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ARTICLE INFO ABSTRACT
Keywords: Alkaline leaching is an effective method for dealing with arsenic-containing resources. Arsenic is
Sodium arsenate dissolved in an alkaline solution in the form of arsenate, but the lack of relevant basic data has

NaOH solution
Solubility
Pitzer model

caused difficulties in the theoretical analysis during production and research. The dissolution
behavior of arsenic in the solution was systematically studied in this paper. The solubility
behavior of the self-made sodium arsenate in water and NaOH solution were measured. The
research on sodium arsenate solution was carried out to obtain the quasi-solubility product using
the Pitzer model, and the effect of temperature and NaOH concentration on the solubility and
quasi-solubility product of sodium arsenate was clarified.

1. Introduction

Arsenic is a ubiquitous element in nature, and its content in the earth’s crust is 1.573 mg/kg [1,2]. Arsenic is usually enriched in
lead, zinc, copper, and other nonferrous metal ores in the form of minerals, such as arsenopyrite (FeAsS), sulfur arsenic (CuzAsS4), and
realgar (As,S3) [3,4]. Arsenic compounds are protoplasmic poisons with metal-like properties and have been identified as the first
category of carcinogens by the International Anticancer Agency [5,6]. It is harmful to the human body, especially for workers in
factories dealing with arsenic-containing materials and personnel engaged in arsenic research [7,8].

The general beneficiation method cannot completely remove the arsenic in the minerals [9,10]. Therefore, partial arsenic will be in
different forms during the processes of smelting [11,12], such as smelting residue, smelting fume, and wastewater. Many
arsenic-containing materials are produced in the metallurgical process of nonferrous metals every year [13,14]. To avoid secondary
pollution of arsenic-containing materials during storage or landfilling, harmless treatment is necessary [15]. Arsenic removal can be
divided into pyrometallurgical processes [16,17], hydrometallurgical processes [18,19], and hybrid processes [11,20]. Arsenic
removal by pyrometallurgical processes involves separating and enriching arsenic by volatilization at high temperatures [18]. Arsenic
removal by hydrometallurgy mainly refers to the extraction of arsenic in suitable systems [21-23]. Compared with the pyrometal-
lurgical processes, the hydrometallurgical ones have the advantages of high removal efficiency, wide application range, and low
energy consumption. The alkaline leaching of arsenic-containing materials is a widely used process for removing arsenic [24]. Alkaline
systems mainly include NaOH, NaOH-NaHS, and NaOH-Na,S [25,26]. Arsenic is often leached in the form of sodium arsenate [27,28]
in an aqueous system, which involves the solubility of sodium arsenate. The solubility of sodium arsenate is valuable and needed in
arsenic-related industries, especially in a nonideal state [29]. The solubility of sodium arsenate under different conditions can provide
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a theoretical basis for the purification of arsenic-containing materials and disposal of arsenic-related dust and ashes. Solubility refers to
the maximum amount of a substance dissolved in a certain amount of solvent at a certain temperature. The solubility can be measured
using some methods, such as dynamic and static methods [30,31]. The advantage of static method is simple and accurate, but the
disadvantage is that it takes longer [32].

The activities of the components participating in the chemical reactions are adopted for thermodynamic equilibrium calculations
[33]. In practice, the molecules and ions making up the solution interact in various ways [34]. The most intuitive point is that the
numerical value of the activity is not equal to that of the substance. Therefore, when studying and analyzing the system, the activity
coefficient is always needed. It is difficult to determine the activity coefficients of electrolyte solutions in complex systems. Kenneth S.
Pitzer proposed a model for estimating the activity coefficients of complex systems based on the data of simple ones, namely the Pitzer
model [35,36]. The Pitzer model is a semi-empirical statistical mechanics model [37,38]. The activity coefficients and permeability
coefficients derived from the Pitzer model can be effectively applied to the thermodynamic analysis of complex systems.

In this paper, the static method is adopted to detect the solubility of sodium arsenate in the NaOH solution, and the Pitzer model is
used to obtain the quasi-solubility product.

2. Experimental
2.1. Materials

The sodium arsenate used in the study was self-made in our laboratory. High arsenic dust is used as raw material to prepare crude
sodium arsenate through alkaline leaching, purification, and crystallization method. Then crude sodium arsenate solution was further
purified by multiple dissolution-crystallization. The XRD pattern and chemical analysis of sodium arsenate are shown in Fig. 1 and
Table 1.

The purity of NagAsO4-10H50 is calculated based on the arsenic content, which is 98.58%. Besides, it also contains a total of
0.078% of impurity elements such as Sb, Sn, Pb, and Zn. The agent used in this study were listed in Table 2.

2.2. Measurement process

A supersaturated sodium arsenate solution was prepared and put in a water bath for a certain time to reach a solid-liquid equi-
librium. Then the supernatant was taken and detected using atomic fluorescence spectrometry (AFS) regularly. When the concen-
tration of sodium arsenate in the solution is almost unchanged (<2%), the concentration would be used to calculate the solubility. The
uncertainty of the measurement results is also controlled here. The solubility of sodium arsenate at different temperatures was studied
and measurements are performed at 101.3 kPa. The influence of equilibrium time, system temperature, and sodium hydroxide con-
centration on the solubility of sodium arsenate was studied.

2.3. Pitzer model

When the electrolyte NagAsO4-10H>0 reaches the dissolution-crystallization equilibrium in the solution, the dissolution reaction is
shown in Equation (1). The solubility product constant of NazAsO4-10H>0 is expressed by Equation (2) using Kgp.

Na3AsOy4-10H,0—3Na*+AsO3~+10H,0 'e))

. ¢+ NaAsO,-10H,0

10 20 30 40 50 60 70 80
20 (degree)

Fig. 1. XRD pattern of sodium arsenate.
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Table 1

Composition of self-made sodium arsenate.
Element Na As Sb Sn Pb Zn Other insoluble materials
Content (wt%) 18.04 19.04 0.046 0.017 0.009 0.006 1.342

Table 2

Chemical compounds and models.
Chemical name chemical formula CAS No. Suppliers Fraction method
Water H,0 7732-18-5 Jinan Aquaken Environmental Technology Co., Ltd. “ AFS”
Sodium hydroxide NaOH 1310-73-2 Xilong Scientific Co., Ltd >98% (GR) AFS"
Sodium arsenate NazAsO4 ¢ ¢ 98.58% AFS”

@ Deionized water, conductivity less than 0.1 puS/cm, resistance greater than 15 MQ/cm.
P Atomic fluorescence spectroscopy.
¢ Self-made materials, XRD pattern indicated that the corresponding pdf card number is 00-027-1207.

3 10
Ky =y, % Aps03- X o= (Myar X Yygr ) X (mA:oj* X yAsOi’) Xm0 @

a is the activity of the ion, m is the ion concentration, mol/Kg; y is the activity coefficient of the ion. The activity coefficient of the ions
in the solution can be calculated by the Pitzer model, and the solubility of the electrolyte in the water can be obtained using the systems
of equations joined.

Since the sodium arsenate in the system is in a quasi-saturated state, the model satisfies semi-equal Equation (3).

. 3 3
K, = Ayt X As03 = (Mgt X Vg )™ X (mAs()z’ X yAsOi’) < Kop(Nasasos) 3)

The activity coefficients of the cation M and the anion X in the system can be expressed by Equation (4) -(5).

Iny, = zM xf(I) + ZZm,, [BMa (Z mz) CM‘,} + sz my % (2B, +zuCuc) )
Inyy = zX xf (1) + ZZm( [BX( (Z mz) Cxc] + Zme 2B, +2xCu) 5)

where f(I) and £ (I) are functions of ionic strength, as shown in Equation (6) -(7).

)= fZAQ%ln(ler\/i) ®)
f’(z):dfd—(ll): ~ 24, L +\/bj\[+zln(l+b\[)] %)

Ag is the Debye-Hiickel parameter of water, Kg®>/mol%®, which only changes with the temperature. At 298.13 K, Ag is 0.3915 and
b is the Pitzer constant, which is 1.2 kg'/? mol~'/2. I is the ionic strength, mol/Kg, and its expression is shown.

:%Z’"fzfz ®)

B.q represents a function of ion intensity, and C, is an ion function, their equations and mz in equation (5) are listed in Eequations

(9-12)

=80+ 2 [ (1 avE Jexp(-avT)] ©
B'w = ag;” = i/j% { -1+ (1 +aVi +%a21) exp(fa\/f)} (10)
C(.[,:Cig an

2122,
S ome=Y"milel =Y melz] .

a is the Pitzer constant, kgl/ 2 mol™'2, for 3:1, 2:1, and 1:1 electrolyte solution, a is 2.0 kgl/ 2 mol™ 172,
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Table 3
Pitzer parameter of electrolyte in the system.
Material o D c®
NaOH 0.0864 0.253 0.0044
NazAsO4 0.2388 3.93 —0.004772762
Na,HAsO4 0.030525 1.62975 0.000901561
1/v
Vica= (7)™ 1s)

7.+-cq i the average activity coefficient in equation (13), and v is the sum of the number of anions and cations in the electrolyte. The
expression of water activity is shown in Equation (14).

—(Xm)M,,
1 ==t ¥ 1
a0 1000 2 a4
@ is the permeability coefficient, m/s, as shown in Equation (15).
| [1f (1) = £(1)]
= , 15
%] Zimi +ZZZmL.m“ [Bm +IB,, + 2(2 mz) Cm] (15)

Pitzer parameters of related substances are listed in Table 3.

A tertiary ionization reaction of arsenate will undergo in solution [1], as shown in Equations (16-18)). Therefore, arsenic exists in
different forms, as shown in Fig. 2. Fig. 2(a) shows the distribution of arsenic under different pH, and Fig. 2(b) shows the distribution of
arsenic under higher alkalinity

H;AsO, » H' + H,AsO, pK,; =2.24 (16)
H,AsO; - H" + HAsO; pK,, =6.96 a7)
HAsO? — H" + AsO} pK,;; =11.50 (18)

The hydrogen ion participating in complexation reactions with arsenate comes from the ionization of water. The concentration of
OH™ generated in the ionization is equal to that of H, as shown in equation (19).

H,O0—-H" + OH" (19)
Based on the law of conservation of mass, Equation (20) could be established.
[HAsO | +2 [HAsO;] +3 * [H3As0,4]=[OH"] (20)

The relationship between the equilibrium concentration of H' in the solution and OH™, HASO%’, H3AsO04, and H3AsO4 are shown in
Equation (21) -(24).

[OH ] =K. / [H'] 21
[HAsO; | =[AsO} | * [H'] /Ky (22)
[H:As0; ] = [AsO} ] * [H'] / (Koo * Ka3) (23)
[H3AsO4] = [AsOI ] + [H*] / (K * Ko * Kus) @4

Equation (25) is obtained by substituting the above equations into Equation (20).
[AsO} [([H'] / Kus +2 % [H']? / (Ko # Kia) +3 # [H']* / (Kut * Ko % Ke)) =K., / [H'] (25)
The concentration of arsenic in the solution is calculated in Equation (26).

[As]; = [AsO] "] + [HASO; ] + [HoAsO; | + [H3AsOy) = [AsO} ] (1 + [H'] / Koy + [H'* / (Ko * Kag) + [H'T / (Kt * Ko * Ka3))
(26)
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Fig. 2. Relationship between the occurrence of As(V) in solution and pH value(a) and alkalinity(b).

[As] T is a known quantity. The equilibrium H™ concentration can be obtained by combining Equations (25) and (26), as shown in
Equation (27).

1+ [H"] /K + [HT (1 / (Kis % Kio) — [As]y / (K %K) + [HT (1 / (Kas % Ko % Kut) = 2% [As]; / (K * Ko % Ky,))

— 3% [H[As]y / (K * Ko # Ky #K,)) =0 (27)

It is assumed here the ionization constant of arsenate remains unchanged in this temperature range, the occurrence of arsenic can
be obtained and used for the calculation of the data in the Pitzer model.

3. Results and discussion

3.1. Solubility of sodium arsenate in pure water

The solubility of sodium arsenate in pure water at different temperatures was studied. The experimental results are shown in Fig. 3.
When the difference between the measured values is small (less than 2%), the dissolution of sodium arsenate is considered to be in
balance, and the average of these latest measured values was chosen as the solubility.

It can be seen from Fig. 3, that the solubility increases with the increase in temperature. Substituting the total arsenic concentration
into Equation (26), the equilibrium pH value of the system can be obtained by calculation, and the occurrence of arsenic can be
obtained based on Fig. 2. At the same time, the hydroxide concentration generated by the ionization reaction could be obtained, as
shown in Table 4.

The concentration of the HAsOF~ and AsO3~ increase with the increase in temperature, and the equilibrium pH value decreases
with the increase in temperature. As the temperature increases, the hydrogen bonding force between water molecules decreases, and
the water activity increases, which is conducive to the dissolution of sodium arsenate. The HAsO3~ is derived from the complexation
reaction of AsO3 ~ and HT, which will produce a certain number of OH™. At the same time, the ion product constant of water increases
when the temperature increases. Therefore, the concentration of OH™ in the solution increases as the temperature increases. The main

50 0.46
J0.44
= 40t —
= {042~
2 ©
= £
£ 30r 4040 O
e} X
E =
@]
) J0.38 <
20 F
0.36

290 300 310 320 330 340 350 360
Temperature (K)

Fig. 3. Solubility curve of the experimental value.
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Table 4

Related data of pure water system.
Temperature Endpoint pH Tested pH [As]t mol/Kg [HAsO% "] mol/Kg [AsO3 "] mol/Kg [OH] mol/Kg
298.15 K 12.68 12.65 0.0503 0.0189 0.0314 0.0542
308.15 K 12.60 12.31 0.0610 0.0229 0.0381 0.0710
318.15K 12.50 12.54 0.0769 0.0289 0.0480 0.1030
328.15K 12.39 12.44 0.0904 0.0340 0.0564 0.1461
338.15K 12.28 12.30 0.0988 0.0372 0.0616 0.1935
348.15K 12.18 12.20 0.1037 0.0390 0.0647 0.2502
358.15K 12.11 12.10 0.1236 0.0465 0.0771 0.3153

anions in the solution are AsO3~, HAsO3~, and OH ™, and the cation is Na™. Due to the low concentration of H*, it is not considered
here. The interaction of the three anions is not considered here, only the interaction between the two is considered. The related data,
such as activity coefficients, permeability coefficient, and quasi-solubility product (K*s,) at different temperatures, are obtained by
calculation using Equation (4) -(11), as shown in Fig. 4.

The activity coefficient of Na* increases with the increase of solubility and temperature and the activity coefficient is greater than
1.0. Na™ is the only cation in the solution, which interacts with other anions, so the activity coefficient is high. The three anions in the
solution have different trends. The activity coefficient of the OH™ remains stable. The activity coefficients of the HASO%’ and AsO?f
increase with the increase in temperature and concentration. The permeability coefficient of the solution increases as the temperature
increases, indicating the interaction between water molecules and the electrolyte increases, for example, hydration and ionization.
Consistent with the arsenic solubility, the quasi-solubility product constant increases with the increase in temperature.

3.2. Solubility of sodium arsenate under different alkalinity

The solubility of sodium arsenate in NaOH solution at different temperatures was measured. The method is the same as that of
solubility in pure water. The NaOH concentrations after calibration at 298.15 K are listed in Table 5 and the solubility of sodium
arsenate at different temperatures and alkalinities are listed in Table 6 and demonstrated in Fig. 5.

The trend of solubility can be more visually represented in Fig. 5(a), because of the co-ion effect [39,40], the solubility of sodium
arsenate decreases as the NaOH concentration increases. According to the solubility product equation, it is clear that the effect of the
co-ion Na™ on the solubility of NasAsQy is greater than its effect on the solubility of NaOH. At the same time, the solubility of sodium
arsenate increases with the increase in temperature. When the alkalinity is low, there is a large increase with the increase in tem-
perature, and when the alkalinity is high, there is only a small increase with the increase in temperature. Since no complex salt of
sodium hydroxide and sodium arsenate was found, while the solubility of NaOH is high, the location of the triple phase point is on the
NaOH-H0 line due to the co-ion effect, so a simple aqueous salt phase diagram of the NaOH-Na3AsO4-H20 system can be obtained, as
shown in Fig. 5(b). According to Fig. 2, there is almost no complexation reaction of arsenate in the alkaline system. Therefore, the
anions in the solution are mainly OH™ and AsO3~, and the cation is Nat. The H' concentration is low and would not be considered. The
activity coefficients of related ions can be obtained by calculation using Equation (4) -(11), and then the quasi-solubility products were
calculated and are demonstrated in Fig. 6.

At a certain temperature, the K*gj, increases with increasing alkalinity, and since the sodium ion increases, the solubility of sodium
arsenate decreases. At certain alkalinity, when the NaOH concentration is not greater than 4.43 mol/kg, the K*s, decreases with the
increase of temperature, which is because the activity coefficients of sodium and arsenate ions decrease with the increase of tem-
perature, as shown in Fig. 4. When the NaOH concentration was greater than 4.43 mol/kg, the K*, of sodium arsenate showed a trend
of first increasing and then decreasing, which was the change exhibited by the dual effect of increasing sodium ion concentration and

(a) (b): o
. 0.0008 |- ML K", 0f Na,HASO, 1L B—pA— e 0
§ HO- K, of Na AsO, » 0.5} Na’ o {076 E
7] c o—o0—~rto0—0—0——0—o0 c
2 0.0006 | S o1

v AF ©) 0
8 e _o—0—07 " Hom2 O

2 0.0004 | © N o HASO* 5
= o 0.01F _— / 4 o
2 > o >
o 0.0002 S 1E3} £s0,” £
D 2 ie4 M 1°% %
S 0.0000F S B £
e} 1 1 ) 1 ! ! ! 1E-5 ! ) ) ) N " ! 0.60 E

290 300 310 320 330 340 350 360 200 300 310 320 330 340 350 360 o

Temperature (K) Temperature (K)

Fig. 4. Substance quasi-solubility product (a) and ion activity coefficient, permeability coefficient (b) at different temperatures.
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Table 5
NaOH concentration.
mol-L™! 1.07 2.09 3.17 4.28 5.39 6.43 8.33 10.47
mol~Kg’1 1.03 1.93 2.81 3.65 4.43 5.11 6.25 7.38
Table 6
Solubility of sodium arsenate at different temperatures and alkalinities (mol/Kg).
Alkalinity 1.03 mol/Kg 1.93 mol/Kg 2.81 mol/Kg 3.65 mol/Kg 4.43 mol/Kg 5.11 mol/Kg 6.25 mol/Kg 7.38 mol/Kg
Temperature
298.15 K 0.268 0.127 0.071 0.043 0.028 0.020 0.011 0.007
308.15 K 0.322 0.154 0.088 0.054 0.033 0.023 0.016 0.012
318.15K 0.460 0.234 0.133 0.086 0.050 0.038 0.030 0.021
328.15K 0.609 0.308 0.186 0.117 0.075 0.06 0.045 0.035
338.15K 0.822 0.439 0.271 0.185 0.134 0.105 0.078 0.064
348.15 K 1.111 0.662 0.434 0.294 0.227 0.190 0.134 0.112
358.15 K 1.254 0.840 0.553 0.435 0.300 0.244 0.223 0.185
0.00
1.00
(a)1 = —5-358.15K (b)
=T —0—348.15K
——338.15K
—_~
Q) —v—328.15K
= 0.8F ——318.15K
g —<308.15K
= —>—298.15K Vo
" 2
2 “o
2041 -7 °y
< P
[ z \
= i /\ s
O ! // \ 7/
1 / X o
0.0F 1 1.00 \ /NaOH+P{a\1\3¢;04+L
N 1 1 1 N 1 % ¥ ¥ -~ 0.00
4 6 8 10 \Q‘OO 025 ,/ 0.50 0.75 1.00
S R " 4 0,
C (mol/L) ~__---~ NaOH (wt%)

Fig. 5. (a) Solubility of arsenic at different temperatures and alkalinity and (b) NazgAsO4~NaOH-H,O system ternary phase at 298.15 K.

decreasing activity coefficient. It should be noted that since the results of this study were obtained in the NaOH-NagAsO4-H>0 system,
the applicability of the obtained results is somewhat limited, and the results can be applied if the system ion types and quantities are
not larger than the present study system. The results of this study can only be used as a reference if the system ion type or quantity is
larger than the present system and the interaction relationship between ions cannot be ignored. For example, if there are other cations

in the system, Ca®*, Zn%"

research of this study is not applicable.

, etc., or other acids that can form polyoxometalates with arsenate, such as molybdate, tungstate, etc., the

Based on the results, the relationship equation of solubility with temperature and alkalinity was obtained by regression calculation
with temperature and alkalinity as dependent variables. Equations (28) and (29) can be obtained by fitting a binary multiple regression
equation assuming a temperature of T, an alkalinity concentration of A, a solubility of S, and a quasi-solubility product of C.

§=19.621 —0.1537 +3.487 « 107 * T — 1.701 * 1077 % T3 — 0.259A — 0.036A% —2.277 « 10> % A3 +3.737 « 107> « T % A — 1.247

x 107 % T2 % A+ 2.675 % 107* T x A’R?
=0.980

(28)

C=—0306+2889+102«T —9.155 %« 10 « T2 +9.709 % 107° * T°> — 0.0124 — 4.464 x 10™* x A2 — 6.163 % 107° x A> 4+ 9.530

*10° « T+ A—1.782% 1077 %« T> x A + 1.637 % 107° « T  A’R?

=0.988

(29)

Furthermore, the correlation of temperature and alkalinity with solubility and K*s, was analyzed using the Pearson model to obtain

the results in Table 7.
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Fig. 6. Solubility of sodium arsenate at different conditions (a: Three dimensions, b: K*sp vs. Temperature, c: K*sp vs. NaOH).

Table 7
Correlation of temperature and alkalinity on solubility and K*,.
Temperature NaOH
Solubility Pearson Correlation .539" —.614%
Sig. (2-tailed) .000 .000
K*g, Pearson Correlation —.416" .840°
Sig. (2-tailed) .001 .000

% Correlation is significant at the 0.01 level (2-tailed).

As can be seen from Table 7, solubility has a significant correlation with temperature and alkalinity, with solubility positively
correlated with temperature and negatively correlated with alkalinity. Therefore, the solubility of sodium arsenate can be increased by
reducing the alkalinity and lowering the temperature. K*, also has a significant correlation with temperature and alkalinity, nega-
tively correlated with temperature, and positively correlated with alkalinity. Due to the co-ion effect, the solubility product of sodium
arsenate can be increased by increasing the alkalinity. The results of the Pearson model are consistent with the experimental phe-
nomena and theoretical calculations.

4. Conclusion

In metallurgical and chemical production, alkaline leaching is used as a common method to extract or separate arsenic, so it is
necessary to study the solution behavior of sodium arsenate in an alkaline solution to provide a theoretical basis for the relevant
process. In this paper, the solubility of self-made sodium arsenate decahydrate was studied by static method at different temperatures
and alkalinity, and its solubility product was investigated in combination with the Pitzer model.

(1) The solubility of self-made sodium arsenate increased with the increase of temperature and decrease of NaOH concentration
owing to the co-ion effect. The activity coefficients of ions in the ternary system were calculated using the Pitzer model, and the
quasi-solubility products were calculated for different conditions.

(2) The ternary aqueous salt phase diagram of the NaOH-Na3AsO4—HO system at 298.15 K temperature was plotted based on the
solubility test results.

(3) Solubility and solubility products had a significant correlation with temperature and alkalinity, with solubility positively
correlated with temperature and negatively correlated with alkalinity. While the solubility product was negatively correlated
with temperature, and positively correlated with alkalinity.
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