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Abstract

The heats of dilution and heat capacities of the Li,B,0,-Li,80,-LiCl-H,0O guaternary
system and the Li;B,0.~Li,S0,~H,0 and Li,B,0,-LiCl-H,0 ternary systems were measured
in the range of ionic strengths from 19 to 0.1 at 298.15 K. The data of the heat of dilution were
extrapolated to infinite dilution by use of Debye-Hiickel limiting law to obtain relative appar-
ent molal enthalpies over the range of ionic strengths / from 19 to 0.0001.
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Introduction

Some of the salt lake brine on the Qinhai-Xizang plateau in China contain so-
dium, potassium and magnesium chlorides and sulfates with aboundant boron
and lithium. In the late period of evaporation, because of deposition of most salts
of sodium and potassium, the brine becomes actually the Li*, Mg™*/CT,
SOY, B4Oj —H,0 system. The phase equilibrium and properties of saturated so-
lution in Li+/B4O%', SOE", CI'—H;0 systems have been studied [1, 2]. The enthal-
pies of dilution of Mg**/B2,03nn, CI'-H;0 (n = 1, 2, 3) systems [3] and Li", Na,
K*, Mg”*/Cl systems [4] have been studied in previous work.

This paper reports the heats of dilution, heat capacities and apparent molal
enthalpies of the Li;B40+-Li,S04~LiCl-H.0 quaternary system and Li.B.O;—
Li,S0;-H,0 and Li,B407-LiCI-H,O ternary systems at 298.15 K. The Debye-
Hiickel limiting law was used to extrapolate the heats of dilution i multi- com-
ponent system. This study may be valuable for understanding the thermochemi-
cal properties of brine in the late period of evaporation after deposition of salts of
sodium and potassium, for extraction and separation of boron and lithium from
salt lake brine, and for the utilization of brine.
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Experimental

Lithium sulfate and lithium chloride used in the experiments were recrystal-
lized from A.R. Li.SQ4-H,0 and LiCl-H,0. Lithium tetraborate, L1,B407-3H,0
was synthesized from analytical reagents (LiOH and H3;BO3). Its composition is
(w19) Lia0O 13.39, B,0; 62.39, 110 24.53, B;04/Li,O (mole ratio) 1.991 (theo.
retical values are: 13.39, 62.39, 24.32, 2.000). It has been identified as the com-
pound Li;B407-3H,0 by X-ray diffraction analysis. The eutonic point solution of
LisB40—Li,8OyLiC1-H20 (1.B1) gualernary system and Li:B4O—Li:504—
H,O (LB2) and Li»B40,-LiCIl-H,0 (L.B3) subsystems were prepared by isother-
mal (25.00+0.03°C) method, their compositions are given in Table 1. Redistilled
water was used in the recrystallization of the reagents, synthesis of the borate and
preparation of equilibrium mixtures.

Table 1 Components of boron-lithium systems

Systems Li,B,O/molkg”  Li,80,/mol kg™ LiCl/mol kg™ 1
LBI 0.01127 0.003135 17.2097 17.2530
LB2 0.03201 3.0228 - 9.1644
LB3 0.01843 - £8.9863 19.0416

An LKB-87001 precision calorimeter and a thermostatic bath
(25.0040.01°C) were used to measure the heat of dilution and the heat capacity.
The accuracy of the calorimeter has been tested previously [3] by measuring the
heat effect of a standard reaction of trishydroxymethylaminomethane (THAM)
with HCI at 298.15 K. A weighed amount of the solution (titrand) was loaded in
a glass reaction vessel. The vessel with contents was immersed into a thermostat
at 25.00240.01°C for 2 h, then pre-fixed volumes of water (titrant) were added by
means of 2 pump. The titration rate was 3.134430.0016 cm’ min™'. The heat of
dilution caused temperature changes. The temperature changes in the reaction
vessel were measured as an electrical potential output by a thermistor with a re-
sistance R = 2000 Q. The output was amplified by a microvolt amplifier and re-
corded. The heat capacity and leakage constant were measured by twice heating
electrically for 500 s using 200 mW and 500 intW power range, and once lower-
ing the temperature before and after each titration [5]. The results of calorimetric
measurements were processed by means of a computer program to obtain the
heats of dilution and heat capacities according to the following Eqs (1-2):

Ci= W(t)“l(cl +%t} ey
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AHy=-M{COIT®) - To] + Ke[T(r) = 1] + %E(To - To)} (2)

where #/s denotes time, C/kJ K" kg™ is the heat capacity of the solution of ionic
strength 7;, AHykJ mol ™' is the heat of dilution, W(r)/kg is the mass of the sofution
in the reaction vessel at , €;,/kI K™' is the initial heat capacity of the solntion be-
fore titration, dCp/d#/k] K™' 57 is the rate of change of the heat capacity with
time, M/mo! is the sum of the molalities of all solutes in the titrand, C(#)/kJ K" is
the total heat capacity of the reaction vessel with titrand and titrant at ¢, K/kJ K~
s is the leakage constant, T(#)/K is the temperature of the outer surface of the
calorimeter atz, T,/K is initial temperature of the titrand, 7./K is the final equilib-
rium temperature, Tw/K is the tempcerature of titrant.,

Results and discussion

The heats of dilution and heat capacities of the Li»B40;-Li,S0,-LiCl-H,0O
quaternary system and the LiyB407-LiS04--H;0 and Li;B40,~LiCl-H;0 sub-
systems were measured a range from the initial ionic strength [, to /; at 298.15 K,
The results are given in Table 2. In Table 2, My/mol kg ' is the sum of molalities
of all the solutes in the systems; C/kJ kg™ K™ is the specific heat capacity,
AH#/KI mol™ is the heat of dilution; “L/kJ mol™* is the apparent molal enthalpy.

The apparent molal enthalpies ®/; can be obtained from

PLi=®L¢— AH(L — 1) (3)
where %L is the apparent molal enthalpy at the final ionic strength (/ < 0.1). The

¥L; values were calculated using the extended limiting law equation [6-8]

®r — Sul ""[(1 + IV _%}L BI+ CcI¥? (4)

where Sy in the Debye-Hiickel limiting law slope (Sy = wAn;, w = \2EV.ZE, V,
and Z; are the number and valence of the ion {; and Ap=2.8736 kJ wol™ o™ at
298.15 K);

o=f_§5[(1+1"2)—(1+1“)“1—2ln(1+1"Z>1 ©

and B, C are adjustable parameters. The values of B and £ have besn determined
from the experimentally measured enthalpies of dilution

Aol — Iy = -APL(l > 1) (6)

using
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A%L-Sudlf0+ 1 -0} AF (7)
AT Al

The plots of the left hand side of Eq. (7) vs. Al ¥2/AI for the boron—lithium sys-
tems are given in Fig. 1. Equations (4) and (7) were originally suggested to be
useful in extrapolating heat-of-dilution data to infinite dilution and w0 be used in
the molality range 0 to 0.1 [6]. However, it was found later [7—10] that Eqgs. (4)
and (7) would represent heat-of-dilution data for electrolytes as well as seawater
within experimental error for the approximate molality and ionic strength from
0.1to 1.0. So that, Fig. | was plotted using heat-of-dilution data vs. ionic strength
less than 1.0 for the boron—lithium systems.

Table 2 Heats of dilution, heat capacities and apparent molal enthalpies of boron-lithium systems

at 298.15K
I I Mjmolkg' Ckikg”K' Hykimol  LAJmol’
LB1

17.2530 17.2530 17.2227 2.6447 0.0000 175247
16.0847 16.0646 2.7066 -1.0074 16.5173

15.0077 14.9889 2.7669 -2.2139 15.3108

14.3207 14,3028 2.8075 -2.9757 14.5490

13.4781 13.4612 2.8589 -3.9080 13.6167

12.3567 12,2412 2.0313 5.1339 12,3008

11.1084 11.0945 3.0171 -6.4182 11,1065

10.0160 10.0034 3.0978 -7.4404 10.0843

9.1955 9.1840 3.1618 -8.1567 9.3680

8.1782 8.1683 3.2455 -9.0920 8.4327

7.1659 7.1573 3.3346 ~10.0213 7.5034

6.2685 6.2609 3.4187 -10.7467 6.7780

5.1058 5.0996 3.5355 ~11.5406 5.9841

4.1520 4.1470 3.6384 -12.2188 5.3059

3.0789 3.0751 3.7631 -12.8927 4.6320

2.0701 2.0674 3.8899 -13.4823 40424

1.0068 1.0054 4.0346 ~14.1256 3.3991

0.845% 0 8443 4.0576 -14.2444 3.3234

0.6001 0.5993 4.0936 ~14.4485 3.0922

0.4177 0.4171 4.1204 -14.6822 2.8945

0.2011 0.2008 4.1530 ~15.0870 2.4813

0.1052 0.1050 4.1677 ~15.4481 2.0766
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Table 2 Continued
1, I Mjmolkg” Cidkg'K' H/dmol™  LkImol”
LB2

9.1645 9.1645 3.0548 3.3372 0.0000 7.5496

8.2249 2.7417 3.4037 0.1528 7.0068

7.1947 2.3982 3.4794 -0.9852 6.5644

6.0532 2.0177 3.5723 ~1.4879 6.0617

5.0586 1.6862 3.6568 -1.8526 5.6970

4.0380 1.3460 3.7493 -2.2127 5.3369

3.0258 1.0086 3.847G ~2.5500 4.9936

2.0240 0.6747 3.9509 ~2.9176 4.6320

1.0380 0.3460 4,0606 -3.6778 3.8718

0.8173 0.2724 4.0857 -3.8783 3.4597

0.6047 0.2016 41108 ~4.1450 3.2305

0.4498 0.1499 4.1292 ~4.4453 3.03%8

0.2113 0.0704 4.1581 -4.9814 2.5653

0.1599 0.0533 4.1643 -5.1670 2.3826

LB3

19.0416 19.0416 19,0047 2.6020 0.0000 18.9821
18.2552 18.2198 2.6388 -0.4636 18.5185

17.0138 166808 2.6000 -1.7665 17.2156

16,4071 16.3754 2.7309 -2.3988 16.5833

153327  15.3030 2.7886 ~3.5604 15.4217

14,4088 14.3809 2.8326 -4.3936 14.5885

13.1347 13.1002 2.9171 ~5.9094 13.0727

12.0646 12.0412 2.9853 —(.9397 12.0424

11.2161 11.1944 3.0426 -7.7083 11.2738

10,1863 10.1666 3.1158 —8.8288 10.1533

9.1953 9.1775 3.1903 —9.8159 9.1662

8.0750 8.0594 3.2807 -10.8192 8.1629

7.4721 7.4576 3.3317 ~11.3459 7.6362

6.0898 6.0780 3.4572 -12.3094 6.6727

5.1897 5.1796 3.5451 -13.0110 5.9711

4.0210 40132 3.6681 -13.7755 5.2066
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Table 2 Continued
I i M/molke”" CKIkg' K' HykImol' LI mol”
LB3
19,0416 3.1066 3.1005 37719 -14.3747 4.6074
2.0811 2.0771 3.8970 —14.9705 4.0116
1.0223 1.0204 4.0367 ~15.6004 3.3817
0.8235 0.8219 4.0643 ~15.7334 3.1664
0.6377 0.6365 4.0907 ~15.8762 3.0333
0.4084 0.4076 4.1238 -16.0721 2.8316
02000 0.1996 4.1543 ~16.4660 2.4589
0.1108 0.1106 4.1677 -16.8814 2.1007

The values of B and C determined by a least-squares fit are given in Table 3.
The sum of square errors of the least-squares fit for all the systems is less than
0.7 kI mol ™"

The apparent molal enthalpies ®1¢ over an ionic strength range /; from 1.0 to
0.0001 were calculated from Eq. (4) using the coefficients B, C given in Table 3;
the results are given in Table 4.

The apparent molal enthalpies ?1, of boron—lithium systems to cover the ionic
strength range from 19 to 0.1 can be calculated by Eq. (3), using the heat of dilu-
tion AH, and the apparent molal enthalpies ®r1:(LB12.0766; LB2 2.3826; LB3
2.1007) of the final ionic strength  (LB10.1052; LB2 0.1599; LB3 0.1108). The
results are given in Table 2.

ar*ra1

0.6 0.8 1.0 12 L4 16
T

-1.0r

(&%~ ADH.) Al

Y

Fig 1 Plots of [A®L — AD.H.YAI vs. AI**/AI for Li;B,0,-Li,S0,~LiCI-H,0 systems at
298.15K; s -LB1;0-LB2; A-LB3
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Table 3 Values of B and C for the extended Debye-Hiickel equation at 298.15 K

System B C R
LB1 -5.09947 3.01925 0.27
LRB2 -4,79223 2.90881 0.64
LB3 -512801 2.86884 0.07

Table 4 Apparent molal enthalpics of Li,B,0--Li,50,-LiCl-H,O systems over the ionic
strength range 0.1--0.0001at 298.15 K

; ®L/KJ mol™ ‘
LB1 LB2 LB3
0.1 2.2711 2,3257 2.2802
0.09 2.1854 22348 2.1936
0.08 2,0918 2.1360 2.0992
0.07 1.9885 2.0274 1.9950
0.06 1.8734 1.9070 1.8791
0.05 1.7432 1.7714 1.7480
0.04 1.5925 1.6153 1.5964
(.03 14132 1.4304 1.4161
0.02 1.1877 '1.1093 1.1897
(.01 0.8726 0.8785 0.8736
0.003 (.6338 0.6368 0.6343
0.001 0.2892 0.2898 0.2893

0.0001 0.06294 0.0630 0.06295

To summarize, the heats of dilution and the heat capacitics of the
Li;B40+—Li1,804—LiCl-H,;0 quaternary system and the Li,B,0,—Li.SO,~H,0O
and LiB4O7—LiCl-H,O subsystems have been measured over the ionic
strength 7 from 0.1 to 19 at 298.15 K.The apparent molal enthalpies have been
calculated by means of Debye-Hiickel limiting law covering the ionic strength
range from 19 to 0.0001. The results make ciear that the heats of dilution are
negative which means that the dilntion processes of various systems are exother-
mic. When the ionic strength 7 is higher or the molalities are greater, the heat ca-
pacities are smaller and the apparent molal enthalpies are greater. All these sys-
tems are similar to single electrolytc solutions of alkalinc-carth metal in respect
of heat effects.
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