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Molecular dynamic study on changing pH trends in salt brine evaporation
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ABSTRACT

The evaporation and concentration of salt-lake brine is an important preliminary step in the
development and utilization of salt-lake resources. The pH value of brine in the Laguocuo salt lake
in Tibet has exhibited a gradual decline during the evaporation process, which directly affects lith-
ium resources in salt-lake brine, thereby affecting lithium costs. To study the mechanism of this
phenomenon, the evaporation process of salt-lake brine was divided into representative stages and
the pH was determined at each stage. Then, an amount of water proportionate to the pH of the
water was added; with increasing water content in the system, the pH was observed to increase.
The hydration ability of CO?” was studied via molecular dynamic simulations and was found to
decrease gradually with decreasing water content in the system during evaporation. CO}" did not
exhibit weak alkaline properties, inducing a decrease in the pH of the system and a shift in the

equilibrium of the system from alkaline to acidic.
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1. Introduction

The Laguocuo salt lake in Tibet is characterized by
high lithium and boron contents. It contains trace ele-
ments such as lanthanum, cerium, and bromine. The salt
lake has a unique water chemistry, which includes both
sodium sulfate and weak carbonate. The low Mg/Li ratio
is a significant feature of this lake [1]. Additionally, the
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pH of the brine decreases gradually after evaporation
(pH = 6.48). The lithium content in the brine is 230 g/L,
and the salt lake supplies good raw materials for the fur-
ther processing of lithium resources, thus offering incom-
parable resource advantages over other types of salt lakes.
The evaporation and concentration of salt-lake brine is an
important preliminary step in the development and utili-
zation of salt-lake resources. The main parameters of the
evaporation process(pH, Mg/Li, etc.) provide an important
basis for the separation and extraction of lithium [2,3].
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Previous research on salt-lake brine has shown that
the concentrated evaporation (continuous evaporation) of
salt-lake brine is accompanied by constant changes in the
pH of the system. Such changes can be categorized into
two types: (1) the pH value may increase [4,5], that is, the
system becomes alkaline and (2) the pH value decreases
[6-10], that is, the system becomes acidic. Many stud-
ies have reported changes in the pH of the system during
evaporation [11,12]; however, an in-depth analysis of the
pH-change mechanism has not been conducted so far.

The result of the movement of the equilibrium of the
system toward a more acidic or alkaline state is reflected
by the pH. According to the electric neutrality principle,
strong acid ions (CI-, SOZ, etc.) and strong alkali ions (K,
Na’, etc.) in the system can be mixed with salt, a neutral
component, without affecting the pH of the system. The
water content in the system gradually decreases during
evaporation. The role of relatively weak alkaline ions is
gradually manifested. The hydrolysis ability of such weak
alkaline ions is the main cause of changes in the pH, gradu-
ally increasing the pH of the system. In this study, relevant
experiments for verification and molecular dynamic (MD)
simulations were conducted to explore the regulation of pH
variations and understand the cause of pH changes in salt-
lake brine. This study can facilitate a deeper understanding
of the control of evaporation, thus enabling an improved
prediction of the brine evaporation process. Further, the
findings of this study can provide a theoretical basis for
enriching salt-lake brine and extracting lithium resources.

2. Experimental and computational section

2.1. Determination and analysis of pH changes based on
the salt-lake brine concentration

So far, variations in the pH in the Laguocuo salt lake in
Tibet during evaporation have been reported. In this study,
the pH and density of representative samples collected
during the brine evaporation process under isothermal con-
ditions were investigated using a METTLER’s Inlab Max
Pro-ISM composite-electrode acidity meter.

CO? determination method: CO2” was calculated using

Eq. (1):

2xV, x60.01x M

CO% (mg/L)= x 1,000 1)

s

where M is the concentration of the titrated HCI solution,
V, is the amount of hydrochloric acid consumed, and V. is
the volume of the sample containing the original brine.

The Laguocuo salt lake is a weak carbonate-type salt
lake. It is alkaline based on its initial pH, which gradually
decreases during evaporation, becoming acidic.

3. Results and discussion

3.1. pH during the brine evaporation process at the
Laguocuo salt lake

The pH and related parameters of the system under iso-
thermal conditions were measured. Based on the five-element

phase diagram of Na*, K*//Cl-, SO, and CO?-H,O and the
crystallization process of brine during evaporation under
isothermal conditions, the evaporation process was divided
into five stages: unsaturated, thenardite, sodium chloride,
potassium thenardite, and potassium chloride stages. The
pH of the representative samples obtained at each stage
was measured. The pH-change curve representing the evap-
oration and concentration of brine is shown in Fig. 1, and
the corresponding values are detailed in Table 1. The results
show that when evaporation occurs, the pH of the brine
decreases, becoming acidic.

3.2. Discussion on changes in pH during evaporation

During evaporation, the pH of the brine in the Laguocuo
salt lake decreases; this is inconsistent with the theoret-
ical analysis of pH. Therefore, brine comprising Na*, K//
CI, SO7, and COZ-H,0 is studied during evaporation. It
is necessary to study the regulation of pH variations and
the corresponding mechanism. In this system, CO2 was
instrumental in inducing changes in the pH. The CO?" con-
centrations and pH values in the brine during evaporation
are shown in Table 2.

After adding appropriate amounts of deionised water
to the five groups of representative brine samples shown
in Table 2, the pH of each sample was measured under iso-
thermal conditions. Water was added to 20 g of brine; the
corresponding results are shown in Table 3.

The results in Table 3 and Fig. 2 show that after adding
water to the brine, the pH increases. The pH value of sam-
ples 1#, 2#, 3#, 4#, and 5# varies with the water content as
follows: AX(AX is just the change in value pH of start to
end) is 0.18, 0.41, 1.21, 1.89, and 2.74, respectively. Owing to
the low total salt content in sample 1#, the pH value shows
only a slight change. Alternatively, in sample #5, the maxi-
mum change in the pH is observed, possibly related to the
binding abilities of CO?” and H in the system.

3.3. MD simulations

All Al-atom MD simulations were conducted using the
GROMOS54a7 force field [13] created by the automated
topology builder [14] and using the Gromacs-4.6.7 software
package [15]. One-nanosecond-long NVT and NPT relax-
ation runs were performed before the production simula-
tion. The time step was 2-fs long, and the total run time for
the equilibrium MD simulations was 10 ns. We used the
relaxed system as the starting configuration. As it is prior
to system relaxation MD, energy minimization was con-
ducted using a composite protocol of steepest descent using
termination gradients of 100 kJ/mol nm. A Nosé-Hoover
thermostat [16] was used to maintain the equilibrium tem-
perature at 291 K, and periodic boundary conditions were
imposed on all three dimensions. The particle Mesh-Ewald
method [17,18] was employed to compute long-range elec-
trostatics within a relative tolerance of 1 x 10%. A 1.2 nm
cut-off distance was applied to real-space Ewald inter-
actions, and the same value was used for van der Waals
interactions. The linear constraint solver algorithm [19]
was used to constrain the bond lengths of hydrogen atoms.
Aleap-frog algorithm [20] was used with a 2-fs time step.
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Fig. 1. pH changes during salt-lake brine evaporation under
isothermal conditions (O: origin and D: destination).
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Fig. 2. Changing trend of the pH and water content in the system
(S-1: system 1; 5-2: system 2; S-3: system 3; S-4: system 4; and S-5:
system 5).

pH and other parameters during evaporation under isothermal conditions

Samples 14 2% 3% 44 54
Density/g cm™ 1.0519 1.0724 1.1738 1.2770 1.2999
pH 9.07 8.90 8.31 7.98 6.48
H,O/wt.% 94.06 78.42 66.66 59.75 55.14
Remarks Unsaturated Thenardite Sodium Potassium Potassium
stage stage chloride stage thenardite stage chloride stage
Table 2

Concentration of CO2” and pH

Samples 14 2% 34 44 5#

COZ/mol L 0.27 0.52 0.72 0.55 0.46

HZO/mOl L™ 57.79 55.61 51.61 50.24 40.44

Sum of ions/mol L™ 5.01 7.80 17.76 27.54 39.29

pH 9.39 9.28 791 6.89 6.38

Remarks Unsaturated Mirabilite Sodium chloride Arcanite Potassium chloride

Cube boxes were created with sizes of 5.667, 5.860, 6.386,
6.824, and 6.937 nm. The simulation temperature and pres-
sure were 298 K and 1 bar, respectively.

The process was simulated using the five systems
shown in Table 2. The absolute value of the van der Waals
force between two ions is very small compared to the elec-
trostatic force; therefore, it can be neglected. The interac-
tion force between two ions mainly originates from the
electrostatic force. The absolute value of the electrostatic
force first decreases and subsequently increases. The strength
of the electrostatic interaction increases with increasing
absolute value of the force, implying that the electrostatic
interaction between CO?" and H is relatively weak under
neutral conditions than under acidic or alkaline conditions.

The results in Table 3 show that after adding water to
the brine, the pH increases, possibly related to the binding
abilities of COZ" and H" in the system.

Figs. 3 and 4 show that the diffusion coefficients of
CO?Z and H first decrease and then increase with decreas-
ing pH, thus proving that CO? and H move faster in
acidic or alkaline environments and slower in neutral
environments.

Diffusion coefficient is an important index for measur-
ing the diffusion ability of particles. It can be changed by the
mean azimuth of the particle (mean square displacement,
MSD) [21-23].

The self-diffusion coefficient (D) can be calculated using
the Einstein—-Smoluchowski function [24,25]:
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Relation between water content in the system and pH

Salt-lake H,O/g pH
brine/g ¥ 2% 3 4 5
20 0 9.39 9.28 791 6.89 6.38
20 2 8.92 9.30 7.94 7.80 6.71
20 4 8.84 9.31 7.94 7.89 6.84
20 6 8.78 9.32 8.25 7.98 7.02
20 8 9.46 9.35 8.32 7.99 7.19
20 10 9.47 9.36 8.40 8.02 7.22
20 12 9.48 9.44 8.52 8.08 7.47
20 14 9.49 9.45 8.62 8.12 7.59
20 16 9.51 9.40 8.63 8.17 7.61
20 18 9.48 9.41 8.66 8.21 7.62
20 20 9.51 9.45 8.60 8.23 7.73
20 30 9.53 9.46 8.73 8.33 8.04
20 40 9.55 9.47 8.82 8.43 8.17
20 50 9.56 9.50 8.87 8.60 8.36
20 60 9.56 9.52 8.91 8.71 8.46
20 70 9.55 9.52 8.95 8.58 8.55
20 80 9.58 9.54 8.97 8.58 8.61
20 90 9.60 9.55 8.99 8.60 8.64
20 140 9.57 9.62 9.06 8.68 8.82
20 250 9.57 9.69 9.12 8.78 9.12
AX 0.18 0.41 1.21 1.89 2.74
0
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where D is the self-diffusion coefficient, r(t) is the MSD,
and dt is the integration step.

Calculate the value of the obtained H* and CO7,
Figs. 5 and 6 show that the diffusion coefficient of hydro-
gen changed considerably. At pH = 7.5-8.5, the diffusion
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coefficient of hydrogen decreased but it decreased gradually
with decreasing diffusion coefficient of COZ".

The radial distribution function is an important param-
eter for describing the molecular architecture [26,27].
The compatibility of the brines improves with increas-
ing value of the radial distribution function g(r). Figs. 7
and 8 show the radial distribution functions of CO?" and
H in the five studied systems. The results show that the
system has a close-range ordered and long-range disor-
dered conformation. Few peaks with different heights
and sharpness are observed. The peak intensity decreases
rapidly with increasing distance and tends to be evenly
distributed at long distances, that is, g(r) = 1. From Figs. 7
and 8, the radial distribution functions of CO?” and H dif-
fer considerably. The COZ-H,O bond is longer than the

*—H,O bond, and the degrees of order and stability are
enhanced when the water content decreases. The interaction
between COZ" and H develops in a more alienated direction.

With increasing total ion concentration and decreas-
ing water content in the simulated system, the first peak
of the radial distribution of CO;-H,O in 5-1-5-5 appears
at 0.17 A. The peak value decreases from 1.93 to 0.33 with
increasing total ion concentration. In S-1-S-4 system,
the second peak of CO>-H,O appears at 0.27 A and the
peak value decreases from 1.47 to 0.35 with increasing
total ion concentration. COZ shows a strong hydration

gCOf-—HzO(r)

1.93 1

027!

Fig. 7. COZ-H,O radial distribution function (S-1: system 1;
S-2: system 2; S-3: system 3; S5-4: system 4; S-5: system 5).

capacity. In the solution, relatively stable ion pairs or ion
clusters are formed with H. However, with an increase
in the total ion concentration, the hydration ability of
CO? decreases gradually. This explains why the pH of
the system decreases as the evaporation of salt-lake brine
proceeds.

S-1 showed peak fluctuations at 0.22 and 0.29 A
(Fig. 8), Corresponds exactly to the AX value of 1# should
equal to 9.39-8.78 = 0.61 (Table 3). Furthermore, the
pH (in the box a-b-c-d in Fig. 2) first decreases and then
increases. This shows that the pH is related to the active
degree of H in the system. H' exhibits strong hydra-
tion ability at salt-lake brine:H,O ratios of 10:1-10:3.
The hydration capacity of H* decreases at the salt-lake
brine:H,O ratio of >10:4. Therefore, the PH value at this
stage first decreases and then increases.

Figs. 9 and 10 show the MSDs of the COZ" and H atoms
in the five studied systems that were simulated when the
water content was reduced. These figures show that the
CO? and H fluctuations in acidic or alkaline environ-
ments are greater than those in neutral environments.
This indicates that the forces of CO? and H under acidic
and alkaline conditions are stronger than those under
neutral conditions during the simulation process and the
forces in alkaline environments are greater than those
in acidic environments.

0.8 1.0

Fig. 8. H-H,O radial distribution function (S-1: system 1;
S-2: system 2; S-3: system 3; S5-4: system 4; S-5: system 5).
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Fig. 9. CO mean square displacement (S-1: system 1; S-2:
system 2; 5-3: system 3; S-4: system 4; S-5: system 5).
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Fig. 10. H mean square displacement (S-1: system 1; S-2:
system 2; S-3: system 3; 5-4: system 4; S-5: system 5).
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Fig. 11. Spatial distribution function of water around CO?" (Blue represents the probability of water appearing in the CO?” space).

The spatial distribution of ionized water around COZ
was analyzed, as shown in Fig. 11.

5-1-5-5 show that water is present around the oxy-
gen atoms of COZ; this is strongly associated with the
formation of hydrogen bonds between water and oxy-
gen atoms. The distance between the water molecules
around CO?Z increases from as the system progresses
from 1 to 5. A shell structure is absent in S-4 and S-5,
and a strong water shell is observed only in 5-1-S-3. The
results show that in S-4 and S-5, water is not close to CO§’;
therefore, it gradually loses its weak alkalinity.

4. Conclusion

The type and intensity of the interactions between
CO? and H were investigated via MD simulations, and
the microscopic causes of pH changes in the system
were explained. The pH changes in carbonated salt-lake
brine—obtained from the Laguocuo salt lake—were stud-
ied. The experimental results show that the pH value
gradually decreases with decreasing water content in
the system. The shift from alkaline to acidic is directly
related to the hydration ability of the weakly alkaline
CO? species in the system. This result was verified and
explained via MD simulations. With the water content
gradually decreasing in the system, the hydration ability

of CO§’ showed a downward trend. Thus, its weak alka-

linity was reduced further, inducing changes in the pH of
the system, thereby making the system increasingly acidic.

Symbols

Concentration of the titrated HCl solution

V, — Amount of hydrochloric acid consumed

V, — Volume of the sample containing the original brine
D — Self-diffusion coefficient

r(f) — MSD

dt — Integration step
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