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Experimental Study of the Effect of Temperature, Pressure, and Concentration on
the Viscosity of Aqueous SrCj} Solutions in the Range of (293 to 473) K and (0.1
to 20) MPa

lImutdin M. Abdulagatov* ‘** and Nazim D. Azizov

Institute for Geothermal Problems of the Dagestan Scientific Center of the Russian Academy of Sciences, 367003 Makhachkala,
Shamilya Strasse 39-A, Dagestan, Russia, and Azerbaijan State Oil Academy, Baku, 370601, Azerbaijan

The viscosity of five [(0.27, 0.58, 0.92, 1.73, and 2.63) 1#kgt’] binary aqueous Srgkolutions has been measured

with a capillary flow technique. Measurements were made at pressures up to 20 MPa. The range of temperature
was (293 to 473) K. The total uncertainties in viscosity, pressure, temperature, and composition measurements
were estimated to be less than 1.6 %, 0.05 %, 15 mK, and 0.02 %, respectively. The effects of temperature,
pressure, and concentration on the viscosity of fa@) solutions were studied. The temperature and pressure
coefficients of the viscosity of Srehqg) were studied as a function of concentration and temperature. The measured
values of viscosity were compared with data, predictions, and correlations reported in the literature. The viscosity
data were used to accurately calculate the physical meaning parameters (vidcasdys coefficients) in the
extended JonesDole equation for the relative viscosity/f). Various theoretical models [absolute rate theory,

TTG (Tammanna-Tait—Gibson) model, extended Einstein model] were used to accurately represent the measured
values of viscosity. The values of hydrodynamic molar volumeg(effective rigid molar volume of salt), were
calculated using the present experimental viscosity data. The high-pressure viscosity measurements were used to
test the predictive capability of the TTG model.

Introduction found for the viscosity of SrGfag)— at the atmospheric
pressure and at temperatures up to 328.15 K. Afzal ét al.
reported viscosities for Srgthq) solutions in the temperature
range from (293 to 323) K at atmospheric pressure. Measure-
ments were made with a Ubbelohde viscometer. The results of
H1e measurements were described with the equation

Viscosity is one of the key transport properties of electrolyte
solutions. The design of engineering systems utilizing aqueous
electrolyte solutions requires an accurate knowledge of transport
properties (viscosity and thermal conductivity). In many indus-
trial and natural processes, aqueous solutions are present at hig
temperatures and high pressures, for example, in deep geological . 5
formations (underground waters), in steam-power generation, 1= 8 €XPOGC + CoC) @
geothermal power plants, hydrothermal synthesis, seawater . . n.
desalination processes, and other industrial operations. Accuraté’"herec Is the electrolyte concentration (mbl™); andao, by,

viscosity data are known to give valuable information regarding and co arg :ﬁmp.eratu.rte-dizleln?erg coeﬁ|C||rer:Fs. Naggl;a étdal.
ion—solvent interactions (long-range electrostatic interactions), measured the viscosity of dilute Se(q) solutions (0.05 an

—1
which are the controlling forces in dilute solutions where-ion 0.1 motkg™) at temperatures from (303.15 and 318.15) K.

ion interactions are absent. Therefore, precise viscosity data aré—ierz3 reported viscosities of Srétaqg) solutions at 298.15 K

needed to accurately calculate the physical meaning parameter§nOI 0.1 MPa. Isorfé reported viscosities for Srgaq) solutions_
(for example viscosityA and B coefficients in the extended in the temperature range from (288 to 328) K and concentrations

—1 - _
Jones-Dole equationV and E in the Eyring's absolute rate from (0.05 to 2.5) mokg~! at atmospheric pressure. Measure

theory, or the values of effective rigid molar volume of 3alt ments were made. W'th. a Ubbelohde-typg wsqometer. No
in the extended Einstein model) in the various theories of uncertainty in the viscosity measurements is available for the

electrolyte solutions. Because of severe high temperature and>0urce data. The measured values of viscosity were used to

high-pressure conditions in aqueous systems, there are nc)calculate the temperature coefficient{{h;/dT)p x as a function

experimental viscosity data for the Speiq) solutions at high of concentration at a temperature of 298.15 K. The measured
temperatures and high pressures. values of viscosity were fitted to the extended JoriBsle type

Literature Review of the Experimental Data and Correla- equation
tions. A survey of the literature reveals a scarcity of experi-
mental viscosity data for Srethq) solutions, especially at high
temperatures and high pressures. Only nine data sources were . . .
wheren ando are the viscosities of an electrolyte solution
* Corresponding author. E-mail: ilmutdin@boulder.nist.gov or mangur@ and pure solvent (water), respectivelyjis always a positive
xtreem.ru. Fax: (303)497-5224. Tel: (303)497-4027. constant, andhis the electrolyte concentration (mkd ). The
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*Present address: Physical and Chemical Properties Division, National coefficientsB, D, andE are the polynomial type functions of

Institute of Standards and Technology, 325 Broadway, Boulder, CO 80305, temperature. This equation is valid in the temperature range from
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nhe =1+ AVm-+ Bm+ Dn? + Ent )

10.1021/je0604481 CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/24/2007



842 Journal of Chemical and Engineering Data, Vol. 52, No. 3, 2007

Table 1. Test Measurements of Viscosity of Pure Water at
Atmospheric Pressure

Table 2. Experimental Values of the Viscosities, Pressures,

Temperatures, and Molalities of SrCh(aq) Solutions

TIK this work IAPWS?® onel% T n/mPas
293.15 0.9986 1.0020 —-0.34 K P=0.1MPa P =10 MPa P =20 MPa
298.15 0.8921 0.8901 +0.22 m= 027 molkg 1
g}éig 8'232% 8'2828 fggg 293.15 1.0797 1.0790 1.0789
36315 0.3128 0.3144 051 298.15 0.9628 0.9634 0.9639
365.15 0.3055 0.3070 —0.49 313.56 0.7071 0.7094 0.7108
: : ' : 347.50 0.4209 0.4246 0.4271
AAD 0.37 % 363.86 0.3461 0.3510 0.3552
399.45 0.2482 0.2509
a gy = 100(7e*P — y'APWS)/pexp, 425.88 0.2030 0.2075
450.35 0.1733 0.1761
Zaytsev and Aseyévrepresented available experimental 469.45 0.1558 0.1586
viscosity data from the literatuté® for aqueous SrGfaq) m=0.58 motkg 1
solutions in the temperature range from (273 to 373) Kand at  293.15 1.1720 1.1715 1.1694
concentrations from (5 to 60) mass % at atmospheric pressure %ig-;g é-g%i é-g;‘?g é-%‘%
by the following correlation equation: 34857 0.4614 0.4654 0.4676
72 364.49 0.3822 0.3857 0.3890
log,7 = 109,417, + 10 %(0.979+ 0.00196)x 397.85 0.2809 0.2841
424.40 0.2301 0.2333
where g is the viscosity of pure water in (mPg, X is the 448.96 0.1957 0.1988
o 0 : 471.50 0.1721 0.1758
composition in (mass %), artds the temperature irfC). The
absolute uncertainty of calculated values of the viscosity of m=0.92 motkg~1
SrCh(aq) is 0.0214 Pg. The TTG (TammannTait—Gibson) ggg'ig ﬁ?jg ﬁggg ﬁggg
model for the viscosity of Sr@laq) solutions at 293 K were 315.86 0.8261 0.8286 0.8308
reported by Leyendekkerand Leyendekkers and HuntéfThe 349.57 0.5150 0.5164 0.5186
developed model fitted the viscosity data within the experimental ~ 362.54 0.4472 0.4492 0.4510
uncertainty (0.3 to 0.5 %) at low concentrations and about 2 % igg-gg 8-gégg g-gggg
at high concentrations. Only two adjustable parameters are ,,75q 0.2275 02303
needed to accurately represent the experimental data using this 47127 0.1955 0.1994
model over a wide concentration range (from dilute to satura- m=1.73 motkg-1
tion). This model can also be used to predict the viscosity of  293.15 1.6066 1.6070 1.6082
electrolyte solutions at high pressures. The compilation of the  298.15 1.4472 1.4477 1.4489
volumetric and transport properties of Sy@l) at atmospheric 313.20 1.0960 1.0981 1.0993
pressure have also been reported by Chapman and NeWman. ggjg; 8'2’222 8'238‘1‘ 8'2?22
This compilation includes only the viscosity data reported by 399 g6 ' 0.4168 0.4217
Timmerman# at 298.15 K and 0.1 MPa. 424.53 0.3497 0.3547
It is apparent that experimental viscosity data at high  450.00 0.2967 0.3018
temperatures (above 328 K) and high pressures (above 0.1 MPa) 47254 0.2600 0.2648
for SrCh(aq) solutions are not available in the literature. Thus, m= 2.63 motkg~1
the primary objective of this work was to expand the existing ggg'ig i'ggig i'gggz i-gg;g
viscosity database for Sritaq) to higher temperatures (up to 31454 13744 13769 13798
473 K), pressures (up to 20 MPa), and concentrations (up to  347.43 0.8724 0.8757 0.8795
2.63 motkg™1). The main objective of the paper is to provide 363.87 0.7243 0.7311 0.7372
new accurate experimental viscosity data for binary §&Q) igj-g? 8-4512‘111 g-iggg
solutions at high temperatures and high pressures using a ,,-'59 0.3924 03980
capillary-flow technique. This technique has been previously  472.9g 0.3348 0.3409

used for accurate viscosity measurements of other aqueous salt
solutions!3-27 This work is part of a continuing program on
the transport (thermal conductivity and viscosity) and thermo- it will be not be reproduced here. The measurements were made
dynamic P—V—T—x) property measurements of electrolytes using a capillary-flow method, which gives an uncertainty of
in aqueous solutions at high temperatures and high pressuresi.6 % for the viscosity. The technique is based on Poiseuille’s
In previous studie$3 2" we measured the viscosity of 17 law, which relates viscosity to the rate of fluid flow through a
aqueous salts (N&Qy, KoSOy LioSOQ;, MgSQy, NaCOs, capillary tube. The main parts of the apparatus consisted of a
MgCly, LiCl, BaCl,, CaCh, NaNG;, NaBr, Ca(NQ)., LiNOs, working capillary with an extension tube, a high temperature
Ni(NOs),, BaNG;, Lil, Nal) solutions at high temperatures (up  and high pressure autoclave, movable and unmovable cylinders,
to 607 K) and high pressures (up to 60 MPa) by using the electrical heaters, and solid red copper block. The capillary
capillary-flow technique. The values of the viscosity of con- together with the extension tube was located in the high
centrated SrG(aq) solutions covering the range of temperatures temperature and high pressure autoclave. When the movable
and pressures reported in this work are not available in the cylinder was moved vertically at constant speed, the fluid flowed
literature. through the capillary. The autoclave was placed in the solid
. . red copper block. To generate and measure the pressure, the

Experimental Section autoclave was connected with a dead-weight pressure gauge

Since this method (apparatus, procedure, and uncertainty(MP-600) by means of a separating vessel. The maximum
assessment) has been described fully in our other pap@érfs,  uncertainty in pressure measurements was 0.05 %.
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Figure 1. Measured values of viscosity of SrCh(aq) solutions as a function of concentratioralong two selected isotherms of 293.15 (A) and 298.15
(B) and at atmospheric pressure together with published data. Par@) vef 1; @, this work;+, refs 4 and 5:—, TTD model by Leyendekker&t0 — - —,
correlation by Zaytsev and Asey@PRanel B: O, ref 1; @, this work; +, refs 4 and 50, ref 12; x, ref 3;0, ref 12; — + —, correlation by Zaytsev and
AseyeV®
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Figure 2. Measured values of viscosity of SrCh(aq) solutions as a function of temperatdret two selected concentrations of 0.58 (A) and 1.73 (B)
mol-kg~! and at atmospheric pressure together with reported dateef 1; @, this work; +, (exp) refs 4 and 5— —, correlation by Isond;—, ref 6;
------- , pure water (IAPWS, ref 29).

The time for fluid to flow through the capillary was As a check of the method and procedure of the measurements,
measured with a stopwatch with an uncertainty of less than 0.1 before engaging in measurements on aqueous;@d}!solu-
s (0.5 %). Based on the detailed analysis of all sources of tions, we measured the viscosity of triple-distilled water at
uncertainties likely to affect the determination of viscosity with atmospheric pressure in the temperature range from (293 to 365)
the present apparatus, the combined maximum relative uncer-K. The results are given in Table 1 along with values from the
tainty on/ in measuring the viscosity was 1.6 % (see ref 13). IAPWS formulatio?® for pure water. The differences are very
The ReynoldsRe number occurring during all measurements small (AAD = 0.37 %) and are less than their experimental
was (about 300) less than the critical value of 2000 for this uncertainty (1.6 %). This good agreement between the present
method. data and the IAPWA calculations for pure water confirms the

To calculate the dynamic viscosity from measured quantities, reliability and high accuracy of the measurements for SrCl
the values of density of the solution under study at room (aq) solutions and gives us an assurance that our apparatus is
temperature and experimental pressure and the density at théunctioning correctly.
experimental conditiong(P,T) are needed. For this purpose, The SrCh(aq) solutions were prepared from chemically pure
we used the density data(P,T), reported in our previous  SrCh (Merck GR,> 99.5 mass %) and triple-distilled water.
work 28 The solutions were prepared gravimetrically with an analytical
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Figure 3. Measured values of viscosityof SrCh(aq) solutions as a function of pressiat selected isotherms (4 = 0.27 motkg™?) and isopleths (B,
T =298.15 K). Panel A:@, 293.15 K;M, 298.15 K;0O, 313.56 K;a, 347.50 K; andD, 363.15 K. Panel B:@®, 0.27 motkg~%; W, 0.58 motkg™%; O, 0.92
mol-kg™%; O, 1.73 motkg™%; and a, 2.63 motkg~L. The solid lines guide the eye.
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Figure 4. Viscosity of a series of aqueous solutions as a function of composition at a selected temperature 298.15 K and a pressure of 0.1 MPa reported
by various authors®, SrCh (this work); 00, MgCl (ref 26); x, LiCl (ref 23); O, CaCh (ref 29); O, NH4CI (refs 4 and 5)A, KCI (ref 54); a, NaCl (ref
54); B, RbCI (ref 54);v, CsCl (ref 54);+, BaCk (refs 4 and 5)®, CoCh (ref 1); v, CuCk (ref 1); and solid cross, Crelref 1).

balance having a precision df 5 x 1078 kg. The solutions at Figures 1 to 3 in thegy—m, »—T, andy—P projections together
the desired composition were prepared by carefully weighing with values reported by other authors. These figures also include
the appropriate mass. To check the accuracy we determined thehe values of viscosity of Srefaq) calculated with the correla-
density of each solution at room temperature (298.15 K) and tions by Afzal et all Isono® Zaytsev and Aseye¥,and
atmospheric pressure with the aid of a pycnometer accurate toLeyendekkers:°

0.005 % and compared it with the reference data. Figure 4 demonstrates the concentration dependence of the
Resul d Di . viscosity of a series of aqueous solutions with the same anion
esults and Discussion (CI) and various cations (K Na', Li*, Rb", Cs", NH,", ST,

The viscosity for five [(0.27, 0.58, 0.92, 1.73, and 2.63) Ba2", Mg?", Ca?", Ciet, C&", and C#") reported by various
mol-kg™1] binary aqueous Srglsolutions has been measured authors. This figure demonstrates the effect of the nature of the
in the temperature range of (293 to 473) K at pressures up tosolute ions (cations) on the values and concentration dependence
20 MPa. All experimental viscosity data were obtained as a behavior of the viscosity of aqueous salt solutions (chlorides).
function of temperature at three isobars (0.1, 10, and 20 MPa). As one can see from Figure 4, the Si(@4) solutions showed
The experimental temperature, viscosity, pressure, and composithe intermediate values of viscosity among other aqueous
tion values for the agueous SpGblutions are presented in Table solutions at the same thermodynantg T, m) conditions. From
2. Some selected experimental viscosity data for $ag) this figure, it is also apparent that the values and concentration
solutions as an example of the present results are shown independence of the viscosity of aqueous electrolyte solutions
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Figure 5. Temperature coefficienf}r, of SrCh(aq) solution and pure water as a function of concentrationT(A; 298.15 K) and temperature (B) at
atmospheric pressure. Panel @, this work; O, ref 5; x, pure water (IAPWS, ref 29)= —, smoothed curve. Panel B®, 0.92 motkg™?; O, 0.27
mol-kg™1; — —, pure water (IAPWS, ref 29):-, smoothed curves.

Table 3. Values of Parameters InA, b, and ¢ (egs 4 and 5) for Table 4. Values of ParametersV, E, and Viscosity B Coefficient
SrCly(aqg) as a Function of Composition at Atmospheric Pressure (egs 7 and 8) for SrCh(aq) as a Function of Temperature
m eq4 eq5 TIK \Y E BL-mol~t
mol-kg! In A b/K In A K ¢ x 10°/K? 293.15 11.451 26.0 0.2621
0.27 —5.7884 1714.18 —1.8547 —857.88 4.173638 gigég 13%236 igg 8%;?2
0.58 —5.5679 1673.66 —1.8737 —744.31 3.927036 347'50 0'2111 19'5 0'3475
0.92 —5.2718 1613.51 —1.1038 —1108.2 4.411264 363.86 0'2438 20'0 0'3559
1.73 —4.8939 1568.74 —0.7011 -—1175.7 4.457298 ’ ’ ’ ’
2.63 —4.6694 1576.84 —1.1252 —739.91  3.758538

(chlorides) considerably depends on ionic valence, shape, andcorrelation by Zaytsev and Aseyewagree with the present
size of the cations. results within (0.4 to 0.6) % at atmospheric pressure and at low
Comparison with Other Data and Correlationdhe present  temperatures and low concentrations (up to 1.73kgof). At
experimental values for the viscosity for Ss@lg) solutions high concentrations and high temperatures, the deviations reach
were compared with data reported by other authors at atmo-Up t0 2.5 %.
spheric pressure. Figures 1 and 2 demonstrate the direct Temperature Dependence of the Viscosity of Si@h)
comparison of the present viscosity data for $f&j) solutions Solutions. The selected experimental viscosity data for $rCl
with those reported by various authors in the literature. As one (aq) solutions as a function of temperature are shown in Figure
can see from these figures, basically the agreement betweer? in the »—T plane along two constant concentrations (0.58
the various data sets is good, except the two data sets reporte@nd 1.73) mokg=1. The viscosity of the solution decreases
by HerZ and Timmerman%? These data are systematically considerably with temperature. The temperature coefficients of
higher (about 6 to 9 %) than the present and other publishedviscosity, S+ = 7 %3y/dT)pm for aqueous SrGlsolutions
data. The relative percentage deviations between the presentalculated with the present experimental data are depicted in
viscosity data for SrG(aq) solutions and the data reported by Figure 5 as a function of concentration and temperature. This
other authors are within 1.2 % at low concentrations, while at figure also includes the values ©f reported by Isontfor SrCh-
high concentrations the deviations are up to 2 %. Majority of (aq). As one can see from Figure 5A, the temperature coefficient,
the reported data at atmospheric pressure and low temperaturegr, rapidly increases with concentrationrat< 1.5 motkg™.
lie between (0.5 and 1.7) %, which is close to the experimental At high concentrationg3+ changes only slightly with concentra-
estimated uncertainty (1.6 %). Excellent agreement, within 0.11 tion. As was shown in our previous pagfeand by Isond, for
%, is found between the present measurements and the dat&NaBr(aq) the temperature coefficient of viscosity passes through
reported by Isont® at a temperature of 293.15 K and at a maximum near 4 metg~! and then decreases at higher
atmospheric pressure. The measurements by Afzal'etgree concentrations. For Srg&aq) the concentration range where the
with the present results within (0.5 and 1.8) % at low maximum ingt should be observed was not reached, although
concentrations (below 2.5 m&l~1). Excellent agreement within ~ the concentration behavior @ at high concentrations most
(0.15 to 0.58) % is also found between the present data and thdikely confirms the earlier observation. Figure 5B also demon-
values calculated with the Leyendekk&YSTTG model for the strates the temperature dependengeratt 0.1 MPa for various
viscosity of electrolyte solutions (see Figure 1A) at concentra- fixed concentrations of Srgfaq) and pure water calculated with
tions up to 1.73 mekg~L. At high concentrations, deviations the IAPWS?® formulation. As this figure shows, the effect of
reached up to (5 to 6) %. As Leyendekket&claimed, the temperature on the viscosity of Sp@q) solutions is higher
uncertainty of calculated values of viscosity at high concentra- than that of pure water and monotonically increases with
tions is within 2 %. The values of viscosity calculated with the temperature.
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Figure 6. Measured and predicted values of the viscosity of §e@) as a function of concentration at pressure of 20 MPa and at 293 @6 this work;
—, predicted by TTG model (eq 10) of Leyendekk@#8.

In the concentration ranga > 1 mokkg %, the empirical (pure water) at temperatufie x is the mole fraction of the cation
equation of ArrheniusAndrade is valid for the temperature or anion in solution, and the paramet&andV are defined as
dependence of viscosify 33 E = (AG* + AGy* — 2AG*)/RTandV = (V¢ + Va)/Vo) —

2, whereV, is the molar volume of the cation particl, is the
n = Aexpp/T) (4) molar volume of the anion particl&/ is the molar volume of

: -
whereA andb are functions of concentration. The values of the solvent particle (pure watef\Ge* is the molar free erle_rgy
of activation for viscous flow of the cation particlAGy* is

these parameters for Sia) solutions calculated using the tPe molar free energy of activation for viscous flow of the anion

present measurements at atmospheric pressure as a function of " . . o .
- . . ! : particle, AGo* is the molar free energy of activation for viscous
concentration are given in Table 3. This equation reproduces

the present viscosity data within 0.85 % in the temperature range].cIOW of the solvent particle, and = m/(55.5+ 2m), wherem

from (293 to 364) K. However, eq 4 failed to represent the is the concentration_of th.e salt in mky~1. The temperature
present data over t.he compléte temperature range at highdependence of the viscosity of concentrated aqueous electrolyte

pressures. One more term solutions can be explained in terms of the temperature depen-
’ dence of theE andV parameters in eq 7 for the viscosity of

5) solutions. The results of the application of eq 7 to the present
viscosity measurements for Sp(lq) are presented in Table 4

is required to accurately describe the experimental viscosity & a function of temperature. The Joné&®le viscosity B

data at high temperatures. The values of the paraméters coefficient (see below) is related to the parametsndE by

andc are also given in Table 3. The Eyring’s absolute rate the relation

theory?® enables a detailed description of the temperature

7 =Aexpb/T + c/T?)

dependence of viscosity of concentrated aqueous electrolyte B=(E—V)/55.51 (8)
solutions:
The values of the viscositi coefficients calculated with eq 8
hN  [AG* AH* using the values o¥ andE parameters for Sr@laq) are given
=—ex orn =Aex 6
Y; RT) g p( RT) ©® i Table 4.

Pressure Dependence of the Viscosity of Si@¢)) Solutions.
The viscosity is affected marginally by pressure along the
isotherms-isopleths (see Figure 3). The pressure dependence of
the experimental viscosity of Srgaq) in the range from (0.1
to 20) MPa is almost linear.

Leyendekkersand Leyendekkers and Huntéhave applied
the TTG model to calculate the viscosity of aqueous electrolyte
solutions at high pressures. According to the TTG model the
viscosity equation can be represented by

where AG* and AH* are the molar free energy of activation
and enthalpy of activation, respectivelyis Planck’s constant,

N is Avogadro’s constanfR is the gas constant, andis the
molar volume of the hole in the liquid. The enthalpy of
activation AH*/R (see Table 3 where the value &f =
AH*/R) can be calculated from the slope of the straight line by
the Iny ~ 1/T function. In simplified form, eq 5 can be given
by34,35

1o €XpKE)
=Ty (7) Ns = Tis EXPEyM + aNT + ...) 9)
wherey is the viscosity of the electrolyte solution at a concen- wherezns andnuis represent the viscosities of the solution and
tration m and temperatur@, 7o is the viscosity of the solvent  the water in solution, respectively, andis the concentration
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Figure 7. Pressure coefficienfip, of SrCh(ag) and pure water as a function of concentration TAx= 298.15 K) and temperature (B) at atmospheric
pressure. Panel A@, this work; —, smoothed curves. Panel #®, 0.27 motkg™?; O, 2.63 motkg™L; — —, pure water (IAPWS, ref 29):-, smoothed
curves.

(in mol-kg~1). This model predicts the viscosity of the solution Table 5. ViscosityA, B, and D Coefficients (eq 13) of SrCi(aq)
at pressurd® as Solutions as a Function of Temperature at Atmospheric Pressure

TIK ALY2.mol-1/2 B/L:mol™t D/L2-mol=2
(P) (PetP)
s’ TMw 10 293.15 0.0158 0.2197 0.0881
Q) (Petl) (10) 298.15 0.0291 0.2259 0.0791
s Nw 313.56 0.0397 0.2491 0.0879
347.50 0.0450 0.3202 0.0827
Wheren\(;e“:) is the viscosity of pure water at pressuf® (- 363.86 0.0460 0.3534 0.0769

P), »¥) is the viscosity of solution at pressure 7Y is the
viscosity of solution at 1 baR is the external pressure, aRd
is the effective pressure due to the gilt:

such as HO + NaCl, H,O + LiCl, H,O + LiBr, H,O + Lil,

H,O + NaF, O + KF, H,O + RbF, and HO + CsF, the
viscosity increases monotonically with the electrolyte concentra-
tion, while for other types of electrolyte solutions such a®H

+ KCI, H,O + RbCI, O + CsCl, HO + KI, and HO +

KBr, the viscosity decreases with concentration at low electro-
lyte concentrations reaching a minimum value and then increases
monotonically at higher concentrations (see Figure 4). As one
can see from Figures 1, 2, and 4, the viscosity of KeQ)
solutions monotonically increases with the electrolyte concentra-

P, = h, + hyx + hy@ + h® (11)

wherex is the concentration of the solute in grams per gram of
solution and thdy, parameters that are functions of temperature
only. We applied eq 9 to the Sri{hq) data in order to calculate
the viscosity at high pressures. The calculations were performed
using thePe from eq 11 of Leyendekkers and Hurieand the tion without a minimum.

IAPWS?® formulation for pure water at a temperature of 293.15  The existing theoretical result, which describes the concentra-
K. Figure 6 shows the comparison between the predicted andyjo, dependence of the viscosity of ionic solutions, is valid for
the present measured values of viscosity of S&C|) at a pres- only very dilute solutions. The Falkenhage@nsager

sure of 20 MPa and at a temperature of 293.15 K. The agreemente ;,0586.37 and Debye-Hiickel-Onsaget®° theory predicts a

between the measured a“‘ilpfed_id?d values of viscosity atgqyare root concentration dependence of the viscosity of ionic
concentrations up to 1.5 mib~ is within (0.2 to 0.6) %, while solutions at infinite dilutiony/yo [ Je (c — 0). This theory

) e Y 0
g;?;g:scg?gsgézﬁ'g? t';';’ Vé‘:;ﬂrf t?e?ug)é;—?ﬁ;?g;g ﬂl@f o 9correctly explains the rise of viscosity with concentration in
P P 9 9 Zthe limit of very low (dilute solutions) ion concentratiorns €

OV‘?L;her;gl;f?;tzr\?\}grr: urzgg ?oogatlr(]:iIzr;gas;Le”seerrin(t;efﬂcientso'05 motL 7). Jones and Dofé proposed an empirical exten-
Pl . . P . sion of the Falkenhagen and D#lenodel to high concentrations
Bp = n~Yon/oP)Tm, of viscosity for SrCi(aq) solutions at 0.1 as

MPa. The derived values of the pressure coeffici8atof the
solution as a function of concentration and temperature together
with values for pure water calculated with the IAPYYS
formulation are presented in Figure 7. As one can see from this for the viscosity of electrolyte solutions. In eq Z2and are
figure, the pressure coefficient of solution is higher than pure the viscosities of an electrolyte solution and pure solvent (water),
water values and negative at low temperatures. The expectedespectively;A is always a positive constant, amdis the
uncertainty in the pressure coefficients, of viscosity is about electrolyte concentration (m&l~1). Falkenhagen and Ddfe

(10 to 15) %. gave a theoretical derivation of the coefficient. According

Concentration Dependence of the Viscosity of Ss@lq) the theory, the values &k coefficient can be calculated from

Solutions. The concentration dependence of the viscosity of the values of equivalent conductand&sat infinite dilution of
electrolyte solutions is anomalous. For some electrolyte solutionsthe ions, the viscosity of the pure solvent (watgy)and relative

nhn, =1+ Avc+ Bc (12)
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Figure 9. Jones-Dole plot, [/70) — 1]/c¥2 vs c¥%or SrCh(aq) solutions for selected isotherm of 298.15 at atmospheric preutais work; O, ref 1;
x, refs 4 and 54, ref 12;—, smoothed curve;- —, limiting slope.

permittivity (dielectric constanty, of pure water. The values available in the literaturél4¥49 The sign of theB coefficient

of the viscosityB coefficient in eq 12 can be determined by depends on the degree of solvent structuring introduced by the
adding individual contributions of the solute constituent iBns  ions. A positive value of thé coefficient is associated with

= ztB~ + z B*, wherez* and B* refer to the ionic valence  structure-making (ordering) ions, while a negative value of the
and ionic (cationic and anionic) viscosiB coefficients*'~42 B coefficient is associated with structure-breaking (disordering)
The values oB* are constant at a givehfor given ions in a ions. There are very limited (only at two temperatures (278 and
specific solvent and describe solely the+iolvent interactions.  298) K) ionic viscosityB coefficient data for St (see, for
The values ofB* for some ions at different temperatures are example, ref 41). For 8f and CI, the values of B/dT are
available in the literature (see, for example, ref 41). The values positive, while for other ions are negative (for example,2¥g

of the viscosityA and B coefficients of an electrolyte provide and Lit) or almost zero (for example Na Therefore, the

information on the interaction between dissolved ion$*(SEI") measurements of temperature dependence for the visadsity
and molecules of a solvent ¢8). The theory cannot predict  andB coefficients of SrG(aq) are very limited. In the present
the values of the viscosityB coefficient. Usually theB work, we studied the viscositj and B coefficients values of

coefficient is considered as adjustable parameters and can be&srCl(aq) solutions as a function of temperature in the temper-
calculated by using precise experimental viscosity data. The ature range from (293 to 364) K.

viscosityA andB coefficients of electrolyte solutions are useful
tools in the study of structural interactions (ieion, ion—
solvent, and solventsolvent) in solutions. An extensive
compilation of JonesDole A andB coefficients for the series )
aqueous electrolyte solutions reported by various authors is nie=1+ AVc+ Bc+ De (13)

The JonesDole eq (eq 12) has been extended by some
authorg®46:56-52 hy adding a quadratic terdc?



Journal of Chemical and Engineering Data, Vol. 52, No. 3, 20849

Table 6. Values ofVi (eq 15) for SrCly(aq) as a Function of mental concentration range. As one can see only one physically
Temperature at Atmospheric Pressure meaning paramete, is need to accurately represent the
TIK Vi/L-mol~t B/L-mol~t measured values of the viscosity of Si@h). Therefore, eq 15
203.15 0.09265 0.2316 can be used to accurately estimate the values of the hydrody-
298.15 0.09491 0.2373 namic volumeVi by using the experimental relative viscosity
313.56 0.10021 0.2505 data. The values of the viscosiB coefficients derived from
347.50 0.10971 0.2743

eq 15 are illustrated also in Figure 8. As one can see from Figure
8, the agreement between the visco8tgoefficients derived

to apply the JonesDole equation for a wide concentration from eq 15 are in good agreement with the values calculated
range. The nevDc? term of eq 13 includes all solutesolvent ~ from eq 13, while the data calculated with eq 8 are systemati-
and solute-solute structural interactions that were not accounted cally higher.

by theAv/c andBc terms at high concentrations sucli%sigh
terms of the long-range Coulombic forces; high term hydrody-
namic effect; and interactions arising from changes in selute The values of the viscositp, B, andD coefficients of the
solvent interactions with concentration. The present experimentalextended JonesDole equation for the relative viscosity/(o)-

data for the relative viscosityy(io) of SrCh(aq) for various as a function of temperature were derived from the precise
temperatures together with data reported by other authors atviscosity measurements for Sp(q). The physical meaning
low concentrations were used to calculate the values of viscosity parametery andE in the absolute rate theory of viscosity and
A, B, andD coefficients in the extended JoneSole eq (eq hydrodynamic molar volumé in the extended Einstein relation
13). The results are summarized in Table 5 and presented inwere calculated using the present experimental viscosity data
Figure 8 as a function of temperature together with values as a function of temperature. The temperaty#¢ &nd pressure
reported by other authors. As one can see from Figure 8, the(fr) coefficients of viscosity for SrG{aq) are calculated using
agreement betweeh andB coefficients derived in the present the present data. The effect of temperature on the viscosity of
study and calculated with ioni8 coefficients data and various  the SrCh(aq) solutions is higher than that of pure water. From
correlations is satisfactory, except the values calculated with the data obtained, it can be concluded that the pressure
the Isond correlation at high temperatures. Excellent agreement coefficient 8 for the solution and water is negative at low
is found between the present data and the values reported bytemperatures (below 300 K) and positive at high temperatures.
Afzal et al! The values oB coefficients calculated from ionic It was found that the TTG model is suitable to predict the values
B coefficients data are systematically higher (about 0.025 of viscosity of SrCj(aq) solutions at high pressures. It was also
dm®-mol~! or 10 %) than the present experimental data. The shown that the extended Einstein relation for the relative
single data points (0.0155 and 0.0180%mol~1/2) at 293.15  viscosity with only one physical meaning parame¥&r(hy-

K reported by Isonband Leyendekkersrespectively, for the  drodynamic molar volume or effective rigid molar volume of
viscosity A coefficient are in satisfactory agreement with the salt) can be used to accurately represent the present viscosity
present result of 0.0158 d&mol~Y2 Figure 8 also demon-  data for SrCj(aq) as a function of concentration over a wide
strates that the viscosity coefficient monotonically increases —concentration range.

with temperature and the derivative (temperature coefficient)

363.86 0.11286 0.2822

Conclusions

dB/dT > 0 is positive (structure-breaking ions). Acknowledgment
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