.0312

Einstein contribution (hydrodynamic, intrinsic term); and 323.15 0.0337

Bs=-0.14731mot! were calculated using the present values333-15 0.0357

of B-coefficients for Lil(ag). The model reproduces the viscosityggg'ig g'gggg

of aqueous systems ranging from dilute to concentrated solu-—
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B-coefficient can then be related to the molar volumeby  volumes of hydrated ions gy instead ofV>°, with the coef-
B=2.5V,. As discussed by Desnoyers and P¢8@, V, should  ficient « nearer to 5 or 6 (Mandal et &82]). Therefore, for

be given by the partial molar volume of the soltealthough  such an ideal system the viscosities are predictable from densi-
other authors (for example, Skinner and FU@$ss) considered ties and vice versa. Isono and TamamuysBi found the linear

Vi as the apparent molar volume. General empirical expreselation between the viscosiBcoefficient of electrolyte solu-
sions have been proposed by several autfit@s81] for the  tion and the molal volum&;, of the hydrated sal3 =aV; — b,
B-coefficient B = aV> + b. Other authors prefer to use the where the values of parameteare within 2.6-2.8, depending

Table 7
Deviations 81 = 100(nexp — nrep)/nexp, Of present experimental values of viscosity from those reported by various authors from the literature
m (molkg™1) Abdullaev et al[23] (at high pressures)
298.15K 323.15K 373.15K 423.15K 473.15K 523.15K
0.6621 —0.6 -0.3 0.3 -0.1 1.9 0.4
1.6046 -0.9 -0.5 0.5 0.6 1.6 0.4
2.1603 -1.9 —0.6 0.9 1.7 1.8 0.5
3.0886 -3.7 -1.2 0.6 14 2.3 14
Deviation statistics AAD =1.2; bias=0.27; S.D.=1.51;
S.E.=0.36; maximum deviation=3.7
m (molkg™1) Mashovets et a[21] (at atmospheric pressure) Goldsack and Franchetf42,43] (at atmospheric pressure)
293.15K 298.15K 323.15K 293.15K 298.15K 323.15K
0.0800 - - - -0.34 0.19 0.25
0.1600 0.83 1.26 0.92 —0.55 0.25 0.00
0.2832 -0.23 0.82 —0.55 —0.87 -0.71 —1.48
0.6621 —0.25 0.68 —0.59 -1.13 -0.91 —1.57
1.6046 -1.31 0.11 -0.19 —1.50 -1.13 —1.60
2.1603 —0.52 0.25 —0.73 —0.94 0.78 -1.19
3.0886 0.13 0.43 —1.40 0.03 0.51 —1.06
Deviation statistics AAD =0.62; bias=0.019; S.D.=0.76; AAD=0.81; bias=0.62; S.D.=0.74;
S.E.=0.18; maximum deviation=1.4 S.E.=0.16; maximum deviation=1.6
m (molkg™1) Zaytsev and Aseyejé4]
0.0800 293.15K 298.15K 304.77K 324.62K 341.64K 369.35K
0.11 0.11 0.07 0.06 0.04 —0.02
0.1600 293.15K 298.15K 308.77K 324.62K 341.64K 369.35K
0.13 0.09 0.09 0.07 -0.01 —0.05
0.2832 293.15K 298.15K 310.64K 322.51K 347.42K 367.05K
0.55 0.40 0.40 0.41 0.32 0.00
0.6621 293.15K 298.15K 304.75K 324.23K 343.64K 369.49K
2.04 1.83 171 1.45 0.98 1.35
1.6046 293.15K 298.15K 311.74K 323.45K 344.16 K 368.75K
3.1 29 1.9 0.9 0.15 —0.39
3.0886 293.15K 298.15K 307.45K 325.64K 348.24K 363.94K
4.1 3.2 2.4 21 21 2.7
Deviation statistics (ak < 0.6621) AAD =0.16; bias=0.16; S.D.=0.17;
S.E.=0.04; maximum deviation =0.55
Deviation statistics (atz>0.6621) AAD=1.9; bias=1.9; S.D.=1.1; S.E.=0.3;

maximum deviation=4.1
Mills and Kennedy{19]

m (molkg™1) 298.15K
0.0800 0.82
0.1600 0.71
0.2832 0.68
0.6621 1.45
1.6046 2.80
2.1603 3.35
3.0886 5.58

Deviation statistics AAD =2.2; bias=2.2; S.D.=1.8; S.E.=0.7; maximum deviation =5.6
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on temperature. As one can see, the valuesvefry close tothe between present measurements and data reported by Mashovets

Einstein value of 2.5. et al.[21] and Goldsack and Franchefti?,43]at temperatures
Thomas[84] has extended the Einstein relati(?1) for the  between 298.15 and 323.15 K and at atmospheric pressure. The

hydrodynamic effect to high concentrations by showing that fordata of AbdullaeV22] and Abdullaev et al[23] agree with

suspensions the relative viscosity is given by the relation: present results withink1.2% at high pressures and at high

1 ) - temperatures (from 298.15 to 523 K). These data are generally

— =1+25¢+ 1005¢" = 1+ 2.5V,c + 10.05Vc®.  (23)  within 0.6-0.7% of the present results at concentration below

o 2.1603 mol kg and at atmospheric pressure, while at high con-

As was shown by Breslau and Millg85], this relation can be centrations and high pressures the deviations are withig%

used to represent the concentration dependence of the relatiggeeFig. 3), the maximum deviation is 3.7%. Differences up to

viscosity for concentrated electrolyte solution#jfis taken as  0.16% are found for the viscosities calculated with Asefp&]

an adjustable parameter. We determined the valugg @k a  correlation at low concentrations @0.6621 molkg?!) and up

function of temperatures for Lil(aq) in E§23). The derived to 1.9% at high concentrations (0.6621 mol kg?). The data

values of theV; for Lil(aq) are given inTable 5. The value of reported by Mills and Kennedit9] are consistently 2.2% higher

V,=0.0271Imof?! at 298.15K is satisfactory and agree with than present data at 298 K and atmospheric pressure. Maximum

the value 0.03201mot! reported by Sahu and Behef20].  deviation up to 5-6% is found for the data by Mills and Kennedy

Therefore, the relatiori23) can be used to estimate the val- [19] at high concentrations (around 3.0 mol#y,.

ues of the hydrodynamic volunig using experimental relative

viscosity data. Moulik and Rakshi86] also used Eq(23)t0 4. Conclusions

correlate the concentration dependence of the viscosity of 72 dif-

ferenttype electrolyte solutions at high concentrations=igs1 Viscosities of seven (0.0800, 0.1600, 0.2832, 0.6621, 1.6046,
shows, calculated values of the relative viscosity for Lil(aq) with 1603, and 3.0886 mol kgd) aqueous Lil solutions have been
Eq. (23) are good represent present experimental viscosities ifheasured with a capillary-flow technique. Measurements were
the concentration range up to 3mofkg A least-squares fit of made at pressures up to 40 MPa. The temperature range was
the correlation between viscosiBycoefficients and the hydro- 293-525K. The reliability and accuracy of the experimental
static volumed/ for Lil(aq) results in the following correlation  method and the reported values of viscosities for Lil(aq) were
B=3.46V; — 0.0334. Breslau and MillgB5] correlation forthe  confirmed with measurements on pure water. The experimen-
aqueous electrolyte solutions #5=2.90V; —0.018. Sahu and ta| and calculated values of viscosity for pure water from the
Behera[20] also represented experimental relative viscosity o Apws [41] formulation show excellent agreement with our
6|eCtr0|yte solutions by eXtending the |Im|tlng Einstein equationresuns’ within their experimenta| uncertainty (AAD = 063%)
as (Table 6): Good agreement (within 0.6—2.0%) is found between the present
measurements and the most data sets reported by other authors
in the literature. The temperature, pressure, and concentration
_ dependencies of the viscosity were studied. The values of the
where V is the molar volume of electrolyte in solution yiscosityA-, B-, andD-coefficients of the extended Jones—Dole
(dm® mol~*) andc is the concentration in mol dnf. The values  equation were obtained for the relative viscosity §)/af aque-
of correlating coefficients; (=1, 3) for series electrolyte solu- ous Lil solutions as a function of temperature. It was found
tions were derived from experimental viscosity data a&t@5  that the temperature coefficient, dB/dD, for Lil(aq) is positive
(structure-breaking ions). Physical meaning paramétarsdE
3.4. Comparison with other data and correlation in the absolute-rate theory of viscosity and hydrodynamic molar
volume V, were calculated using present experimental viscos-
The present experimental values of the viscosity for Lil(aqg)ity data. The Arrhenius—Andrade parametera(WlE4/R) were
solutions were compared with data reported by other authorsalculated from the measured values of viscosity. The predicted
in the literature Figs. 1-3demonstrates the direct comparison capability and validity of the various theoretical models for the
between present viscosity data for Lil(aq) solutions and the valviscosity of Lil(aq) solutions were tested.
ues reported by various authors from the literature. As one can
see from these figures, basically the agreement between varioygknowledgement
data sets is good, except scattering (up to 10%) some data sets

at high concentrations (=3 molkg™). These figuresillustrate  Apdulagatov I.M. thanks the Physical and Chemical Proper-
that our data are consistent well with most literature values ajies Division at the National Institute of Standards and Technol-

various pressures, temperatures, and concentrations. The reb’gy for the opportunity to work as a Guest Researcher at NIST
tive percentage deviations between present viscosity data fefyring the course of this research.

Lil(aq) solutions and the data reported by other researchers

are given inTable 7together with their deviation statistics. peaferences
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I 14 25Ve + k1 V22 + ko V33 + ksVAc?, (24)
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