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Abstract: In this paper, the key factors and the mechanism of the extraction of iron and manganese
from the sulfuric acid leaching solution of waste ternary lithium-ion batteries were studied by
combining P204 and N235 extractors. The experimental results showed that the optimal organic
phase composition was 25% P204 + 15% N235 + 60% sulfonated kerosene, and the optimal pH
of the pre-extraction solution was in the range of 3.0-3.5. Under the conditions of an extraction
temperature of 25-35 °C and an extraction ratio of O/A =1/1 and after mixing for 5 min, the removal
rate of Mn and Fe exceeded 99%. Under the same extraction conditions, the extraction effect of the
P204-N235 composite extractant on Mn and Fe was better than that of P204 alone. logD-log[P204]
showed that the formulas of the Mn and Fe extracts were MnR,(HR) and FeR,(HR), respectively. The
logD-pH diagram showed that only one free H* was released for each metal ion during extraction,
and extraction occurred via a cation exchange reaction.

Keywords: P204; N235; collaborative extraction; removal rate

1. Introduction

The leaching solution of waste ternary batteries using the sulfuric acid system generally
contains impurity elements such as Fe?* and Mn?* [1-10]. Fe?* and Mn?* should be
removed before extracting valuable metals such as Ni and Co [7]. During wet smelting,
Fe?* and Mn?* are mainly removed via oxidation and extraction separation [11-16]. The
oxidation methods of Fe?* include H,O, oxidation [17-20], air oxidation [21], and NaClO;
oxidation [22,23]. Because H,O, easily decomposes, its oxidation rate is not high. The
reaction time of air oxidation is long, and the oxidation effect is poor. NaClO3 oxidation
has a good oxidation effect, but NaClOj is prone to explosions due to friction and collisions
with organic matter and reducing materials. There are two oxidation methods for removing
Mn?2*: KMnO, oxidation [24,25] and H,O, oxidation [26]. KMnO, oxidation is too strong,
which makes the oxidation process difficult to control. When oxidizing Mn?*, Ni?* is
also oxidized in large quantities, resulting in a high nickel loss rate. Oxidizing Mn?* with
H,0; results in large consumption and high costs. Diluting the NiSO4 solution reduces the
Ni?* concentration of the system, and the energy consumption of the subsequent system
will be increased. Oxidation processes remove only some Fe?* and Mn?*. The obtained
NiSOy solution cannot meet the content requirements of Fe?* and Mn?* for producing
battery-grade NiSOj or electrolytic nickel, and the nickel loss rate is relatively high.

Solvent extraction methods can be carried out at a low temperature, and, using them,
the solution can be deeply purified, and a high-purity NiSO, solution can be obtained.
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In addition, the extraction agents can be recycled, and the cost is low. These methods
can be easily scaled up to large-scale production. Commonly used extractants include
acidic phosphine extractors, such as Cyanex272, P507, and P204, and alkaline amine
extractors, such as N235 [27-32]. Acid phosphine extraction discharges large amounts
of ammonia nitrogen wastewater during metal extraction. The amine extraction method
is affected by the mechanism of metal ion extraction. Metal ions must form complex
anions before they can be extracted, and the resulting raffinate has low solubility in the
organic phase and easily forms a third phase, thus reducing the amount of extracted
metal ions. Although traditional P204 saponification and N235 saponification extraction
methods keep the acid in the aqueous phase, they produce a large amount of ammonia
nitrogen wastewater. The saponification extraction method is adopted, instead of the
combined extraction method, to avoid the saponification of acid phosphine extractants,
thus producing no ammonia nitrogen wastewater. This maintains a high extraction rate
and prevents environmental pollution.

The main purpose of this study was to use the properties of tertiary amine N235
extraction acid and acid phosphine extractant P204 to extract Fe and Mn. With 260"
sulfonated kerosene as the diluent, a P204-N235 complex unsaponifiable extraction system
was prepared to realize the green and low-energy extraction separation of Fe and Mn
impurities from a NiSOy solution.

2. Experimental Section
2.1. Materials and Equipment

Crude NiSOy solution was obtained from waste NMC-811 (Nickel (N), Manganese
(M), and cobalt (C) composite) lithium battery by pressurized reduction leaching during
comprehensive recovery. The main phase composition of waste NMC-8111 ternary lithium
battery is shown in Figure 1. Figure 2 shows that the liquid was grass green. Tables 1 and 2
show the main phase composition and leaching and the liquefaction analysis results of
waste NMC-811 ternary lithium batteries.

40,000
NMC-811 1-(Lig 99Nig o1) (Nig 705C00 202)
[ 2-Lij 9sMny 5, Nij 4,0,
3-LiNO,
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Figure 1. XRD pattern of the waste NMC-8111 ternary lithium battery.
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Figure 2. Pressurized leaching solutions.

Table 1. Main phases of waste NMC-8111 ternary lithium battery.

Phase Content (%)
LiNO, 9.03
Li.95sMng 21 Nig 8402 43.19
(Lig.99Nig 01) (Nig 798C00.202) 46.78
Other 1.00

Table 2. Analysis results of waste NMC-811 leaching solution.

Material Ni Co Mn Fe Li
NMC811 waste raw material (%) 49.56 5.69 5 0.52 6.67
Leaching solution (g/L) 45.81 4.16 0.19 0.26 2.36

During the extraction of Ni, Co, Li, and other valuable metals from waste lithium-ion
batteries by pressurized acid leaching, the obtained leaching solution mainly contained
Ni, Co, and Li, as well as the impurity elements Fe and Mn. No other impurity elements
were detected.

The main instruments included a thermometer, a pH meter, a pear-shaped separator
funnel, a beaker, and a AA-7000 Shimadzu atomic absorption spectrophotometer.

The chemical reagents included P204 produced by Luoyang Sanuo Chemical Co.,
Ltd. (Luoyang, China); N235 produced by Guangzhou Hongcheng Biotechnology Co.,
Ltd. (Guangzhou, China); industrial-grade NaOH produced by Junzheng Group (Wuhai,
China); 98% H;SO4 produced by Yunnan Copper Industry (Kunming, China); and No. 260
sulfonated kerosene produced by Jinan Shengda Chemical Industry Co., Ltd (Jinan, China).

2.2. Test Principle

The molecular formula of extractant P204 (di-(2-ethyl hexyl) phosphoric acid) is
(CsH170),PO,H, and its molecular structure is shown in Figure 3.

CH;
I
H3C/\/j/\0 - I" —o CH;
H;3C OH

Figure 3. Molecular structure of P204.
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Theoretical analysis of P204-N235 Extraction [33-35].
The mechanism of metal extraction includes a liquid cation exchange process:

TZ(HR)(O) + Men+(A) —>MeRn(O) + I’ZH+(A) (1)
P204 Saponification:
AP e
(RO)ZP + NaOH(A) = (RO)ZP + Hzo
OH ONa
0) (0) o
P204 Extraction:
/O n+ /O +
n(RO)zP +Me (A)= [(RO)zP ]nMe(O) + nNa (A)
ONa(O) O 3)
Back Extraction:
O Q)
/ + / n+
[(RO)zP ]nMe(O) + nH (A) :n(RO)2P + Me (A)
0 Ho) @

N235 extraction:

N235 is a tertiary amine extractant, which is alkaline and can extract H" produced by
P204 from the extraction of Fe and Mn elements. It can form some acid associations with
N235 in sulfuric acid:

2R3N + 2H* + SO42~ + 3H,O—(R3NH*),(Hp0)3-504%~ (5)

P204-N235 Collaborative Extraction:

According to the law of charge conservation, the anions OH~ and SO,>~ in the
aqueous phase do not participate in the reaction, while N235 can only react with metal
complex anions, i.e., N235 does not participate in the metal ion extraction reaction and
only controls the acidity of the extraction system. P204 usually exists as a dimer HR in
liquid-liquid extraction systems. However, in the composite extraction system, due to
the weak acid-base coupling between P204 and N235, P204 exists as the HR monomer,
similarly to the complex reaction between a monic acid and metal ions. Thus, the reaction
formula for the extraction of metal ions Me"* is as follows:

Me"* + (n + 1)HR—MeR,(HR) + nH* (6)

According to the properties of P204 and N235, they were used to extract Fe and
Mn elements, respectively, from the NiSOy4 solution without producing pollution. The
extraction curves are shown in Figure 4 [36,37].
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Figure 4. Extraction and separation curves of P204 at different pH values.

As shown in Figure 4, the order of various metals extracted by P204 from H,SO, was
Fe > Zn > Ca > Al > Cu = Mn > Co > Mg > Ni. Therefore, impurities such as Fe, Zn, Ca, Al,
Cu, and Mn were extracted before Co and Ni, while Co and Ni remained in the raffinate. Li
was not extracted and remained in the raffinate.

2.3. Process Flow Chart
The process flow chart is shown in Figure 5.

—200 mesh waste
lithium battery material H,S0,

}

| Pressure leaching |

Loaded Fe, Mn organic phase

Raffinate

Loaded Co organic phase P507 extraction of nickel and
cobalt separation

l Raffinate
Raffinate
Reverse extraction of Co by sulfuric acid | Cyanex272 extracts Ni li

l l Loaded Ni organic phase
| Solution purification | | Reextract Ni sulfate |

l CoS0; l NiSO,

. A Precipitated

| Concentrated crystallization | | Cathode liquid | | lithium carbonate |

! ! ]

Electr ited 8 q
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carbonate products
Figure 5. Process flow chart.

The leaching solution obtained by the pressurized acid leaching of waste lithium-ion
batteries only contained Fe and Mn impurity elements. To remove Fe and Mn impurities
from the leaching solution, the extraction separation method is generally adopted. After Fe
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and Mn impurities were separated and removed by P204-N235 synergistic extraction, the
contents of Fe and Mn in the raffinate were controlled to within 0.001 g/L. The solutions
obtained by extracting Ni, Co, and Li from the purified solution by P507 and Cyanex272
can be used to produce NiSO4, CoSOy4, LipCOs, respectively, in addition to electrolytic
nickel products. P204-N235 organic phase loaded with Fe and Mn was reverse-extracted
by sulfuric acid, and the organic phase was returned to the system for recycling. The
reverse extract entered the wastewater treatment system for neutralization and precipitation
separation. Fe- and Mn-containing slag were obtained and transported to the slag yard for
storage, and the wastewater was discharged according to standards.

2.4. Experimental Methods
(1) Purification of P204 [38,39]

P204 and 1 M H,SO,4 were mixed in a 1:1 volume ratio. After mixing for 5 min, the
mixture was allowed to stand. After phase separation was complete, oil and water were
separated. Equal volumes of 30% NaOH solution and P204 were mixed for 5 min and
allowed to stand until phase separation was complete. Then, oil-water separation was
performed three times. The solution was completely saponified, and, then, 6 M HCI was
added, mixed, stirred, and acidified for 5 min. The solution was allowed to stand until
phase separation was complete. Then, oil-water separation was performed, and P204 was
washed with deionized water to neutrality. According to the calculated concentration, a
certain volume of P204, N235 extractants, and diluent (sulfonated kerosene) were evenly
mixed to prepare the required P204-N235 organic phase.

(2) Extraction

The P204-N235 organic phase was poured into the crude NiSO4 solution for which
pH was adjusted according to the O/A ratio. After mixing and extracting at a constant
rotation speed, the mixed solution was transferred into a liquid separation funnel and
allowed to stand until the organic phase and the aqueous phase were completely separated
and a phase interface was clearly visible. The P204-N235 organic phase loaded with metal
impurities and the raffinate were obtained by oil-aqueous phase separation. After reaching
the extraction equilibrium, the supported organic phase in the liquid separation funnel
was extracted twice with equal volumes of 1 M HSO4 and 6 M HCL. When the organic
phase and the aqueous phase formed a clear phase interface, the lower solution (reverse
extract) was released. The organic phase after stripping was washed with deionized water
four times until the pH of the aqueous phase was close to neutral to obtain the regenerated
extractant. The effects of pH value, concentration of N235, concentration of P204, and
extraction time on the extraction process of Fe and Mn were investigated; the organic phases
before and after extraction were analyzed by infrared spectrum; and Ni, Co, Mn, and Fe
were analyzed by sampling the raffinate. The extractive removal rate of Me"* of each metal
ion was calculated based on the concentration of Ni, Co, Mn, and Fe in the raffinate.

2.5. Analysis Method

The metal content was analyzed by filtering the analysis solution to remove trace
suspended matter. Then, 5 mL solution was filtered and put into a 250 mL volumetric flask.
The solution was injected into an AA-7000 Shimadzu atomic absorption spectrophotometer
to detect the metal content.

2.6. Evaluation Indicators

The contents of Fe and Mn in the raffinate were analyzed by flame atomic absorption
spectrometry, and the extraction removal rates of Fe and Mn were calculated as wg,.
Me extraction removal rate wp,:

Ag— A
wMe:< OA >><100% ?)

0
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where Ay is the initial concentration of Me in the solution, g/L; A is the concentration of
Me in the raffinate, g/L; wyy. is the extraction removal rate of Me, %.

3. Experimental Results and Discussion
3.1. Influence of pH of the Pre-Extraction Solution on the Extraction Efficiency of Fe and Mn

The pH of the crude NiSOy solution (200 mL) was adjusted using H,SO4. After pH
was adjusted, the solution was the pre-raffinate. A two-stage countercurrent extraction was
carried out using 25%P204 + 15%N235 + 60% sulfonated kerosene organic phase and an
extraction temperature of 25-35 °C. The P204-N235 organic phase was poured into a NiSO4
solution, and the pH was adjusted according to the extraction ratio of O/A =1/1. Ata
constant rotation speed, a mixed extraction was carried out for 5 min at each stage. The
mixed solution was transferred into a liquid separation funnel and allowed to stand until
the organic phase and the aqueous phase were completely separated and a phase interface
was clearly visible. Oil-water separation was then carried out, and the P204-N235 organic
phase and the raffinate loaded with Me"* were obtained. The P204-N235 organic phase
loaded with Me"* was recycled and used in the back extraction section. Fe, Mn, Co, and Ni
contents were analyzed in the raffinate, and the influence of the pre-raffinate pH on the
extraction rate of Me"* was investigated. The experimental results are shown in Figure 6.

100- [ ] l/l »
A
80
—_ -
S ——Fe
5 60 ——Mn
‘é ——Ni
= b —_CO
£
:
= .
20
/v
X/: A
0 =
1 v 1 v 1 v 1 v 1 v 1 v 1
2.0 25 3.0 35 4.0 4.5 5.0
pH

Figure 6. Effect of pH of the P204 extract on the removal rates of Fe and Mn.

As can be seen from Figure 6, the synergic extraction efficiency of metal ions such as
Fe, Mn, Co, and Ni from the crude NiSOy solution by the P204-N235 composite extractor
increased with the pH before extraction, i.e., the removal rate of Fe and Mn increased,
while the direct yield of Co and Ni decreased. Therefore, performing extraction at a higher
pH improved the synergistic extraction rate of Fe and Mn using the P204-N235 complex
extractant. However, the extraction rate of Co and Ni also increased, which decreased the
separation of Fe and Mn from Co and Ni. Near a pH of 3.5, the extraction rate of Fe and
Mn exceeded 99.00%, the direct yield of Co was >85%, and the direct yield of Ni was >95%.
The optimum pH of the raffinate was 3.5.

3.2. Influence of N235 Concentration on the Extraction Efficiency of Fe and Mn

The pH of 200 mL of the crude NiSO4 solution was adjusted to 3.5 using HpSOj,.
After pH was adjusted, the solution was the pre-raffinate. P204-N235-sulfonated kerosene
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was taken as the complex organic phase. The volume fraction of P204 was 25%, and the
volume fraction of N235 was controlled to within 5-35%. A two-stage countercurrent
extraction was carried out, and the P204-N235-sulfonated kerosene complex organic phase
was poured into a NiSOy solution (pH 3.5) according to the extraction ratio of O/A =1/1.
At a constant rotation speed, a mixed extraction was carried out for 5 min at each stage.
The mixed solution was transferred into a separatory funnel and allowed to stand until the
organic phase and the aqueous phase were completely separated and the phase interface
was clearly visible. The P204-N235 organic phase and the raffinate loaded with metal ions
Me"* were obtained by oil-water separation. The P204-N235 organic phase loaded with
Me"** was recycled and used in the back extraction section. Fe, Mn, Co, and Ni contents
were analyzed in the raffinate samples to investigate the effect of the N235 content in the
P204-N235-sulfonated kerosene complex organic phase on the extraction rate of Me"*. The
experimental results are shown in Figure 7.

100- /_‘. /—‘
90 -
~ 80+ \ \
£ \
E :\.
é 60- . \o
&
g 7 ——TFe
g 04 ——Mn
o —as—Co
40 - ——Ni
304 °
|| ¥ || ¥ || ¥ || ¥ || ¥ || ¥ ||
5 10 15 20 25 30 35

N235 %

Figure 7. Effect of N235 concentration on the extraction of Fe and Mn by composite extractant.

As can be seen in Figure 7, upon increasing the N235 concentration, the extraction
amount of P204-N235-sulfonated kerosene composite organic relative to Fe, Mn, Co, and Ni
increased first and then decreased. This was because the viscosity of the composite organic
phase increased gradually upon increasing the N235 content. A third phase was produced
after a mixed extraction, which affected the extraction rate of Me"*. This extended the
static phase separation time. When the volume fraction of N235 was 15%, the saturated
extraction amounts of Fe and Mn in the P204-N235-sulfonated kerosene complex were the
highest, which were 50.2 mg (2.51 g/L) and 36.6 mg (1.831 g/L), respectively. When the
concentration of N235 was in the range of 20-25%, the saturated extraction amounts of Ni
and Co by the composite extractant were relatively high, which were 46.22 mg (2.311 g/L)
and 60.26 mg (3.13 g/L), respectively. The loss rates of Ni and Co were too high, so the
optimal volume fraction of N235 was 15%.

3.3. Effect of P204 Concentration on the Extraction Efficiency of Fe and Mn

The pH of 200 mL of the crude NiSOy solution was adjusted to 3.5 with HySO4. After
pH was adjusted, the solution was the pre-raffinate. P204-N235-sulfonated kerosene was
taken as the complex organic phase. The volume fraction of N235 was 15%, and the volume
fraction of P204 was controlled within the range of 10-35%. A two-stage countercurrent
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extraction was carried out, and the P204-N235-sulfonated kerosene complex organic phase
was poured into a NiSOy solution with a pH of 3.5 according to the extraction ratio of O/A
=1/1. At a constant rotation speed, a mixed extraction was carried out for 5 min at each
stage, and the mixed solution was transferred to a separatory funnel and allowed to stand
until the organic phase and the aqueous phase were completely separated and a phase
interface was clearly visible. The P204-N235 organic phase and the raffinate loaded with
Me"** were obtained by oil-water separation. The P204-N235 organic phase loaded with
Me"* was recycled and used in the back extraction section. Fe, Mn, Co, and Ni contents
in the raffinate samples were analyzed to investigate the effect of P204 content in the
P204-N235-sulfonated kerosene complex organic phase on the extraction rate of Me"*. The
experimental results are shown in Figure 8.

100 - .

~_~
S —=—Fe
;« 60 - ——Mn
= ——Ni
= 4
= ——Co
£ 404
:
=
20 -
o ,___‘5::!——-——//"1
- x i *
T T T T T T T T T T T
10 15 20 25 30 35

P204 %
Figure 8. Effect of P204 concentration on the extraction efficiency of Fe and Mn.

Figure 8 shows that increasing the P204 concentration increased the extraction rates
of Fe, Mn, Co, and Ni. When the volume concentration of P204 was 25%, the extraction
rates of Fe and Mn increased gently, eventually exceeding 99%. In this case, the extraction
rates of Ni and Co were 1.83% and 2.28%. Upon increasing the P204 concentration, the
extraction rate of the P204-N235-sulfonated kerosene composite organics relative to the
metal ions also increased. The loss of Co and Ni increased, the viscosity of the organic
phase increased, and the static phase separation time was prolonged. A third phase was
produced, which increased the organic phase loss. This may increase production costs and
decrease the separation of metal impurities from Co and Ni. Therefore, the optimal P204
volume fraction in the organic phase was 25%.

3.4. Influence of Mixed Extraction Time on Extraction Efficiency of Fe and Mn

The pH of 200 mL of the crude NiSOj solution was adjusted to 3.5 with HySO;. After pH
was adjusted, the solution was the pre-raffinate. P204-N235-sulfonated kerosene was taken as
the complex organic phase (the volume fraction was 25% P204 + 15% N235 + 60% sulfonated
kerosene). A two-stage countercurrent extraction was carried out, and the P204-N235-
sulfonated kerosene complex organic phase was poured into a NiSO4 solution at pH 3.5
according to the extraction ratio O/A = 1/1. At a constant rotation speed, the mixed
phase was extracted for 1-7 min at each stage. The mixed solution was transferred into a
separatory funnel and allowed to stand until the organic phase and the aqueous phase were
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completely separated and a phase interface was clearly visible. The P204-N235 organic
phase and the raffinate loaded with Me"* were obtained by oil-water separation. The
P204-N235 organic phase loaded with Me"* was recycled and used in the back extraction
section. The Fe, Mn, Co, and Ni contents in the raffinate were analyzed to investigate the
effect of the mixed extraction time on the extraction rate of Me™*. The experimental results
are shown in Figure 9.

100 - //
o /
;\?
N’ 60_
%]
*é o ——Fe
s ——Mn
=] .
= 40 ——Ni
% ——CO
E |
=
20 -
,____x==l
od - . N —
|| . || . || . || . || . || . ||
1 2 3 4 5 6 7

t/min
Figure 9. Effect of mixed extraction time on the extraction efficiency of Fe and Mn.

Figure 9 shows that, upon extending the mixed extraction time, the extraction rates of
Fe and Mn increased rapidly at first and then stabilized. The extraction rates of Co and Ni
increased gently within a narrow range. When the mixed extraction time was 5 min, the
extraction rate curves of Fe, Mn, Ni, and Co all eventually stabilized at values of 99.46%,
99.36%, 3.68%, and 4.82%, respectively. Extending the mixed extraction time extended the
time required for phase separation after extraction. After the mixing and extraction time
exceeded 6 min, oil-in-water emulsification occurred and a third phase appeared. After
standing for 5 min, the third phase disappeared, and the severely emulsified organic phase
could be recycled only after regeneration. Upon extending the mixed extraction time, the
two-phase reaction time was also lengthened, and the extraction rate of the metal ions by
composite extractors increased accordingly. However, when the mixed extraction time was
too long, emulsification occurred. Upon extending the phase separation time, the extraction
amounts of Co and Ni gradually increased, and the loss rate also increased. Therefore, the
optimal extraction time was 5 min.

3.5. Comparison of the Extraction Effect of P204 and Composite Extractant on Fe and Mn

The pH of 200 mL of the crude NiSO, solution was adjusted to 3.5 with HySO4. The
solution with a good pH value was the pre-raffinate solution. which was mixed and
extracted with a P204-N235-sulfonated kerosene complex organic phase (volume fraction
25% P204 + 15% N235 + 60% sulfonated kerosene) and P204-sulfonated kerosene organic
phase (volume fraction 25% P204 + 75% sulfonated kerosene). Under the conditions of
a controlled extraction with O/A = 1/1 and a countercurrent extraction, the P204-N235-
sulfonated kerosene complex organic phase or the P204-sulfonated kerosene organic phase
was poured into a NiSOy solution with a pH of 3.5 according to the extraction with
O/A =1/1. At a constant rotation speed, each stage was mixed and extracted for 5 min.
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The mixed solution was transferred to a separatory funnel and allowed to stand until the
organic phase and the aqueous phase were completely separated and a phase interface
was clearly visible. Then, oil-water separation was carried out to obtain the organic phase
and the raffinate loaded with Me"*. The organic phase loaded with Me"* was recycled
and used in the back extraction section. Fe and Mn contents in the raffinate were analyzed,
and the extraction effect of the P204-N235-sulfonated kerosene complex organic phase
and the P204-sulfonated kerosene organic phase relative to Me™ was investigated. The
experimental results are shown in Table 3.

Table 3. Comparison of the effects of P204-N235 and P204 on Fe and Mn extraction.

Extraction Rate %

Name
Fe Mn
P204-N235 99.86 99.82
P204 78.36 71.86

A comparative analysis of the data in Table 3 shows that the extraction effect of
the P204-N235 compound extractant on Fe and Mn was significantly better than that of
P204 alone.

3.6. Reproducibility Study

According to the optimal conditions determined by the above single-factor experi-
ments, the organic phase composition volume of the synergic extractant P204-N235 was 25%
P204 + 15% N235 + 60% sulfonated kerosene. For the two-stage countercurrent extraction,
the pH of the pre-extraction solution was 3.0-3.5, the extraction temperature was 25-35 °C,
the extraction ratio was O/A = 1/1, and the mixed extraction had a duration of 5 min.
Three groups of reproducibility experiments were carried out, and the results are shown
in Table 4.

Table 4. Reproducibility of P204-N235 synergistic extraction.

Removal Rate/% Raffinate (g/L)
Experiment Number

Fe Mn Fe Mn

Pre-extraction solution / / 0.26 0.19
1 99.92 99.84 0.0002 0.0003
2 99.96 99.89 0.0001 0.0002
3 99.88 99.79 0.0003 0.0004
Average 99.92 99.84 0.0002 0.0003

The analysis of the data in Table 4 shows that, under the optimized conditions, Fe
and Mn were almost completely separated by the P204-N235 combined extraction, with
removal rates of 99.92% and 99.84%, respectively. The average Fe content in the raffinate
was only 0.0002 g/L, and the average Mn content was 0.0003 g/L.

3.7. Infrared Spectral Analysis of the P204-N235 Synergistic Extraction System

An infrared spectral analysis was performed for the P204-N235 synergistic extraction
system on the organic phase before extraction and after collaborative extraction. The
characterization results are shown in Figure 10, and the characteristic frequencies of selected
peaks are shown in Table 5.
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Figure 10. Infrared spectra of N235, P204, N235 + P204, and the loaded organic phase.

500

Table 5. Characteristic frequencies of infrared spectra of N235, P204, N235 + P204, and the extraction phase.

Characteristic Peak Hydrogen Bonding in P204 Dimer = P=0 P=0O=H
P204 1463 / /
N235 / 1183 975
P204 + N235 / 1183 975
P204 + N235 loaded organic phase 1465 1175 959

Next, a comparative analysis of the infrared spectra was performed for the loaded
organic phase, blank extractant N235, blank co-extractant P204-N235, and blank extractant
P204 (Figure 10). The peak at 1183 cm~! was caused by the P=O group, and the peak at
975 cm~! was caused by the stretching and bending vibrations of the P-O-H bond.

By comparing the vibration absorption peak frequencies of the blank phase of P204-
N235 and the loaded organic phase of P204-N235, the positions of the vibration absorption
peaks in the infrared spectrum were varied. However, the changes in the absorption
peaks indicate that H* in some P=0 bonds was replaced by Me"*, i.e., P-O groups were
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formed. During the extraction of Me"*, the P204 extractant mainly existed in the form of
hydrogen-bonded dimers that covered its polar phosphate groups. These often participated
in reactions in the form of dimers during complexation with metal ions.

The infrared spectra of blank P204, blank N235, and blank P204-N235 showed different
absorption peak positions. The vibration frequency of P=0O in the blank N235 spectrum was
located at 1183 cm ™!, and the frequency decreased after adding P204. A red shift occurred
after the extraction of metal ions such as Fe and Mn, i.e., the P=O bond moved to a lower
wavenumber after extraction. This indicates that the P=O bond coordinated with Fe, Mn,
and other metal ions. After P204 formed P-O-Re coordination bonds with Fe, Mn, and other
metal ions, the electron cloud density of the P=O double bond decreased, and the bond
strength weakened. This decreased its vibration frequency, which shifted the absorption
peak of P=0 to a lower wavenumber [40].

3.8. Mechanism Study on the Extraction of Fe and Mn by P204-N235 Combined Extractant

P204 has a low solubility in water, and the raffinate formed during the extraction
has a high solubility in organic solvents but a low solubility in water. The mechanism of
metal ion extraction by P204 is cation exchange. Hydrogen atoms of hydroxyl groups will
exchange cations with the extracted metal. The resultant raffinate has a high solubility
in the organic phase, i.e., it will be extracted into the organic phase. The phosphoacyl
group-P=0 in P204 has a lone pair of electrons and can coordinate with metal ions. When
extracting metal ions, the reaction formula is:

M"* + nHR = MR, (n — m)HR-+mH™" 8)

where M represents metal ions, m represents the valence state of the metal ions, n represents
the number of P204 needed to extract a metal ion, and HR represents the P204 extractant.
The relationship between the equilibrium constant k. and the partition ratio of the composite
extractant for the extraction of Ni, Co, Fe, and Mn is as follows:

[HR, (n — m)HR] [H*]"

ke = 9
[M™*][HR] ©)

logk, = log D + mlog[H"] — nlog[HR] (10)
log D = logk, + mpH + nlog[HR] (11)

The logD vs. log[P204] relationship between different P204 concentrations and the
distribution ratios of Ni, Co, Fe, and Mn in the P204-N235 composite extraction system
is shown in Figures 11 and 12. The equations used to fit the experimental curves are
as follows:

log Dnj = —1.97 + 1.76 log[P204] R? = 0.9816 (12)
log Dco, = —1.87 +1.75log[P204] R? = 0.9673 (13)
log Dpe = 0.093 + 1.2958 log[P204] R* = 0.9285 (14)

log Dy = 0.024 + 1.3421 log[P204]  R? = 0.9264 (15)
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Figure 11. logD—log[P204] diagram of Ni and Co.
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Figure 12. logD—log[P204] diagram of Fe and Mn.

The above equations show that the distribution ratio of Ni, Co, Fe, and Mn when
using the composite extractant P204-N235 increased upon increasing the concentration of
P204. The slopes of the equations of Ni, Co, Fe, and Mn were 1.76, 1.75, 1.30, and 1.34,
respectively, indicating that two P204 molecules are required to extract each metal ion.
Thus, n = 2 in Equation (8).

Increasing the concentration of P204 in the organic phase can increase the concentration
and surface area of the reactants, accelerate the reaction rate, and increase the equilibrium
conversion rate. When the equilibrium pH value was constant, IgD = 2Ig[HR] + C, D is
the metal allocation ratio. There is a linear relationship between lgD and Ig[HR], and the
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partitioning ratio increases with the extractant concentration, i.e., the extraction capacity
also increased.

The logD vs. pH relationship between the distribution ratios of Ni, Co, Fe, and Mn
extracted by the composite extractant P204-N235 and the pH of the aqueous phase is shown
in Figure 13. The equations used to fit the experimental data are as follows:

log Dni = —1.79 4 0.7641 log[P204] R? = 0.9705 (16)
log Dco = —1.0789 + 0.6344log[P204]  R? = 0.9821 (17)
log Dpe = 1.9028 + 0.02115log[P204] R? = 0.9212 (18)
log Dy = 1.4675 + 0.1169 log[P204] R? =0.9147 (19)
25
2.0+ —
1.5+
R 1.04 Fe slope 0.02
g ] * Mnslope 0.12
Ni slope 0.76
0.5 v Co slope 0.63
0.0+ !
0.5 A p————— ——————————————————
2.0 2.5 3.0 35 4.0 4.5 5.0
pH

Figure 13. logD—logpH diagram of Fe and Mn.

The above equations show that the distribution ratios of Ni, Co, Fe, and Mn in the
composite extractant P204-N235 increased with the aqueous pH, and the slopes of Ni,
Co, Fe, and Mn equations were 0.76, 0.63, 0.02, and 0.12, respectively. Because these are
all within the range of 0-1, each metal ion extraction only released one free H* at most.
Because N235 in the complex extractant is a tertiary amine extractant, it can extract H*
generated when P204 extracts Ni, Co, Fe, and Mn. It can form an acid complex with N235
in sulfuric acid via the following equation:

2R3N + 2H* + SO,4%~ + 3H,0—(R3NH' ), (H,0)3-50,4%~ (20)

P204-N235 Collaborative Extraction:

According to the law of charge conservation, OH™ and SO4> in the solution do not
participate in the reaction, while N235 can only react with metal complex anions, i.e., N235
does not participate in the extraction of metal ions and only regulates the acidity of the
extraction system. P204 usually exists as a dimer HR in liquid-liquid extraction systems.
However, in the complex extraction system, due to weak acid-base coupling between P204
and N235, P204 existed as the monomer HR, similarly to the complex reaction between
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monic acid and metal ions. Therefore, every extracted metal ion, such as Fe and Mn, only
released 1 free H" at most, and the other H* was extracted by N235 to form an acid complex.
This also shows that the composite extraction mechanism of Fe, Mn, etc., involved a cation
exchange reaction. Thus, the extraction reaction of Me"* by the composite extractant
P204-N235 is as follows:

Me"* + (n + 1)HR—MeR, (HR) + nH* (21)

According to the properties of P204 and N235, the two extractants were used for the
extraction-separation of Fe and Mn from a NiSOy solution without polluting the environment.

4. Conclusions

(1) When the organic phase composition volume of the synergic extractant P204-N235
is 25% P204 + 15%N235 + 60% sulfonated kerosene, a two-stage counter-current
extraction of Mn and Fe can achieve a removal rate of more than 99%.

(2) The optimal extraction condition of Fe and Mn with synergic extractant P204-N235
was 25% P204 concentration. Under the same extraction conditions, the compound ex-
tractant has a better extraction effect on Fe and Mn than P204 alone. It was concluded
from the mechanism study that the composition of the Fe and Mn raffinates extracted
by the composite extractants were FeR,(HR) and MnR,(HR), and the mechanism was
a cation exchange reaction.

(3) The P204-N235 collaborative extraction method is introduced to replace the P204
saponification extraction method in the waste battery recovery process, avoiding
the saponification of acid phosphine extractants, so there will be no environmental
pollution caused by the saponification of ammonia nitrogen wastewater. It not only
maintains a high extraction rate but also has no harm to the environment, which is
in line with the environmental protection concept of green, efficient, and sustainable
development. This technology can provide technical support for the optimization of
the waste battery recycling process. After optimization, it can reduce the saponifica-
tion process, shorten the process flow, save energy, reduce consumption, and improve
production efficiency. Overall, it has a high prospect for industrial application.
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