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Abstract: The removal of impurities of the rare earth (RE) leachate from the RE-containing ore is usually
accompanied by the formation of flocs, and a certain amount of polyacrylamide (PAM) flocculant needs
to be added in this process. However, few studies have investigated the effect of the flocculant on the
impurity removal process of the RE leachate. Therefore, this study aimed to investigate the flocculation
process for removing impurities from the RE leachate in the absence and presence of PAM. The results
showed that the addition of PAM showed little effect on the removal efficiencies of impurities, but it
could increase the recovery of RE. And cationic PAM was more suitable for this impurity removal
process than anionic PAM. When ammonium bicarbonate was firstly adopted to regulate the solution
pH to 5.0, and then sodium sulfide was used to adjust the pH to 5.2, and 2 mg/L of cationic PAM was
added to the solution, 96% Al** and 98% Zn2* were removed from the solution, while 96% RE was
maintained. Also, cationic PAM could accelerate the settlement of flocs, the settling time of the flocs
shortened from 60 min to 20 min. This work may provide a promising way to shorten the production
cycle and increase the recovery of RE.
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1. Introduction

The rare earth elements, closely related to the hi-tech industry, are used in the manufacturing of high
strength permanent magnets, lasers, and electronic devices (Gupta and Krishnamurthy, 2005;
Moldoveanu and Papangelakis, 2016; Canovas et al., 2018). The rare earth (RE) can be extracted from
the ore containing rare earths, such as phosphogypsum, mine tailings, etc. (Habashi, 1985; Chi and Tian,
2008; Hammas et al., 2016; He et al., 2016a; Hamza et al., 2019). According to the previous researches
(Jarosiniski et al., 1993; Hammas et al., 2016; Xiao et al., 2016; Feng et al., 2018), RE in the ore can be
leached into the solution through leaching method. Subsequently, the leached RE can be recovered by
precipitation method by ammonium bicarbonate or oxalic acid (Tian et al., 2011; Tian et al., 2013a;
Hamza et al., 2019).

However, the AI** and Zn?* in some ores will enter into the solution together with RE, and then affect
the RE precipitation rate and increase the consumption of precipitants (Chi and Wang, 2014; Hamza et
al., 2019). Therefore, it is essential to remove impurities in the RE leachate before the precipitation
process. Chemical impurity removal method is commonly used to remove impurities due to its
convenience and low cost (Zhang et al., 2016; Zhou et al., 2017; Hamza et al., 2019). Some research has
been done in this area, and it has been found that ammonia, ammonium bicarbonate, and sodium
sulfide can be used for the removal of impurities (Li and Chi, 1997; Kolar et al., 2016; Zhou et al., 2017).
According to these studies, flocs, whose main component is aluminum hydroxide, will be formed in the
impurity removal process (Luo et al., 2015). The flocs are very fine, and the filtration speed is slow.
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Flocculation is a process in which small particles suspended in solution aggregate into larger
aggregates, thus accelerating particle sedimentation and making filtration easier (Jarvis et al., 2005;
Tadros, 2013; John, 2016; Moruzzi et al., 2017). Generally, some polyacrylamide (PAM) flocculant is
added to improve the operation effect of the filtration process (Chi and Tian, 2008). While existing
research only points out that the addition of PAM is beneficial to the settlement of flocs, and there is
little research on the influence of the PAM on the impurity removal process.

Thus, in this study the effect of PAM on the flocculation process was investigated by comparing the
effect of removing impurities before and after the addition of PAM. Additionally, the reasons for these
effects were explained by analyzing the flocculation mechanism of PAM.

2. Materials and methods
2.1. Materials

Ammonium bicarbonate, sodium sulfide, anionic PAM, zinc oxide, ethylenediamine tetraacetic acid
disodium, ascorbic acid, sulfosalicylic acid, xylenol orange, hexamethylenetetramine, hydrochloric acid,
ammonium hydroxide were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
of analytical grade. Cationic PAM was supplied by Zhiyuan Chemical Reagent Co., Ltd. (Tianjin,
China). Standard solution of zinc was purchased from National Center of Analysis and Testing for
Nonferrous Metals and Electronic Materials. The molecular weights of anionic PAM and cationic PAM
were 3.0x10¢ and 1.2x107, respectively. All the solutions were prepared with de-ionized water. The
sample of the RE leachate was collected in the leachate recovery tank of a RE-containing mine in Yunnan
Province, China. The contents of A** and Zn?* in the solution were 0.175 g/dm? and 1.85 mg/dm?3,
respectively, while the RE concentration was 0.295 g/dm3, and the pH was 4.29.

2.2. Methods
2.2.1. Removing impurities experiment

A 100 cm? of RE leachate was mixed with different dosages of 7.9% NH4sHCO3, 5% NayS, and 0.1% PAM
in each measurement. The solution was mixed by a magnetic stirrer (MS-S, Shanghai) with a speed of
500 r/min. The reagents were added in the order of NH;HCO3, NasS, and PAM. After reacting for 30
min, the solutions were filtered with 0.22 pm filters, and then analyzed to calculate the recovery of RE,
the removal efficiencies of AI* and Zn2*. The ambient temperature was 21 +1 °C.

2.2.2. Sedimentation experiment

A 100 cm? of RE leachate was purified with a certain amount of 7.9% NHsHCOs, 5% NasS, and 0.1%
PAM in each measurement. And, then the solution was transferred into the 100 cm?® measuring cylinder,
and allowed to settle for a certain time, and then a syringe was used to take a sample of the supernatant
from about 50 mm below the liquid level to determine the turbidity (Hach 2100q, USA) and zeta
potential (Zetersizer Nano Z5980, Malvern, UK) of the solution. The experiments were conducted at an
ambient temperature of 21 +1 °C.

2.2.3. Analytical methods

The RE3* contents in the solutions were analyzed by EDTA titration methods: use ascorbic acid to reduce
ferric iron to ferrous iron and sulfosalicylic acid to mask ferrous iron. In the condition of using
hexamethylenete-tramine as buffer and xylenol-orange as indicator, titration analyzes the RE contents
with EDTA. After that, excess EDTA solution was added into the studied liquid sample and placed in
a water bath at 90 °C for 10 min. Then the content of AI’** was analyzed using back titration with a
known concentration of zinc solution (Tian et al., 2013b; He et al., 2016b; Zhou et al., 2019). The
concentration of Zn?* was determined by an atomic absorption spectrometry (AA6300; Shimadzu,
Japan). The RE recovery (a) and removal efficiencies of Al** and Zn2* (y) were calculated using Egs. 1
and 2, respectively:

— CrE
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where a and y,;,z,, are the RE recovery and removal efficiencies of AI** and Zn?*, respectively; and Cgg
and Cy/z, are the contents of RE?* and A+ or Zn?* after the impurity removal process; and C, and C
are the total contents of RE3* and impurity ions of AI** or Zn?* in the solution.

The zeta potential was measured by a laser particle sizer (Zetersizer Nano Z5980, Malvern, UK). The
liquid sample was drawn with a syringe, and the sample was injected into the sample cell to measure
the zeta potential, each sample was measured in triplicate. The measurement error was within +0.5 mV.
The turbidity was analyzed using a turbidimeter (Hach 2100q, USA). First, the standard solutions with
turbidity of 20 NTU, 100 NTU, and 800 NTU were used for the calibration of the turbidimeter, and then
the liquid sample was added to the sample container for turbidity measurement. The measurement
error was within £ 1.0 NTU.

3. Results and discussion
3.1. Effect of removing impurities without the addition of PAM

3.1.1. Behavior of Al3** and Zn?* in the impurity removal process

Impurity ions in RE leachate are usually removed in the form of hydroxide or sulfide precipitation. The
possible chemical reactions are as follows:

RE® +30H™ =RE(OH); 1 K, =3x107% €)
AP* +30H™ = Al(OH); | Ky, = 1.30 x 10 ~33 4)
Zn** +20H™ = Zn(OH), ! K, =3x 107" ()
Zn** + 52 =Z7nS | Ky, =120 x 10723 (6)
For the hydroxide precipitates:

M™ +nOH™ = M(OH), | @)
Kep = [M™][OH]" ®)
K, = [H*][0H"] )

Then, the relationships between pM and pH are obtained as follows:
PM g3+ = 3pH — 18.48 (10)
pM 3+ = 3pH — 9.11 11)
PM .2+ = 2pH —11.48 (12)

For the sulfide precipitates, the relationship between pM (Zn2*) and pH can be also obtained by the

same method as follows:
pM 2+ = 2pH + 1.87 (13)

The pM-pH diagram obtained from Equations (10)-(13) is shown in Fig. 1. From Fig. 1, the RE exists
on the left of the black line and RE (OH)s is on the other side. The Al** and Al (OH); are on the left and
right of the red line, respectively. The precipitating pH of AI(OH)s is 3.04 which is significantly lower
than that of RE(OH)s;, suggesting that AI** can be removed as Al(OH); by controlling the pH of the
solution, while the RE does not precipitate. However, the precipitation pH of Zn (OH), and RE(OH)s is
relatively close, and some RE will be lost if Zn?* is removed in the form of Zn (OH),. Also, ZnS can be
easily formed in the solution, while RE ions do not react with S2- to form the sulfide precipitate. It can
be seen from Fig. 1 that the purple line (ZnS) is upper than the black line (RE(OH)s), indicating an
efficient removing way of Zn?* by sulfide precipitation method. Therefore, to reduce the loss of RE, AI**
and Zn?* can be removed in the form of Al (OH); and ZnS, respectively. That is to say, the pH of the
solution should be increased, and a certain amount of sulfur ions should be provided in the impurity
process.

Sodium sulfide (NazS) is a sulfide commonly used in the industry. It is alkaline in an aqueous
solution and can increase the pH of the system while providing sulfur ions. However, sulfur ions are
unstable in acidic media and easily generate hydrogen sulfide. Therefore, it is necessary to first raise the
pH of the solution and then add Na,S to remove impurities, which can reduce the hydrogen sulfide
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escape caused by weakly acidic RE leachate. Ammonium bicarbonate (NH4sHCOs) and ammonia can be
used to increase the pH of the solution, but considering the inconvenient transportation of ammonia in
actual mine production, NH4HCO: is used to increase the system pH, and then Na,S is added to remove
impurities.
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Fig. 1. pM-pH diagram of RE3*, A3+, and Zn2* in the removal process for the impurities

3.1.2. Conditions for the impurity removal process with NH;HCO3 and Na,S

According to the above analysis of the pM-pH diagram, it can be concluded that NHsHCO; should be
added to the RE leachate first, and then Na,S should be added to the solution to remove the impurities.
Additionally, it can be seen from the pM-pH diagram seen in Fig. 1 that pH is a key factor affecting the
removal of the impurities. NHsHCO3 and NasS are alkaline in aqueous solution, and their addition will
increase the pH of the solution. Therefore, the change of pH of the solution after the addition of
NH;HCOs; and NasS is usually used to represent their addition amount in industry. The optimal
impurity removal conditions are those with higher impurity removal efficiency and RE recovery
obtained by successively adjusting the pH of the solution using NHsHCO; and NaoS.

The optimized conditions for the removing impurities using NHsHCO; and NasS were studied to
first adjust the pH of the solution to 4.6, 4.8, 5.0, and 5.2 by NH;HCOs, and then add NasS to the solution
for impurity removal. The results are presented in Fig. 2(a)-(d), respectively. From Fig. 2, the Zn?*
removal efficiencies were maintained at a high level, exceeding 90%. Therefore, the optimum conditions
were determined mainly by the RE recovery and Al** removal efficiency. As can be seen from Fig. 2(a)-
(d), as the amount of NaS increased, the pH of the solution increased, the RE recovery decreased, and
the AI** removal efficiency increased. In Fig. 2(a), when the pH of the solution was adjusted to 4.6 by
NH;HCO:;, then NaxS was added to adjust the pH to 4.8, the RE recovery was 97% and Al3* removal
efficiency was 53%. At pH about 6.0, the RE recovery decreased to 81% and the AlI** removal efficiency
was up to 90%. From Fig. 2(b), at the pH around 5.0-5.2, RE recovery was about 90%, but the A+
removal efficiency was lower than 90%. In Fig. 2(c)-(d), when the pH of the solution was firstly adjusted
by NH4HCO: to a high pH, the removal effect of AI** exceeded 90%, which was better than the removal
effect of APP* in Fig. 2(a). However, the RE recovery decreased with increasing pH. To select appropriate
conditions to meet the higher RE recovery and Al** removal efficiency, all the results presented in Fig.
2 were compared. It can be found that the optimum conditions were: NH;HCO; was firstly used to
adjust the pH to 5.0, then Na>S was adopted to regulate the solution pH to 5.2, 96% Al** and 98% Zn2*
were removed, while 93% RE was maintained under this condition.

As the process of removing impurities proceeds, white flocculent sediments appeared. In order to
study the sedimentation of flocs in the process of removing impurities in the absence of PAM, the RE
leachate was treated under the optimal conditions, and turbidity of the solution was measured. The
results are shown in Fig. 3. It can be seen from Fig. 3 that the turbidity of the solution decreased rapidly
with the increase of time, and then the decrease tended to be gentle. After settling down of the particles
for 60 min, the turbidity of the solution basically remained around 27 NTU.
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Based on the above analysis, it can be seen that after adjusting the pH of the RE leachate to 5.0 and
5.2 with NH{HCO; and NasS, respectively, the removal efficiency of Al** was 96%, the removal
efficiency of Zn2* was 98%, and the RE recovery was 93%. The settling time of the flocs generated during
the impurity removal process was 60 min, and the turbidity of the solution was about 27 NTU.
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Fig. 2. Removal of impurities from RE leachate in the absence of the addition of PAM at pH of (a) 4.6 (b) 4.8 (c) 5.0
and (d) 5.2 adjusted by NH;HCO;
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Fig. 3. Turbidity of the solution as a function of time in the absence of PAM

3.2. Effect of removing impurities with the addition of PAM

Flocculent precipitation was formed during the removal of impurities. The precipitate particles are very
fine, the sedimentation speed is slow, the supernatant liquid has high turbidity, and the subsequent
filtration will take a long time. Therefore, it can be considered to add flocculants in the process to
accelerate its sedimentation. We studied the effect of PAM (anionic PAM and cationic PAM), a
flocculant commonly used in industry, on this process. To study the influence of the addition of anionic
PAM or cationic PAM on the effect of removing impurities, NH;HCOs and Na,S were added to adjust
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the pH of the solution to 5.0 and 5.2, respectively, and then different amounts of PAM were added. The
results are shown in Fig. 4-7.

3.2.1. Effect of removing impurities with the addition of anionic PAM

Fig. 4 illustrates the effect of anionic PAM on the impurity removal process. As seen from Fig. 4(a) that
the addition of anionic PAM showed less effect on the removal efficiencies of AI3* and Zn2*, but it could
increase the recovery of RE. The optimal dosage of anionic PAM was 2 mg/L. At this time, the RE
recovery was 95%, which was 2% higher than that without anionic PAM. The turbidity of the solution
was measured after the floc had settled for 30 min. The results are shown in Fig. 4(b). As shown in Fig.
4(b), the solution turbidity initially decreased, and then increased with the increasing anionic PAM
dosage. This might be because when the flocculant was added to the solution, the colloidal particles in
the solution could be aggregated together through the long chain of the flocculant particles, and then
the size of the colloidal particles would increase, and the sedimentation speed of the colloidal particles
would increase, thereby lowering the turbidity of the solution. However, when the amount of flocculant
was higher, the long chain of flocculant would completely cover the surface of the particles, preventing
the colloid particles from flocculation (Gregory and Barany, 2011). And, then the turbidity of the
solution would increase. Thus, the optimum dosage of anionic PAM was 2 mg/L.
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Fig. 4. Effect of anionic PAM dosage on (a) the impurity removal efficiency and (b) solution turbidity

To study the effect of adding anionic PAM on the sedimentation of flocs in the impurity removal
process, the RE leachate was treated under the optimal conditions, that is, the NH,;HCO; was firstly
adopted to regulate the solution pH to 5.0, and NaxS was used to adjust the pH to 5.2, and then 2 mg/L
anionic PAM was added to the solution. The turbidity of solution under different settling time was
measured, and the results are shown in Fig. 5. From Fig. 5, the turbidity of the solution decreased with
the increase of the settling time. When the settling time was 40 min, the turbidity of the solution was
maintained at about 24 NTU.
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Fig. 5. Turbidity of the solution with the addition of 2 mg/L anionic PAM
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It can be seen from Fig. 4 and Fig. 5 that after adding NH;HCOs and NasS to adjust the pH of the
solution to 5.0 and 5.2, respectively, and then adding 2 mg/L anionic PAM to RE leachate, 96% Al3* and
98% Zn?* were removed, and 95% RE could be recovered. The settling time of the flocs generated during
the impurity removal process was 40 min, and the solution turbidity was 24 NTU.

3.2.2. Effect of removing impurities with the addition of cationic PAM

Fig. 6 reveals the effect of cationic PAM on the impurity removal process. As shown in Fig. 6(a), there
was almost no effect on the removal efficiencies of AI** and Zn?*, while the RE recovery was affected.
With the increase in the amount of cationic PAM, the RE recovery first increased and then gradually
decreased. When the dosage of cationic PAM was 2 mg/L or 5 mg/L, the RE recovery was higher, about
96%. It can be seen from Fig. 6(b) that after 30 min of sedimentation, when the amount of cationic PAM

was 2 mg/L, the turbidity of the solution was lower, about 15 NTU. Based on the above results, the
optimum dosage of cationic PAM was 2 mg/L.
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Fig. 6. Effect of cationic PAM dosage on (a) the impurity removal efficiency and (b) solution turbidity

To further study the time required for the flocs to settle under optimal cationic PAM dosage (2
mg/L), and turbidity of solution under different settling time was measured, and the results are shown
in Fig. 7. From Fig. 7, the turbidity of the solution decreased rapidly in the first 10 min of settling, and
then reached a plateau with the settling time increased from 10 min to 20 min to reach the lowest the
turbidity of the solution. When the settling time was 20 min, the turbidity of the solution was about 15
NTU.

From Fig. 4 to Fig. 7, the flocculation effect of cationic PAM was better than that of anionic PAM in
this system. The optimum conditions were: NH;HCO; was firstly used to adjust the pH to 5.0, NaxS was
adopted to regulate the solution pH to 5.2, and then 2 mg/L of cationic PAM was added to the solution,
96% AR+ and 98% Zn2* were removed from the solution, while 96% RE was maintained. Under this
condition, the settling time of the flocs was 20 min and the solution turbidity was 15 NTU.
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Fig. 7. Turbidity of the solution with the addition of 2 mg/L cationic PAM
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3.3. Flocculation mechanism of PAM

After the comparison, it was found that the impact of PAM addition on the impurity removal process
was mainly reflected in two aspects, increasing the RE recovery and shortening the settling time of flocs.
Also, cationic PAM was more suitable for this impurity removal process. In order to better explain the
cause of this phenomenon, it is necessary to analyze the flocculation mechanism of PAM.

The mechanism of the polymer flocculants generally includes bridge flocculation and electrical
neutralization (Svarovsky, 2001; Besra et al., 2002). The schematic diagram is shown in Fig. 8. In this
study, bridge flocculation mainly refers to that one end of the polymer chain of the PAM is adsorbed on
a certain particle, and the other end free in the solution is adsorbed on the surface of another particle to
form a "colloid-polymer-colloid" floc. The schematic diagram of bridge flocculation is shown in Fig. 8(a).
From Fig. 8(b), when the added PAM and the particles in the solution have different charges, electrical
neutralization will occur. The macromolecules adsorb onto the particles surface, neutralizing the surface
charge thus reducing the thickness of the electrical double layer. Then, the agglomerates are created due
to the action of van der Waals forces.

The zeta potential of the particles in the solution was measured, and the results are shown in Table
1. It can be seen from Table 1 that the zeta potential of the particles was -2.47 mV in the absence of PAM,
while the zeta potential was still negative when the anionic PAM dosage was 2 mg/L (the optimum
dosage). This indicates that the flocculation process is mainly based on the effect of bridge flocculation.
Conversely, when 2 mg/L cationic PAM was added to the solution, the zeta potential of the particles
changed from negative to positive. It can be concluded that the flocculation process is the result of the
combined effect of bridge flocculation and electrical neutralization (Chang, 2011). Therefore, the
flocculation effect of cationic PAM was better than that of anionic PAM in this system. When cationic
generated floc has a specific adsorption effect on RE (Chi and Tian, 2008). When the settling time of the
floc is shortened, the floc does not have enough time to adsorb more RE in the solution, thereby reducing
the loss of RE in the solution and increasing the RE recovery.

(@)

9 Particles ~~~~ PAM
Fig. 8. Schematic diagram of (a) bridging flocculation and (b) charge neutralization

Table 1. The zeta potential of the particles in the solution in the absence and presence of PAM

Samples PAM dosage/  Zeta potential/mV
(mg/L)
No flocculant 1 0 -2.47
Anionic PAM 2 2 -2.77
Cationic PAM 2 2 0.41

1 NHsHCO:s was firstly used to adjust the pH to 5.0, Na>S was adopted to regulate the solution pH to 5.2
2 NHsHCO:s was firstly used to adjust the pH to 5.0, Na>S was adopted to regulate the solution pH to 5.2,
and then PAM was added to the solution
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4. Conclusions

This study investigated the effect of polyacrylamide (PAM) on the impurity removal process of the RE
leachate. The results showed that the use of PAM was beneficial to the recovery of RE in this process,
and the cationic PAM was more suitable for this impurity removal process than anionic PAM. When
NH;HCOs was used to adjust the solution pH to 5.0, and then NaS was added to regulate the pH to
5.2, and 2 mg/L of cationic PAM was added to the solution, 96% Al** and 98% Zn2* were removed from
the solution, while 96% RE could be recovered. Also, the addition of cationic PAM could accelerate the
settlement of flocs, and the settling time was 20 min, which was shortened by 40 min. According to zeta
potential analysis, the flocculation process was mainly based on the combined effect of bridge
flocculation and electrical neutralization.
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