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Abstract: The thermodynamic equilibrium diagrams of Mg”'— PO?{ —NH} —H,O system at 298 K were established based on the
thermodynamic calculation. From the diagram, the thermodynamic conditions for removing phosphorus from the tungstate solution
by magnesium salt precipitation were obtained. The results show that when the concentration of total magnesium increases from 0.01
mol/L to 1.0 mol/L, the optimal pH for the phosphorus removal by magnesium phosphate decreases from 9.8 to 8.8. The residual
concentration of total phosphorus almost keeps the level of 4.0x107® mol/L in the system. MgHPO,, Mg;(PO,), and the mixture of
Mg3(PO,), and Mg(OH), are stabilized in these system, respectively. However, increasing the total concentration of magnesium has
little effect on phosphorus removal by magnesium ammonium phosphate, while it is helpful for phosphorus removal by increasing
the total ammonia concentration. The calculated results demonstrate that the residual concentration of total phosphorus can decrease
to 5.0x1077 mol/L as the total concentration of ammonia reaches 5.0 mol/L and the optimal pH value is 9—10. Finally, verification
experiments were conducted with home-made ammonium tungstate solution containing 50 g/L WO; and 13 g/L P. The results show
that when the dosage of MgCl, is 1.1 times of the theoretical amount, the optimum pH for removing phosphorus is 9.5, which

matches with the results of the theoretical calculation exactly.

Key words: tungstate; phosphorus removal; thermodynamics; magnesium ammonium phosphate; chemical precipitation

1 Introduction

Tungsten is an important metal in many industrial
and military applications due to its properties of high
melting point, high hardness, large density and high
strength at elevated temperature [1—4]. Its high-purity
products are widely used in steel production, electronic
engineering, electro-vacuum technologies and so on. In
order to obtain high-purity tungsten products, the level of
impurities in tungsten products must be reduced to only a
few ppm. Otherwise, the properties of these products will
be impaired. Phosphorus is one of the main impurity
elements in tungsten metallurgical process and should be
strictly limited in the final products. For example, based
on the Chinese National Standard GB 10116—2007
APT-0, the content of phosphorus impurity requires less
than 0.0007% (mass fraction). As is well known,
ammonium paratungstate (APT), as the raw material for

deep-processing tungsten products, is one of the most
important intermediate products in the tungsten
metallurgy. However, with the development of tungsten
industry and the increasing consumption of tungsten
concentrates resources, more and more low-grade,
complex ores and secondary tungsten resources are used
to produce APT, which leads to more impurity elements
to dissolve into the leaching solution and then enter into
the APT. Therefore, in order to obtain high quality APT,
impurities removal will become more difficult.

So far, much research work has been conducted to
remove phosphorus from aqueous solution and many
methods have been invented. Biological methods and
chemical methods are the major techniques [5,6].
Chemical methods for phosphorus removal have been
widely used in industrial production for many years,
including chemical precipitation, adsorption, solvent
extraction [7], ion exchange [8—10], etc. Magnesium salt,
calcium salt [11], iron and ferric salt [12], aluminum salt
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[13] and manganese salt are often used as precipitant to
remove phosphorus [5,14,15]. In the field of tungsten
metallurgy, magnesium salt, including magnesium
chloride and magnesium sulphate, is the effective
phosphorus removal reagent and has been used for many
years [14]. Magnesium salt methods are carried out for
removing phosphorus by the precipitation of magnesium
ammonium phosphate and magnesium phosphate.
Although magnesium salt method has been widely
applied in tungsten industry, the theoretical research of
the phosphorus removal from the tungstate solution is
insufficient and needs further research. At home and
abroad, there are much thermodynamic analyses on
precipitation-dissolution equilibrium of the magnesium
ammonium phosphate—water system [16—18]. JIANG et
al [19] made the thermodynamic analysis on the
NH; —Mg*— PO} —~H'-H,0 system. In this system, the
equilibrium concentration of ammonium is set very low.
However, the concentration of ammonia is very high in
the tungstate solution. It is obvious that JIANG’s
thermodynamic analysis cannot be applied to the
phosphorus removal from the tungstate solution.

Based on above analysis, in order to get more
information of the precipitation characteristics and obtain
the predominance-area and the optimal conditions for
phosphorus from tungstate solution by
magnesium salt theoretically, it needs to carry out
the thermodynamic research on the Mg”*— POf{ -NH; -
H,0 system based on the phosphorus removal from
tungstate solution with magnesium salt method.

removal

2 Data treatment and calculation model

In the Mg*'— PO}~ — NH; —H,0 system, 16 species,
H', OH, NH;, NH;, PO}", HPO}", H,POj;, H;PO,
Mg*, MgOH’, MgPo; , MgHPO4, MgH,PO} ,
MgNH?*, Mg(NH;)3*, Mg(NH;)3", are assumed to
exist in the solution and 4 insoluble compounds are
assumed to exist: MgHPO,, MgNH,PO,, Mg;(PO,),,
Mg(OH),. Based on the literature data [16], the possible
reaction equations and equilibrium constants are listed in
Table 1.

According to the reaction equations from Table 1,
the equilibrium concentration equations of soluble
components are as follows:

[H'][OH ]=10 " (1)
[H'][ H,PO; ]=10">"[H;PO,] )
[H'][ HPO;~ ]=10"""[ H,PO} ] 3)
[H][PO;™ 1=10""**[ HPOF" ] )
[H'][NH;] =10 NH;] )
[MgOH ]=10>*"[Mg*"][OH ] (6)

[ MgPO; ]=10**[PO3™ ][Mg™] (M

[MgHPO,] =10*"'[HPO;™ ][Mg""] (®)
[ MgH, PO} ]=10*[Mg*"][ H,PO; ] ©)
[ MgNH3" ]=10"*[NH;][Mg*'] (10)
[ Mg(NH;)3" ]=10"*[NH,]’[Mg*’] (11)
[ Mg(NH;)3* ]=10""*[NH;]’[Mg*"] (12)
[Mg* [ HPO3 =107 (13)
[Mg* [ NHj ][ PO;™ ]=10"*¢ (14)
[Mg* [ PO;™ JP=10*"* (15)
[Mg*'J[OH J’=10""*" (16)

where [M] is the equilibrium concentration for each
species.

Table 1 Equilibrium reactions and constants for Mg®'— PO?{ -
NH; —H,0 system at 298 K

Number Reaction equation Equilibrium
constant
1 H,0=H" +OH" 1071
2 H;PO,= H,PO; +H" 107204
3 H,PO, =HPO;” +H' 1072
4 HPO; =PO, +H' 1071236
5 NH,'=NH;+H" 107924
6 Mg +OH” —MgOH" 10257
7 Mg™ +PO;” = MgPO; 104
8 Mg** + HPO;” =MgHPO, 102!
9 Mg*' + H,PO; = MgH,PO; 10045
10 Mg”* +NH;— MgNH?" 10024
11 Mg?" +2NHy= Mg(NH3)§* 10°2
12 Mg*" +3NH,= Mg(NH3)§* 10703
13 MgHPO4(S)=Mg2+ +HPO?™ 10755
14  MgNH,PO,(s)=Mg” +NH,"+ PO} 107126
15 Mgy(POy)y(s)—3Mg> +2PO;" 1072438
16 Mg(OH),(s)=Mg>* +20H" 1071074

Besides, according to the law of mass conservation,
mass balance equations are given as follows:

[Mgli— [Mg® [+[MgOH T+ MgPO} +{MgHPO,]+
[ MgH,POj [+ MgNH3 ™ [+] Mg(NH;)3" I+
[ Mg(NH;)3" ] (17)
[Plr= [ PO, +[ HPO;™ J+[ H,PO; [+[H;PO,]+
[ MgPO; +[MgHPO,]+[ MgH,PO} ] (18)
[N]r= [NH;]+[ NH} ]+[ MgNH?3* J+[ Mg(NH;)3" |+
[ Mg(NH;)3" ] (19)

where [Mg]r, [P]r and [N]r are designated as the total
concentration of magnesium, phosphorus, ammonium
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under equilibrium conditions, respectively.

The calculation process based on the Newton—
Raphson iteration method is carried out by using
Microsoft EXCEL. Considering the lack of the activity
coefficient data of the soluble component, the activity
was replaced by concentration in practical calculation.

Based on the practical production experience of
phosphorus removal from tungstate solution, the actual
variables are the dosage of magnesium salt, the
concentration of ammonium salt and pH of the solution.
Therefore, the lg [M]-pH diagrams of phosphorus-
containing species and 1g [P]t—pH diagrams of the total
concentration of P under conditions of fixed total
concentration of Mg and ammonium contents were
drawn.

3 Results

In practice, the phosphorus removal methods from
tungstate solution mainly consist of magnesium
phosphate  precipitation method and magnesium
ammonium phosphate precipitation method. The
thermodynamic analysis of the two methods will be
shown as follows.

3.1 Thermodynamics of phosphorus removal by

magnesium phosphate precipitation method

The Ig [P]r—pH diagram of Mg**— POi_ -H,0O
system for different [Mg]r concentration and the
lg[M]-pH diagram are shown in Figs. 1 and 2
respectively. Figure 1 shows that the curve of the 1g[P]r
vs pH is approximately like the shape of the letter “V”.
With increasing pH value, the stable precipitates are
MgHPO,4, Mg;(PO,), and the mixture of Mg;(PO,), and
Mg(OH),. Improving the [Mg]r concentration, the
predominant-area of the Mg;(PO4), and Mg(OH), will
expand to the direction of low pH (see the dotted lines
O-® in Fig. 1). When the concentration of [Mg]t

! i MgHPO,(s) .
| 000dq ®000¢

Mg,(PO,).(s)

Mg, (PO,),(s)

Mg(OH),(s)

lg[[P]y/(mol-L™)]

|1 — [Mg],=0.01 mol/L

=5 2— [Mg],;=0.05 mol/L

3— [Mg];=0.1 mol/L

4— [Mg];=0.5 mol/L

=6 [ 5— [Mg],=1.0mol/L
L |

5 6 7 8 9 10 11 12
pH

Fig. 1 Effect of total concentration of magnesium on
phosphorus removal
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Fig. 2 Concentration of each phosphorus-containing species
([Mg]t=0.1 mol/L)

increases from 0.01 mol/L to 1.0 mol/L, the theoretical
optimal pH for phosphorus removal by magnesium
phosphate precipitation method decreases from 9.8 to 8.8
and the residual concentration of phosphorus basically
maintains at the level of 4.0x107° mol/L. So, increasing
the total concentration of Mg has little influence on
phosphorus removal.

It is noteworthy that, with the increase of the [Mg]r
concentration, the right part of the “V” letter-like curves
almost overlaps, while the left part is some separated
curves. It means that adding more magnesium salt has no
effect on the deep removal of phosphorus when pH value
is above 10. But as the pH value is below 10, enhancing
the Mg content will slightly reduce the residual [P]r
concentration in the solution. When the pH wvalue
exceeds 10, the Mg(OH), precipitation is generated.
Mg*" ion concentration depends on the dissolution
equilibrium of the Mg(OH), precipitation. Meanwhile,
the POZ’ ion concentration is controlled by the
dissolution equilibrium of the Mg;(POy), precipitation.
In this case, when pH value is constant, Mg*" ion
concentration will be invariable, and PO} ion
concentration will be an invariant after Mg;(POy),
precipitate generated. The concentration of all the
phosphorus-containing species is invariable, namely, the
total concentration of P is a constant value. So these
curves are in coincidence. However, as for the left part it
is different. When the pH value ranges from 5 to 9.5, the
phosphorus exists mainly in the form of MgHPO,, and
the magnesium exists mainly as Mg®". When the
concentration of [Mg]r increases to n times the original
concentration, the concentration of Mg*" will also
amplify roughly to n times. In contrast, the concentration
of PO; will decrease to n>? times, according to
dissolution equilibrium Eq. (15) of Mg;(POy),
(IMg> X[ PO;™ 1> =102**%). At this point, it is easy to
know that the concentration of HPO,* will also lessen to
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n 2 times. Furthermore, according to reaction Eq. (8),

[MgHPO,,)//([Mg*]x[ HPO3™ 1)=10*"!, the value of
[MgHPO4(,q)] will decline to n""? times when the value
of [Mg%]X[HPOﬁ_] decreases to nxn>?=n""2 times.
Therefore, when [Mg]; increases to n times, [P]r
decreases to N times. The curve moves downward.

3.2 Thermodynamics of magnesium ammonium

phosphate precipitation method

As mentioned above, the phosphorus can also be
removed from ammonium tungstate solution as
magnesium ammonium phosphate when the magnesium
salt is added into the solution. The thermodynamic
analysis on the removal of phosphorus was conducted
from two aspects as follows.
3.2.1 Effect of total magnesium concentration on

phosphorus removal

Figure 3 shows the Ig[P];—pH diagram of
Mg**— PO?[—NHX —H,0 system for different total Mg
contents when [N]r is 1.0 mol/L. Figure 4 shows the
lg[M]—pH diagram of the phosphorus-containing species
at 0.5 mol/L [Mg]r. Figure 3 shows that with the increase
of pH value, the stable precipitates are, in order,
MgHPO,, MgNH,PO, and the mixture of MgNH,PO,
and Mg(OH),. And with increasing the total
concentration of Mg, the predominant-area of the
Mg(OH), will expand to the direction of lower pH as the
dotted lines W—@ as shown in Fig. 3. Furthermore, the
optimal theoretical pH value for dephosphorization is
between 9 and 10, corresponding with the [P]r
concentration of 5.0x107 mol/L (1.6x107° g/L).
Compared with the magnesium phosphate precipitation
method, the method with magnesium ammonium
phosphate precipitation is more efficient for deep
dephosphorization. Hence, in the optimum precipitation
pH range, more Mg(OH), precipitate can only be
obtained by increasing the dosage of the magnesium salt,
which has little effect on the total concentration of P.

MgHPO,(s)

o
MgNHPO,(5) i@ MgNH,PO,(s)

Mg(OH),(s)

1g[[P]y/(mol-L™)]

[N],;=1.0 mol/L
I — [Mg],=0.1 mol/L
2— [Mg],=0.2 mol/L
-6+ 3— [Mg];=0.5 mol/L
4— [Mg];=1.0 mol/L
-7 ; i X : ' \ : ' \

3 4 5 6 7 8 9 10 11 12 13
pH

-5+

Fig. 3 Effect of total concentration of magnesium on
phosphorus removal
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Fig. 4 Concentration of each phosphorus-containing species
([NJr=1.0 mol/L, [Mg]1=0.5 mol/L)

Moreover, it is worth noting that the curves of
lg[P]—pH for different [Mg]; concentrations almost
appear to overlap in the pH range of 6—13 due to the
relationship between the magnesium ion concentration
and pH value. When pH value exceeds 9, according to
Egs. (14) and (16), Mg”" ion concentration is a constant
and the equilibrium concentration of PO}~ maintains
unchanged. Thus, the concentration of all the phosphorus-
containing species is invariable, in other words, the total
concentration of P is a constant value. But in the pH
range of 5.5-9, in which the predominant area is
MgNH4PO,, the phosphorus exists mainly in the form of
MgHPO, and magnesium exists mainly in the form of
Mg?*". When the [N]; concentration is a constant value
and the concentration of [Mg]r increases to m times, the
concentration of Mg*" will increase roughly to m times.
According to Eq. (14), the equilibrium concentration of
POZ‘ will decrease to 1/m times. The corresponding
concentration of HPO;  will also drop to 1/m times
and the product of [Mg®]x[ HPO?{] is a constant. Based
on the constant of [MgHPO,]/([Mg*']x[ HPO3™ ])= 10*"",
the concentration of MgHPO, keeps the same from
beginning to end. So, the [P]r concentration maintains
unchanged. However, when the pH ranges from 3 to 5,
the effect of dephosphorization will be better (shown as
the curve 1—4 in Fig. 3) with the total concentration of
Mg increasing. The reason is that the phosphorus exists
mainly in the form of MgH,PO; , H,PO; and
MgHPO, (shown in Fig. 4). The concentrations of
MgH,PO; and MgHPO, remain unchanged at a fixed
pH value (shown in Fig. 5), while the concentration of
H,PO; decreases when the [Mg]r concentration
increases.

3.2.2 Effect of total concentration of ammonia on
phosphorus removal

Figure 6 shows the Ig[P];—pH diagram of
Mg?*=PO;” = NH} —H,O system for different [N] with
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Fig. 5 Concentration of each phosphorus-containing species
(IN]r=1.0 mol/L)

0.1 mol/L [Mg]yr. It indicates that the [P]r concentration
decreases from 4.0x10™° mol/L to 1.4x10”" mol/L in the
pH range of 6—13 as the [N]r concentration increases
from 0.1 mol/L to 5.0 mol/L. The optimal theoretical pH
is in the range of 9—10. The phosphorus will be removed
as Mg;(PO,), in low concentration of ammonia and
MgNH4PO, in high concentration of ammonia.
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A M(OH)(s)
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o
)
=
-4
sl [Mg]y=0.1 mol/L
[N]y=0.1 mol/L
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Fig. 6 Effect of total concentration of ammonia on phosphorus
removal ([Mg]r=0.1 mol/L)

Figure 7 shows the Ig[P]r—pH diagram of
Mg>—= PO}” — NH} —H,0 system for different [N];
concentration ([N]t=0.1, 0.15, 0.2, 5.0 mol/L) at 0.1
mol/L [Mg]r. Compared with Fig. 3, the precipitate
generated by magnesium ammonium phosphate method
is different along with the concentration. There are three
typical forms in conclusion.

5 .
(0) Mgz(PO,),(s)+

1 MgNH,POLs) | Mg(OH),(s)
Tf 0\ MgHPO, (s = Mg;NH,(PO,),
2 ol °O¢ Mg(OH),(s
S £
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Fig. 7 Predominance-area diagrams of precipitation at different total ammonia concentration ([Mg]r=0.1 mol/L)
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The predominant arecas are MgHPO,, Mg;(POy),,
and mixture of Mg;(PO,),+Mg(OH),, respectively, with
the pH value increasing from 3 to 13 at 0.1 mol/L [N]r.
The predominant areas are MgHPO,, MgNH,PO,,
Mg;(PO,),, mixture of Mg;(PO4),+Mg(OH), and mixture
of MgNH,/PO+Mg(OH), at 0.15 mol/L [N]r. The
predominant areas are MgHPO,, MgNH,PO, and
mixture of MgNH,PO,+Mg(OH), when [N]r is over 0.2
mol/L. From the changes of the precipitate, it can be
found that Mg;(PO,), transforms into more stable
precipitate MgNH,PO, thermodynamically and the
predominant area of MgNH,PO, tends to expand with
the increase of the concentration of total ammonia. Based
on the change tendency, the [N]r concentration must be
over the critical concentration to form the MgNH,POy,
for phosphorus removal from tungstate solution by
magnesium ammonium phosphate precipitation method.

4 Discussion

The above analysis indicates that the residual P
concentration remains to be 4.0x10° mol/L after
phosphorus solution by
magnesium phosphate precipitation method when the

removal from tungstate
[Mg]r concentration increases from 0.01 mol/L to 1.0
mol/L. Increasing the dosage of magnesium salt has no
effect on the deep removal of phosphorus. Similarly,
when phosphorus is removed by magnesium ammonium
phosphate precipitation method, increasing the dosage of
magnesium salt has little effect in the optimum pH range
of 9-10 (Fig. 3).

However, PENG et al [20] indicated that increasing
the concentration of total Mg is beneficial for
phosphorus removal. The production practices also seem
to have proved that. Obviously, the result is contradicted
with our theoretical research results. In recent research
on the reason for the different analysis results, it is found
that the phosphorus-containing species of MgHPO, is an
important component in the system containing Mg*" and
PO?{ ions [19,21-23]. And the calculation results in
this work indicate that the phosphorus-containing ion is
mainly MgHPO, in the pH range of 5-10 during the
dephosphorization process. But in Ref. [20], the
MgHPO, is not taken into account. Ignoring this species
will lead to large deviation. Actually, with a further
analysis, we find that the deep removal of phosphorus is
limited and is far from the thermodynamic equilibrium.
Increasing the dosage of the magnesium salt just only
accelerates the kinetics rate of the reaction and makes the
reaction approach to the state of the thermodynamic
equilibrium, but it has no effect on the deep removal of
phosphorus.

5 Verification experiment

According to the above theoretical analysis results,
it is known that pH value plays an important role in the
deep removal of phosphorus from tungstate solution. In
order to verify the theoretical wvalidity, verification
experiments were done as follows.

First, 50 mL ammonium tungstate solution (WO; 50
g/L, P 13 g/L) home-made was added into a beaker, and
the pH of the aqueous solution was adjusted with
hydrochloric acid or aqueous ammonia to a certain value
under magnetic stirring. Then, the prepared MgCl,
solution (MgCl, 190 g/L, the dosage of the magnesium
chloride was 1.1 times stoichiometric amount) was
dropped with pipette, stirring for about 1 h and then
filtered.

The contents of P and WO; were analyzed by
inductively coupled plasma (ICP) method. The ratio of
dephosphorization and the loss of WO; were calculated
according to the analysis results. The relationship
between pH and the effect of the dephosphorization is
shown in Table 2.

Table 2 Relationship between pH and removal rate of
phosphorus

Concentration of
pH P in post-
value dephosphorization
solution/(g'L ")

Removal  Loss of

Number ratio of P/% WO3/%

1 8.0 0.2247 98.27 14.68
2 8.5 0.0414 99.68 5.96
3 9.0 0.0349 99.73 0.078
4 9.5 0.0044 99.96 0.033
5 10.0 0.0053 99.96 0.042
6 10.3 0.0096 99.93 0.062

Table 2 shows that the pH value does have a large
impact on the removal rate of phosphorus. The removal
ratio increases first and then decreases with increasing
the pH
dephosphorization is 9.5. The residual concentrations of
phosphorus and magnesium are 4.4 mg/L (1.4x107*
mol/L) and 33 mg/L, respectively, and mass ratio of P to
WO, is 8.8x107° after dephosphorization at pH 9.5. The
removal rate of phosphorus is 99.96%. The verification
experimental results show that the optimal pH value of
phosphorus removal from ammonium tungstate solution

value. The optimal pH value for

is basically consistent with the above theoretical analysis
results, which means that our theoretical analyses are
correct.
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6 Conclusions

1) Based on the literature data, thermodynamic
calculation was conducted and the thermodynamic
equilibrium diagrams of Mg~ PO;” — NH} —H,0
system at 298 K are drawn. The optimal technological
conditions for phosphorus removal from tungstate
solution are theoretically predicted.

2) In the process of the phosphorus removal by
magnesium phosphate precipitation method, when the
concentration of total Mg increases from 0.01 mol/L to
1.0 mol/L, the residual total P concentration remains at
4.0x107° mol/L and the optimal pH value decreases from
9.8 10 8.8.

3) In the process of the phosphorus removal by
magnesium ammonium phosphate precipitation method,
the theoretical optimum pH range is 9—10 and the
corresponding total P concentration is 1.4x10°" mol/L
when the total concentration of ammonia is 5.0 mol/L.
So, the magnesium ammonium phosphate precipitation
method is superior to the magnesium phosphate
precipitation method in the deep removal of phosphorus.

4) Verification experimental results demonstrate that
the optimum pH is 9.5. The removal rate of phosphorus
is 99.96% when the dosage of magnesium chloride is 1.1
times theoretical amount. The experimental results are
basically consistent with the above theoretical analysis
results, which means our theoretical analyses are correct.
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RV E M EEE B R R R R W =R
T34 A4, R¥eAA D, HEF !, SHH, xeg!

1. K% IRE5HIEERE, K 410083;
2. W KA MEAE AL E R R RN H R TR =, Kb 410083

B OE. W, 4HT 25 °C i Mg¥ = PO — NH; —H0 1R R AT 2 P I, 06080 I ek v A e e 3k
T RGIIATIFI . TR R TR B bV R i, YA rh Ui 2 S B 2 A 0.01 mol/L 1915 1.0 mol/L,
X A B A B R BRI pH {E A 9.8 F4 51 8.8, I VA %k Y 1K) RVl £ BEIEARHE R /E 4.0%107° mol/L; BHAE ¥ pH {1
BT, ARR AP REAAAE IVTIE AL K IR MgHPO,. Mgy(PO4), il Mgy (PO4),+Mg(OH),. 24K FH MR AL BEVE R
BREINT, B4 D B R B R T Bl T S R 2 B B R PR R B BE AT . TS IR ek pH
E4 9~105 4307 25 R 2K 5.0 mol/L B, A % B (K1l 1.4x1077 mol/L. LA 1 il S R (W O3 50
g/L, P13 gLy ARl KSR R TLBR B I B AT REAT IR IE . 45 R MBI N N 2 4 PR SR 1)
110, BREEREAE pH AN 9.5, S840 M4 35,
KHEIR: R BRUE MO BRREEE DUETE
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