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AbstractThe recovery of iron phosphate involves the addition of oxidizer to oxidize Fe2+ in the spent LiFePO4 (LFP)
material to Fe3+ and the agent commonly used is hydrogen peroxide (H2O2). Nevertheless, H2O2 has disadvantages of
high price, easy decomposition and low utilization efficiency. In this manuscript, a facile method is proposed for effi-
cient synergistic oxidation of Fe2+ in spent LFP leachate with a mixture of oxygen and ozone. Specifically, we found by
thermodynamic computations that the dominant oxidation groups of ozone during oxidation varied with acidity. The
oxidation would produce a large number of iron-phosphate complex groups (Fe3H6(PO4)4

3+, FeH8(PO4)4
 and Fe2HPO4

4+)
in the phosphorus-sulfur mixed acid system, leading to a paradoxical pH drop. The optimized conditions for H2O2 oxi-
dation were explored. It was determined experimentally that oxidation by gas mixture and O2 belonged to the first-
order and second-order reactions with activation energies of 28.68 kJ/mol and 34.61 kJ/mol, respectively, which were
both controlled by a mixture of chemical reaction and diffusion. The optimized oxidation method was finally deter-
mined by evaluating the cost and oxidation rate of the oxidizers. The results in this study offer a promising method for
new low-cost and efficient Fe2+ oxidation for industrial production.
Keywords: Synergistic Oxidation, Mixed Acid System, Ozone, Oxygen, LiFePO4 Leachate

INTRODUCTION

Since lithium iron phosphate (LiFePO4, abbreviated as LFP) bat-
teries were developed, they have received much attention for their
high safety, low cost and long service life [1,2]. A number of poli-
cies have been released in China since 2009 to promote the devel-
opment of new energy vehicle industry [3,4]; the number of vehicles
with LFP power batteries as energy source has been increasing
annually, from less than 5,000 in 2011 to 750,000 in 2017 [5]. After
5-8 years of service, there are nearly 700,000 tons of end-of-life LFP
power batteries in the market, which urgently demand for safe dis-
posal [6].

At present, it is believed that the optimum method for recycling
is to scrap the spent batteries and then sort them by category [7];
the cathode, anode, separator, shell, electrolyte and other parts can
be obtained individually [8]. In particular, the value of cathode pow-
der can account for more than 33% of the whole battery, which is
the chief target in the recycling process. For the spent LFP cathode
powder, recycling can be roughly classified into physical rehabilita-
tion [9] and chemical hydrometallurgical methods [10,11] based on
the different treatment patterns. Physical method involves directed
supplementation of the Li/Fe/P source into the spent LFP mate-

rial, with subsequent ball milling and roasting essential. The elec-
trochemical performance of the rehabilitated LFP powder can reach
about 90% of that of commercial grade LFP powder, which is a
significant improvement. Nevertheless, the rehabilitation process does
not have the capacity to remove impurities and a relatively high purity
of the raw material is required, which makes it narrowly applicable.
In contrast, chemical hydrometallurgical methods do not require
high purity of raw materials, as they involve leaching the spent LFP
cathode powder with acid to obtain the solution containing Li+,
Fe2+ and PO4

3, adding oxidant to completely oxidize Fe2+ to Fe3+,
then preparing FePO4 by neutralization/hydrothermal method, finally
recycling Li with carbonate [12].

Moreover, besides LFP, there are other scrapped high-efficiency
energy storage electrode materials [13-16], especially Li and post Li
ion battery [17,18] electrode materials [3,4,7] such as LiCoO2 [19],
LiNi0.5Co0.2Mn0.3O2 [20], etc., can also be selectively extracted by
hydrometallurgy [21,22] for Li element. Mechanically, it oxidizes Fe,
Co, Ni and other variable elements while leaching the raw mate-
rial in low concentration acid, forming acid-insoluble solids, dis-
torting the original crystal lattice and de-embedding Li+ into the
solution.

The hydrometallurgical process includes leaching, separation,
crystallization and other purification operations, which can effec-
tively deal with various materials containing impurities with high
overall utilization efficiency and is therefore considered a promis-
ing method for recycling spent LFP powder.
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At present, there are extensive studies on hydrometallurgical recov-
ery processes for spent LFP cathode materials in the literature [23,
24]. The oxidation of leachate from spent LFP cathodes is gener-
ally performed with H2O2, which is characterized by fast reaction
speed, non-polluting products and no introduction of any impuri-
ties. For practical applications, H2O2 is inevitably consumed during
storage and transport due to its easily decomposable properties.
Furthermore, the Fenton reaction caused by the addition of H2O2

can generate large amounts of Fe3+ rapidly, which in turn promotes
the decomposition of H2O2, resulting in low utilization (60%-80%)
[25] and high oxidation costs, and the industrial recovery of spent
LFP cathode material by hydrometallurgy is impeded to some extent.
Consequently, there is an urgent demand to establish a new low-
cost and efficient oxidation method for Fe2+ in spent LFP leachate.

Industry-wide oxidants that do not introduce impurities, besides
H2O2, are O2, O3 and their complexes, including O3/Persulfate (PMS/
PS) [26], O3/UV photocatalytic [27], O3/H2O2 [28], O3/Fenton [29],
O3/Ultrasound (US) [30], O3/electrochemistry [31], O3/hydroxyl-
amine (HA) [32], O3/peroxynitrite [33], etc. Since O2 in the ground
state is a paramagnetic molecule in the trilinear state [34,35], which
is relatively inert, the industrial application is mainly as a raw material
for synthesis. Kawabata et al. [36] used benzaldehyde/sec-ol as the
sacrificial agent and the peroxybenzoic acid was generated by O2

oxidation of benzaldehyde in situ, which could be oxidized ketone
into lactone compounds. Generally, some catalysts [36-39] of Fe2O3,
Cu-MCM-41, hydrotalcite, (NH4)2Ce(NO3)6, etc. are introduced into
the process to convert O2 into O-containing active species to accel-
erate the reaction. Zhang et al. [40] prepared covalent triazine frame-
works and investigated their reactions of catalyzing alcohol oxidation
to aldehydes under O2 conditions. It was found that, under light
conditions or UV light irradiation [41], photogenerated electrons
activated O2 to O2

· with 1O2, and O2
· combined with H atoms

(benzyl alcohol) further converting to ·OOH, thereby facilitating
the reaction. In comparison, O3 has extremely strong oxidizing prop-
erties, with a redox potential of 2.07 V, which is only lower than
that of fluorine atoms, oxygen atoms and hydroxyl radicals (EOH·=
2.8 V). It offers a much larger field of application [42], including
oxidative synergistic leaching [43], oxidative disposal of solid waste
[44] and decomposing the organic matter in wastewater [45], which
is by far its most widespread aspect. Due to the high environmen-
tal impact on the solubility and stability of O3 in water, there are
difficulties of degrading persistent organics such as polycyclic aro-
matic hydrocarbons (PAHs) by O3 molecules alone; it is often used
along with catalysts. Bourgin et al. [46] determined that 12 micro-
pollutants had an average removal efficiency of more than 80% and
550 substances had an average removal efficiency of more than
79% when O3 was applied at 0.55 mg O3/mg DOC. Jia et al. [47]
observed that organics with molecular weights of 5-6 kDa and 1-
3 kDa were significantly removed with the increase of ozone con-
tact time and the removal efficiency was more than 50%. In fact,
the results of O3 treatment for COD in wastewater are closely related
to factors such O3 dosage and reaction time, while temperature and
pH have minor effects on the treatment results.

For the Fe2+ oxidation in LFP solution, Tang et al. [48] attempted
to oxidize Fe2+ in solution with air or O2, the reaction temperature
was up to 90-95 oC with high energy consumption and no detailed

analysis was performed for the oxidation process. Wang et al. [49]
simulated the leaching of spent LFP material with H3PO4 and
used microbubble technology to strengthen oxidation. They found
that the complete oxidation of Fe2+ could be achieved at these con-
ditions: a temperature of 90 oC, a H3PO4 concentration of 30 wt%
and a reaction time of 90 min with a 0.22m titanium aeration
head; they confirmed that the reactive oxygen species (OH·) gen-
erated at the moment of microbubble bursting was the reason for
the high oxidation activity of the system. In fact, H2SO4 is recog-
nized as a reasonable industrial leaching agent in the recovery pro-
cess for the low price, high acidity and low impact on the equipment,
but the oxidation behavior of Fe2+ in phosphorus-sulfur mixed acid
systems is rarely reported and the changes in ionic groups and sys-
tem parameters during oxidation are often ignored, which may
lead in turn to a modification of the whole LFP recovery process.
Moreover, most of the current studies set the oxidation temperature
over 90 oC, which is unfavorable for the actual green and environ-
mentally friendly industrial recycling of spent LFP materials.

Therefore, in this manuscript a facile method for efficient syn-
ergistic oxidation of Fe2+ in phosphorus-sulfur mixed acid system
with a mixture of O2 and O3 is proposed. The reactions of Fe2+ oxi-
dation by H2O2, O2 and O3 were previously investigated, the oxida-
tion pathways and mechanisms of the three oxidants in solution
were reviewed and compared, and the complexation groups of Fe3+

and phosphoric acid during the oxidation process were computa-
tionally analyzed to theoretically determine the changes of pH value
of the solution after the reaction. The oxidation effects and reac-
tion kinetics of H2O2, O2 and gas mixture (O2 and O3) were com-
pared to determine the appropriate oxidation method from economy
and timeliness.

EXPERIMENTS

1. Raw Materials and Reagents
The leachate to be oxidized in the experiment was leached from

spent LFP powder with H2SO4 aqueous solution. There was 56 g/L
iron (divalent) and 31 g/L phosphorus in the solution with pH 1.62.

The water used in the experiments was deionized water (Resis-
tivity 18.2 M·cm), which was purified by a Millipore purifica-
tion system. Sodium diphenylamine sulfonate (97.00%), K2Cr2O7

(99.95%), FeSO4·7H2O (99.95%), H2O2 (30.0%) and H2SO4

(98.00%) purchased from Aladdin Reagent Co., Ltd. were of ana-
lytical purity. High purity oxygen (99.995% purity) from HuanYu
JingHui Co., Ltd. was used in oxidations.
2. Oxidation Process Description

For unified standards, the pH of all the solutions was adjusted
to 1.30 with H2SO4 before oxidation, and the volume used was
always 0.5 L.

The solution was put into a 1 L beaker. The beaker was placed
in a water bath, which was a confined environment for recoverable
gases. When the inner temperature reached the set temperature,
the oxidants were added.

When the oxidant was H2O2, a peristaltic pump was used to adjust
the adding rate and the oxidant was O2/O3; the gas tube with an
aeration head was inserted into the bottom of the solution and the
gas flow rate was adjusted with a gas flow meter. The effects of vari-
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ous factors and reaction kinetics on oxidation of solution were
explored, including initial pH, temperature, oxidant adding rate.
Note that the O3 in the laboratory was prepared by an ozone gen-
erator (AYOY-5P2A, Beijing 322 Technology Co.) with a conver-
sion efficiency of 10%, i.e., the gas produced contained 90% O2

and 10% O3, of which oxidation experimental device is shown in
Fig. 1.

It should be highlighted that when different environmental sys-
tems were experimentally compared for oxidation effects, the experi-
mental process was repeated through three times to confirm the
reliability and reproducibility of the results, and the data were aver-
aged for analysis.
3. Analysis Methods

For calculating the oxidation efficiency, the formula is given as
follows:

where Xi is the oxidation efficiency at some time, V0 and Vi are the
volume of the initial solution and the solution at some time, respec-
tively. Ci and Ci0 are the content of ferrous iron at initial moment
and some moment in the reaction.

Analysis content of ferrous iron: 0.001 L oxidized solution was
taken into a 0.1 L Erlenmeyer flask, adding 0.02 L thiophosphorus
mixed acid (volume ratio of 98% H2SO4 : 85% H3PO4 : H2O=1.5 :
1.5 : 7) and 4 drops of sodium diphenylamine sulfonate indicator
(5 g/L); the mixture was evenly mixed. K2Cr2O7 standard titration
solution (0.0500 mol/L) was used to titrate until the color of the
solution was purple. It could be considered that the titration end
point had been reached when the purple lasted for more than 30 s.
Calculation formula is as follows:

where CFe2+ is content of ferrous iron g/L, C is actual concentration
of K2Cr2O7 standard titration solution mol/L, V and V0 are vol-
umes of K2Cr2O7 standard titration solution consumed by titrat-
ing the oxidized solution and the blank solution L, 55.85 is molar
mass of iron g/mol, 0.001 is volume of oxidized solution for test-
ing L.

The concentration of elements in the solution was analyzed by
inductively coupled plasma atomic emission spectrometry (Optima
5300DV, USA). Solution acidity was measured by a pH meter
(FE28, Switzerland).

RESULTS AND DISCUSSION

1. Calculation of rGo and rHo in the Oxidation Process
Eq. (1)-Eq. (3) are the reaction equations of H2O2, O2 and O3

involved in the oxidation process. Curves of rHo, rGo with tem-
perature are illustrated in Fig. 2(a) and 2(b). The results show that
the rHo are negative for all three and the variations are not signif-
icant in the range of 0-100 oC, which indicates that the oxidation
process is exothermic. If the reaction is carried out according to
the standard stoichiometry, the expected energy has the following
order: O3>O2>H2O2. The rGo are all negative and the value tends
to increase gradually with elevated temperature, demonstrating that
there are tendencies for the oxidation reaction to proceed sponta-
neously in all experimental temperatures.

H2O2+2H++2Fe2+=2Fe3++2H2O (1)

O2+4H++4Fe2+=4Fe3++2H2O (2)

Xi%  1 
Vi*Ci

V0*Ci0
----------------

 
 

 * 100%

CFe2+   C * 

V   V0 
0.001

------------------- * 55.85

Fig. 1. Ozone oxidation experimental device.

Fig. 2. The relationship between (a) rHo, (b) rGo and temperature
of Eq. (1)-(3).
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O3+6H++6Fe2+=6Fe3++3H2O (3)

2. The Oxidation Pathway at Different Acidity
The oxidation mechanism of the three oxidants mentioned is

similar, which is releasing the highly oxidative ionic/radical groups
during the reaction. The main oxidative groups include FeO2+ active
intermediates, OH· hydroxyl radicals, HO2· superoxide radicals and
O2

· peroxyl radicals [50,51].
During the oxidation of O2, various major oxidizing groups are

produced at a slow rate due to the limitation of gas activity, while
O3 in the experiment is generated by bombarding oxygen mole-
cules with electron beams, dissociating into atoms and combining
with other oxygen molecules, which is unstable and strongly oxi-
dizing. After feeding into the solution, dissolved O3 can rapidly
form FeO2+ with Fe2+, while causing a series of other chain reaction
processes, the specific reaction process is shown in supplementary
Table S1 (refer to online supplementary material) [52,53]. FeO2+/
O3

 intermediate is produced first. Then, by binding with H2O or
H+, OH·, HO2· and O2

· groups are subsequently generated to
advance the reaction rapidly. When H2O2 is added to the leachate,
H2O2 reacts with Fe2+ therein via the Fenton reaction, the main
mechanism is shown in supplementary Table S1 as reaction num-
ber 17. Fe2+ can be regarded as the catalyst of the reaction and its
concentration is proportional to the reaction rate; a large amount
of extremely oxidizing OH· is produced in the process, which is
the main oxidizing group.

In this subsection, the changes in the proportion of the contri-
bution of each major acting group to the O3 oxidation of Fe2+ are
used to analyze the process involved. As a simplified analysis, the

reactions of FeO2+, OH·, HO2· and O2
· directly applying to Fe2+ at

constant acidity are taken as the basis for the evaluation. From the
rate constants of each reaction in supplementary Table S1 (the inverse
reactions are neglected and the forward reaction rate constant is
chosen as the equilibrium constant), the concentration of each group
is determined, combining further with the coefficients that con-
tribute to the oxidation capacity, the proportion of each compo-
nent in the process is identified, which is illustrated in Fig. 3(a)-
(d). The results reveal that the oxidizing groups are mainly domi-
nated by FeO2+ when the acidity is high (CH+>0.10 mol/L) and the
proportion of their contribution became progressively larger as the
reaction proceeded. Since FeO2+ is primarily developed as an inter-
mediate through the direct combination of O3 and Fe2+, indicating
that the O3 oxidation process under high acidity is roughly based
on the production of FeO2+ first and then the reaction with Fe2+ to
obtain Fe3+. When the acidity decreases (CH+<0.01mol/L), it is domi-
nated by O2

·, the generation of which consumes OH and is inhib-
ited at high acidity.
3. Drop in pH of Mixed Acid System after Oxidation

To determine the effect of phosphate groups on the oxidation
process more intuitively, the following experiments were designed.
The oxidation effect of a single sulfuric acid system simulation solu-
tion (consisting of FeSO4·7H2O, Li2SO4, Al2(SO4)3, H2SO4 and H2O),
under the same oxidation conditions (H2O2 as oxidant, adding rate
1.5 mL/min, temperature 25 oC, stirring rate 400 rpm), was com-
pared with that of the phosphorus-sulfur mixed acid system and
the specific parameter differences between the two are listed in sup-
plementary Table S2.

As stated in the “Oxidation process description” section, this part

Fig. 3. The change of contribution rate of main oxidizing groups in the oxidation process under different constant CH+ ((a)-(d): 1.0 mol/L,
0.1 mol/L, 0.01 mol/L and 0.001 mol/L).
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of the experiment was performed in several replications and some
differences can be clearly identified. The comparison results are
illustrated in Fig. 4(a), which shows the oxidation efficiency of both
with different doses of H2O2 added. It can be clearly observed that
both of them have a rapid increase in oxidation efficiency with higher
amount, except that the oxidation efficiency of phosphorus-sulfur
mixed acid system is always about 8% higher than that of single
sulfuric acid system. Fig. 4(b) presents the changes of pH before
and after oxidation; the pH was 1.30 before oxidation, but after
oxidation, the pH of the single sulfuric acid system increased and
the pH of the phosphorus-sulfur mixed acid system decreased,
which is a very obvious contrasting trend.

The pH of the leach solution was in the range of 0 to 2 through-
out the experiment. According to the phosphate distribution equa-

Fig. 4. (a) Comparison of the oxidation effect of the leaching solution and the simulated solution at different H2O2 dosage (b) Comparison of
pH value before and after oxidation.

Fig. 5. Effects of various factors on oxidation efficiency and residual CFe2+ ((a)-(d): initial pH, multiple of theoretical consumption, tempera-
ture, H2O2 adding rate).

tion, the phosphorus-sulfur mixed acid system of the leach solution
before oxidation contains a large number (>90%) of phosphate mole-
cules [54]. The complexation of phosphate molecules is through
the coordination of metal ions by oxygen on the phosphate, which
is particularly suitable for coordination with high valent (above +3)
metal ions. After oxidation, significant amounts of trivalent iron
ions are rapidly produced in the system, which gradually complex
with phosphoric acid molecules. After the preliminary thermody-
namic calculations of our group [55], the main complexes are con-
sidered to be Fe3H6(PO4)4

3+, FeH8(PO4)4
 and Fe2HPO4

4+. For each
1 M of complex produced, the system releases 2 M, 4 M and 1 M
of H+, respectively, leading to a drop in pH after oxidation. On the
other hand, since the trivalent iron is complexed and the catalytic
decomposition of H2O2 is reduced, the presence of the phosphate
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group can facilitate the oxidation reaction to some extent.
4. Optimized Conditions for H2O2 Oxidation

The effect of initial pH on the oxidation efficiency and residual
CFe2+ is illustrated in Fig. 5(a). The specific experimental conditions
are: a H2O2 addition rate of 1.5 mL/min, a dosage of 1.0 times the
theoretical amount, a reaction time of 30 min and a temperature
of 20 oC. The initial pH ranges from 0.4 to 1.6, the oxidation effi-
ciency is stabilized at 82% and the residual CFe2+ is about 10 g/L.
The above results indicate that the initial CH+ in the solution has
no significant effect on the oxidation process.

The effect of H2O2 addition on the oxidation efficiency and resid-
ual CFe2+ is shown in Fig. 5(b). The experimental conditions are: a
H2O2 addition rate of 1.5 mL/min, a reaction temperature of 20 oC,
a reaction time of 30 min and an initial pH of 1.3. When the theo-
retical amount of H2O2 is added, the oxidation efficiency is about
83%. Increased to 1.25 times, the efficiency is over 99.9%. The oxi-
dation product Fe3+ is a good catalyst for the decomposition of H2O2,
leading to the waste of oxidant. Therefore, an excess amount of
H2O2 is required for complete oxidation.

The effect of temperature is plotted in Fig. 5(c). The experimen-
tal conditions are a H2O2 addition rate of 1.5 mL/min, 1.25 times
of the theoretical amount of H2O2, a reaction time of 30 min and
an initial pH of 1.3. The results reveal that the effect of tempera-
ture is not significant below 65 oC. The elevated temperature causes
the decomposition of H2O2 and a significant decrease in oxidation
efficiency can be noticed. Fig. 5(d) exhibits the effect of H2O2 addi-
tion rate on oxidation efficiency and residual CFe2+ (1.25 times the
theoretical amount of H2O2, a temperature of 40 oC, a reaction

time of 30 min and an initial pH 1.3). Similar to the effect of tem-
perature, the H2O2 addition rate has almost no effect until 6 mL/
min. When the rate is increased, the oxidation efficiency decreases
sharply. According to the aforementioned thermodynamic analy-
sis, the oxidation of Fe2+ by H2O2 is a massive exothermic reaction
and the rapid addition of H2O2 leads to high local temperature,
resulting in the decomposition of H2O2.

The optimized conditions for H2O2 oxidation are determined
through experiments: the amount of H2O2 is 1.25 times of the the-
oretical amount, the rate of H2O2 addition is lower than 6 mL/min
(corresponding to 500 mL leaching solution) and the oxidation tem-
perature is lower than 65 oC. The oxidation efficiency of Fe2+ can
reach more than 99.9% under this condition.
5. Kinetics of O2 Oxidation Process

According to the theory of chemical reaction rate equations, Eq.
(2) follows the law of mass action when the inverse reaction is not
considered. There is usually an empirical rate Eq. (4):

(4)

where rO2 is the reaction rate, a, b and c are the number of reaction
orders for Fe2+, O2 and H+, respectively, CFe2+ and CH+ are the instanta-
neous concentration of Fe2+ and H+, VO2 is the gas flow rate and k
the rate constant which is only temperature dependent.
6. Effect of Initial pH

To investigate the effect of the initial pH of O2 oxidation, the
specific experimental conditions are fixed at 60 oC, an O2 flow rate
of 1.2 L/min and a reaction time of 270 min. The effect of differ-

rO2
    

dCFe2+

dt
-------------    kCFe2+

a VO2

b CH+
c

Fig. 6. (a) The oxidation efficiency vs. time at different initial pH values, (b) The relationship between pH value and CH+ after oxidation at
different initial pH values, (c) The oxidation efficiency vs. reaction time at different temperatures, (d) The oxidation efficiency vs. reac-
tion time at different O2 flow rates.
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ent initial pH on the oxidation efficiency of Fe2+ by O2 and the effect
of pH and CH+ are shown in Fig. 6(a)-(b). According to Fig. 6(a),
the oxidation efficiency curves approximately overlap for different
initial pH conditions. As seen from Fig. 6(b), the different initial
pH of the system leads to a large difference in pH at the end of the
reaction, which undergoes a gas-liquid two-phase reaction, ioniza-
tion and recombination of phosphate groups, complexation of tri-
valent iron with phosphate groups and other complex reactions,
with different pH at any moment in the process. The difference of
CH+ generated during the reaction also gradually becomes larger as
the initial pH decreases. Combined with the above analysis, it can
be concluded that CH+ changes considerably during the reaction,
but there is little effect of CH+ on the oxidation of Fe2+.
7. Effect of Temperature

The relationship between oxidation efficiency and reaction time
at different temperatures is illustrated in Fig. 6(c). The specific experi-
mental conditions are: an initial pH of 1.3, an O2 flow rate of 1.2 L/
min and a reaction time of 270 min. The results indicate that the
oxidation efficiency increases gradually with time and the oxida-
tion rate at the early stage of the reaction is significantly higher than
that at the later stage. Meanwhile, the efficiency is positively cor-
related with the temperature. When the temperature reaches 80 oC,
the efficiency can be 91% after 270 min. However, in order to har-
monize the timeliness and economy of oxidation behavior, 60 oC is
recommended from the viewpoint of the overall process design.
8. Effect of O2 Flow Rate

Fig. 6(d) exhibits the evolution of Fe2+ oxidation efficiency with
time at different O2 flow rates (experimental conditions: an initial
pH of 1.3, a reaction time of 270 min and an oxidation tempera-

ture of 60 oC). The oxidation efficiency gradually improves with
time, and a faster flow rate results in a higher oxidation rate. The
oxidation efficiency is 77.6%, 79.5%, 80.8%, 82.3%, and 82.9% after
270 min at O2 flow rates of 0.05 L/min, 0.10 L/min, 0.20 L/min,
0.30L/min, and 1.20L/min, respectively. For the terminal outcome,
the efficiency increment is not apparent when it exceeds 0.2 L/min.
There may be a threshold for the velocity’s influence, which is related
to the O2 solubility in the solution.
9. Kinetic Analysis of O2 Oxidation

In fact, according to Eq. (4), there should be a certain functional
correspondence between rO2 and CFe2+. With data in Fig. 6(c) as the
original one, the rate equations for the CFe2+ reaction orders a of 1,
2, 3 and 4 are taken and fitted by least squares method, respec-
tively. The results show that the correlation coefficient of the curve
is above 0.99 when a is 2 (Fig. 7(a)), which is considered as the
appropriate reaction order. The results of fitting the kinetic data
for different flow rates are depicted in Fig. 7(b). The rate equation
should be changed to Eq. (5):

(5)

According to the data in section 3.5.1, it can be concluded that,
within the initial pH range of 1.1-1.7, CH+ has little effect on the
oxidation reaction, the order of which should be 0, i.e., c=0. The
Arrhenius plot of temperature and plot of ln K vs. ln (VO2) are fit-
ted in Fig. 7(c) and 7(d), respectively. It can be obtained that the
apparent activation energy is 34.61 kJ/mol and the reaction order
of O2 flow rate is 5.0. The results reveal that the O2 oxidation pro-
cess is controlled by a mixture of chemical reaction and diffusion,

1
CFe2+

----------  
1

C0
------

 
     kVO2

b CH+
c t

Fig. 7. Plots of (1/CFe2+-1/C0) versus reaction time at (a) different temperatures, (b) oxygen velocities; (c) Arrhenius plot for O2 oxidizing Fe2+

in solutions, (d) Plot of ln K vs. ln VO2.
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and the oxidation rate can be rapidly increased by elevating the
temperature of the reactants, increasing the internal mass transfer
rate of the reaction system or increasing the concentration of the
reactants. The oxidation kinetics equation of spent LFP leaching
solution by O2 is as follows:

(6)

10. Kinetics of O2 and O3 Mixture Synergistic Oxidation Process
Similar to the pure O2 oxidation process, a certain rate equation

exists for the oxidation process of the mixture of O2 and O3:

(7)

where r is the reaction rate, d, e and f are the number of reaction
orders for Fe2+, gas mixture and H+, respectively, Vgas-mixture is the gas
flow rate and k2 is the rate constant.
11. Macrokinetic Data

The effects of initial pH, temperature and gas flow rate are illus-
trated in Fig. 8(a), 8(c) and 8(d). The pH value before and after
oxidation at different initial pH values is shown in Fig. 8(b). The
oxidation conditions of the gas mixture are the same as those of
the single O2. The following conclusions could be obtained from
Fig. 8: (1) similarly, CH+ hardly exhibits an impact on oxidation effi-
ciency; (2) with the participation of 10% O3, the oxidation effi-
ciency can exceed 99.9% with a 120 min reaction at 60 oC, which
is much faster than 100% O2 oxidation process; (3) the effects of
flow rate on oxidation efficiency are similar to those of pure O2 oxi-
dation process.

12. Kinetic Analysis of Mixture Synergistic Oxidation
With 10% O3 in the gas mixture, the oxidation kinetic data at

different temperatures are fitted with an empirical equation, Eq. (7),
and it is found that the highest correlation coefficient is obtained
when the number of reaction order of CFe2+ is 1, as shown in Fig.
9(a). The result of fitting the kinetic data for different flow rates of
the gas mixture is depicted in Fig. 9(b).

The Arrhenius plot of temperature and plot of ln K vs. ln Vgasmixture

are fitted in Fig. 9(c)-9(d), respectively. The activation energy of
the gas mixture oxidation can be obtained as 28.68 kJ/mol, which
is lower than that of pure O2 oxidation. The number of reaction
order of gas mixture flow rate is 0.93. In fact, eliminating the oxi-
dation effect of 90% of the O2 in the gas mixture with Eq. (6), it can
be calculated that the oxidation activation energy of pure O3 is only
14.27 kJ/mol, which is essentially diffusion controlled, indicating
the actual great oxidation capacity of O3. The oxidation kinetics equa-
tion of spent LFP leaching solution by 90% O2+10% O3 is as follows:

(8)

13. Evaluation of the Oxidation Methods
For the determination of the optimal oxidation method, two

aspects are considered, cost and reaction rate, with oxidation of
1,000 L of solution containing 1 mol/L Fe2+ (equivalent to 56 kg
Fe2+) as the basis for calculation.

The oxidation costs of different oxidants are compared in Table
1. During the oxidation process, the actual utilization efficiency of
H2O2 is about 80%, since it is partly decomposed catalytically by
Fe2+. The gas oxidizer can be utilized in a gas recovery installation
and the solution can be oxidized cyclically. The oxidation efficiency

1
CFe2+

----------  
1

C0
------

 
     3.2 * 107

 *  34,610/RT exp  * VO2

5
 * t

r  
  dCFe2+

dt
-----------------   k2CFe2+

d Vgas-mixture
e CH+

f

C0/CFe2+     678.58*  28,677/RT *Vgas-mixture
0.93

*texpln

Fig. 8. The oxidation efficiency vs. time at different (a) initial pH values, (c) temperatures, (d) flow rates, (b) pH value before and after oxida-
tion at different initial pH values.
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can be considered to be approximately 100% within a fixed oxida-
tion interval. After comparison, the oxidation cost was found to be
in the following order: H2O2>gas mixture>O2, where the cost of

O2 is only 7.2% of that of H2O2.
The oxidation efficiency of different oxidants versus time is com-

pared in Fig. 10, the reaction temperature of which is 60 oC consis-
tently. When H2O2 is added into the solution for 10 min, the Fe2+

oxidation efficiency can reach 100%; with gas mixture oxidizing
the solution, the oxidation efficiency achieves 100% after 120 min;
the oxidation efficiency is only about 80% after 240 min with O2.
From the comparison, it is clear that the following relationship exists
between the magnitude of the oxidation rate: H2O2>gas mixture>
O2.

For the three oxidants mentioned in the text, H2O2 has a fast
oxidation rate, as well as a high cost; O2 has a low cost, but a slow
oxidation rate; a mixture of O2 and O3 costs only 11.7% of that of
H2O2, while its oxidation rate is much faster than that of O2. There-
fore, for the oxidation of LFP leaching solution, it is considered
that it is more advantageous to adopt a gas mixture of 10% O3 and
90% O2.

CONCLUSION

Mechanism and process optimization of Fe2+ oxidation in phos-

Fig. 9. Plots of ln(C0/CFe2+) versus reaction time at different (a) temperatures, (b) gas mixture flow rates; (c) Arrhenius plot for oxidizing Fe2+

in solutions (d) Plot of ln K vs. ln Vgas mixture.

Table 1. The comparison of oxidation cost of different oxidants
Oxidants Price/Yuan/ton Utilization efficiency Consumption Cost/Yuan
H2O2 1,550 080% 70.8 kg 109.8
O2 1,000 100% 5.6 m3 007.9
Gas mixture
(90%O2+10%O3)

1,618 100% 5.4 m3 012.9

Fig. 10. Oxidation efficiency vs. time of different oxidants.
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phorus-sulfur mixed acid system by H2O2, O2 and gas mixture
were analyzed in comparison. A facile method for efficient syner-
gistic oxidation with a gas mixture of 10% O3 and 90% O2 was deter-
mined. The main findings were summarized:

(1) The thermodynamic calculation of rGo and rHo results show
that all three oxidants have a tendency to oxidize spontaneously and
are exothermic.

(2) The main oxidation group of O3 oxidation process is affected
by the acidity, mainly FeO2+ at high acidity (CH+>0.10 mol/L) and
O2

· at low acidity (CH+<0.01 mol/L).
(3) After oxidation, a large number of trivalent iron ions com-

plex with the phosphate fraction in the system, mainly forming
Fe3H6(PO4)4

3+, FeH8(PO4)4
 and Fe2HPO4

4+, release large amounts
of hydrogen ions leading to the drop in pH of mixed acid system
after oxidation.

(4) The optimum conditions for H2O2 oxidation are that the
temperature65 oC, the rate of H2O2 addition6 mL/min and the
H2O2 dosage 1.25 times of the theoretical value. The initial pH of
0.4 to 1.4 has little effect. Finally, the oxidation efficiency can reach
99.6%.

(5) The oxidation of Fe2+ in leaching solution by gas mixture
and O2 belongs to the first-order and second-order reactions with
activation energies of 28.68 kJ/mol and 34.61 kJ/mol, respectively.
They are both controlled by a mixture of chemical reaction and
diffusion.

(6) The optimal oxidation method is determined by evaluating
both cost and reaction rate; a balance of economy and timeliness
can be achieved by employing cyclic oxidation with 10% O3 and
90% O2 as the oxidant.
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Table S1. Oxidation mechanism of O3

No. Reactions Reaction rate constant k
01 Fe2++O3=FeO2++O2 8.3×105 M1·s1

02 Fe2++FeO2++2H+=2Fe3++H2O 1.4×105 M1·s1

03 FeO2++H2O=Fe3++OH·+OH 1.3×102 M1·s1

04 FeO2++OH·=Fe3++HO2
 1.0×107 M1·s1

05 FeO2++H2O2=Fe3++HO2·+OH 1.0×104 M1·s1

06 FeO2++HO2·=Fe3++O2+OH 2.0×106 M1·s1

07 2FeO2+
(FeOOFe4+)+H2O2Fe3++OH+HO2



08 Fe2++O3=Fe3++O3
 1.7×105 M1·s1

09 O3
+H+=O2+OH· 7×1010 M1·s1

10 Fe2++OH·=Fe3++OH 3×108 M1·s1

11 O3+OH·=HO2+O2 1.1×108 M1·s1

12 O3+HO2=OH·+2O2 1.5×109 M1·s1

13 HO2·+H++Fe2+=H2O2+Fe3+ 1.2×106 M1·s1

14 O2
·+2H++Fe2+=H2O2+Fe3+ 1.0×107 M1·s1

15 HO2·+Fe3+=Fe2++O2+H+
104 M1·s1

16 O2
·+Fe3+=Fe2++O2 1.5×108 M1·s1

17 Fe2++H2O2=Fe3++OH·+OH 67 M1·s1

18 FeOH++H2O2=FeOH2++OH·+OH 3.8×105 M1·s1

19 O3+OH=O2
·+HO2· 70 M1·s1

20 O3+HO2·=HO·+2O2 1.6×109 M1·s1

Table S2. Composition comparison of leaching solution and simulated solution
Name Initial pH Li/g/L Fe/g/L Al/g/L P/g/L

Phosphorus-sulfur mixed acid system 1.30 7.04 56.10 1.43 28.07
A single sulfuric acid system 1.30 7.00 56.21 1.40 00.00


