el 4

es Science

Available online at www.sciencedirect.com

“s.“ ScienceDirect

Transactions of
Nonferrous Metals
Society of China

EEVIER Press Trans. Nonferrous Met. Soc. China 34(2024) 3386—3399

www.tnmsc.cn

Thermodynamic simulation of stepwise precipitation of
NH4VO3; and NaHCOs3 from carbonating Naz;VOs solution

Fan-cheng MENG'?, Yong-chao WANG!?, Xin CHAI', Ya-hui LIU', Li-na WANG'?, De-sheng CHEN!

1. National Engineering Research Center for Green Recycling of Strategic Metal Resources,
Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China;
2. School of Chemical Engineering, University of Chinese Academy of Sciences, Beijing 101408, China

Received 5 April 2023; accepted 21 September 2023

Abstract: Thermodynamic simulation was conducted to design a new process of stepwise precipitating NH4VO; and
NaHCO; from regulating the CO, carbonation of Na3VOs solution. Firstly, a new V(V) speciation model for the
aqueous solution containing vanadate and carbonate is established by using the Bromley—Zemaitis activity coefficient
model. Subsequently, thermodynamic equilibrium calculations are conducted to clarify the behavior of vanadium,
carbon, sodium, and impurity species in atmospheric or high-pressure carbonation. To ensure the purity and recovery of
vanadium products, Na3VOy solution is initially carbonated to the pH of 9.3-9.4, followed by precipitating NHsVO; by
adding (NH4),COs. After vanadium precipitation, the solution is deeply carbonated to the final pH of 7.3-7.5 to
precipitate NaHCO3, and the remaining solution is recycled to dissolve NazVOs crystals. Finally, verification
experiments demonstrate that 99.1% of vanadium and 91.4% of sodium in the solution are recovered in the form of
NH4VO; and NaHCO:s, respectively.
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1 Introduction

Sodium orthovanadate (Na3VOs) crystals are
usually crystallized from highly concentrated alkali
solutions containing vanadium [1]. These crystals
exhibit high purity and can be used as feasible raw
materials for the production of V,0s [2], which is
the leading vanadium product widely used in
metallurgy and chemical engineering [3,4]. Several
newly developed processes, such as the direct
reduction—sodium smelting and comprehensive
utilization process of vanadium-bearing titano-
magnetite [5,6], low-pressure NaOH oxidative
leaching process of vanadium slag [7,8], and
alkaline leaching—crystallization process of V-Cr

bearing reducing slag [9], all produced the
intermediate product of Na;VOj crystals. The Na/V
molar ratio of sodium orthovanadate solution
typically exceeds 3.0, which is significantly higher
than the ratio of 1.0-1.5 observed in industrial
alkaline vanadium-containing solutions obtained
from vanadium slag [10,11]. However, if subjected
to the traditional V,0Os production process, i.e.,
acidification via sulfuric acid, vanadium precipitation
using ammonium  salts, and  subsequent
calcination [12,13], the sodium orthovanadate
solution will consume more sulfuric acid, thereby
resulting in the generation of excessive useless
Na»SOs and the elevated treatment cost associated
with ammonia—nitrogen wastewater [14]. Besides,
V,0s can also be prepared by the calcination of
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NH4VOs; precipitated from low alkaline solution.
To successfully prepare V,0s using sodium
orthovanadate, a green and efficient process must
be carefully designed, considering the recovery of
vanadium and sodium, as well as the recycling of
ammonium medium.

CO; carbonation is a promising approach that
can reduce the pH of alkaline vanadium-containing
solution, recover sodium salts, and utilize the
discharged CO» gas [14]. ZHOU et al [15] used CO,
to carbonate the NaOH-concentrated vanadium-
containing solution, but the precipitation of
NaHCOs; before vanadium precipitation caused
high vanadium loss. Besides, the use of NH4Cl to
precipitate vanadium introduced chloride anion
impurity into the system, and the evaporation for
NaHCOs; recovery and ammonia distillation
required high energy consumption in the process.
LONG et al [16] carbonated the highly alkaline
vanadium-containing solution with CO; to separate
vanadium and silicon, but how to determine the end
point of carbonation was not discussed. In the
above processes, the behavior of vanadium, carbon,
sodium, and impurity species remained unclear,
which is a key issue to design a new process based
on the carbonation of Na;VOj solution.

Thermodynamic simulation is a powerful tool
to assist the process design and optimization
[17,18], especially when dealing with the complex
gas—liquid—solid reactions and equilibria involved
in the carbonation of Na3;VOs solution and
vanadium precipitation. The speciation model of
V(V) in aqueous solution is the basis of
thermodynamic calculations. Over the past forty
years, several speciation models of V(V) have been
established based on °'V NMR and potentiometric
titration [19-21]. However, these studies were
carried out with different ionic salts or at high ionic
strengths, and no attempt was made to reconcile
NMR results with older data. As a result, large
discrepancies of equilibrium constants have
emerged [22], leading to controversies when
directly using these data in some studies [23,24],
and even in the software of Visual MinTEQ [25]
and Hydra-Medusa [26]. The latest studies by
MCCANN et al [27] and LARSON [22] have
determined the equilibrium constants of V(V)
species independent of ionic strength, and
employed the extended Debye—Hiickel equation to
estimate the activity coefficient. However, due to

the deficiency of the activity model, the above
speciation models are limited to solutions with the
vanadium concentration of lower than 0.1 mol/L.
In addition, previous studies only considered
the V(V)-H,O system, neglecting the carbonate
complexes of vanadate. Therefore, establishment of
a new V(V) speciation model is necessary for
conducting thermodynamic calculations.

In this study, thermodynamic simulation was
conducted to assist in designing a new process to
stepwise precipitate NH4sVO3; and NaHCO; from
regulating the carbonation of Na;VOs solution.
Based on the establishment of a new V(V)
speciation model for the aqueous solution
containing vanadate and carbonate, thermodynamic
equilibria of the involved reactions were calculated
to determine the starting and final pH of solutions
in different steps. After that, the new process was
proposed and verified by experiments.
and

2 Thermodynamic simulation

experiment

2.1 Details of thermodynamic simulation
2.1.1 Establishment of new V(V) speciation model
Through critical comparison and selection,
various vanadium species can be found in V(V)-
H,O system, including VOi~, HVO:, H,VOs,
V.04, HV,0}, H.V,0%, HV,0f ., V,0% ,
V05, ViOj5, VO, HV, O3, H,V, 0,
and VO,. The thermodynamic data and formation
constants of vanadium species are listed in Table 1.
The involved equilibrium reaction is expressed as
follows:
pHVOs+gH'=H.V,0,, +(q/2+p—z/2)H,0 (1)
When it comes to the aqueous solution
containing vanadate and carbonate, the carbonate
complexes of vanadate, including HVO;CO3~ and
VO3(CO3)37, should also be considered, and the
equilibrium reactions are written as follows [30]:

H,VO;+ HCO;=HVO;CO; +H,0 )
H,VO3+ 2HCO; =VO,(CO3); +2H,0 (3)
The mathematical relationships between
vanadium species in V(V)-H,O system are
described as follows:
{H.V,0,, }=K-{H,VO4}’- {H"}¢ 4)
{H:V,0,, }=yi[H:V,0,, ] (5)
2[H.V,0, 15[ Vol (6)
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Table 1 Thermodynamic data of V(V) species in aqueous solution containing vanadate and carbonate at 298.15 K
Species  AG{(kJ'mol™") AH{(kJ-mol™)  S/(J-mol""K™") C,m/(Jrmol™-K") ¢ P 1gK*  Ref
Na3;VO, —1637.8 —1758.1 190 164.9 [28]
NaVO; —1066.9 —1148.6 113.9 97.6 [28]
H,VO, -1022.5 —1174.2 126 149.9 [22,29]
\o’n -899.5 ~1132.7 —147.34 159.1 -2 1 2154 [22,29]
HVO;~ —972.5 -1167.4 —19.0 365.4 -1 1 —-8.76  [22,29]
VO3 ~587.0 ~649.8 423 ~57.4 2 1 685 [2229]
V,05 -1701.7 —2096.3 —287 -2 2 -1859 [22]
HV,05 ~1766.1 ~2096.9 -71 -1 2 =731 [22]
H,V,0% ~1820.9 ~2092.9 124 0 2 229 [22]
HV,0% ~2558.3 ~2968.9 60.9 -1 3 —6.10 [2227]
V,0% ~3286.6 ~3852.3 ~57.7 2 4 —16.10 [2227]
v,05 3185 ~3648 52 0 4 766 [22]
V,0%5 ~3969.4 ~4548.9 65.0 0 5 750 [22.27]
V,,05% ~7653 4 10 4800 [22.27]
HV,,03% ~7687 ~8650 266 5 10 5398  [22]
H,V,,0% ~7711 6 10 5818  [22]
HVO;CO;”  —1388.5 11.42  [22,30]
VOL(COs); —17433 20.83  [22,30]
2 Stoichiometric coefficients and formation constants for the equilibrium reaction of Eq. (1)
where {} and [] represent the activity and 4z, 2 JT
concentration (as molarity) in the solution; K Igy;= +Z{[(O 06+0. 63 ‘Z Z; ‘]/
represents the formation constants in Table 1; y 11
represents the activity coefficient. 1.5 2 2 |Zi HZ;‘ 2
Other species and corresponding equilibrium 1+ ‘ 77 | +B;+Cil+ D17} 5 |G
equations used in thermodynamic calculations can t
be f(.>und i.n Table S1 in the S'upplement?ry | ZiHZj 2
materials. Since the new process involves high — G @)
ionic strength solutions (¢>3.0 mol/L), it is
imperative to incorporate a more accurate where y; is the activity coefficient of anion i in

correction of activity coefficient in calculations,
which was usually omitted in previous studies due
to its complexity [31,32]. To address this issue,
activity models specifically designed for high ionic
strength solutions have been developed, which
mainly include the NRTL model [33], the Bromley—
Zemaitis model [34,35], and the mixed-solvent
electrolyte model [36]. Considering the availability
of model parameters and its successful applications
in electrolytes with the concentration of
0-30 mol/kg at 0-200°C [37], the Bromley—
Zemaitis activity model was used in calculations
by the Stream Analyzer module of OLI Studio 11
software, which is described by Eq. (7) [34,35]:

electrolyte solution; j is the cation in solution; A4 is
the Debye—Hiickel parameter; / is the ionic strength
of the solution (as molarity); ¢; is the molarity-
based concentration of anions; B, C, and D are
temperature-dependent empirical coefficients; Z;
and Z, are the anion and cation -charges,
respectively.
2.1.2 Calculation of AG, AH, and phase diagram
Reaction module in FactSage 8.1 was used to
calculate the free energy change (AG) and enthalpy
change (AH) of carbonation reactions at 25—100 °C
and CO; pressure of 101.325-1013.25 kPa. The
phase diagram of the Na;VO4—CO,—H,O system
was established by the phase diagram module in
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FactSage 8.1. The pure substances and aqueous

species in Table 1 were used in priority in these

calculations.

2.1.3 Thermodynamic equilibrium calculation of
involved reactions

The practical sodium orthovanadate crystals
obtained from industrial sources generally contain
silicon and aluminum impurities, and the
representative  sodium orthovanadate solution
containing 1 mol/kg Na3VOs, 0.1 mol/kg Na,SiOs,
and 0.01 mol/’kg NaAlO, was used in calculations.
It is worth noting that the above-mentioned sodium
orthovanadate crystals contain negligible amounts
of phosphorus, so phosphorus was not considered in
this study.

Thermodynamic equilibria of the involved
reactions of carbonation, precipitation, and solution
recycling were calculated by the Stream Analyzer
module in OLI Studio 11 software using the
Bromley—Zemaitis activity model. The established
new V(V) speciation model was used in the
calculations, so the species in Table 1 were used in
priority, and the other species were from the OLI
PUB database. Unless otherwise specified, all
equilibrium calculations were based on 1kg of
HO.

2.2 Experimental procedures

The composition of the practical sodium
orthovanadate containing impurities was 37.5% Na,
25.8% V, 1.4% Si, and 0.1% Al The sodium
orthovanadate crystals without silicon and
aluminum impurities, in the phase of Na3;VOs-
(NaOH)o-0.25- 12H,0, were obtained from our recent
study [14].

CO; gas was injected into 1.2 mol/L. Naz;VOs
solution in a nickel autoclave with the mechanical
stirring to carry out the atmospheric carbonation at
25 °C. Subsequently, (NH4)CO; was added into the
carbonated solution with the NH4/V molar ratio
of 1:1 to precipitate vanadium at 25 °C. Finally,
the solution after vanadium precipitation was
carbonated with 1 MPa CO, at 25 °C to recover
solid NaHCO;, and the remaining solution was
recycled to dissolve Na3VOs crystals. The pH of
solutions in these steps was monitored using a
composite pH probe (REX PHS-3C, INESA). The
solutions and solids were sampled and analyzed.
The concentrations of HCO; and COi  were
determined by the titration method [38], indicating

the titration end point with the pH meter and
subtracting the blank value of vanadate at the
corresponding pH value. The concentrations of
vanadium and sodium were determined by
inductively coupled plasma optical emission
spectrometry  (ICP-OES, Optima  5300DV,
PerkinElmer). Moreover, the phase of solids was
identified using X-ray diffraction (XRD, Empyrean,
PANalytical) with Cu K, radiation operating at
40 kV and 40 mA from 5° to 90°.

3 Results and discussion

3.1 Vanadium distribution with new V(V)

speciation model

A new speciation model of V(V) was
established in Section 2.1.1, serving as a crucial
basis for thermodynamic calculations. The
calculated vanadium molar distribution of V(V)
species under different pH at [V]=1.0 mol/L at
25 °C is shown in Fig. 1.

100

80

60

40

20

Vanadium distribution/mol.%

pH

Fig. 1 Vanadium distribution of vanadium species in
V(V)—H;O system at 25 °C at various pH with [V]=
1.0 mol/L: (1) VO3 ; (2) HVO:i; (3) HaVO; (x100);
(4) V2073 (5) HV,07 (x100); (6) HaV,07 (x100);
(7) HV30{y (<100); (8) V40135 (9) V40133 (10) V5OIs:
(11) V}40%; (12) HV,oO3; (13) HyVigOgss (14) VO3

As depicted in Fig. 1, almost 100% of
vanadium in solution exists in the form of VO3
within the pH range of 13—14. With the decrease of
pH, the vanadium distribution of VO3 gradually
reduces, transforming into the poly-vanadate anions
of V,0%, V,07 and HVO} within the pH range
of 9-13 and V,0/,, V.0;; and V,0% within
the pH range of 7-9. To be specific, the vanadium
distributions of V,07, V,0% , and V,0;, at pH
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values of 11.6, 9.3, and 7.3 reach 59.0, 91.2, and
66.8 mol.%, respectively. V4Ol63_ is the linear
tetrameric species, while V,0/, is the more stable
cyclic form that appears under near-acidic
conditions [27]. The concentrations of HV,0};
HV,03, H,V,07, and H,VOj are very low, and
they are magnified by 100 times in Fig. 1 for clarity.
V,,0%, HV,,0%, and H,V,)05 become the
main species within the pH range of 1.5-6.0, and
they transform into six-coordinated cationic species
(VO3) at pH<I.

To illustrate the effect of vanadium activity on
the distribution of vanadium species, Fig. 2 presents
the Iga—pH diagram calculated by using the
established V(V) speciation model (« is the activity).
It is indicated that the formation of poly-vanadate
anions is strongly dependent on vanadium activity,
occurring only when {V}>10"mol/L. Within the
pH range of 7-10 at {V}>0.1 mol/L, the main
species are V,0%; and V,07; .

lg[a(V)/(mol-L1)]
A

HVO; VO]

H,VO,

_7 1 1 1 1 1 1

pH
Fig. 2 lg a—pH diagram of V(V)—H>O system at 25 °C
and 101.325 kPa (a is the activity)

3.2 Phase diagrams, AG and AH of carbonation

reactions

According to the phase diagram of the
Na3;VO4—CO,—H,0 system presented in Fig. 3, no
additional compounds except NazVOs, NaVOs,
Na,COs;, and NaHCO; are observed. With the
increase of CO; amount, the dotted line
representing a Nas;VOs molality of 1 mol/kg in
Fig. 3 passes through the “NaHCOs+aq.” region,
indicating the feasibility of separating NaHCOs3
from vanadium-containing solution.

As discussed above, the carbonation reactions
may be written as follows:

Na3;V0O4+C0O2,=NaV0O3+Na,COs3 (®)

Naz;VO4+2C0O,+H20=NaVO;+2NaHCO; 9)

Figure 4 indicates that AG of these reactions is
negative at the investigated temperatures, and the
formation of NaVOs; and NaHCOs is more favorable.
Furthermore, increasing CO; pressure from 101.325

NaVO;+Na,CO;+
Na; VO, +aq.

NaHCO;+NaVOj;+aq:
NaHCOj;taq.

H,O 09 0.8 0.7 0.6 0.5 04 03 02 0.1 CO,
Mole fraction of H,O

Fig. 3 Phase diagram of Na;VO4—H,0—CO; at 25 °C and
101.325 kPa

-60
(a . D’_D_’D__D_D—D—D—‘D
_p—o—o-0—-7  m—m—E—
ol T e AR
- a7
AT —A
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= aAAT
2 |
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(b)
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Fig. 4 Gibbs free energy change (a) and enthalpy change

(b) of carbonation reactions under different temperatures

and CO; pressures
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to 1013.25 kPa is beneficial to the reactions.
Additionally, both reactions are exothermic,
with AH remaining almost constant from 25 to
100 °C.

Using the established V(V) speciation model,
thermodynamic equilibrium calculations on both
sides of Egs. (8) and (9) were calculated, as shown
in Table 2. The results demonstrate that the type and
amount of the species on the left and right sides of
Egs. (8) and (9) are the same, and the pH of these
two solutions are 9.32 and 7.51, respectively. These
findings indicate that the established V(V) speciation
model for the aqueous solution containing vanadate
and carbonate aligns well with the carbonation
reactions described in Egs. (8) and (9).

3.3 Thermodynamic equilibrium calculations of
involved reactions
3.3.1 Atmospheric carbonation
To simulate the carbonation of the Na3;VO,
solution containing silicon and aluminum impurities,
the representative Na3VOs solution was used for
the calculations. Figure 5(a) shows the calculated

equilibrium amount of added CO, and formed
carbon species in atmospheric carbonation.
With the addition of CO,, the amount of CO3~
initially increases, reaching its maximum at pH=
10.3, and then reduces to almost zero at the end
of carbonation (pH=7.35). The end point of
carbonation is that Na;VOs has been completely
transformed into NaHCO; and NaVQOs;, and a
certain amount of CO, gas is also dissolved in the
solution, reaching a gas—liquid or gas—liquid—solid
equilibrium. The amount of HCOs increases with
the decrease of pH, and solid NaHCO; starts to
precipitate at pH=8.95 and finally reaches 1.02 mol
at pH=7.35.

As indicated by the calculation results in
Fig. S1 in the Supplementary materials, when pure
NazVOs solution of 1 mol/kg is used, 2.018 mol
CO; is consumed at the end of atmospheric
carbonation, which is slightly more than the
stoichiometry value of 2.0 mol when forming
NaHCOs in Eq. (9). The excessive 0.018 mol CO;
is mainly attributed to the physical dissolution of
COs; in the solution.

Table 2 Thermodynamic equilibria of carbonating Na;VOys solution with CO; and mixing NaVOs3 solution with Na,COs

or NaHCOs3 at 25 °C and 101.325 kPa

Main species output/mol

No. Input/mol pH
Cco3 HCO; V,0%; V,01;
Al 1Na3;VO4+1C0»+55.5082H,0 9.32 0.497 0.491 0.241 0.001
A2 1NaVO3+1Na,CO3+55.5082H,0 9.32 0.497 0.491 0.241 0.001
A3 1Na3;VO4+2C0»+55.5082H,0 7.51 1.020 0.013 0.002 0.171
A4 INaVO3+2NaHCO;3+54.5082H,0  7.51 1.020 0.013 0.002 0.171
25 1.0
() (b)
—— Added CO, 08
20} —— COY Sl ——Vvo; ——HVO;”
—— HCO; o6k ™ V,05 ——V,09%
—— CO, (aq) B e 2O ——V0s
15- 04l —— VO(CO)Y ——HVO,CO/

1.0F

T

0.5

Amount of C species/(mol-kg™")

<
NS
T

0.10F
005 [ 8%%

Amount of V species/(mol-kg™")

Fig. 5 Equilibrium amount of carbon species (a) and vanadium species (b) versus pH in carbonating representative

Na3;VOy, solution at 25 °C and 101.325 kPa
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Figure 5(b) illustrates that the amount of VO3~
decreases rapidly, reaching 0.01 mol at pH=10.5.
VO3i~ transforms into V,07, HVO: and V,0%;
anions successively, and V,0f; is the dominant
species of vanadium within the pH range of 9—-10.
VO,(CO3);~ and HVO3;CO;3 ™ appear at pH=9.8, and
their amounts are only 0.030 and 0.054 mol at
pH=7.35, respectively, indicating that more than
90% of vanadium has been transformed into
V,0/, and V075 by carbonation.

To wverify the accuracy of thermodynamic
calculations, the compositions of CO3~ and HCO3
in carbonating the Na3;VO, solution ([V]=60 g/L,
Na/V molar ratio of 3.24) were experimentally
detected and compared with the calculation results.
Figure 6 indicates that the deviation between the
calculated and experimental results is relatively
small. The formed VO,(COs)>; and HVO3;CO3
may decompose and release HCOs in analysis,
leading to a slightly larger discrepancy at pH<8.0.

1.2

1.0+

0.8

—#—HCO; (exp.)
0.6 —©—HCO; (calc.)
—A—CO7? (exp.)

04F —-CO%F (calc)

Concentration of C species/(g-L™")

Fig. 6 Experimental and calculated CO3  and HCOj
concentration in carbonating Na3VOs solution at 25 °C
and 101.325 kPa

The behavior of silicon and aluminum species
in carbonation is the basis for determining the
appropriate  strategy for impurity removal.
Figure 7(a) illustrates a significant decrease in the
amount of soluble species NaHSiO; and H3SiO4 at
pH=9.6, which corresponds to the precipitation of
solid SiO». Solid SiO; accounts for 98% of the total
silicon at pH<8.5, suggesting that most of the
silicon can be effectively removed under this
condition. As shown in Fig. 7(b), with the decrease
of pH, AI(OH)4 gradually transforms into insoluble
Al(OH); at pH<11.8. The presence of CO3; and
a low Ks, value of 10733 for NaAl(OH).CO;

(dawsonite) [39] promote subsequent transformation
of Al(OH); into dawsonite. Remarkably, more than
99% of aluminum exists in the form of dawsonite at
pH<11.4, indicating a high removal efficiency of
aluminum by carbonation.

0.10F “”%D(E:)

0.08 1 —o— NaHSi0;(aq)
—o—H,Si0%"

0.06 ——Si0, (s)

004 L - SlOZ (aq)

0.02

g

=

S

[\S]
:

Amount of Si species/(mol-kg™)

0.10F
T TQ
= 0.08F %
g
3 006 —— AI(OH), !
L OU0F o AI(OH); (5)
2 —o—NaAICO,(OH), (s)
= 0.04 -
G
o
S 0.02f
o
E

0 i 1 1 1 1 1

7 8 9 10 11 12 13
pH

Fig. 7 Equilibrium amount of silicon species (a) and

aluminum species (b) versus pH in carbonating
representative  NazVOs solution at 25°C and
101.325 kPa

To assess the progress of atmospheric

carbonation, several important parameters need to
be considered, namely, pHo (initial pH), pHc (pH
value that CO3 reaches the maximum), pHy (pH
value that solid NaHCOs; starts to precipitate),
pHr (final pH value of carbonation), as well as
the amount of NaHCO; precipitation and CO,
consumption. The effect of carbonation temperature
on these parameters is depicted in Fig. 8(a). With
the increase of temperature, there is a decrease in
pHo, pHc, and pHu but a slight increase in pHr.
Specifically, the calculated pHr of atmospheric
carbonation at 25 °C 1s 7.33, whereas it increases
to 7.77 at 55°C due to the increased amount
of soluble NaHCO;. Moreover, the complete
elimination of solid NaHCOs is observed at 55 °C,
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indicating that higher carbonation temperatures are
unfavorable for NaHCOs recovery.

Figure 8(b) demonstrates that an increase in
Na3;VOs concentration leads to higher pHo, pHc,
and pHu and lower pHr (from 7.30 at 0.4 mol/kg
to 7.19 at 2.0 mol/kg). Solid NaHCO; starts to
precipitate when the Na3;VOs4 concentration
reaches 0.6 mol/kg. Subsequently, solid NaHCO;
precipitation and CO; consumption exhibit nearly
linear growth with increasing Na3;VO4 concentration.
To ensure efficient recovery of solid NaHCO;,
Nas;VOs concentration should be higher than
0.8 mol/kg.

3.3.2 High-pressure carbonation

High pressure of CO; is known to be beneficial
to carbonation reactions, so the thermodynamic
equilibrium of high-pressure carbonation was
calculated. The total pressure in this system is
slightly higher but very close to the partial pressure
of COs. Figure 9(a) indicates that the increase of
total pressure leads to a decrease in the final pH of

B

T e

o 5 14
NG ®
sg |(@ —a 112 4
ét/ 4r S
E g o o o o o o o 110 £
Z'a L © —_— =
g,g 3 % & o o . 13 g
s £ T e & o o g
Y * ¢ * *— g ©
g Om —&— CO, consumption —a-pH, e
%U —A— NaHCO; precipitate —0—pHe 4 8
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carbonation (from pH=7.02 at 0.2 MPa to pH=6.24
at 1.5MPa) and an increase in the amount of
NaHCOs precipitate and CO; consumption. As
shown in Fig. 9(b), an increase of temperature at
the total pressure of 1 MPa results in a noticeable
decrease in CO; consumption and NaHCO;
precipitate, while causing a slight increase in the
final pH of carbonation. This behavior is similar to
that observed in atmospheric carbonation.

The formation of carbonate complexes of
vanadate in high-pressure carbonation is also worth
investigating. Figure 10 shows that the amounts of
VO,(CO;3)3~ and HVO3CO3™ decrease slightly as the
total pressure increases, and the former one is
approximately 1.5 times more abundant than the
latter one at 0.2—3.0 MPa. Furthermore, the amount
of VO,(COs);~ is more sensitive to changes of
carbonation temperature at 1 MPa, increasing from
0.054 mol/kg at 25 °C to 0.356 mol/kg at 55 °C,
which may be due to the increased HCO;
concentration at higher temperatures.
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In high-pressure carbonation, gaseous CO; in
the autoclave serves to maintain the gas—liquid
equilibrium and is released into the air after a batch
carbonation operation. The utilization efficiency of
CO; can be calculated as the ratio of the C atoms in
the aqueous solution to the total C atoms in the
system, and Fig. 11 shows the calculation results
under different total pressures and autoclave filling
ratios (initial volume of the aqueous solution/total
volume of the autoclave). When the autoclave
filling ratio is 0.667, CO, utilization efficiency
decreases almost linearly with increasing total
pressure and remains at a high level of >85%. The
CO; utilization efficiency at 1 MPa is significantly
affected by the autoclave filling ratio, increasing
from 77.0% at the filling ratio of 0.333 to 98.1% at
the filling ratio of 0.833. The larger amount of
gaseous CO, at higher pressures and lower
autoclave filling ratios can both lead to the low CO,
utilization efficiency.
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3.3.3 Vanadium precipitation and solution recycling

To avoid introducing anionic impurities,
(NH4)2,COs was selected to replace the commonly
used (NH4),SOs and NH4Cl for vanadium
precipitation. Na3VO, solution without Si and Al
impurities was used to simplify the calculations
in this section. To determine the end point of
carbonation before vanadium precipitation, it
could be better to calculate and compare the
thermodynamic equilibria by adding (NH4).CO;
into the carbonated solutions of Nos. A2 and A4
in Table 2. However, due to the lack of sufficient
literature data [40,41] to regress the interactions
of CO3 —H,VOs and HCO;—H,VOy4 pairs, the
prediction of NH4VO; solubility by OLI Studio
software was unsatisfactory, and thus the
precipitation of NH4VO; was not -calculated.
Fortunately, our experimental results show that after
adding (NH4)>COs into the solutions of Nos. A2 and
A4 in Table 2 with the NH4*/V molar ratio of 1:1,

0.4

(b)

03}
—4— VO,(CO3);°
—8—HVO0,CO7

02F

Equilibrium amount/(mol-kg™")

0L s . s . . .
25 30 35 40 45 50 55

Carbonation temperature/°C

Fig. 10 Equilibrium amount of VO2(COs)3” and HVO;CO3 in carbonating representative Nas;VO, solution: (a) Effect of
total pressure at 25 °C; (b) Effect of carbonation temperature at 1 MPa
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Table 3 Thermodynamic equilibria of vanadium precipitation, deep carbonation, and recycling remaining solution to

dissolve solid NazVOgs at 25 °C and 101.325 kPa

No. Input/mol

Species output/mol

pH

CO3 HCO; NaHCO;(s) V-solid
Bl 0.1NaVO3+0.05(NHs),CO5+1.45Na,CO3+55.5082H,0 10.34 1341 0.145 0 0
B2  0.1NaVOs+0.05(NH,),COs+1.1881NaHCO3+55.5082H,0  9.08 0.432  1.034 0.151 0
B3 Aqueous {B1}+1.5136CO, 752 0.012 1.254 1.631 0
B4 Aqueous {B3}+0.9Na;VO,+1.4521H,0 10.07 1.179  0.190 0 0
B5 Aqueous {B4}+0.3095CO, 9.40 0.935 0.720 0 0

the vanadium precipitation efficiency was
approximately 90% with NH4sVOs3 as the solid
phase. Therefore, thermodynamic calculations were
conducted using the composition of experimental
solutions after vanadium precipitation, and the
results are shown as Nos. B1 and B2 in Table 3.

Table 3 indicates that solid NaHCO; can
precipitate from the solution of No. B2, which can
lead to the contamination of NH4VOs; products and
excessive sodium loss in vanadium precipitation.
This indicates that the end point of the first
carbonation of Na3VO, solution before vanadium
precipitation should be 9.3—9.4 (No. A2 in Table 2),
at which Na3VO, is basically transformed into
Na,CO; and NaVOs.

The solution after vanadium precipitation
contains a large amount of sodium (No.Bl in
Table 3), which can be deeply carbonated with CO,
to reach a pH of 7.5, resulting in 54.5% sodium
precipitation from the solution (No. B3 in Table 3).
Because of the low vanadium concentration in the
solution after vanadium precipitation, NaHCO3
precipitated from this solution cannot entrain too
much vanadium, thus minimizing vanadium loss.

After deep carbonation, the solution still
contains sodium, vanadium, and ammonia.
Recycling the solution to dissolve solid Na3VO4
(No. B4 in Table 3) is a crucial step in the new
process. At this stage, after mixing the recycled
solution with solid Na3;VO,, the amount of CO3
changes from 0.012 to 1.179 mol, and the main
species of vanadium becomes V,0'; . The obvious
transformation between vanadate and carbonate
anions can be expressed as follows:

4VO03i+6 HCO;=V,0% +6C0O% +3H,0 (10)

Finally, the solution of B4 in Table 3 can be
carbonated with 0.3095 mol CO; to reach a pH of

around 9.4 (No. BS in Table 3), which can be used
to precipitate vanadium in the next cycle.

3.4 Proposal of new process and experimental

verification

According to the above thermodynamic
calculations, a new process to stepwise precipitate
NH4VO; and NaHCOs3 from Naz;VOys solution based
on regulating CO, carbonation was proposed,
consisting of first carbonation, impurity removal,
vanadium precipitation, deep carbonation, and
solution recycling, as described in Fig. 12.

Na,;VO, crystals H,O

!

Dissolution

'

First carbonation

v

! Impurity removal |

L___I___J

Purified solution

(NH.),CO; —»f  V precipitation | NH,VO,

v v

Precipitated solution V,05

v

Deep carbonation

v

Recycled solution

—» NaHCO,

Fig. 12 Proposed flowsheet of new process for stepwise
precipitation of NH4VO; and NaHCO; using practical
NazVOy crystals

The main steps in this new process are
conducted at room temperature. During the first
carbonation, atmospheric carbonation is employed
to reach the solution pH of 9.3-9.4. After vanadium
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precipitation by adding (NH4)>COs, high-pressure
carbonation is preferred in deep carbonation, which
can improve CO; utilization efficiency and reaction
rate, and the final pH is 7.3—7.5. Most silicon
impurities can be removed by adding NaAlO, after
the first carbonation, and almost all aluminum can
be removed due to the formation of dawsonite. The
solution after vanadium precipitation and deep
carbonation can be reused to dissolve solid NazVOs
and repeat the above procedures, thus avoiding
ammonia emission compared with the traditional
process and ensuring higher recovery of vanadium
and sodium. This study provides theoretical support
for the green utilization strategy of high alkali
solutions containing NazVOas.

To verify the proposed process, the main steps
were carried out with Na;VOy solution containing
58.5¢g/LV, 3.0 g/L Si, and 0.3 g/L Al, and repeated
once with the recycled solution. Figure 13 presents
the experimental concentrations of sodium and
vanadium in different steps. Due to liquid
entrainment in precipitates, the sodium loss after
vanadium precipitation (P2) and vanadium loss
after deep carbonation (D2) were 0.8% and 8.6%,
respectively. By adding NaAlO, into the first
carbonated solution at 60 °C and subsequently
washing the solid residue with water, 94% of the
total silicon was removed, with a vanadium loss of
only 0.11% per cycle. These indicate that 99.1% of
vanadium and 91.4% of sodium in the input (S1)
can be recovered in the form of NH4VOs; and
NaHCOs in the subsequent steps, respectively, as
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Fig. 13 Experimental concentrations of Na and V in
different steps of new process (S—Dissolution, C—
Carbonation, P—Vanadium precipitation, and D—Deep
carbonation; numbers 1 and 2 represent the times of
cycles)

confirmed by the XRD patterns shown in Fig. 14.
Obtained NH4VOs was purified by crystallization
and calcinated at 550°C for 2h to prepare
V,0s, and the composition of V,0s product was
99.51% V,0s, 0.38% Na,O, 0.06% SiO,, and
0.05% Al,O3, which meets the requirement of
99.5% grade V»,0s powder in Chinese Standard
YB/T 5034—2017.
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Fig. 14 XRD patterns of solids
precipitation (P2) and deep carbonation (D2)

from vanadium

4 Conclusions

(1) A new V(V) speciation model for the
aqueous solution containing vanadate and carbonate
was established using credible thermodynamic data
and the Bromley—Zemaitis activity model. The
carbonation Na3VOy solution with CO; can form
NaVOs;, Na,COs, and NaHCO:.

(2) Thermodynamic equilibrium calculations
were performed to investigate the behavior of
vanadium, carbon, and impurity species under
different conditions. In atmospheric carbonation
at 25°C, vanadium distribution in V,0%; and
V,0/, reaches 91.2% and 66.8% at pH of 9.3 and
7.3, respectively. In high-pressure carbonation at
25°C, the concentrations of VO(CO3); and
HVOs;CO3;  remain relatively low, and CO,
utilization efficiency is significantly affected by
the autoclave filling ratio.

(3) Based on thermodynamic simulations, a
process for the stepwise precipitation of NH4VO;
and NaHCO; from Na3;VOs solution is proposed.
Na3zVO, solution is initially carbonated to the pH of
9.3-9.4, followed by the precipitation of NH4VOs.
The solution after vanadium precipitation is deeply
carbonated to the final pH of 7.3—7.5 to recover
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NaHCOs. The remaining solution can recycle to
dissolve Na3;VOs crystals, ensuring an efficient and
green approach.

(4) The proposed process is well verified by
experiments, showing that 99.0% of vanadium and
91.4% of sodium in NazVOs solution can be
recovered, respectively.
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