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Densities, Viscosities, and Sound Speeds of Some Acetate Salts in Binary Mixtures
of Tetrahydrofuran and Methanol at (303.15, 313.15, and 323.15) K

Anuradha Sinha and Mahendra N. Roy*

Department of Chemistry, North Bengal University, Darjeeling, 734013, India

The densities and viscosities of ammonium acetate, potassium acetate, sodium acetate, and lithium acetate have
been measured in 10, 20, and 30 mass % of tetrahydroftiramethanol binary solvent mixtures at (303.15,
313.15, and 323.15) K. Apparent molar volum¥s)( partial molar expansibility&>), viscosity B-coefficients,

and free energy of activation for viscous flow(%) are obtained from these data. The limiting apparent molar
volumes ¥/,% and experimental slope&) derived from the Masson equation have been interpreted in terms of
ion—solvent and iorrion interactions, respectively. The viscosity data have been analyzed using the Doles
equation, and the derived parametBrand A have also been interpreted in terms ofi@olvent and ior-ion
interactions. The sound speeds measured at 303.15 K have been used to study the apparent molal isentropic
compressibility Ks,), intermolecular free lengttL{), relative associatiorRa), relaxation strengtir(), and specific

acoustic impedanceZ] of the solutions.

Introduction Table 1. Comparison of Experimental Densities £), Viscosities ),
) . . o ) and Ultrasonic Speeds () of the Solvents and Solvent Mixtures with
Studies on densities, viscosities, and ultrasonic speeds oOfLiterature Values

electrolytic solutions are of great use in characteri_zing the_ir sso(I)\I/\?Q;?/ p x 10°%kgm= 7 x 1%/ P wmest
structure and properties. Various types of interactions exist

betw the i . uti d th N dqi mixtures  T/K expt lit. expt lit. expt lit.
etween the ions in solutions, and these—@n and ion-

. . ’ . . THF 303.15 0.8757 0.87590.4452 0.445% 1254.0 12528
solvent interactions are of current interest in all branches of 313.15 08662 0.86630.4088 0.4089
chemistry. These interactions provide a better understanding of 323.15 0.8583 0.3716

the nature of the solute and solvent (i.e., whether the solute methanol ~ 303.15 0.7824  0.782%.5041 0.5080 1088.5 1088.0

o - 313.15 0.7718 0.77200.4465 0.44790
modifies or distorts the structure of the solvent). The nature of 32315 0.7621 0.4031

ion—solvent interactions in nonaqueous solutiohas been 10 % THF 303.15 0.795%, 0.54772 1177.63
successfully elucidated from the volumetric and viscometric + MeOH 0.7909 0-5166a 1116.8
behavior of the salts in solutions. A knowledge of this property 313.15 0(_)'778%%" 8:3;(1%'

is very important in many practical problems concerning energy 323.15 0.776%, 0.41922

transport, heat transport, mass transport, and fluid flow. Acoustic ___ 0.7742 0.4063

properties have been the subject of extensive research activityio,v,/"eg,j': 303.15 0.8009 0-5016 11464
to study the intermolecular interactions in iesolvent system3. 313.15 0.7921 0.4549

Besides finding applications in the engineering branch, the study 323.15 0.7816 0.3984

is important from practical and theoretical points of view in io,\j,/"eg:": 303.15 0.8106 0-4921 11444
understanding liquid theory. The nonagueous systems have been 313.15 0.8021 0.4413

of immense importanéé to the technologist and theoretician 323.15 0.7926 0.3927

as many chemical processes occur in these systems. In the = gxperimental values for C£OONa3H,0 and CHCOONH, solu-
present paper, we have chosen four acetate salts (i.e., ammoniurtions.® Experimental values for G£OOK and CHCOOLI-2H,0 solutions.

acetate, potassium acetate, sodium acetate, and lithium acetate)

and studied their volumetric and viscometric behavior in 10, (CH;COONa3H,0), and lithium acetate (G3COOLi-2H,0)
20, and 30 mass % of tetrahydrofurérmethanol binary solvent ~ of AR grade were used after purificatiénThe purity was
mixtures at (303.15, 313.15, and 323.15) K. The acoustic detected by gasliquid chromatography. The purity of the

properties are studied at 303.15 K. materials finally obtained was 99.5 %.
Densities ) were measured with an Ostwal@prengel-type
Experimental Section pycnometer having a bulb volume of 25 #@nd an internal
THF (tetrahydrofuran, @4s0) and MeOH (methanol, £is- diameter of the capillary of about 1 mm. The pycnometer was

OH) were obtained from Merck, India. These were used after calibrated at (303.15, 313.15, and 323.15) K with methanol and
further purification by standard metho#iShe purity of the ~ THF. The pycnometer with the test solution was equilibrated
liquids was checked by measuring their densities, viscosities, !N @ thermostatic water bath maintained-at0.01 K of the

and sound speeds at 303.15 K, which was quite in agreemenldes'red temperature by means of a mercury in glass thermoregu-
with the literature value®:® The salts ammonium acetate (§H lator, and the temperature was determined with a calibrated

COONHy), potassium acetate (GHOOK), sodium acetate thermometer and a Muller bridd€.The viscosities «f) were
measured by means of a suspended Ubbelohde-type viscémeter

* Corresponding author. Tel.:+91-0353-2581140. Fax:-+91-0353- that was calibrated at the desired temperatures. The ultrasonic
2581546. E-mail: mahendraroy2002@yahoo.co.in. speedsy) were determined using a single-crystal variable path
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Table 2. Experimental Densities g), Viscosities ), Apparent Molar Volumes (V,,) along with the Concentrations (in molarity) of Ammonium
Acetate, Potassium Acetate, Sodium Acetate, and Lithium Acetate in Different Mass % of Tetrahydrofurant Methanol Binary Solvent
Mixtures at (303.15, 313.15, and 323.15) K

T=303.15K T=2313.15K T=323.15K
concn px 1073 n x 1% V, x 10° concn px 1073 7 x 1% V, x 10 concn px 1078 7 x 1% V, x 10
mol-L~1 kg:m=3 P mé-mol—t mol-L—t kg-m—3 P me-mol~t mol-L~t kg-m—3 P nmP-mol—1
10 Mass % THF
CH;COONH;,
0.0079 0.7954 0.556 38.7 0.0078 0.7809 0.480 24.7 0.0077 0.7766 0.431
0.0555 0.7972 0.579 48.8 0.0548 0.7831 0.502 36.0 0.0541 0.7790 0.450
0.1029 0.7986 0.597 54.2 0.1017 0.7849 0.519 42.7 0.1005 0.7810 0.462
0.1505 0.7997 0.615 58.2 0.1488 0.7864 0.534 47.6 0.1472 0.7827 0.472
0.1980 0.8006 0.631 61.8 0.1962 0.7876 0.548 51.9 0.1939 0.7839 0.480
0.2574 0.8015 0.651 65.5 0.2549 0.7889 0.564 56.1 0.2522 0.7854 0.489
CH3;COOK
0.0079 0.7915 0.532 29.2 0.0078 0.7839 0.485 0.5 0.0077 0.7750 0.423 —-5.2
0.0554 0.7946 0.566 41.2 0.0549 0.7881 0.514 10.8 0.0543 0.7793 0.453
0.1029 0.7971 0.593 48.8 0.1019 0.7918 0.535 16.5 0.1009 0.7832 0.473
0.1505 0.7992 0.614 54.7 0.1494 0.7953 0.553 21.1 0.1481 0.7868 0.489
0.1980 0.8010 0.635 59.7 0.1964 0.7986 0.571 25.1 0.1941 0.7901 0.503
0.2589 0.8029 0.659 65.4 0.2569 0.8025 0.591 29.3 0.2542 0.7939 0.519
CH;COONa3H,0
0.0080 0.7961 0.576 15.2 0.0079 0.7815 0.489 -1.7 0.0078 0.7772 0.442 —14.6
0.0561 0.8011 0.635 35.4 0.0553 0.7873 0.531 15.6 0.0548 0.7834 0.487
0.1042 0.8054 0.678 46.7 0.1028 0.7923 0.561 26.2 0.1017 0.7888 0.517
0.1522 0.8089 0.715 56.8 0.1499 0.7968 0.589 34.3 0.1489 0.7937 0.544
0.2003 0.8122 0.749 63.5 0.1978 0.8009 0.614 41.3 0.1961 0.7981 0.566
0.2203 0.8134 0.766 66.7 0.2172 0.8025 0.624 441 0.2158 0.7997 0.577
CH;COOLIi-2H,0
0.0079 0.7917 0.524 —0.6 0.0078 0.7840 0.481 —-12.2 0.0077 0.7753 0.424 —42.3
0.0555 0.7957 0.554 20.8 0.0549 0.7883 0.509 11.3 0.0544 0.7805 0.461 —17.7
0.1031 0.7988 0.583 329 0.1019 0.7916 0.534 24.8 0.1009 0.7848 0.487 —-2.8
0.1507 0.8014 0.611 41.5 0.1490 0.7941 0.558 36.0 0.1472 0.7883 0.511
0.1983 0.8033 0.641 50.0 0.1961 0.7963 0.580 44.9 0.1942 0.7914 0.533
0.2540 0.8051 0.675 58.4 0.2519 0.7983 0.606 53.3 0.2507 0.7945 0.556
20 Mass % THF
CH3;COONH,
0.0080 0.8013 0.506 26.9 0.0079 0.7926 0.459 19.3 0.0078 0.7822 0.409
0.0562 0.8035 0.521 36.8 0.0555 0.7951 0.473 30.2 0.0550 0.7851 0.429
0.1043 0.8054 0.536 42.6 0.1031 0.7971 0.485 36.7 0.1020 0.7876 0.442
0.1524 0.8068 0.549 47.6 0.1507 0.7987 0.497 42.2 0.1492 0.7898 0.453
0.2006 0.8081 0.563 51.4 0.1988 0.8001 0.507 46.5 0.1966 0.7918 0.463
0.2647 0.8095 0.579 55.6 0.2619 0.8016 0.522 51.8 0.2595 0.7942 0.476
CH3;COOK
0.0079 0.8016 0.509 10.7 0.0078 0.7929 0.465 —4.8 0.0077 0.7825 0.410 —14.6
0.0556 0.8053 0.531 23.0 0.0549 0.7969 0.490 11.9 0.0544 0.7869 0433 -0.4
0.1032 0.8085 0.550 30.2 0.1021 0.8004 0.509 21.8 0.1012 0.7909 0.449
0.1509 0.8113 0.569 35.9 0.1491 0.8033 0.528 29.0 0.1476 0.7944 0.463
0.1985 0.8139 0.587 40.8 0.1965 0.8058 0.545 35.9 0.1946 0.7977 0.474
0.2462 0.8161 0.604 45.3 0.2438 0.8081 0.563 41.1 0.2415 0.8005 0.487
CH;COONa3H,0
0.0079 0.8019 0.517 —-1.6 0.0078 0.7933 0.466 —235 0.0077 0.7829 0.415 —41.9
0.0554 0.8071 0.555 29.0 0.0548 0.7992 0.495 9.1 0.0541 0.7894 0.448 —9.7
0.1029 0.8109 0.586 47.5 0.1019 0.8036 0.519 29.4 0.1007 0.7945 0.471
0.1503 0.8139 0.615 62.1 0.1492 0.8072 0.542 44.0 0.1473 0.7988 0.491
0.1978 0.8160 0.642 74.3 0.1967 0.8099 0.563 57.4 0.1943 0.8020 0.509
0.2675 0.8178 0.681 91.1 0.2652 0.8124 0.595 75.4 0.2627 0.8057 0.537
CH;COOLi-2H,0
0.0078 0.8018 0.511 —15.9 0.0077 0.7934 0.467 —74.5 0.0076 0.7832 0.416 —123.1
0.0544 0.8058 0.544 14.8 0.0539 0.7987 0.501 —25.8 0.0533 0.7896 0.455 —61.5
0.1011 0.8086 0.575 324 0.1001 0.8022 0.527 1.1 0.0989 0.7936 0.482 —245
0.1478 0.8105 0.606 46.2 0.1463 0.8044 0.554 22.8 0.1446 0.7958 0.507
0.1944 0.8116 0.633 58.6 0.1922 0.8055 0.578 40.8 0.1899 0.7968 0.529
0.2395 0.8122 0.664 68.6 0.2372 0.8056 0.601 56.9 0.2349 0.7962 0.554
30 Mass % THF
CH;COONH;
0.0080 0.8111 0.496 24.9 0.0079 0.8026 0.444 18.3 0.0078 0.7931 0.402
0.0561 0.8132 0.512 37.6 0.0555 0.8049 0.458 31.7 0.0549 0.7957 0.421
0.1042 0.8149 0.527 44.4 0.1031 0.8068 0.471 394 0.1020 0.7978 0.434
0.1523 0.8161 0.543 50.5 0.1507 0.8083 0.485 451 0.1492 0.7994 0.446
0.2004 0.8170 0.558 55.5 0.1984 0.8094 0.498 50.2 0.1966 0.8007 0.457
0.2485 0.8179 0.575 59.1 0.2462 0.8104 0.512 54.5 0.2436 0.8016 0.467
CH3;COOK
0.0080 0.8114 0.495 3.7 0.0079 0.8029 0.444 —-9.3 0.0078 0.7935 0.401 —20.3
0.0559 0.8152 0.514 19.3 0.0554 0.8073 0.459 6.0 0.0548 0.7980 0421 -1.2
0.1038 0.8184 0.532 28.9 0.1028 0.8109 0.475 15.3 0.1017 0.8019 0.437
0.1517 0.8211 0.550 36.1 0.1502 0.8141 0.489 22.8 0.1482 0.8051 0.451
0.1997 0.8233 0.569 42.7 0.1974 0.8169 0.504 29.0 0.1952 0.8079 0.465
0.2476 0.8252 0.587 48.2 0.2449 0.8195 0.519 34.0 0.2422 0.8105 0.479

15.8
28.8
36.0
41.6
46.8
51.5

5.7
11.9
17.2
21.2
26.4

3.5
14.4
23.1
30.3
34.0

8.4
17.3
27.5

10.1
18.9
24.3
28.7
32.4
36.5

7.7
14.6
20.1
25.5

11.0
25.2
40.0
56.9

55
28.3
51.1

10.1
25.0
33.4
40.2
45.6
50.5

9.0
17.6
24.9
30.4
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Table 2. (Continued)

T=303.15K T=313.15K T=2323.15K
concn px 1078 n x 107 V, x 10° concn px 1078 7 x 10? V, x 10° concn px 108 n x 107 V, x 100
mol-L~1 kg'm~3 P n#-mol~t mol-L~* kg-m~3 P me-mol~t mol-L~* kg:m~3 P me-mol~t
30 mass % THF
CH3;COONa3H,0
0.0079 0.8118 0.501 —15.6 0.0078 0.8036 0.449 —65.3 0.0077 0.7942 0.404 —96.0
0.0553 0.8173 0.531 19.5 0.0548 0.8102 0.474 -14.3 0.0542 0.8015 0.432 —36.0
0.1028 0.8213 0.557 39.4 0.1018 0.8148 0.496 14.5 0.1008 0.8065 0.454 -2.8
0.1502 0.8244 0.583 54.8 0.1486 0.8179 0.518 36.7 0.1472 0.8096 0.473 26.1
0.1977 0.8267 0.608 67.7 0.1961 0.8200 0.539 56.0 0.1939 0.8115 0.491 48.6
0.2530 0.8284 0.639 81.3 0.2507 0.8213 0.561 74.4 0.2480 0.8124 0.513 70.9
CH3;COOLI-2H,0
0.0080 0.8118 0.498 —60.3 0.0079 0.8036 0.447 —102.1 0.0078 0.7945 0.399 1771
0.0561 0.8171 0.526 —16.0 0.0555 0.8098 0.473 —45.5 0.0550 0.8022 0.421 —92.1
0.1041 0.8205 0.555 8.6 0.1029 0.8135 0.496 —10.8 0.1021 0.8066 0.439 —44.1
0.1522 0.8227 0.583 275 0.1507 0.8157 0.520 14.9 0.1492 0.8084 0.459 —-4.7
0.2003 0.8239 0.612 44.0 0.1981 0.8163 0.542 38.0 0.1964 0.8087 0.475 252
0.2483 0.8242 0.642 58.6 0.2456 0.8158 0.564 57.9 0.2432 0.8068 0.491 55.1
Table 3. Limiting Apparent Molar Volume ( V4% and Experimental Slope &) for the Acetate Salts in Different Mass % of THF + MeOH
Mixtures along with Standard Errors at (303.15, 313.15 and 323.15) K
CH3COONH, CH;COOK CHCOONa3H,0 CH;COOLi-2H,0
mass % T V0 x 108 S x 108 V0 x 10° S x 1P V0 x 10° S x 108 Vg0 x 108 S x 10°
of THF K m>mol*  (m%mol-3¥2  m3mol! (m®-mol~-3)1/2 m3-mol~* (m®-mol~3)¥2 m3-mol~* (m®-mol~3)¥2
10 303.15 33.40.02 63.8£0.01 21.2+0.01 86.5+ 0.04 3.2+£0.03 135.6+0.07 —12.9+0.01 141.4£0.01
313.15 18.2£0.05 75.8+£0.02 —5.5+0.02 68.8+0.02 —12.7+0.06 121.4-0.04 —26.24+0.02 159.7+ 0.02
32315 8.4+0.01 86.5t£0.03 —11.9+0.07 75.6£0.04 —26.2+0.04 128.3:0.07 —57.1+0.02 169.5+0.02
20 303.15 20.8:0.02 68.1+0.03 3.0+ 0.09 84.9£0.07 —21.4+0.02 2159-0.01 —345+0.02 210.7£0.01
313.15 12.2£0.04 76.9£0.01 —-147+0.02 113.6:£0.09 —44.4+0.08 230.8-0.02 —102.8+0.05 328.2+0.02
32315 4.3t0.04 63.1+£0.02 -—-23.5+0.03 99.0+£0.03 —63.2+0.05 233.1+0.02 —161.9+0.01 438.2-0.04
30 303.15 17.5:0.02 84.2+0.06 —6.3+£0.01 109.3:0.09 —359+0.02 233.5:0.08 —855+0.02 289.9+0.02
313.15 10.6£0.08 88.9+£0.06 —19.0+0.07 107.5£0.02 —944+0.02 339.3:0.08 —137.6+0.02 394.1+0.07
323.15 15+0.03 99.6+0.03 —31.2+0.02 126.1+0.06 —131.6+0.02 408.4-0.04 —227.1+0.03 572.4+0.02

ultrasonic interferometét (Mittal Enterprises, New Delhi)

The limiting apparent molar volume®/{°) are calculated

working at 4 MHz. The instrument was calibrated, and the using a least-squares treatment to the plot¥pfversusc/?
temperature stability was maintained withih 0.01 K by using the following Masson equatidf:
circulating thermostatic water around the cell with a circulating
pump. The solutions were prepared with an accuracy ef 1 2)
10~ in airtight stoppered bottles at 303.15 K. The weights were
taken on a Mettler electronic analytical balance (AG285, whereV,C is the partial molar volume at infinite dilution and
Switzerland). The uncertainties in the density, viscosity, and S, is the experimental slope. The plots ¢ against square
speed of sound measurements were estimated to be 0.00300t of molar concentrationct/? are found to be linear. The
kg'm~%, 0.002 P, and 0.2 rs™*, respectively. values ofV,° and S are reported in Table 3.

The partial molar expansibilityg,) has been calculated from
the equatiort®

— 0
V, =V, + 8% Ve

Results

The physical properties of the solvents along with the solvent
mixtures are given in Table 1. (It should be mentioned here
that in carrying out the experimental work there was loss of
the solvent mixture due to personal error for 10 % THF  The uncertainty in the measurement®fvalues was found to
MeOH solvent mixture, so we have performed the work in two pe + 0.004 %. HereE, is the apparent molar expansibility,

sets.) and its value is determined from
Table 2 contains the experimental densitiel {iscosities

E, = E, +[(1000— cE,)(2000+ S:c*?) Y]sc”®  (3)

(), and apparent molar volume¥,) along with the molar E, =gV, + (a— o100t (4)
concentrations of ammonium acetate, potassium acetate, sodium ’

acetate, and lithium acetate in 10, 20, and 30 mass % of g s the slope of the plot oE, versuscY
tetrahydrofurant methanol binary mixtures at (303.15, 313.15,

and 323.15) K. E,= E¢° + SE\/E )

The apparent molar volume¥,() are determined from the

solution densities using the following equatith: In eq 4,00 anda are the coefficients of thermal expansion of

the solvent mixture and solution, respectively, and are obtained

V,, = Mlpy — 1000f — pg)/(Coo) by the usual relation as follows:

1)

whereM is the molar mass of the satt,is the molarity of the 0= —1lpy(dpy/0T) ando = —1/p(0p/dT) (6)
solution, andop andp are the densities of the solvent mixtures
and solution, respectively. The uncertainty in the measurementThe values of,° and S are given in Table 4 along with the

of V,, values was found to bg: 0.002 %. standard errors.
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Table 4. Limiting Apparent Molar Expansibility ( E,% and Experimental Slope &) for the Acetate Salts in Different Mass % of THF + MeOH
Mixtures along with Standard Errors at (303.15, 313.15, and 323.15) K

CH3COONH, CH3COOK CH;COONa3H,0 CH;COOLI-2H,0
mass % E0 x 10° S x 108 E,0 x 10° S x 108 E,0 x 10° S x 1P E,0 x 108 S x 108
of THF K m3.m0|—1K—l (mg.m0|—3)1/2.K—1 m3.mo|—1K—1 (mg.m0|—3)l/2.K—1 m3.m0|—1K—1 (m9.m0|—3)1/2.K—1 m3.m0|—1K—1 (m9.mo|—3)1/2.K—1
10 303.15 —1.154+0.01 0.95+ 0.02 —1.61+0.03 —0.48+ 0.06 —1.47+0.04 —0.20+ 0.01 —2.16+0.01 1.40+ 0.01
313.15 —1.23+0.04 1.02+ 0.01 —1.71+£0.02 —0.48+ 0.02 —1.57+0.05 —0.21+0.04 —2.23+0.02 1.49+ 0.02
323.15 —1.284+0.02 1.09+ 0.04 —1.76+ 0.09 —0.47+0.03 —1.63+ 0.04 —0.16+0.03 —2.35+0.02 1.57+ 0.02
20 303.15 —-0.75+0.01 —0.35+0.03 —1.28+ 0.05 0.66+ 0.07 —2.02+0.03 0.78+ 0.01 —6.124+0.09 10.774+ 0.01
313.15 —-0.78+0.03 —0.36+0.01 —1.35+0.02 0.74+ 0.07 —2.11+0.04 0.85t+ 0.04 —6.41+ 0.05 11.33+0.02
323.15 —0.83+0.05 —0.39+ 0.02 —1.41+0.01 0.75+ 0.03 —2.23+0.05 0.93+ 0.02 —6.71+ 0.07 11.93+ 0.04
30 303.15 —0.73+0.01 0.62+ 0.06 —1.19+0.01 0.764+ 0.04 —4.54+ 0.02 8.09+ 0.07 —6.77+0.02 13.24+ 0.02
313.15 —0.76+0.07 0.644 0.05 —1.23+0.07 0.75+ 0.01 —4.76+ 0.02 8.53+ 0.08 —7.01+0.01 13.7%-0.07
323.15 —0.80+0.04 0.67+ 0.03 —1.28+0.04 0.81+ 0.06 —4.95+ 0.02 8.91+ 0.04 —7.37+£0.03 14.58&+ 0.02
0 18
a
a 16
. S
-0.5 - [ ] 14 >é
— [} —~
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5% Figure 2. (a) Variation ofKs with concentration o, CH;COONH;; @,
‘ CH3COOK; A, CH;COONa3H,0; and x, CH;COOLI-2H,0 in 10 mass
® 0 0.05 01 015 02 025 03 % THF at 303.15 K. (b) Variation oKs with concentration oI_, CHs-
it COONH;,; ®, CHsCOOK; A, CH;COONa3H,0; andx, CHsCOOLi-2H,0
o 1. () Variation ofE cf::c.l( mo .t Itt') . CH.COONH: ® in 20 mass % THF at 303.15 K. (c) Variation i with concentration of
igure 1. (a) Variation ofE; with concentration o, CHs , @, . . . i
CH,COOK: &, CH;COONa3H;O; and x, CH;COOLi-2H,0 in 10 mass :bg['isgg%'\li:héo. h]gg;(;ogﬁl’: - 3%23?? SN33HZO' and x, Chs
% THF at 303.15 K. (b) Variation oE, with concentration o, CHs- 2 0 : :

COONHy; @, CH;COOK; A, CH;COONa3H,0; andx, CH;COOLi-2H,0

in 20 mass % THF at 303.15 K. (c) Variation Bf with concentration of viscosity data for acetates in 10, 20, and 30 mass % of FHF
W, CH;COONH;; ®, CH;COOK; A, CH;COONa3H,0; and x, CHs- : T .

COOLi-2H,0 in 30 mass % THF at 303.15 K. MeOH mixtures have been analyzed using the Joege

i 6
Figure 1, panels a to c, depicts the plotsefagainstc for equatior:

10, 20, and 30 mass % THF MeOH for the four salts at 303.15 " i
K. Similar curves are obtained at higher temperatures. The (nine — 1)lc"*= A+ Bc" (1)
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Table 5. Jones-Dole CoefficientsA and B with Standard Errors along with the Free Energy of Activation for Viscous Flow of Solvent Mixture
(Aus*1) and Solution (Au% ) for the Acetate Salts in Different Mass % of THF + MeOH at (303.15, 313.15, and 323.15) K

T=2303.15K T=2313.15K T=2323.15K
A B A,uo*l A,uc*z X 103 A B A/,to*l A/lo*z X 103 A B A/to*l A,Lto*z X 1&3

m¥2mol~2 m3mol~t kJmolt kJmol! m3¥2Zmol~¥2 mimol* kJmol* kJImolt m¥2mol~¥2 m3mol~! kJmol! kJmol*

10 Mass % THF

CH3COONH,
0.14+0.01 0.46+0.03 33.48 27.19 0.2+ 0.06 0.37+£0.01 34.23 21.48 0.3%: 0.02 0.06+0.03 35.03 3.49
CH3COOK
0.29+ 0.03 0.50+ 0.06 33.34 29.41 0.2& 0.01 0.43+0.01 34.23 25.05 0.4% 0.02 0.19+0.05 34.96 10.96
CH3COONa3H,0
0.51+0.04 0.71+0.01 33.48 41.96 0.4%0.07 0.62+0.02 34.23 35.97 0.58% 0.03 0.49+0.04 35.03 28.28
CH;COOLi-2H,0
0.06+0.11 1.08:0.01 33.34 63.49 0.1% 0.08 0.84+ 0.03 34.23 48.89 0.44 0.02 0.66:0.02 34.96 34.54
20 Mass % THF
CH3COONH,
0.05+0.01 0.5@:0.06 33.39 28.03 0.0£0.02 0.42+0.12 34.27 23.29 0.3 0.09 0.15+0.01 35.04 8.23
CH3COOK
0.11+0.01 0.60+0.04 33.39 33.63 0.19 0.05 0.57+0.02 34.27 31.6 0.3 0.02 0.294+0.07 35.04 15.88
CH3COONa3H,0
0.26+0.01 0.82+-0.07 33.39 45.95 0.2 0.03 0.76+ 0.03 34.27 42.12 0.4£0.04 0.51+0.01 35.04 27.91
CH;COOLi-2H,0
0.11+0.03 1.12+0.04 33.39 62.75 0.23 0.03 0.88+0.01 34.27 48.77 0.44 0.08 0.72+0.02 35.04 39.38
30 Mass % THF
CH3COONH,
0.03+0.04 0.62+0.02 33.47 32.98 0.02 0.01 0.59+0.06 34.32 31.05 0.2%0.06 0.27+0.04 35.14 14.06
CH3COOK
0.01+0.01 0.76+0.05 33.47 40.42 0.02 0.10 0.68+0.01 34.32 35.78 0.192 0.04 0.49+-0.05 35.14 25.49
CH3;COONa3H,0
0.11+0.01 0.94+0.01 33.47 49.98 0.12 0.04 0.86+0.07 34.32 45.25 0.2 0.04 0.68+0.02 35.14 35.37
CH3;COOLi-2H,0
0.02+0.05 1.17+0.11 33.47 62.21 0.06: 0.03 1.01+0.01 34.32 53.13 0.12 0.04 0.79+0.05 35.14 41.08

where 1o and 5 are the viscosities of solvent mixtures and wherep is the solution density and s the ultrasonic speed in
solution, respectivelyA is the constant characteristic of the salt, the solution. The variation dfs with m is shown graphically
and B is the JonesDole coefficient; both are obtained from in Figure 2, panels a to c, at 303.15 K. The apparent molal
the plot of /70 — 1)/c¥? versusct2. The corresponding data isentropic compressibilitys,,) of the solutions is determined
for A andB are reported in Table 5. from the relation

The viscosity data are also analyzed on the basis of transition
state theory for relative viscosity of the acetate solutions as 0
suggested by Feakins et'dlusing eq 8: Ks, = MKd/pg+ 1000Ks0, — Ks'p)l(Mppg)  (11)

Oy — O _ _
Aty = Ay (RTVY100B — (V1 = V) () M, is the molar mass of the salt arkk® is the isentropic

compressibility of the solvent mixture. The limiting apparent
molal isentropic compressibilityKs,°) was obtained by ex-
trapolating the plots oKs, versus the square root of molal
concentration of the solute to zero concentration by a least-
squares method:

where Au%, is the contribution per mole of the salt to free
energy of activation for viscous flow of solution amh®

is the free energy of activation per mole of the solvent
mixture. The values are reported in Table\®; (= M/p) is
the partial molar volume of the solvent mixtuné, (= V)

is the partial molar volume of the solutdu® is calculated

from Ks, = Ks¢0 + 5, mt2 12)
Au® ;= 2.30RTlog(, V°,/hN) 9)
where Sk is the experimental slope. The valueswfKs,, ,
whereh is Planck’s constant anll is Avogadro’s number. Ks,° andS*k are reported in Table 6.
The isentropic compressibilitg) of the solution is calcu- Various acoustical parameters such as specific acoustic
lated from the Laplace’s equatioh: impedancez, intermolecular free lengths, van der Waals

) constantb, molecular radiug, geometrical volumed, molar
Ks= 1/(up) (10) surface ared, available volumeV, molar speed of soung,
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Table 6. Ultrasonic Speed (), Apparent Molal Isentropic Compressibility (Ks,), Limiting Apparent Molal Isentropic Compressibility ( K%,),
and Experimental Slope &) against the Respective Molalities of the Solutions along with Standard Errors at 303.15 K
concn u Ks, x 1010 Ksg® x 100 S/ concn u Ksy x 1010 Ksg? x 1010 S/
molkg™ m-s?t mémol*Pa! m¥mol*Pal m¥2mol~¥%Pa! molkg* mrst m3 mol-Pal m3mol-Pal m%>mol-32Pa?
10 Mass % THF

CHs;COONH,
0.0099 1108.3 147.4 0.1913 920.8 38.2
0.0700 941.5 92.0 0.2528  1014.6 16.0
0.1305 904.4 61.0 0.55 0.03 —0.003+ 0.002 0.3294  1310.2 —6.4
CHsCOOK
0.0100  1055.2 153.0 0.1916 924.7 30.5
0.0702 909.6 92.0 0.2521  1033.4 8.5
0.1307 882.9 58.4 0.58 0.01 —0.003+ 0.005 0.3306  1458.9 —16.0
CHsCOONa3H;0
0.0101  1098.6 167.0 0.1936 941.1 32.6
0.0709 923.1 99.6 0.2559  1094.8 6.6
0.1322 897.8 61.0 0.52 0.02 —0.003+ 0.003 0.2813 12114 -25
CH;COOLi-2H,0
0.0100  1048.7 170.0 0.1917 963.4 22.4
0.0703 897.8 98.5 0.2531 11944 —6.6
0.1308 888.3 55.9 0.4 0.03 —0.002+ 0.001 0.3259  1619.8 —20.7
20 Mass % THF
CH;COONH,
0.0100  1130.9 32.3 0.1918  1055.6 11.1
0.0703  1078.4 21.7 0.2533  1070.1 7.0
0.1308  1057.9 15.7 0.610.02 —0.016+ 0.003 0.3352  1113.3 2.3
CHsCOOK
0.0099 1111.2 76.3 0.1895  1000.5 19.0
0.0695 1011.4 47.7 0.2499  1061.3 7.5
0.1294 985.1 317 0.55 0.01 —0.006+ 0.005 0.3109 11534 -0.7
CHsCOONa3H;0
0.0099  1133.7 25.4 0.1901  1097.2 5.3
0.0694  1094.4 15.5 0.2510 1125.6 1.6
0.1293  1085.7 9.8 0.58 0.03 —0.017+ 0.006 0.3414  1205.9 -3.2
CH;COOLIi-2H,0
0.0097  1092.9 120.7 0.1859 972.2 245
0.0682 959.1 73.3 0.2449  1074.6 6.6
0.1269 939.7 44.8 0.52 0.04 —0.003+ 0.004 0.3026  1295.1 —-8.4
30 Mass % THF
CH3;COONH,
0.0099  1157.0 —25.9 0.1895  1239.6 -9.0
0.0695  1209.1 —17.6 0.2503 1224.1 -5.7
0.1292  1233.7 —12.6 0.62+ 0.01 0.020+ 0.001 0.3111  1200.0 -3.2
CHsCOOK
0.0099 1154.3 —21.2 0.1883  1212.2 -7.1
0.0691  1193.9 —14.4 0.2483  1202.3 —-4.7
0.1286  1211.7 —10.2 0.61+ 0.02 0.024+ 0.008 0.3084  1177.3 -2.3
CH;COONa3H,0
0.0098  1169.8 —52.9 0.1874  1340.8 —17.2
0.0686  1280.4 —35.0 0.2479  1286.8 —10.0
0.1279  1335.3 —24.7 0.59+ 0.05 0.009t 0.001 0.3185 12014 —-3.4
CH;COOLi-2H,0
0.0099 1159.8 —33.3 0.1894  1229.0 —-8.7
0.0693  1219.9 —-21.4 0.2499  1195.7 —4.2
0.1291  1240.1 —14.2 0.56+ 0.02 0.014+ 0.007 0.3108 11405 0.2

Table 7. Derived Values of Specific Acoustic ImpedanceZ), Intermolecular Free Length (L), van der Waals Constant b), Molecular Radius
(r), Geometrical Volume ), Molar Surface Area (Y), Available Volume (V,), Volume at Absolute Zero {/o), Molar Speed of Sound R'),
Collision Factor (S), Relaxation Strength ¢'), and Space Filling Factor ;) of the Solvent Mixtures at 303.15 K

mass % b x 10 r B x 1C° R x 10 Vax 108 Vo x 108 Lt Yx106 Zx 103

of THF me nm  nf-molt S m¥mol(msH¥®  mé molt mimol? nm r re m2mol~*  m3-mol!
1 42.49 1.615 10.62 2.96 4506.6 11.27 31.41 0.0625 0.458 0.249 19.72 936.26
1P 42.71 1.618 10.68 2.80 4450.9 12.95 29.94 0.0661 0.513 0.249 19.80 883.29
20 44.83 1.644 11.21 2.88 47111 12.76 32.25 0.0639 0.487 0.249 20.45 918.12
30 47.24 1.673 11.81 2.87 4961.5 13.51 33.92 0.0637 0.488 0.249 21.18 927.66

aExperimental values of 10 mass % THF that was used fosGQXONa3H,O and CHCOONH, solutions.? Experimental values of 10 mass % THF
that has been used for GEOOK and CHCOOLI-2H,0O solutions.
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Table 8. Derived Values of Specific Acoustic ImpedanceZ{j, Intermolecular Free Length (L¢), Relaxation Strength ('), and Relative Association
(R,) for the Acetate Salts in Different Mass % of THF + MeOH Mixtures at 303.15 K

CH3;COONH, CH3COOK CH,COONa3H.,0 CH;COOLi-2H,0
Zx 103 Lt Zx 103 L¢ Zx 103 L¢ Zx 103 L¢
m3-mol-1 nm r Ra m3-mol-1 nm r Ra m3-mol~1 nm r Ra m3-mol-1 nm r Ra

10 Mass % THF
881.58 0.066 0.52 1.02 835.20 0.069 0.57 1.02 874.54 0.067 0.53 1.02 830.29 0.070 0.57 1.02
750.54 0.078 0.65 1.08 722.72 0.081 0.68 1.08 739.50 0.079 0.67 1.09 714.35 0.082 0.68 1.08
722.22 0.081 0.68 1.10 703.72 0.083 0.69 1.09 723.06 0.081 0.69 1.11 709.53 0.083 0.69 1.09
736.35 0.079 0.67 1.09 739.00 0.079 0.67 1.07 761.26 0.078 0.65 1.10 772.02 0.076 0.64 1.06
812.28 0.072 0.59 1.06 827.75 0.071 0.58 1.04 889.19 0.067 0.53 1.05 959.47 0.061 0.44 0.99
1050.13 0.056 0.33 0.97 1171.41 0.050 0.17 0.93 985.30 0.060 0.43 1.01 1304.12 0.045 0.12 0.89

20 Mass % THF
906.21 0.065 050 1.01 890.72 0.066 052 1.01 909.18 0.065 0.49 1.01 876.24 0.067 0.53 1.02
866.54 0.068 0.55 1.02 814.48 0.072 0.60 1.05 883.31 0.066 0.53 1.02 772.82 0.076 0.64 1.07
851.98 0.069 0.56 1.03 796.46 0.074 0.62 1.07 880.46 0.067 0.54 1.03 759.80 0.078 0.66 1.08
851.67 0.070 0.57 1.04 811.75 0.073 0.61 1.06 892.96 0.066 0.53 1.03 787.95 0.075 0.63 1.07
864.72 0.068 0.55 1.03 863.75 0.069 0.56 1.04 918.51 0.065 0.51 1.02 872.12 0.068 055 1.04
901.19 0.066 0.52 1.02 941.28 0.063 0.48 1.02 986.14 0.060 0.43 1.00 1051.82 0.056 0.34 0.97

30 Mass % THF
938.41 0.063 048 1.00 936.56 0.063 0.48 1.00 949.63 0.062 0.47 0.99 941.55 0.063 0.47 1.00
983.26 0.060 0.43 0.99 973.29 0.061 0.44 0.99 1046.43 0.057 0.36 0.97 996.73 0.060 042 0.99
1005.33 0.059 041 0.98 991.62 0.060 0.43 0.99 1096.69 0.054 0.30 0.96 1017.51 0.058 0.40 0.98
1011.65 0.058 0.40 0.98 995.29 0.059 043 0.99 1105.33 0.054 0.29 0.96 1011.15 0.059 041 0.99
1000.14 0.059 041 0.99 989.84 0.060 0.44 1.00 1063.75 0.056 0.35 0.98 985.13 0.060 0.44 1.00
981.44 0.060 0.44 0.99 971.54 0.061 046 1.01 995.20 0.060 044 1.01 939.94 0.063 0.49 1.02

collision factorS, relaxation strength’, and space filling factor  of the ion—solvent interactions as it is the apparent molar
r+ has been calculated from the speeds of sound and densitydatgolume at infinite dilution, by definition, and is independent of
of the solvent mixtures using the following relatiotfs: ion—ion interactions. The positive values indicate the presence
Z=up (13) of strong ion-solvent interactions between NHion and THF
+ MeOH molecules. These interactions are weakened with the
b= (M/p) — (RTpud{[1 + (MU¥3RT)] -1} (14) decrease in the size of the cations and also with rise in
3 temperature. The negative values indicate that electrostriction
r = (3/167N) (15) occurs in these solutions and that this electrostrictive solvation

L= Ki(up'?) (16) is greater for smaller cations and at higher temperature along
f p with the increase in amount of THF in the solution. A similar
_ 3 type of results has been reported for some metal sulfates in DMF
B=(@3)ar'N (7 + H,O mixtures at different temperaturés.
Y = (36nNB)™° (18) The positive values o, which is the experimental slope,
V,=V—V,= V(- ul,) (19) indicates the presence of iefon interactions in the system.
@ ® The slope increases as we move from b Li™, indicating
R = Mu*)p (20) the highest amount of ierion interactions between tiion
and THF+ MeOH molecules. The smaller ions show a stronger
S=uViu,B (21) affinity toward the ionic association while the larger ions seems
r=1- (uu,)? (22) to be responsible for the inability to ion-pair formatio,
values are found to increase as mass % of THF increases along
r, =BV (23) with the rise in temperature. This is reflected to accommodate

) more and more solute molecules in the empty space left in the
whereK is a temperature-dependent Jacobson’s constant (- packing of associated solvent molecules resulting in an increased
(93.875+ 0.375T) x 1078), Vp is volume at absolute zerv, ion-pairing?! However, the decrease & with rise in tem-

is the molecular volume, and, is taken as 1600 m3. These perature is attributed to violent thermal agitation, resulting in
parameters are listed in Table 7 for the solvent mixtures whereasgijminishing the force of iorrion interactions.
Table 8 gives the&Z, L, andr’ values along with the relative

— GOy
associationR, for the salt solutions at (303.15, 313.15, and The limiting apparent molar expansibilit{") is found to

323.15) K: be negative throughout as shown in Table 4. It is found to
' ' decrease with the decrease in ionic size and increase in
Ry = pd/po(Ug/u S)l/3 (24) temperature but increases as mass % of THF increases in the
A — Ps/Po . .
systems. Whereas the slogg)(is greater for smaller ions at
Discussions higher temperature and for greater amount of THF in the solvent

The limiting apparent molar volume¥,€) shown in Table mixtures. These results are in excellent agreement with that of
3 are a mixture of positive and negative valugs? is found to V2 andS;, values. The behavior of these salts is similar to that
decrease for all the acetate salts as mass % of THF increases iff common salts whose molar expansibility should decrease with
the THF+ MeOH binary solvent mixtures. Furthermoié,° rise in temperaturé’
decreases with the decrease in the size of the cations of the In Figure 1, panels a to c, variation of the partial molar
acetate salts (i.e., from Nfi to Li*) as well as with increase  expansibility €;) is shown against a concentration of the
in temperature (from 303.15 to 323.15 K),° is the measure acetates at 303.15 K in 10, 20, and 30 mass % of THF,
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respectively. Figure la shows negative values for all the salts,the mixture. The change observednwith concentration is
which increases with concentration of gBODONH, and CH- attributed to a change of ultrasonic speed with concentration
COOLI2H,0O and decreases with increasing concentration of (Table 6). This behavior is due to association of molecules and
CH3;COOK and CHCOONa3H,0. Figure 1b depicts negative  formation of molecular aggregatésThe increase ih; implies
values for all the salts having similar curves excepgCE8OLI- an increase in number of free ions showing the occurrence of
2H,0, which has positive values at higher concentration. For ionic dissociatior?” The change of’ with concentration may

30 mass % of THF+ MeOH mixture, E, increases with be interpreted in terms of an increase in intermolecular forces
concentration. The salts GHOONH, and CHCOOK behave due to increase in concentration and subsequent decrease in the
similarly whereas Na and Li salts are positive at higher relaxation of the moleculesRs is used to understand the
concentration. Similar curves are obtained at higher tempera-interaction influenced by the breaking of the solvent structure

tures. on addition of solute and the solvation of the solute simulta-
Table 5 contains the viscosity paramet&sndB from the neously produced.

Jones-Dole equatior is the measure of long-range Coulombic )

forces between the ions whereRgseflects the effect of ior Conclusion

solvent interactions. Positive values Bfcoefficients indicate The extensive study of the densities, viscosities, and sound

the large size of moving particles (i.e., increase in the viscosity speeds of ammonium acetate, potassium acetate, sodium acetate,
of the solution), decreasing with increasing temperature. This gnq |ithjum acetate in various mass % of the solvent mixture
phenomenon can be attributed to the breakup of the solvation of tetrahydrofuran and methanol at different temperatures reveals
shell due to the thermal motioA.andB are constants ata given  the characteristics and structural properties prevalent in the
temperature and are characteristics of the soluiamefficients solutions. It also indicates the presence of strong-uivent

are the measure of the iemtmosphere effects where@  jnteraction between Nit ion and THF+ MeOH molecules
coefficients can provide information concerning the solvation 5nq the highest ionion interaction between tion and THF

of the ions and their effects on the structure of the solvent in | \jeOH molecules. In other words, the weakest ionic solvation
the near environment of the solute particles. The shaklues is observed for the i salt.

in Table 5 indicate weak iorion interactions, and positivB
values suggest the presence of strong-isolvent interactions.  Acknowledgment
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