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Abstract: In view of the current situation wherein acid resources and valuable components in titanium
dioxide waste acid cannot be effectively extracted and are prone to secondary pollution, our research
team proposed a new technique consisting of step extraction and the comprehensive utilization of
titanium dioxide waste acid. In this paper, the thermodynamics of selective precipitation and the
preparation of doped iron phosphate from waste acid were studied. The thermodynamics results
show that the content of AI>*, Mn?*, Mg?*, and Ca®* in the reaction system can be tuned by adjusting
the pH during the pre-precipitation process. In the first step, these impurity ions should be settled as
much as possible; then, Fe?* should be oxidized to Fe>* so as to obtain iron phosphate with higher
purity in the next step of the precipitation process. The effects of the reaction temperature, seed
crystals, pH value, and P/M on the precipitation process were investigated in detail. The experimental
results show that in the reduced state, the optimal precipitation conditions are a temperature of
75 °C, an initial pH value of 4.5, and an optimal P/M molar ratio of 1.1. In the oxidized state, the
optimal precipitation conditions are a temperature of 60 °C, a solution pH = 2.5, and a reaction time
of 25 min. After calcination, the precipitate mainly consists of iron phosphate, which basically meets
the requirements of an iron phosphate precursor.

Keywords: titanium dioxide waste acid; iron phosphate; precursor; selective extraction

1. Introduction

As an important chemical raw material, titanium dioxide offers high chemical stability,
heat resistance, weather resistance, good whiteness, and coloring and covering capacity [1].
It is an important white pigment, which is widely used in coating, ceramics, paper-making,
rubber manufacturing, and other industries. Its main production methods are the sulfuric
acid method and the chlorination method. In China, about 95% of titanium dioxide powder
is produced using the sulfuric acid method.

For every 1 t of titanium dioxide produced using the sulfuric acid method, about
8 t of waste sulfuric acid is produced, which contains about 20% acid, about 10% ferrous
sulfate, and a small amount of metatitanic acid, magnesium sulfate, aluminum sulfate,
manganese sulfate, and other impurities. At present, about 22~26% of titanium dioxide
waste acid can be directly reused in the acidolysis process of titanium dioxide production.
If the remaining part is discharged directly, it will not only waste resources but also pollute
the environment [2—4]. Therefore, the treatment of waste acid directly restricts the survival
and development of titanium dioxide production via the sulfuric acid method.

The main treatment methods for titanium dioxide waste acid are the vacuum concen-
tration method and the lime neutralization method [5,6].
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At present, the concentration method has been used to treat the waste acid of titanium
dioxide by titanium dioxide enterprises in Panxi. In this process, approximately 20% waste
sulfuric acid is concentrated into 70% industrial sulfuric acid through a concentration
device so as to realize comprehensive utilization. However, the operation effect of the
vacuum concentration method when used by titanium dioxide enterprises is not ideal; this
is mainly reflected in the following aspects: it is a complex process, it has high operation
costs and equipment maintenance costs, and it generates large emissions of the “three
wastes”. Accordingly, high equipment investment and operating costs have placed a great
deal of pressure on enterprises.

When using the lime neutralization method to treat waste acid, 0.3~0.5 tons of lime
is consumed for each ton of waste acid treated, which not only consumes a lot of lime
resources but also produces a lot of gypsum slag. At present, these gypsum dregs cannot
be effectively used and can only be stacked in slag yards, which not only occupies land
resources but also leads to the loss of sulfur resources. Therefore, the lime neutralization
method is not in line with the current environmental protection management requirements.

Based on the treatment status of titanium dioxide waste acid, in order to make better
use of valuable metal resources and the acid resources in titanium dioxide waste acid, our
research team innovatively proposed a new process of “cascade extraction of valuable
components from titanium dioxide waste acid”, for which we have applied for several
invention patents [7-12]. Firstly, scandium was effectively extracted from waste acid using
the solvent extraction method. Secondly, iron from waste acid was prepared into an iron
phosphate precursor of lithium iron phosphate for a battery via the selective precipitation
method. Finally, vanadium residue was leached by using the acid resources in waste acid.

With regard to the process of developing new energy, lithium-ion batteries, as a new
generation of clean and environmentally friendly energy sources, are receiving increasing
attention. For lithium-ion batteries, positive and negative electrode materials are the key
factors determining their electrochemical performance, safety performance, and cost. In the
positive electrode materials of lithium batteries, the advantages of lithium iron phosphate
over the traditional positive electrode materials LiCoO; and LiMn;Oy lie in its cheaper
raw materials that can be more widely sourced and the fact that it does not pollute the
environment. Moreover, LiFePOy has the capacity for reversible lithium intercalation and
removal, with a calculated theoretical specific capacity of 170 mA-h/g. It also offers stable
electrochemical performance, good cycling performance, and other advantages, and it is
widely considered the preferred positive electrode material for lithium-ion batteries. The
performance of lithium iron phosphate largely depends on its precursor. Currently, the
precursors used to prepare this material are mostly chemically pure or analytically pure iron
salts. Most of these high-purity iron salts are obtained from ores through a series of impurity
removal processes. Therefore, directly utilizing waste to prepare precursor materials for
lithium-ion battery electrodes is an effective method to reduce production costs [13-15].

In recent years, lithium iron phosphate, the cathode material of lithium-ion batteries,
has become one of the most promising cathode materials for lithium-ion batteries due to its
advantages of high theoretical specific capacity (170 mA-h/g), good cycling performance,
good thermal stability, low price, and environmental friendliness [16,17]. At present, most
of the iron sources for the preparation of lithium iron phosphate are analytical pure iron
salts, mainly including ferrous oxalate, ferrous acetate, ferrous sulfate, iron sulfate, iron
nitrate, iron phosphate, iron oxide, etc. The price of these analytical pure iron salts is
relatively high, and some doping elements (such as Mg, Mn, Al, Tj, etc.) that are beneficial
to these salts” electrochemical properties need to be added when they are used to prepare
high-performance lithium iron phosphate [18,19]. These doping elements happen to exist
in titanium dioxide waste acid. Therefore, the preparation of the precursor of lithium iron
phosphate from titanium dioxide waste acid is a good choice for both the raw material of
lithium iron phosphate and the comprehensive utilization of titanium dioxide waste acid.
As the precursor of lithium phosphate for batteries, the requirements of iron phosphate
are mainly based on the chemical industry standards of the People’s Republic of China
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(Hg/T 4701-2014) (<<iron phosphate for batter>>) [20-24]. The technical requirements
of the standard are as follows: Fe, w/% = 29.0~30.0; P, w/% = 16.2~17.2; molar ratio of
Fe:P = 0.97~1.02; and D50/ mm = 2~6.

However, in previous research, the optimal conditions for one-step precipitation were
reported to be a temperature of 60 °C, an initial pH value of 2.5, an optimal P/Fe molar
ratio of 1.1, and a volume of the dispersant polyethylene glycol equal to 5 mL (Per 50 mL
of waste acid). However, in this case, the product was doped with a small amount of
aluminum phosphate [25]. Therefore, the precipitate mainly consisted of iron phosphate
and a small amount of aluminum phosphate, thus failing to meet the requirements of an
iron phosphate precursor.

Therefore, a two-step process, namely, the “Pre-removal of impurities in reducing
state and iron precipitation in oxidation state”, for preparing iron phosphate from titanium
dioxide waste acid was proposed. In other words, when iron is in a reduced state, other
impurities can form phosphate and be removed. Then, iron is oxidized to its trivalent
state to enable selective precipitation and thus form iron phosphate. This paper focuses
on the thermodynamics and the judgment of the suitability (through experimentation) of
pre-impurity removal in the reduced state and the influence of temperature, seed addition,
pH value, and P/Me on the subsequent precipitation of iron phosphate.

2. Materials and Methods
2.1. Materials

The titanium dioxide waste acid used in the experiment was prepared by dissolving
ferrous sulfate, vanadyl sulfate, magnesium sulfate, manganese sulfate, calcium hydroxide,
and aluminum sulfate in deionized water. Composition of titanium dioxide waste acid was
shown in Table 1. All the reagents were analytical grade, including hydrogen peroxide and
phosphoric acid. The deionized water used in the experiments was produced using a water
purification system.

Table 1. Composition of titanium dioxide waste acid [10].

Element Fe v Mg Mn Ca Al
Concentration/g-L~! 37.64 0.41 5.00 2.15 0.23 1.52

2.2. Experimental Methods

The process of the “step extraction of valuable components from titanium dioxide
waste acid” is shown in Figure 1. Our research work is mainly focused on the selective
precipitation of iron.

Titanium dioxide waste acid

Pre-precipitation impurity removal [—> Impurity phosphate

Oxidation/precipitation of iron > Iron phosphate

2 v

Precipitated liquid Solid-phase sintering
Utilization of acid resources LiFePOs

Figure 1. Procedural route for the step extraction of valuable components from titanium dioxide
waste acid.

All experiments were performed in a glass beaker with a thermostatic mixing water
bath pot. A predetermined amount of titanium dioxide waste acid was added to a beaker
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and constantly stirred. Subsequently, the pH value of the solution was adjusted with
sulfuric acid and ammonia. The solution was heated to a predetermined temperature.

The experiment was divided into the following two steps.

Firstly, by adding a phosphoric acid precipitant in a ferrous reducing state, impurities
of aluminum, magnesium, manganese, and calcium react with the precipitant to form a
phosphate precipitate, thereby separating and removing impurities.

Then, iron(Il) in titanium dioxide waste acid is oxidized by H,O; and is preferentially
precipitated with phosphoric acid to form iron(IIl) phosphate. After the required reaction
time has passed, the filtrate is separated from the precipitation through vacuum filtration.
The remaining residue is roasted at 700 °C for 8 h in order to determine the phase of the
precipitate [25]. The reaction equation is as follows:

Chemical reaction in the reduced state:

AL (SOy)3 + 2H;PO, = 2AIPO, + 3H,SO, 1)
3MnSOy + 2H3POy = Mn3(POy), + 3H,SO,4 @)
3MgS0; + 2H3PO, = Mg3(POy), + 3H,S0, 3)

3CaSOy, + 2H3PO; = Cas(POy), + 3H,SO, @)

Chemical reaction in the oxidized state:
2F6504 + H202 + 2H3PO4 = ZFQPO4 + 2H20 + 2H2SO4 (5)

The experimental conditions for preparing FePO, under oxidation conditions are as
follows: temperature of 60 °C, solution pH = 2.5, reaction time of 25 min, standing period
of 1 h, and subsequent filtration. The solid phase is dried and roasted at 700 °C for 8 h.

2.3. Measurement and Characterization

The crystalline phases of iron phosphate precipitation were detected using XRD
(Rigaku, TTR-III). The samples were characterized by scanning electron microscopy (JSM-
6360LV, JEOL). Mass fractions of metals in the iron phosphate precipitation were analyzed
using an X-ray fluorescence spectrometer (XRF, Rigaku). The particle size distributions of
iron phosphate precipitation were measured using a laser particle size meter (Type3000)
(Malvern, UK) [26-31].

The purity of the iron phosphate was calculated using the following formula:

m
0 = —P2E0)  100% ©)

3. Results and Discussion
3.1. Impurity Removal Experiment in the Reduced State
3.1.1. Thermodynamic Analysis of Impurity Removal via Pre-Precipitation

The solubility product constants of the possible precipitates in the reaction system
are listed in Table 2, and the chemical equations, reaction constant data table, and the
expansion formulae used in the system are listed in Table 3. Similarly, the following
equations were obtained [32-36]:

[Ferr] = [Fe?*] + [FeOH*] + [Fe(OH),] + [Fe(OH)3 ] + [Fe(OH)42~ | = [Fe**] + 10°2°[Fe**]OH ]

+ 10°77[Fe2+][OH~ |2+ 10967 [Fe2* [[OH ] + 10858 [Fe2+][OH J* )
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[P]=Cr = [PO4>"] + [HPO4> ] + [HyPO4 ] + [H3PO4] = [PO4> ] + 10 [H*][PO4*" ] 3
+1072[H*][HPO4>~1/10"-[H*][PO4>~] + 1094 [H*][H,PO, ~1/10* - [H* P[PO4> "] ®)

[S] = [8042_]+[HSO4_] + [HpSO4]+[FeSO4*] + 2[Fe(SO4), ] = [8042_] + 101'93[H+][SO42_] 9
+ 107 L7[H*][SO42 7] + 10203 [Fe3*[SO42 7] + 2 x 10*%[Fe**][SO4>~ 2 ©)

Table 2. Solubility products of precipitates that may appear in the reaction system (298.15 K).

Substance State Solubility Product Constant
Fe3(POy),-H,O solid Ksp =9.94 x 10-%°
Mnj3(POy), nHy,O solid Ksp = 6.13 x 10732
AlPO,-1.5H,0 solid Ksp =3.5 x 1072
Mg3(POy),-8H,0 solid Ksp = 6.31 x 1072°
Fe3(POy)» solid Ksp =1.3 x 1072
Caz(POy), solid Ksp=2 x 10=%
Fe(OH); solid Ksp =2.79 x 107
Mn(OH), solid Ksp=1.9 x 10713
Al(OH); solid Ksp=1.3 x 1073
Mg(OH), solid Ksp =5.61 x 10712
Ca(OH), solid Ksp =5.5 x 107°

Table 3. Chemical equations and their expanded forms in the system.

Equilibrium Reactions Equilibrium Constants (IgK) Mathematical Relationships
Fe3* + OH~ = FeOHZ* 11.87 [FeOH2*1=10187[Fe3*][OH ]
Fe3* + 20H™~ = Fe(OH),* 21.17 [Fe(OH),*] = 102117[Fe3+][OH~ 2
Fe3*+ 30H~ = Fe(OH)3 29.67 [Fe(OH)3] = 102247 [Fe3+][OH
Fe3* + SO42~ = Fe(SO,)* 2.03 [Fe(SO4)*] = 10203[Fe3+][S042~]
Fe3* + 250,42~ = Fe(SO4)y~ 2.98 [Fe(SO4), ] = 10298[Fe3+][SO42 |2
Fe(OH); = Fe3* +30H —38.55 [FeZ*][OH 3 = 1073855
FePO, = Fe3* + PO43~ -23 [FeZ*][PO43~]1=10"23

For the orthophosphate of Mx(POy)y, the relationship between [Fe?*] and pH is
as follows:

Ig[Fe®"]=—5.63 + 0.51g(1 + 4.8 x 10?1 73PH 13,6 x 101972PH 1 2.3 x 10127 PH) (10)
For the hydroxides of Fe(OH),, the relationship between [Fe?*] and pHis as follows:
Ig[Fe?"] = 11.69 — 2pH

The above two formulas represent the relationship between the molar concentration of
the dissolution equilibrium ion and the pH change in Fe3(PO4);and Fe(OH),, respectively.
In the same way, the equilibrium system curve of the molar concentration and the pH
values of Mn?*, Mg2+, Ca?*, AI3*, Fe?* and other metal ions can be obtained, as shown
in Figure 2.

The above two formulas represent the relationship between the equilibrium ion con-
centration (mol/L) of Fe3(PO4); and Fe(OH), in terms of dissolution and pH change,
respectively. This indicates that both dissolution and precipitation equilibrium processes
change with changes in the pH value and can be used to analyze the precipitation order of
various ions in the solution. Similarly, the relationship between the concentration of various
metal ions such as Mn?Z*, Mg2+, Ca?*, AI**, and Fe?* and pH changes can be obtained. The
precipitation equilibrium system curve of metal (M"*) ion phosphate and hydroxide is
shown in Figure 2.
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1g (M™)

_14 L 1 ! 1 1 1 ! ! 1 1 ! L 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

PH Value

Figure 2. The relationship between 1g(M"*) and pH.

According to Figure 2, the precipitation order of orthophosphate is as follows:
AIPO4'1.5H20, Mg3(PO4) 2'8H20, Cag(PO4)2, Mng(PO4)2' DHQO, and Feg(PO4)2. Further-
more, the precipitation order of hydroxide is as follows: Al(OH);, Fe(OH),;, Mn(OH),,
Mg(OH),, and Ca(OH),. From this, it can be inferred that when the concentration of each
target element ion in the reactant is determined, the initial pH value of each orthophosphate
and hydroxide at the beginning of precipitation can be obtained; that is, by adjusting the
pH value, the selective precipitation of each impurity element can be achieved.

The pH values of the critical precipitation of orthophosphate and hydroxide during
the reaction process of each ion in this system are shown in Table 4.

Table 4. Critical pH of precipitation of each phosphate and hydroxide in the precipitation reaction system.

Metal Ion Mn?t  Mg?** Ca**  Fe** A%t

Ig[M™] 0.33 070 —0.64 158 0.18
Initial precipitation pH of orthophosphate 3.07 1.45 3.4 41 <0
Initial precipitation pH of hydroxide 7.31 8.04 11.7 5.05 3.0

From Table 4, it can be seen that when pH > 0, in the strongly acidic reaction system,
AR in the solution already begins to combine with phosphate ions in the solution to
induce AIPO;, precipitation. At the same time, when the reaction system is in the range of
1.45 < pH < 4, the orthophosphates of Mn?*, Mg?*, and Ca®* also begin to precipitate. A
small amount of A1P04 15H20, Mg3(PO4)2'8H20, Cag(PO4)2, Mn3(PO4)2-1’1H20, and Fe3
(POy); are gradually generated in acidic solutions.

According to the above discussion, the content of AP*, Mn?*, Mg2+, and Ca?* in the
reaction system can be adjusted by adjusting the pH during the pre-precipitation process.
In the first step, these impurity ions should be settled as much as possible; then, Fe?*
should be oxidized to Fe®*; and, finally, the pH should be adjusted to the best value for
one-step precipitation so as to obtain iron phosphate with higher purity in the next step of
the precipitation process.

3.1.2. Impurity Removal Experiment

The iron in titanium dioxide waste acid is mainly in the form of ferrous iron. The pH
value is adjusted by adding ammonia water, and a phosphoric acid solution with a molar
ratio of impurities such as aluminum, magnesium, vanadium, calcium, and manganese is
added to it. The temperature is set at 30 °C, the stirring speed is set at 350 r/min, and the
reaction time is 20 min.

The XRD pattern of the sample obtained from the initial pre-precipitation is shown in
Figure 3. From the figure, it can be seen that when the pH = 2.77, the main precipitation
component is AIPO,; when the pH = 3.18, a small portion of Fe precipitates, with AIPO,
and Alp g7Fe( 33P0y as the main components; when the pH = 4, the principal components
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are basically the same as when the pH = 3.18; and when the pH value of the reaction
system solution increases to 5, the precipitation components are Fe;PO7, FePO,, Mn, P07,
Fe(POs3)3, and Al(PO3)s, indicating that at this pH, the orthophosphates (metaphosphates)
formed by other impurity ions in the solution and some hydroxides gradually begin to
precipitate, which provides favorable conditions for the next step of oxidative precipitation
to prepare iron phosphate precursors.

1-AIPO 4 4-FePO,
2-Aly ¢7Fe 33P0, 5-MnyP,0;
3-Fe;PO, 6-(Fe,AD(PO5)5
6 4 5 4
5
4 1 36 4 |
= 316351313 16 PES
E
= 2
22 2 pli=4
S
S 12
12 1 1} 111 pH=3.18
1
1l pH=2.77
1 s 1 L | L 1 L 1 L 1 1 L

0 20 30 40 50 60 70 80 90
200

1

Figure 3. The XRD pattern of the sample obtained from the initial pre-precipitation.

3.2. Study on the Preparation of Iron Phosphate in Oxidized State
3.2.1. The Effect of Temperature on the Product FePOy

The experimental conditions for the impurity removal process were as follows: in a
reduced state, a phosphoric acid solution with an equal molar ratio of the impurity elements
aluminum, magnesium, vanadium, calcium, and manganese was added; the pH was set to
3.0, the stirring speed was set to 350 r/min, and the reaction time was set to 20 min; and
the effects of impurity removal temperatures of 30 °C, 45 °C, 60 °C, and 75 °C on the final
preparation process of iron phosphate were investigated. The experimental conditions for
preparing FePO,4 under oxidation conditions were listed in the second experimental section.

The XRD spectra of the samples prepared under different temperatures are shown in
Figure 4. In Figure 4a, as the pre-precipitation reaction temperature increases, there is no
significant change in the peak strength and peak structure of the final sample, and the main
component is iron phosphate. No phosphate precipitation of other impurity metals was
found. It can be seen that within this temperature range, the first step of pre-precipitation
has a good removal effect on the other impurities.

(a) 100.0 e 1.00

. 1-FePO, 99.8 Lsae
9.6 E Purity of iron phosphate/% o

i 11 1 1 T=75°C g F0.90
— 3
= 2 99.4 =
3 i z o E
£ 1 ] ) % 9.2 0.85 ¢
b 111 1 1 1 T=60°C =
5 A Adade A S s 2
g = 99.0 F0.80 5
= © Lol
£ 1 Z 988 M) E
Z 08,84
1 °© | - @ T F0.75 3
H 111 1 1 T=45°C z ] L s
Ahansif 64 | @
z F0.70
1 98.44
1 L .
H 1r 1 1 T=30°C 98.2 1 -0
1 1 1  § 1 1 1 98 0 0 60
l 2 4 . T T T T .
0 0 30 0 50 60 70 80 90 i i o 78
20(°) Reaction temperature/°C

Figure 4. XRD pattern and purity of FePOj, at different reaction temperatures. ((a) XRD pattern;
(b) purity of FePOy).
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Intensity(a.u.)

The purity of the samples under different temperature systems is shown in Figure 4b,
which shows that the purity and the Fe/P molar ratio of the samples increase with the
increase in the reaction temperature. As the pre-precipitation temperature increases, the
purity of iron phosphate increases from 98.74% at 30 °C to 99.50% at 75 °C. At the same
time, the Fe/P molar ratio of the product increases from 0.72 at 30 °C to 0.87 at 75 °C. From
these findings, it can be seen that increasing the temperature is beneficial for the removal
of other impurities in titanium dioxide waste acid and for improving the purity and Fe/P
molar ratio of the iron phosphate produced.

3.2.2. The Effect of Seed Crystals on the Product FePO4

The experimental conditions for the impurity removal process are as follows: in a
reduced state, a phosphoric acid solution with an equal molar ratio of the impurity elements
aluminum, magnesium, vanadium, calcium, and manganese was added; the pH was set
to 3.0, the stirring speed was set to 350 r/min, the reaction time was set to 20 min, and
the temperature was set to 60 °C; and the effects of seed crystals of 0.5 g of FePO4/50 mL
and those of 1.0 g, 1.5 g, and 2.0 g on the final preparation process of iron phosphate were
investigated. The experimental conditions for preparing FePO, under oxidation conditions
were listed in the second experimental section.

The XRD spectra of FePO,4 under different crystal seed addition amounts are shown
in Figure 5a. As the number of crystal seeds added increases, the peak strength and peak
structure of the final samples do not show significant changes, and the main component is
iron phosphate. No phosphate precipitation of other impurity metals was found.

(a)

100.0 1.5

1- FePO, (b)
1 B8 |:| Purity of iron phosphate/% L4
| i 110 1 1 Mg p0s=2.0 g 9.6
A ) - A M 2
E 99. 4 1.3 %
2 =
1 = | =
I TR B T T Mepo,~15g) £ F1.2
e | T | TN = 2
£.99.0 =
= /. e
£ L — FlLl g
i 111 1] 1 Mpepo,=1.0 g S8 .,_/#. Z
1 . A A } N FePO4 = ] ./——-’—’—’—1# =
£98.6 Lo
5
1 A 98.4
L 1 My poy=0.5 0.9
I 1l I i Fepos—-> € 98.2
1 1 1 1
20 40 60 80 98.0 T T : . 0.8
0.5 1.0 1.5 2.0
20(°) Seed addition /g

Figure 5. XRD pattern and purity of FePOj, at different seed addition. ((a) XRD pattern; (b) purity
of FePO4).

The purity and Fe/P molar ratio changes of the samples under different crystal seed
addition amounts are shown in Figure 5b. With the increase in seed addition, the purity of
the sample remained almost unchanged (99.30~99.37%), and the Fe/P molar ratio slightly
increased from 1.02 to 1.17. This is consistent with the XRD results shown in Figure 5a; that
is, the number of crystal seeds added within this range has almost no effect on the phase,
purity, and Fe/P molar ratio in the iron(III) phosphate precipitation process.

3.2.3. The Effect of pH on the Produced FePOy

The experimental conditions for the impurity removal process are as follows: in a
reduced state, a phosphoric acid solution with an equal molar ratio of the impurity elements
aluminum, magnesium, vanadium, calcium, and manganese was added; the pH was set to
3.0, the stirring speed was set to 350 r/min, the reaction time was set to 20 min, and the
temperature was set to 60 °C; and the effects of the pH values of 3.0, 3.5, 4.0, 4.5, and 5.0
on the final preparation process of iron phosphate were investigated. The experimental
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conditions for preparing FePO, under oxidation conditions were listed in the second
experimental section.

The XRD spectra of the samples prepared under different pH conditions are shown
in Figure 6a. Phase analysis showed that the main component was FePO,, and the crystal
form of the sample was hexagonal. In the pH range (3.0-4.5) investigated, the position of
the generated XRD characteristic peak of Iron(III) phosphate basically remained unchanged,
but the intensity of the characteristic peak increased with the increase in pH (3.0-3.5). As the
pH value (3.5-5.0) was progressively increased, the characteristic peak intensity decreased.
When the pH was too high, the peak strength of the sample showed signs of weakening, so
the pH of the reaction system should not be too high.

@) 100.0 T 1.20
1-FePO, 99.54 [ Purity of iron phosphate/% L1
1 F1.10
1 1 pH=5 99.0 4
A S 1 F 1.05
1 2 9657 oo 3
—_ I I 1 1 1 pH=4.5 2 ] ol =
] A ” 2 98.04 |l le—1 @ Lo.95 ©
< £ ] | @ 2
z - ] ; : e S 97.54 | @ F0.90 F
2 1 % L 1 pH= £ ] E
£ £ 4704 r0.85 3
= 1 K 1 ® | os0=
! ! 1 1ol pH=3.5 £ 9657
A PO ~ : z 1 F0.75
&~ 96.0
l 1 ] F0.70
1 |. 1 1 1 pH=3 95. 5 0. 65
1 1 1 1 1 1 1 §ili 1 o
9 ¢ T T T T T T T ;
10 20 30 40 50 60 70 80 90 3.0 25 4.0 45 5.0
20(°) pH value

Figure 6. XRD pattern and purity of FePOy at different pH. ((a) XRD pattern; (b) purity of FePOy).

The purity and Fe/P molar ratio of the samples prepared at different pH values of the
solution are shown in Figure 6b. As the pH value increased from 3.0 to 4.5, the purity of
the sample increased from 98.27% to 99.48%, and the Fe/P ratio of the sample increased
from 0.90 to 0.95. As the pH value continued to increase to 5.0, the sample purity and Fe/P
ratio decreased to 98.36% and 0.80, respectively, which is a finding that is consistent with
the thermodynamic analysis results and XRD results. That is to say, as the pH increases
from 3.0 to 4.5, the phase strength, purity, and Fe/P ratio of the precipitate correspondingly
increase. When continuing to increase the pH to 5.0, these values will actually decrease.

3.2.4. The Effect of P/M on the Product FePOy,

The experimental conditions for the impurity removal process are as follows: in a
reduced state, a phosphoric acid solution with an equal molar ratio of the impurity elements
aluminum, magnesium, vanadium, calcium, and manganese was added; the pH was set to
3.0, the stirring speed was set to 350 r/min, the reaction time was set to 20 min, and the
temperature was set to 60 °C; and the effects of P/M 1.0, 1.1, 1.1, 1.2, 1.3, and 1.4 on the final
preparation process of iron phosphate were investigated. The experimental conditions for
preparing FePO, under oxidation conditions were listed in the second experimental section.

The XRD spectra of the samples prepared under different H;PO,/M"" molar ratios
are shown in Figure 7a. With the increase in the H3PO4/M™" molar ratio in the first step of
the pre-precipitation system, the peak structure of the prepared samples did not change
significantly, and the peak intensity weakened accordingly, with the main component being
hexagonal FePOy.
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Figure 7. XRD pattern and purity of FePOy at different molar ratio of H3PO,/M"™*. ((a) XRD pattern;
(b) purity of FePOy).

The purity and Fe/P molar ratios of the samples prepared under different molar ratios
of H3PO,/M™" are shown in the Figure 7b. As the molar ratio of H3PO,/M"™" increases
from 1.0 to 1.1, the purity of the sample increases from 99.54% to 99.90%, and the Fe/P
molar ratio of the sample increases from 0.93 to 0.94. As the molar ratio of H3PO,/M"*
continues to increase to 1.4, the sample purity and Fe/P ratio decrease to 99.11% and 0.90,
respectively. It can be concluded that a molar ratio of 1.1 is more suitable for H3PO,/M"™*.
The purity and Fe/P molar ratio of the sample is consistent with the XRD results. That is to
say, as the P/M molar ratio increases from 1.0 to 1.1, the phase strength, purity, and Fe/P
ratio of the precipitate correspondingly increase. When continuing to increase the P/M
molar ratio to 1.4, these values will actually decrease.

3.3. TG-DSC Analysis and Chemical Composition Analysis of Iron Phosphate

The TG-DSC curve of the sample is shown in Figure 8, and by converting the weight
loss rate, x = 2.095 in FePOy4-x HyO was obtained. Excluding errors, the type of iron
phosphate prepared in the experiment was FePO,4-2H,O.
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Q
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80 |
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Figure 8. TG-DSC curve of FePOy.

The indicators of the comparison between the prepared iron phosphate and product
standards are shown in Table 5; most of the indicators of the prepared iron phosphate meet
the product standards, but there are still some indicators that have a small gap with respect
to the product standards.
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Table 5. Comparison of indicators between prepared iron phosphate and product standards.

o Fe/P Cu/ D50,
Component/wt.% Fe P Ratio H,O0 Ca Mg Na/K Zn/Ni Sulfate m
Experiment products 28.24 17.52 0.89 19.38 0 0.024 / / 0.0065 16.81

Technical indicators (standards)

29.0~30.0 16.2~17.2 097~1.02 19.0~21.0 <0.005 <0.005 <0.01 <0.005 <0.01 2~6

References

4. Conclusions

Our research team proposed a new technique consisting of step extraction and the
comprehensive utilization of titanium dioxide waste acid. In this paper, the thermody-
namics of selective precipitation and the preparation of doped iron phosphate from waste
acid were studied. The thermodynamics of impurity removal via pre-precipitation and the
effects of reaction temperature, the addition of seed crystals, pH value, and P/M on the
precipitation process were investigated in detail. The findings are as follows:

(1) The effect of reaction temperature, seed crystals, pH value, and P/M on the precipita-
tion process were investigated in detail. The experimental results show that in the
reduced state, the optimal precipitation condition is a temperature of 75 °C, an initial
pH value of 4.5, and an optimal P/M molar ratio of 1.1.

(2) The thermodynamics results show that the content of APt Mn?2*, Mg2+, and Ca2* in
the reaction system can be adjusted by adjusting the pH during the pre-precipitation
process. In the first step, these impurity ions should be settled as much as possible;
then, Fe?* should be oxidized to Fe>* so as to obtain iron phosphate with higher purity
in the next step of the precipitation process.

(3) In the oxidized state, the following ideal conditions were determined: a temperature
of 60 °C, a solution pH = 2.5, and a reaction time of 25 min. After calcination, the
precipitate mainly consisted of iron phosphate, which basically meets the requirements
of an iron phosphate precursor.
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