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Abstract—The phase and physicochemical properties diagrams of the quaternary system (Li,B,0; + Na,B,O; +
Mg,B40;; + H,0) at 288.15 K and 0.1 MPa were constructed using the solubilities, densities, and refractive
indices measured. In the phase diagrams of the system there are one invariant point, three univariant isother-
mic dissolution curves, and three crystallization regions corresponding to Li,B,O, - 3H,0, Na,B,0, - 10H,O,
and Mg,B¢O, - 15H,0, respectively. The solution density, refractive index of the quaternary system changes
regularly with the increasing of Li,B,O; concentration. The calculated values of density and refractive index
using empirical equations of the quaternary system are in good agreement with the experimental values.
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INTRODUCTION

There are more than seven hundred salt lakes with
an area larger than 1 km? in the Qinghai-Tibet Plateau.
The Salt Lake of Qaidam Basin consists of a series of
lakes including the Dong-Xi-Taijinaier lake, Da-
Xiao-Chaidan lake, and Yiliping lake, and is one of
the subtypes of magnesium sulfate brines famous for
its abundance of lithium, potassium, and boron
resources [1—4]. The main components of its brines
can be described with the Lit + Na* + Kt + Mg?* +

Cl- + SOi_ + borate + H,O system. It is well-known
that phase diagrams and phase equilibria play an
important role in exploiting brine resources and
describing the geochemical behavior of brine mineral.
To exploit the valuable brine resources economically,
the phase equilibria and phase diagrams of brine sys-
tems containing boron at different temperatures are
required.

Aiming at understanding the thermodynamic
properties of boron-containing brine, some solid-lig-
uid phase equilibria systems at different temperatures
have been done by our research group [5—10]. How-
ever, the investigations on thermodynamic properties
of the aqueous solutions containing borates are lack,
this might be due to the variety of the present forms of

polyborates, such as diborate (BQOZ_), metaborate
(BO,), triborate (B;05), and polytetraborate (B4O§7,

! The article is published in the original.

B;O3, B¢O;; ), and the dissolving behavior of boron is
very complicated. In this paper, the isothermal solu-
bilities and solution density, refractive index of the
quaternary system (Li,B,O, + Na,B,0,; + Mg,B;0,, +
H,0) at 288.15 K were presented by the isothermal
dissolution equilibrium method to describe the stable
behaviors to separate and purify the borate-containing
mixture salts.

EXPERIMENTAL
Apparatus and Reagents

A thermostatic water bath (HXC-500-6A, Beijing
Fortunejoy Sci. Technol. Co. Ltd.) with magnetic stir-
ring was used to control the temperature with a preci-
sion of 0.01 K. Polarized light microscopy (BXS5I,
Olympus Co., Japan) and X-ray powder diffraction
(MSAL XD-3, Beijing Purkinje Instrument Co. Ltd.,
China) were used to identify the solid phases. An
inductively coupled plasma optical emission spec-
trometer (ICP-OES, Prodigy, Leman Co., USA) was
employed to determine the concentrations of Li* in
solutions.

The chemicals of analytical grade were obtained
from either Sinopharm Chemical Reagent Co., Ltd.:
lithium borate trihydrate (Li,B,O, - 3H,0, 0.992 in
mass fraction), borax (Na,B,0, - 10H,0, 0.995 in
mass fraction), and were recrystallized with doubly
deionized water (DDW) before use. Inderite
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Fig. 1. Dry-salt phase diagram of the quaternary system

(Mg,B;0,, - 15H,0, 0.99 in mass fraction) was synthe-
sized in our laboratory by the method described in
[11]. Doubly deionized water (DDW) with conductiv-
ity less than 1 x 10~* S m~! was used to prepare the
series of the artificial brines and for chemical analysis.

Method

The isothermal dissolution method was used in this
study; more details of the experimental method are
available in our previous works [12—14]. The series of
artificial synthesized complexes are sealed in hard
polyethylene bottles and placed in the magnetically
stirred thermostatic bath (HXC-500-6A). The tem-
peratures of the baths were set at 288 + 0.01 K with
150 rpm stirring speed in order to accelerate the estab-
lishment of equilibrium. After stirring for about 3 to
5 days, it could be found that the equilibrium had been
reached when the compositions of the liquid phase
became constant. Before sampling, it took about 1 h
for the clarification of an aqueous solution. Two sam-
ples were taken out from the bottles. One was used for
determining physicochemical properties including
density and refractive index of the liquid phase. The
other is subjected to quantitative analysis. In addition,
the solid phases were identified by X-ray powder dif-
fraction.

The concentration of boron in liquid phase was
analyzed by the weight methods using mannitol and
sodium hydroxide standard solution in the presence of
double indicator of methyl red and phenolphthalein,
and the relative error of the analytical results is less
than £0.003 in mass fraction. The Mg?* ion concen-
tration was determined with modified EDTA com-
plexometric titration method in the presence of Erio-
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chrome Black T as an indicator. The interference of
the lithium ion in brine can be efficiently eliminated
using butanol and anhydrous alcohol as a masking
agent, and the uncertainty is less than £0.003 in mass
fraction [15]. The Li* concentration was evaluated
with I[CP-OES measurement.

The measurements of the liquid-phase physico-
chemical properties were corresponding to density and
refractive index. The densities (p) were measured
using a digital vibrating-tube densimeter (DMA 4500,
Anton Paar Co. Ltd., Austria) with an uncertainty of
+0.00001 gcm™—3. An Abbe refractometer (WZS-1,
Shanghai Yuguang Instrument Co. Ltd., China) was
used to measure the refractive index (np) with an accu-
racy of +0.0001. All the measurements were per-
formed at the desired temperature with £0.01 K
through control of the thermostat (K20-cc-NR,
Huber, Germany).

RESULTS AND DISCUSSION

Phase Diagram of the Quaternary System
(Li,B,0;+ Na,B,0; + Mg,B,0,, + H,0)

The experimental data on the solubilities and the rel-
evant physicochemical properties including density and
refractive index of the quaternary system (Li,B,0O,; +
Na,B,0; + Mg,B0,, + H,0) at 288.15 K were deter-
mined and are presented in Table 1. The composition
of the liquid phase in the quaternary system was
expressed in mass fraction and Jinecke index
(J», /100 g dry salt). According to the experimental
data in Table 1, the stable phase diagrams of the qua-
ternary system at 288.15 K were plotted, as shown in
Figs. 1 and 2.

In Fig. 1, the dry-salt phase diagram consists of
three crystallization zones corresponding to lithium
borate trihydrate (Li,B,O; - 3H,0), borax (Na,B,0; -
10H,0), and inderite (Mg,B0,, - 15H,0); one invari-
ant point E, which are saturated with Li,B,O, - 3H,0 +
Na,B,0, - 10H,0 + Mg,B0,, - 15H,0 + Liquid, three
univariant isothermal dissolution curves of AE, BE,
and CE, indicating the cosaturation of two salts. Due
to the high solubilities of lithium borate and borax,
there is a strong salting-out effect to magnesium
borate.

Figure 2 is the water-phase diagram of the quater-
nary system at 288.15 K, and it shows that the Janecke
index values of J(H,0O) gradually change with increas-
ing J(Li,B,0-).

The solid phase minerals were identified with X-ray
diffractometry, hydrated salts including Li,B,O, - 3H,0,
Na,B,0; - 10H,0, and Mg,B0,, - 15H,0 are present
in the system, and neither double salts nor solid solu-
tions were found. Figure 3 shows the X-ray diffraction
patterns of invariant point. The XRD pattern of the
invariant point was well matched to standard diffrac-
tion patterns of Li,B,O,-3H,0, Na,B,0O, - 10H,0,
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Table 1. Solubility and physicochemical properties of the quaternary system (Li,B,0; + Na,B,0; + Mg,B;O,; + H,0) at

288.15 K
Composition of liquid phase Janecke index Density
No. w; x 102 Jo, 8/100 g dry salt P, np Solid phase
Li,B,0,|Na,B,0,|Mg,B:0,;| H,0 |Li,B,0,|Na,B,0,] H,0 |& em™
1,A| 0.00 1.78 0.028 [98.19] 0.00 | 98.45 [5430.97|1.01883|1.3369 | Na,B,0; - 10H,O + Mg,Bs0Oy; - 15H,0
2 0.46 1.51 0.028 |98.00| 23.02 | 75.58 [4905.01|1.01974|1.3378 | Na,B,0; - 10H,0 + Mg,BcOy; - 15H,0
3 0.73 1.35 0.029 [97.89| 34.61 | 64.01 [4641.58|1.02107|1.3380|Na,B,0; - 10H,O + Mg,BOy; - 15H,0
4 0.83 1.29 0.029 [97.85] 38.62 | 60.03 [4553.33|1.02234|1.3385|Na,B,0; - 10H,O + Mg,B:0Oy; - 15H,0
5 0.93 1.24 0.030 [97.80| 42.27 | 56.36 |4445.45|1.02351|1.3389|Na,B,0, - 10H,O + Mg,B:0Oy; - 15H,0
6 1.00 1.19 0.030 [97.78| 45.05 | 53.60 |4404.50|1.02411|1.3390| Na,B,0; - 10H,O + Mg,BOy; - 15H,0
7 1.15 1.11 0.031 |97.71| 50.20 | 48.45 |4264.91|1.02519|1.3391 | Na,B,O; - 10H,0 + Mg,B¢O,; - 15H,0
8 1.20 1.08 0.031 |97.69| 51.93 | 46.73 |4227.13|1.02550|1.3392| Na,B,O, - 10H,0 + Mg,B:O,; - 15H,0
9 1.66 0.99 0.032 [97.32] 64.89 | 36.91 [3628.56|1.02793|1.3399|Na,B,0; - 10H,O + Mg,BcOy; - 15H,0
10 1.77 0.97 0.032 [97.23] 63.85 | 34.99 [3507.50|1.02850|1.3400| Na,B,0O; - 10H,O + Mg,B0Oy; - 15H,0
11 2.49 0.95 0.036 [96.52| 71.63 | 27.33 |2776.87|1.03799|1.3416 | Na,B,0O - 10H,O + Mg,B:0O,, - 15H,0
12 2.60 0.93 0.036 [96.43| 72.91 | 26.08 [2704.26|1.03904|1.3417 | Na,B,0, - 10H,O + Mg,BOy, - 15H,0
13 2.65 0.91 0.034 [96.41| 73.73 | 25.32 [2682.42(1.03967|1.3418 | Li,B,0; - 3H,0 + Mg,B;0,; - 15H,0
14, B| 2.81 0.00 0.025 [97.17| 99.12 0.00 |3427.34(1.03278|1.3404| Li,B,0; - 3H,0 + Mg,Bs0,; - 15H,0
15 2.80 0.22 0.029 [96.95| 91.83 7.22 |3179.76 |1.03415|1.3408 | Li,B,O; - 3H,0 + Mg,B¢O,, - 15H,0
16 2.79 0.52 0.031 |96.66| 83.51 | 15.56 |2893.12{1.03694|1.3409| Li,B,O, - 3H,0 + Mg,B:O,, - 15H,0
17, E| 2.72 0.85 0.033 [96.40| 75.49 | 23.59 |2675.46|1.03988|1.3420| Li,B,O; - 3H,0 + Na,B,O - 10H,0O
+ Mg,B¢Oy; - 15H,0
18, C| 2.62 0.94 0.00 [96.44| 73.60 | 26.40 |2708.99(1.03870|1.3419 | Li,B,O,-3H,0 + Na,B,0O; - 10H,O
19 2.67 0.89 0.016 |96.42| 74.66 | 24.89 |2696.42|1.03941|1.3419 | Li,B,O; - 3H,0 + Na,B,0; - 10H,0

and Mg,B0,;, - 15H,0 with powder diffraction file
(pdf) number 43—1498, 33—1215, 36—0423, respec-
tively. It shows that salts Li,B,O; - 3H,0, Na,B,0; -
10H,0, and Mg,B¢0,; - 15H,0 coexist at the invariant
point. The compositions of Li,B,0; Na,B,0,,
Mg,B¢O,, at the invariant point in the liquid phase
with mass fraction (10?w) are 2.72, 0.85, and 0.033,
respectively.

The Solution Physicochemical Properties
of the Quaternary System

On the basis of experimental data in Table 1, rela-
tionship of the solution density and refractive index
with the concentration of Li,B,O; in the quaternary
system (Li,B,O, + Na,B,0, + Mg,B;0,, + H,0) at
288.15 K was plotted in Fig. 4. It was found that the
solution density and refractive index in the quaternary
system changed regularly with the increasing of
Li,B,O; concentration.

In Fig. 4a, the density curves of the equilibrium liq-
uid phase increased gradually with the increasing con-
centration of Li,B,O; (curves AE and CE), and

reached the maximum value of 1.03988 g cm~3 at the
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invariant point E, and then the solution densities was
decreased sharply with the increasing concentration of
Li,B,O; (curve EB).
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Fig. 2. Water-phase diagram of the quaternary system
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Fig. 3. X-ray diffraction pattern of the invariant point (Li,B407 - 3H,0 + Na;B,0; - 10H,0 + Mg,B40; - 15H,0).

Figure 4b shows the refractive index value versus
composition of Li,B,O; in the solution. Similarly as
the density in the solution, the refractive index value
was increased slowly from point A to point E, while
decreased sharply from point E to point B with the
increasing concentration of Li,B,0,, and the maxi-
mum value of 1.3420 at the invariant point E.

Empirical Equations for Density and Refractive Index

Based on the following empirical equations of
the density and refractive index in electrolyte solu-
tions developed in the previous study [16], the den-
sity and refractive index of the solution were also
calculated.

2= gw,, "= B, (1)
Po Rpy

In the above equations, where p, and p, are the
densities of the solution and the pure water at the
same temperature; the p, value of pure water at
288.15 K is 0.99909 g cm~3; while np, and np, refer
the refractive index value of the solution and the pure
water at the same temperature; the np, value of pure
water at 288.15 K is 1.33339 [17]; A4, and B; are the
constants of each possible component i/ in the system,
and they were calculated in the present work; w; is the
salt of i/ in the solution with weight percentage, in
mass fraction. Constants A4, of Li,B,0,, Na,B,0,, and
Mg,B¢0,, for calculation of density in solution are
0.01178, 0.00959, and 0.00961 at 288.15 K, and con-
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stants B; of Li,B,0,, Na,B,0,, and Mg,B,0,, for cal-
culation of refractive index in solution are 0.00278,
0.00252, and 0.00233 at 288.15 K, respectively. All
calculated results with the maximum relative error
are less than 0.25%. The calculated values agree well
with the experimental data, and this agreement
shows that the coefficients A4; and B; obtained in this
work are reliable and can be used for more compli-
cated systems containing borate.

CONCLUSIONS

The solubility, solution density and refractive index
of the quaternary system (Li,B,O, + Na,B,0, +
Mg,B¢0,; + H,0) were determined using the isother-
mal dissolution method at 288.15 K. According to
experimental data, the equilibrium phase diagrams
and the diagrams of physicochemical properties versus
concentration of Li,B,O; were constructed. Phase dia-
gram of the quaternary system consists of one invariant
point (Li,B,O; - 3H,0 + Na,B,0; - 10H,0 + Mg,B,0; -
15H,0 + Liquid) and three crystallization regions cor-
responding to Li,B,O- - 3H,0, Na,B,0- - 10H,0, and
Mg,B¢O,; - 15H,0. The solution density and refractive
index in the quaternary system changed regularly with
increasing Li,B,0, concentration. The calculated val-
ues of density and refractive index using empirical
equations for the quaternary system (Li,B,O; +
Na,B,0; + MgB,O; + H,0) at 288.15 K are in good
agreement with the experimental values.
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versus composition, (b) refractive index versus composi-
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