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Abstract: For a highly efficient recycling of a wastewater containing a high concentration of MgCl,, Al(III) and P507
were scheduled to be removed in advance. In this study, the in-situ removal of AI(III) and P507 from a high
concentration MgCl, solution at different pH values and Al/P molar ratios was investigated. The results showed that
P507 formed organic complexes of AlX(OH)j+-P507 at pH of 2.0-4.0. At pH of 4.0-5.0, AI(IIT) precipitated and
transferred into AI(OH); with a flocculent amorphous morphology. Active sites on the AI(OH); surface enhanced the
removal efficiency of P507. At pH of 6.0—6.5, Al(IIT) and Mg(II) formed layered crystalline AI(OH); and MgAl,(OH)s
with small pore channels and fewer active sites, resulting in a reduced removal efficiency of P507. When the Al/P molar
ratio exceeded 13 and the pH was between 4.0 and 5.0, the removal rates of both Al(III) and P507 were higher than
98%, while the concentration loss of Mg(Il) was only 0.2%—0.9%.
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1 Introduction

Solvent extraction is the most common method
for the separation and purification of rare earths.
2-ethylhexyl phosphate mono-2-ethylhexyl ester
(P507) is one of the commonly used acidic organic
extractants for the separation and purification of
mixed chlorinated rare earth solutions [1]. It should
be pre-saponified to balance the extraction
equilibrium acidity of the aqueous phase in rare
earth separation and purification. When traditional
agents, ammonia and liquid alkali, are used for the
saponification of P507, a wastewater containing
high concentration of NH4Cl and NaCl is generated,

which is costly and difficult to be treated [2]. To
solve the above problems, a series of methods were
proposed by FENG et al [3]. MgO or Mg(HCO:s),
were used to replace ammonia and liquid alkali for
the extraction and separation of rare earths. Thus,
the NH4Cl and NaCl wastewater was avoided.
However, the MgCl, wastewater was generated in
the new processes. For the reutilization of the useful
components in the MgCl, wastewater, a spray
pyrolysis—acid—base recycling technology was
applied by FENG et al [4] to treat the MgCl,
wastewater. Products of MgO and HCl were
obtained and returned to the separation and
purification process. This study aims to develop
a pretreatment process of MgCl, wastewater for the
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removal of Al(Ill) and P507, which are adverse to
the spray pyrolysis process and product quality.

Organic oils in a solution can be classified into
four types: suspended, dispersed, emulsified, and
dissolved. Suspended and dispersed oils can be
removed from the solution by static oil separation
and air flotation—ultrasonic emulsion breaking
methods. Emulsified and dissolved oils can be
removed by various methods, including coagulation
and sedimentation, oxidation, and membrane
filtration. However, the high costs of the methods
and unsatisfactory performances of the agents limit
their industrial applications [5—8]. Adsorption is
regarded an effective method for removal of oil
from wastewater [9]. YIN et al [10] added
Alx(SOs); and liquid alkali for the treatment of a
low-concentration rare earth sulfate raffinate water.
AI(OH); was able to adsorb P507 to reduce its
concentration to lower than 2 mg/L. LI et al [11]
created a novel adsorbent, ORZ, for oil removal,
which is stable in acids, bases, and organic solvents.
It can remove organic matter selectively from
solutions through physical adsorption and
molecular screening. The concentration of oil can
be reduced to lower than 5 mg/L. CAI et al [12]
used Al(SOs); as a flocculant to treat a low-
concentration rare earth sulfate raffinate. By
controlling the pH of the solution, the removal rate
of oil reached 85%.

The above studies focused on the removal
of oil from low-concentration salt solutions by
adsorption. The mechanism should be further
explained. The removal of oil from a high-salt
wastewater has been rarely reported. In this study,
the MgCl, concentration of the solution is high,
220 g/L. The efficient removal of impurities from a
MgCl, solution with a high concentration without
loss of Mg(II) is of significance for a comprehensive
salt recovery and utilization ratio.

2 Experimental

2.1 Experimental materials

MgCl,-6H,0 and AICl;-6H,O were purchased
from Xilong Chemical Co. Ltd. and Aladdin Reagent
(Shanghai) Co., Ltd., respectively. NaOH was
acquired from Beijing Chemical Factory. The above
agents were analytically pure. P507 and kerosene
were procured from Chongqing Kopper Chemical
Industry Co., Ltd. Their purity was higher than 95%.

2.2 Experimental method

A relatively stable aqueous solution containing
P507 was prepared using a powerful mixing. A
220 g/ MgCl, solution was prepared by adding
MgCl,-6H,0. The corresponding mass of AlCl;-6H,O
was added to obtain solutions containing 100, 300,
and 600 mg/L Al(IIT). The experiments were carried
out at 298 K. The pH of the solutions was adjusted
using 0.1 mol/L liquid alkali and hydrochloric acid.
When the target pH was reached and stabilized, the
supernatant and precipitate were collected after 24 h
of standing and clarification for an analysis.

2.3 Analysis methods

The content of P507 in this study was
expressed based on the content of P. P507 was
converted to orthophosphate by adding nitric and
perchloric acids. The P content in the solution was
then measured. The removal rate of AI(II) and
P507 was calculated as

B=(Cy—C,)/Cyx100% (1)

where f is the removal rate, Co is the initial
concentration of the substance in the solution, and
C. is the residual concentration of the substance in
the solution after adsorption.

The concentration of each component of the
solution was determined using inductively coupled
plasma optical emission spectrometry (PerkinElmer
Optima 8300, USA). The phase characterization
was performed using X-ray diffractometry (XRD,
Rigku, Japan) in a scanning range of 10°-90° using
a Cu K, radiation and a scanning speed of 4 (°)/min.
The crystalline structure and elemental content were
determined using transmission electron microscopy
(TEM, Thermo Fisher Scientific Talos F200X,
USA). The surface groups and binding energies of
the elements were analyzed by Fourier-transform
infrared (FTIR) spectroscopy (Nicolet Nexus 6700,
China) and X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, USA), respectively.
The surface electrical properties and particle size
were characterized by a zeta potential meter
(BeNano 90, Better, China). The morphology of
the sample was observed by scanning electron
microscopy (SEM, JSM—7610F Plus, Japan). The
pore size was measured by a nitrogen adsorption—
desorption instrument (Quadrasorb SI, Quanta-
chrome, USA). The samples were dried in a
vacuum at 378 K for 3 h before the measurement.
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3 Results and discussion

3.1 Effect of pH on precipitation of AI(III)

According to a comprehensive analysis of K,
(Ksp 1s the solubility product constant) and
concentration of AI(Ill) in the solution, the
precipitation pH of AIl(IIl) was between 3.6 and
4.7 [13]. Thus, the experimental pH was set in a
range of 4.0—6.5. To clarify the precipitation
behavior of AI(IIl) at different pH wvalues, the
physical phase, composition, micromorphology,
pore capacity, and pore size of aluminum-
containing hydrates were investigated.

XRD patterns of the aluminum-containing
hydrates with varying pH values are shown in
Fig. 1. When pH was between 4.0 and 5.0, the
patterns of the aluminum-containing hydrates
exhibited broad peaks, which indicates their
amorphous morphology. However, when the pH
was increased to 6.0 and 6.5, the patterns exhibited
characteristic peaks, indicating their crystalline
structure. In summary, as the pH increased from
4.0 to 6.5, the aluminum-containing hydrates
transformed from amorphous to crystalline. By
comparing the obtained patterns to the standard
PDF card, the phases of the aluminum-containing
hydrates were identified to be AI(OH); (PDF#09-0096)
and MgAl(OH)s (PDF#35-1274).

Figure 2(a) shows TEM analysis results of the
aluminum-containing hydrates at pH of 4.0. There
are no lattice streaks in the high-resolution images
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Fig. 1 XRD patterns of aluminum-containing hydrates
at Al/P molar ratio of 13 and different pH values:
(a) pH=4.0; (b) pH=4.5; (c) pH=5.0; (d) pH=6.0;
(e) pH=6.5

and no diffraction rings or spots in the selected area
electron diffraction pattern, which indicated that
Al(OH); was amorphous. Figure 2(b) shows TEM
analysis results of the aluminum-containing
hydrates at pH of 6.5, where lattice streaks were
observed in the high-resolution images, and the
diffraction rings were visible in the selected area
electron diffraction pattern, which indicated that the
aluminum-containing hydrates were crystalline. By
analyzing and comparing the lattice spacings, the
corresponding phases were identified to be AI(OH);
and MgAI»(OH)s. The results suggest that Mg(Il)
in the solution coprecipitated with AIl(IIl). As
MgAl-LDH (LDH represents layered double
hydroxides) exhibits a typical lamellar crystal
structure, the lamellar crystals of the aluminum-
containing hydrates were attributed to the induced
growth of MgAl-LDH [14].

The element analysis results in Figs. 2(a)
and (b) reveal that the main elements of the
aluminum-containing hydrates were aluminum and
oxygen. Phosphorus and magnesium could also be
observed. As the content of magnesium was low,
only a small amount of Mg(Il) coprecipitated with
Al(IIT) and formed MgAl>,(OH)s. The low content
of phosphorus was attributed to the adsorption
of P507 on the aluminum-containing hydrates.
Furthermore, the phosphorus content of the
aluminum-containing hydrates at pH of 4.0 was
higher than that at pH of 6.5, which indicated that
more P507 was adsorbed on the aluminum-
containing hydrates at pH of 4.0. This was
attributed to the numerous highly reactive under-
coordinated atoms distributed on the surface of the
poorly crystalline Al(OH); providing adsorption
sites for metal ions and organic acids to form
inner or outer sphere complexes [15]. Hence, the
amorphous AIl(OH); generated at pH of 4.0
exhibited a high adsorption capacity of P507.

To provide insights into the influence of the
pH on the morphology of the aluminum-containing
hydrates, the micromorphology and structure were
characterized, as shown in Figs. 3—5 and Table 1.
As shown in Fig. 3(a), the aluminum-containing
hydrates were fluffy and flocculent at pH of 4.0.
When pH increased to 5.0 and 6.5, the aluminum-
containing hydrates transformed into flufty, ribbon-
like and lamellar structures, as shown in Figs. 3(b)
and (ci, ¢2).
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The nitrogen adsorption and desorption curves
were indicative of the pore shape of the aluminum-
containing hydrates. As shown in Fig. 4, the pore
shape of the aluminum-containing hydrates shifted
from column-like to slit-like as the pH increased
from 4.0 to 6.5 [16]. The column-like pore was
attributed to the fluffy flocculent and flufty
ribbon-like structures, whereas the slit-like pore
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was attributed to the lamellar structures. Figure 5
shows that the pore size of the aluminum-
containing hydrates was 1—100 nm.

Table 1 presents the average pore volume and
pore diameter of the aluminum-containing hydrates.
When the pH increased from 4.0 to 6.5, the pore
volume increased from 0.01 to 0.376 cm®/g, and
the average pore diameter increased from 3.81 to
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Fig. 3 Morphologies of aluminum-containing hydrates at Al/P molar ratio of 13 and pH of 4.0 (a), 5.0 (b) and 6.5 (ci, ¢2)
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Fig. 4 Nitrogen adsorption and desorption curves of aluminum-containing hydrates at Al/P molar ratio of 13 and pH of
4.0 (a), 5.0 (b) and 6.5 (c)
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Fig. 5 Pore size (D) distribution curves of aluminum-containing hydrates at Al/P molar ratio of 13 and pH of 4.0 (a),
5.0 (b) and 6.5 (c)

9.71 nm. These observations indicated that the values. Based on the above analysis, pH had a
structure of the aluminum-containing hydrates significant influence on the morphology and structure
underwent significant changes at different pH of the aluminum-containing hydrates.
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Table 1 Pore volume and average pore diameter of
aluminum-containing hydrates at different pH values and
Al/P molar ratio of 13

pH  Pore volume/(cm3-g™!)  Average pore size/nm

4.0 0.01 3.81
5.0 0.013 3.82
6.5 0.376 9.71

3.2 Effect of Al/P molar ratio on removal of P507

Figure 6 shows the removal rates of AI(III) and
P507, and retention rate of Mg(Il) at different pH
values and Al/P molar ratios. As shown in Fig. 6(a),
the removal rate of Al(III) is almost unchanged with
the increase in Al/P molar ratio. Thus, the Al/P
molar ratio had a small effect on the Al(IIT) removal.
The removal rate of Al(IIT) exceeded 98% when the
pH was higher than 4.0. As shown in Fig. 6(b), in
the investigated pH range, the removal rate of P507
at an Al/P molar ratio of 4 was lower than those at
Al/P molar ratios of 13 and 26. Thus, the Al/P molar
ratio had a significant effect on the removal of P507.
Notably, the removal rate of P507 at an Al/P molar
ratio of 13 was similar to that at 26, which suggests
that the content of the aluminum-containing
hydrates generated at an Al/P molar ratio of 4 was
insufficient for P507 removal. Therefore, a suitable
Al/P molar ratio is required for the effective
removal of P507.

Figure 6(c) shows that the retention rate of
Mg(Il) is almost unchanged with the increase in
Al/P molar ratio. However, the pH had a larger
effect on the retention rate of Mg(Il) than the Al/P
molar ratio. At a higher pH, the coprecipitation of
Mg(II) resulted in a loss of Mg(II). A higher AI(III)
concentration in the solution resulted in a larger loss
of Mg(Il). Therefore, it is crucial to control the pH
for the removal of Al(Ill) and P507. In summary,
when the pH was in the range of 4.0-5.0 and the
Al/P molar ratio was larger than 13, the removal
rates of AI(III) and P507 exceeded 98%, which
indicated that a deep removal of Al(III) and P507
could be achieved. The concentration loss of Mg(II)
was only 0.2%—0.9%.

3.3 Mechanism of P507 adsorption by aluminum-
containing hydrates

To clarify the mechanism of the P507

adsorption by aluminum-containing hydrates, the

particle size and zeta potential for both aluminum-
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Fig. 6 Removal rates of AI(III) (a) and P507 (b), and
retention rate of Mg(Il) (c) at different pH values and
Al/P molar ratios (dark yellow represents Al/P molar
ratio of 4, olive represents Al/P molar ratio of 13, and
orange represents Al/P molar ratio of 26)

containing hydrates and P507 in the solution were
measured. As shown in Fig. 7(a), P507 oil droplets
in the solution had a particle size of approximately
3.4 pm, considerably larger than the pore size of the
aluminum-containing hydrates (1-100 nm). P507
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Fig. 7 Characterization of particle size and zeta potential: (a) Particle size of P507 oil droplets; (b) Zeta potential of

P507 oil droplets; (c) Zeta potential of aluminum-containing hydrates before P507 adsorption; (d) Zeta potential of

aluminum-containing hydrates after P507 adsorption

oil droplets could hardly penetrate the aluminum-
containing hydrate pore channels. Thus, the in-situ
removal of P507 was attributed to the adsorption
of P507 on the outer surface of the aluminum-
containing hydrates. More active sites could be
observed on the aluminum-containing hydrates with
the fluffy flocculent morphology than on those with
the regular lamellar morphology. Thus, the aluminum-
containing hydrates, generated at pH of 4.0, were
more effective for the removal of P507.

Figures 7(b—d) show the zeta potentials of
P507 oil droplets and aluminum-containing hydrate
suspension before and after P507 adsorption at
different pH values. The zeta potentials of both
P507 oil droplets and aluminum-containing
hydrates were positive, which indicated that the
electrostatic forces were not the driving forces for
P507 adsorption. After the P507 adsorption, the

zeta potential of the aluminum-containing hydrates
shifted to more positive values, which was
attributed to the positive charge of the P507 oil
droplets. In Fig. 7(d), the positive charge on the
of the aluminum-containing hydrates
decreased as the pH increased from 4.0 to 6.5.

To further analyze the adsorption behavior of
P507, FTIR spectroscopy measurement was
performed on the aluminum-containing hydrates
after P507 adsorption at pH of 4.0, 5.0, and 6.5.
FTIR spectra of pure Mg(OH), and Al(OH); and
1.5 mol/L P507 were also measured. The results are
shown in Fig. 8. In Fig. 8(f), the peaks at 3700 and
1490 cm™! are attributed to the hydroxyl stretching
vibrations of Mg(OH), [17,18]. As these peaks were
not observed in the FTIR spectra of the aluminum-

surface

containing hydrates shown in Figs. 8(a—c), Mg(OH)
was not generated during the precipitation of AI(III).
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Fig. 8 FTIR spectra of aluminum-containing hydrates
at Al/P molar ratio of 13 and pH of 4.0 (a), 5.0 (b),
and 6.5 (c), and FTIR spectra of 1.5 mol/L P507 (d),
Al(OH); (e), and Mg(OH): (f)

In Fig. 8(e), the broad peak at 3480 cm™! is
attributed to the stretching vibration of nonhydrogen-
bonded terminal —OH groups, interlayer hydrogen-
bonded —OH group, and side hydroxyl groups of
Al(OH)3[19]. The peak at 1640 cm™! is assigned to
the bending vibrations of H—O—H in water [20].
The peak at 940 cm™' is attributed to the hydroxyl
deformation vibration of nonhydrogen-bonded
Al—(OH)—AI groups [21,22]. The new vibrational
characteristic peak at 760 cm™' in Fig. 8(c) is
attributed to the lattice vibration of the interlayer
Mg(Al)—O0, Mg(A)—OH and O—Mg(Al)—O
[23—25], which demonstrates the coprecipitation of
Al(IIT) and Mg(II) at high pH values.

Figure 8(d) shows the FTIR spectrum of
1.5 mol/LL P507. The characteristic peaks at 2960,
2930, 2870, 1460 and 1380 cm™! are attributed to
the antisymmetric stretching vibration of —CHj3
and —CH,— [26,27]. Notably, these characteristic
peaks could also be observed in the FTIR spectra
of the aluminum-containing hydrates shown in
Figs. 8(a—c), indicating the adsorption of P507 on
the aluminum-containing hydrates. The peaks at
1030 and 980 cm™' were vibrational characteristic
peaks of P—C and P—O, respectively [28,29].
Furthermore, the characteristic peak at 1190 cm™!
weakened and blue-shifted with the increase in the
pH, which indicated that P—=0O was involved in
the coordination. As the characteristic peak at
1030 cm™! was almost unchanged, P—C was not

involved in the reaction. On the other hand, as the
characteristic peak at 980 cm™' disappeared, P—O
was involved in the reaction. These findings
suggested that P507 underwent a chemical reaction
during the adsorption and removal. As the pH
increased from 2.0 to 4.0, Al(IIl) was transferred
to polynuclear hydroxy complexes by hydrolysis
and the polymerization of the condensation
reactions [30,31]. These complexes, including
Al;(OH)Y", Alg(OH):", Al (OH)j, Al (OH)3:,
Al (OH)Y, AI(H0);" and AL(H:0);", are
denoted as AL(OH);". Al(OH);-P507 organic
complexes formed by ion exchange between
Na-P507 and polynuclear hydroxy-polymeric
aluminum ions [32—34].

To confirm the chemical reactions that
occurred during the adjustment of the solution pH,
XPS measurement of the aluminum-containing
hydrates and 1.5 mol/L P507 was carried out, and
the results are shown in Fig. 9. Detailed data are
presented in Table 2. In Fig. 9(d), the P 2p peaks
with binding energies of 133.71, 134.86 and
136.44 eV were attributed to P—C, P—O and
P=0, respectively. They decreased after PS07 was
adsorbed on the aluminum-containing hydrates.
These changes reflected the changes in the chemical
environment surrounding P. Thus, the chemical
reaction was verified [35].

In summary, AI(Ill) formed
containing hydrates by adjusting the solution pH,
which were then removed. The
containing hydrates exhibited different properties at
different pH values. They exhibited different
adsorption capacities for P507. Figure 10 illustrates
the in-situ removal mechanism of Al(IIl) and P507.
When the pH increased from 2.0 to 4.0, AI(III)
transformed into
Saponification of P507 occurred. As a result,
the organic complex of Al(OH); -P507 formed.
When the pH was 4.0-5.0, the flocculent
amorphous AI(OH); was generated. The irregular
shape and large amount of active sites of the
amorphous Al(OH); favored the adsorption of P507
oil droplets. A higher P507 removal efficiency was
achieved. When the pH was 6.0—6.5, Al(OH); and
MgAl(OH)s formed, which exhibited regular
lamellar structures and small pore channels. The
reduced active sites resulted in a lower P507
removal efficiency.

aluminum-

aluminum-

a poly-aluminum polymer.
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Fig. 9 Orbital binding energies of P 2p in aluminum-containing hydrates at Al/P molar ratio of 13 and pH of 4.0 (a),
5.0 (b) and 6.5 (c), and 1.5 mol/L P507 (d)
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Fig. 10 Schematic diagram showing in-situ adsorption and impurity removal mechanism of Al(IIT) and P507
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Table 2 P—C, P—O and P=0 binding energies of
aluminum-containing hydrates at different pH values and
Al/P molar ratio of 13 and 1.5 mol/L P507

Binding energy/eV
Content
P—C P—O P=0O
Aluminum-containing
132.76 132.98 133.67
hydrate (pH = 4.0)

Aluminum-containing 13040 132.90 13376
hydrate (pH = 5.0) ’ ’ ’
Aluminum-containing 5 2¢ 133 ) 13429

hydrate (pH = 6.5)
1.5 mol/L P507 133.71 134.86 136.44

4 Conclusions

(1) In the MgCl, solution with a high
concentration, containing AIl(IIl), the pH was
adjusted by adding liquid alkali to achieve the
in-situ precipitation of AI(IIl). The aluminum-
containing hydrates were scheduled to be generated
for the adsorption and removal of P507. The
simultaneous removal of Al(IIl) and P507 was then
achieved.

(2) When the pH was 2.0—4.0, AI(III) formed
polynuclear hydroxyl complexes that exchanged
ions with Na-P507 to form Al(OH):"-P507 organic
complexes. When the pH was 4.0-5.0, the
flocculent amorphous Al(OH); with more active
sites on the surface was generated, resulting in
effective adsorption and removal of P507. When the
pH was 6.0—6.5, a mixture of aluminum-containing
hydrates, including crystalline Al(OH); and
MgAl>(OH)s, with a regular laminar structure and
smaller pore channels, was generated. The reduced
active sites resulted in a lower adsorption and
removal efficiency of P507.

(3) At pH of 4.0-5.0 and Al/P molar ratio
higher than 13, the deep removal of AIl(IIl) and
P507 could be achieved with a removal rate up
to 98%. The concentration loss of Mg(Il) was
maintained below 0.9%.
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ET RN R B R S AR
=ik E MgCL iR AI(II)FA P507

ES §§ 1,2,3’ k2 z’i 1,3’ ;_g]%’_:ilj’ g{(ﬂ(‘éj\“ 1,3’ %,]\11,2,3,4’ é‘%@ﬁkZ

I B LR A RAR fEEX TR0, L5 100088;
2. RACKE B4a0, KB 110819;
3. bt g B AR, LIt 100088:
4. HIF LA FRBGEARAR, 1630 101407

7 E: N TSRS IR MeClL R/KMEIA R, T B8R0 LR P AT P5S07. ASAEEHTE T AN
pH {E VLR AN AVP BEIREEST AIII)AN P507 JE A7 22 BRACR IR . 745 R, 4 pH {EN 2.0~4.0 B}, P507
STEM AL(OH);-P507 HHLECAY): 4 pH fHN 4.0~5.0 B, AIIID)DTGE N EA BZ RIS AL ZURAE &
Al(OH)s, 1§18 P507 FUWLBRERCRE: 2 pH HAN 6.0~6.5 I, AIIIMF MgDJERZIR A Al(OH): 1
MgAL(OH)s, REEMEALSED, 13 P5S07 W ERRSIRALZE . 1h4h, 4 AVP BE/RELRT 130 pH fH N 4.0~5.0
i, AL AT PS07 B2 B aliA 3 98% LA I, Rl Mg(IDHIIR B AN 0.2%~0.9%.

EHEIA: JFAIMRS%: AITID); P507; MgCLIAW; pH: AP BE/RLE
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