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Biological treatment removal of rare earth elements and
yttrium (REY) and metals from actual acid mine drainage

E. W. Nogueira, F. M. Licona, L. A. G. Godoi, G. Brucha
and M. H. R. Z. Damianovic

ABSTRACT

Actual acid mine drainage (AMD) containing a high concentration of sulfate (~1,000 mg-L~"), dissolved
metals, uranium, rare earth elements and yttrium (REY) was treated using a down-flow fixed-structured
bed biological reactor (DFSBR). The reactor was operated in a continuous flow mode for 175 days and the
temperature was maintained at 30 °C. The synthetic AMD was gradually replaced by the actual AMD in
20, 50 and 75% of the total medium volume. Sugarcane vinasse was used as the electron donor and the
influent pH of the reactor was decreased from 6.9 to 4.6 until the system collapsed. REY elements and
transition metals were removed from the actual AMD and precipitated in the down-flow fixed-structured
bed reactor. Sulfate reduction achieved 67 + 22% in Phase Il and chemical oxygen demand (COD)
removal was above 56% in Phases | and Il. Removal of La, Ce, Pr, Nd, Sm and Y was higher than 70% in
both Phases Il and Ill while Fe, Al, Si and Mn were removed with efficiencies of 79, 67, 48 and 25%,
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respectively. The results highlighted the potential use of DFSBR in the treatment of AMD, providing
possibilities for simultaneous sulfate reduction and metal and REY recovery in a single unit.
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INTRODUCTION

Acid mine drainage (AMD) is a serious environmental
problem that affects aquatic and terrestrial ecosystems,
as well as human health. AMD is characterized as acidic
wastewater with high concentrations of sulfate and various
metals (Johnson & Hallberg 2005). The problems associated
with poor disposal of AMD and the lack of treatment, as
well as the recovery of metals, pose an environmental
challenge that can be made worse by major disasters such
as the one in Mariana-MG, Brazil (Hatje et al. 2017).
Among the many challenges in treating AMD is the
large amount of drainage generated in deactivated mines,
which requires technological alternatives able to integrate
economic and environmental solutions to limit the extensive
damage caused by AMD releases into the soil. The flow rate
of AMD generation in a lake called BF4, located in Caldas
(Minas Gerais state, Brazil) at Industrias Nucleares do
Brasil (INB), as an example, can reach 160 m*>h~! during
the wet season. First described by Miekeley et al. (1992),
due to the low pH of around 3, such AMD is characterized
by a high concentration of dissolved metals including rare
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earth elements and yttrium (REY), which may range from
0.5 to 71 mg-L~ 1.

Due to the widespread use of REY in various technologi-
cal applications and the high demand for these elements by
countries such as China, which now owns most of the REY
production, there is a high demand for these elements in the
world, thus increasing their economic value (Schlinkert &
van den Boogaart 2015). The presence of REY is also abun-
dant in several other types of AMD and the lower the pH
of such wastewater, the higher the concentration of REY
and metals, such as Al, Mn, Cu and Zn, released into the
water (Cravotta 2008; Stewart et al. 2017).

According to Zhao et al. (2007), the speciation modeling
for the AMD samples indicated that the REY-sulfate com-
plexes are the main form of dissolved REY concentration
in mine waters, representing more than 60% of the total
amount, followed by a free metal species form.

As the AMD’s physicochemical treatment strategies
are generally associated with high chemical costs, especially
hydroxides for neutralization (Johnson & Hallberg 2005),
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anaerobic technology-based biological treatment has been
widely proposed, integrating low costs, chemical inputs
and possibly the recovery of metals from wastewater as
metal sulfides (Lewis 2010).

Based on the results found in the literature, the objective
of this study was to evaluate the performance of the down-
flow fixed-structured bed biological reactor (DFSBR)
recently proposed by Godoi ef al. (2017a), in the biological
treatment of actual AMD with significant concentrations
of Al, Fe, Mn, Si, U and REY, also aiming at the potential
recovery of such elements.

MATERIAL AND METHODS
Bioreactor configuration

The down-flow fixed-structured bed reactor (Figure 1) used in
the present study was based on the bioreactor described by
Godoi et al. (2017a) and consisted of a bench-scale bioreactor
made of acrylic material. The fixed-structure bed for biomass
immobilization consisted of four vertical columns each con-
taining 13 low-density polyethylene rings (Figure 2). The
DFSBR was operated at 30 °C and the hydraulic retention
time (HRT) varied between 16 and 18.5 h (total volume of
1.9 L). The reactor was operated for 175 days distributed in
four operational phases. The biomass from an upflow anaero-
bic sludge blanket (UASB) treating poultry slaughterhouse
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Figure 1 | Schematic representation of the down-flow fixed-structured bed reactor
(DFSBR).
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Figure 2 | Low-density polyethylene ring used as support material after operational time.

waste was used to seed the support material according to
the procedure previously described (Godoi ef al. 2017a).

Mine waters

The actual AMD was collected from an acidic lake at the
Osamu Utsumi Uranium Mine, deactivated in 1998 called
BNF (BF4), located in Caldas (Minas Gerais state, Brazil)
and operated by INB. It has been characterized by a high
concentration of dissolved transition metals and the highest
concentration of REY (Cravotta 2008). The pH of the mine
water was around 3 and the concentration of its main
elements is described in Table 1.

Electron donor

In order to provide carbon and nutrients for the sulfate-
reduction metabolism, sugarcane vinasse was used as the

Table 1 | Characterization of the actual mine water used for biological treatment

Element conc. (mg-L™") REY conc. (mg-L™")
Al 131.5+6.6 La 40.1

Mn 75.6+9.6 Ce 24.9

Fe 1.2+0.1 Pr 3.6

Zn 10.9+0.7 Nd 9.55

Mg 6.1+0.4 8] 4.15+0.2
Si 17.2+5.6 Y 410+0.4
SO, 890 = 80
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Table 2 | Characterization of the sugarcane vinasse used as a carbon source

Analyte conc. (mg-L™") Analyte conc. (mg.L™")
Al 5.84 Cu 0.366
Mn 23.28 Ti 0.228
Fe 134.1 Ni 0.204
Zn 1.48 P 147.4
Mg 1,907 SO, 2,418
Si 53.5 Ca 1,614
COD 15-10*

electron donor of the process. Such waste material is largely
generated throughout ethanol production from sugarcane in
Brazil and consisted of an organic rich effluent (Table 2).
The anaerobic digestion of sugarcane vinasse has been
widely reported (Gongalves et al. 2007; Fuess et al. 2016,
2019; Nadaleti ef al. 2019; Niz et al. 2019; Parsaee et al.
2019), and therefore its use to enable biological sulfate
reduction can be considered an interesting alternative.

Operational parameters

The study was divided into four operational phases. During
Phase I, the bioreactor was fed with a mixture of sugarcane
vinasse and a synthetic AMD, consisting only of a high con-
centration of sulfate in order to develop and enrich the
sulfate-reducing biomass. During Phases II, III and IV the
synthetic wastewater was gradually replaced by the actual
AMD until reaching 20% (Phase II), 50% (Phase III) and

Table 3 | Mean values of pH and influent of sulfate, COD and analytes in DFSBR

75% (Phase IV) of the treated volume. The COD:Sulfate
ratio applied ranged from 1.5 + 0.4 to 2.1 + 0.7 to provide
organic matter above the stoichiometric ratio for sulfate
reduction (0.67). The influent pH in the start-up phase
(treating sugarcane vinasse supplemented with sulfate) was
6.9 + 0.6, whereas after the application of the actual AMD
in 75%, the influent pH was adjusted with NaOH and
decreased from 5.4 to 4.6 (Table 3). The precipitated solids
were collected from the bottom of the DFSBR in each
operational phase to analyze the precipitated material.

Analytical methods

The concentrations of chemical oxygen demand (COD)
total sulfide and alkalinity were determined according to
Standard Methods (APHA 2005). The pH of the unfiltered
samples was measured immediately after collection. Filtered
samples were acidified with HNOj5 to analyze the sulfate
and major elements by inductively coupled plasma optical
emission spectroscopy (ICP-OES). The analytes found in
the sludge accumulated in the bottom part of the bioreactor
were also analyzed by ICP-OES. Detection limits were
(mg:L™1): Al<0.001, Fe, Mn, Sm and Y <0.002, Si<
0.009, La < 0.005, Ce < 0.008, Pr and Nd < 0.004 and U <
0.040.

Calculations

The speciation of sulfide forms (H,S and HS™) and the
alkalinity due to sulfide and bicarbonate in the DFSBR

Phases 1(41d) 11 (18 d) 1 (71 d) IV (45 d)
Sulfate (mg-L ™) 980 + 180 1,150 + 71 1,020 + 70 985 + 144
COD (mgL™Y) 1,530 + 556 2,000 + 111 1,980 + 519 1,770 + 450
COD:Sulfate ratio 1.5+04 1.7+0.2 2.1+0.7 1.8+05
Influent pH 69+0.6 54+02 51+0.1 46+0.2
Influent (mg-L~?!) of: Al - 25+11 71 +£27 96 + 18

Fe - 8+4 11+8 62

Mn - 15+2 31+2 62+5

Si - 8+3 12+5 11+2

La - 8+4 18+6 29+10

Ce - 6+3 14+6 186

Pr - 04+03 1.0+0.4 3.0+04

Nd - 2=+1 5+2 7+3

Sm - 02+0.1 0.6+0.3 0.8+0.3

Y - 0.8+0.5 20+0.7 32+04

U - 1.1+0.6 372 32+14
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effluent was estimated by doing the calculations presented
by Godoi et al. (2017b).

The flow of electrons required for the two main bio-
reactor metabolisms (sulfate-reduction and methanogenesis)
was estimated by applying the equations reported by Godoi
et al. (2015).

RESULTS AND DISCUSSION
COD and sulfate removal

The COD oxidation in association with sulfate reduction
was successfully achieved in the first operational phase
when sugarcane supplemented with sulfate was treated. In
Phase I, 62+ 14% of COD removal was observed and
sulfate removal average was 54 + 22%, reaching 87% in
the last few days, indicating the establishment of the
sulfate-reduction process. During Phase II, with 20% of
actual AMD, COD and sulfate removal reached 56 + 6%
and 67 + 22%, respectively (Figure 3).

Although the higher concentration of AMD did not
affect the performance of the reactor at the beginning of
Phase III, in the middle of this phase the COD removal
dropped to 30% and was very unstable. The higher concen-
tration of dissolved metals and low pH (around 5.0) in
Phases III and IV (50% and 75% of AMD) may have
seriously impaired the sulfidogenesis, leading to significant
reductions in COD and sulfate removal efficiencies, close
to 20% and 10% respectively.

Stoichiometrically, sulfidogenesis was responsible for
the oxidation of 37, 46, 53 and 25% of the COD removed
in Phases I, II, III and IV, respectively. Although the
production of biogas was not measured in this study,
methanogenesis seems to be an important complementary
via COD removal, probably resulting in a COD/SO, ratio
around 2, which enabled the participation of methanogen-
esis in the global process of organic matter removal
(Godoi et al. 2015).

After the establishment of sulfidogenesis in the DFSBR
during Phase I, the reactor presented 129 + 12 mg-L™~! of
total sulfide in the effluent. During Phase II, despite the
lower sulfate removal efficiency observed, the increment in
sulfate in the influent (Table 3) possibly stimulated the sul-
fate-reduction, promoting the observed increase in sulfide,
which reached 210 + 40 mg-L ™! (Figure 4).

In Phase 111, in turn, sulfide concentration decreased to
107 + 53 mg-L ! (Figure 4). Due to low sulfate reduction,
less than 20 mg-L ! of sulfide was generated in the system
in Phase IV, when the sulfidogenesis was severely affected
and the outflow sulfate concentration remained unstable.

Once the sulfide toxicity in the biological systems
was generally attributed to the molecular form (H,S) of
the hydrogen sulfide (Lens ef al. 1998), the speciation of
the sulfide forms in the liquid phase was estimated and the
H,S achieved a maximum concentration of 136 mg-L~! only
at day 98 of the present study. The critical threshold for sulfate-
reducing bacteria (SRB), in turn, was usually expected at
concentrations above 125 mgH,S-L~!' (Maillacheruvu
et al. 1993), whereas the total inhibition of sulfate-reducing
metabolism was only verified at H,S concentrations as
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Figure 3 | Boxplot analysis of COD removal (a) and sulfate removal (b) at different phases.
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300 - L 3 o Tofal to the release of protons caused by metal sulfide

1 e HS precipitation and the HS™ consumption due to metal

o v H,S sulfide precipitation (Godoi et al. 2017b). During Phase III,

as the metal concentration increased and sulfate reduction

2200~ . 0o efficiency decreased, alkalinity production dropped to
fh ° D » 626 + 219 mg CaCOs-L~!. The IA/PA ratio (intermediary
% - EPD .'.% 5 R alkalinity/partial alkalinity) increased from 0.4 +0.1
= o b b7 = ¥ (Phase I and II) to 1.9+ 1.0 in Phase III, demonstrating
& 1004 © ., ‘o ‘vav . % 8 the instability of the anaerobic digestion after increasing
'. 3"‘50."; :D L the actual AMD concentration and inflow pH. Rodriguez

v’ v | e Y Vy 'ﬁ % et al. (2012), who analyzed the AMD collected at the same

Y Yyw ve, P ."§ * wy VF uranium mine, also reported instability in the effluent pH

0= — ; e and alkalinity generation by sulfidogenesis. The acidity in

Y e e 0 =0 such AMD associated with the significant increase in

Time (d) metals can be the major reason for the lack of efficiency

Figure 4 | Total sulfide concentration (-), bisulfide anion as HS™ (e) and hydrogen
sulfide ().

high as 500 mg-L~! (Reis et al. 1992). Therefore, the H,S sul-
fide was maintained below this value throughout the entire
operational time. Thus, the toxic effects on the sulfidogenic
biomass, which may cause the observed loss of perform-
ance, should be attributed to agents other than sulfide.

The alkalinity produced increased the average pH of
the system from around 7.0 to 7.5 in Phase I, 5.4 to 7.4
in Phase II, from 5.0 to 6.4 in Phase III and from 4.7
to 5.2 in Phase IV (Figure 5). In Phase I (absence of dis-
solved metals), 1,456 + 190 mg CaCOs-L~! was produced.
Although the addition of AMD did not significantly affect
the sulfate reduction in Phase II, the alkalinity in the
effluent of the DFSBR presented a slight decrease to
1,331 + 96 mg CaCOs-L~! (Figure 5). It is probably related

observed in the system from Phase III onwards.

The accumulation of volatile fatty acids (VFA,; Figure 5)
through the phases operated in more acidic conditions
(Phases III and IV) also suggests that the sulfate-reduction
inhibition was related to the increasing concentration of
the free form of acetic acid, which is more significant in
pH values below 6.2 (Reis et al. 1992). However, this hypoth-
esis cannot be confirmed as the acetic acid was not
individually determined.

REY and metal(loid) removal from AMD

The treatment of 75% of AMD with a high content of
dissolved metals was possible due to the establishment
of sulfidogenesis in the first phase, in which the DFSBR
was able to develop a sulfidogenic biomass cultivated in
sugarcane vinasse as the electron donor and carbon and
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Figure 5 | Inflow () and outflow (e) pH (a) and total alkalinity- Ar () bicarbonate alkalinity- Agc (@) volatile fatty acid alkalinity- Ayea () and sulfide alkalinity-Aps () measure as CaCOg3
concentration and (===) the Ai/Ap (b).
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nutrient source. The removal of transition metals and REY
are presented in Figures 6 and 7, respectively, and these
results can also be related with the increase in the pH in
the liquid medium, making precipitation of the metal(loid)s
possible in the DFSBR.

Although Mn precipitates around pH 9.0 (Ayora et al.
2016), during Phases II and III the treatment was able to
remove an average amount of 35 and 20%, respectively,
when the reactor outflow pH was higher than 6.0. In
Phase 1V, when the pH dropped to less than 6.0, Mn was
released back to the dissolved form. The incipient removal
of Mn in comparison with other metals is probably due to
the higher solubility product constant (Ksp) of MnS and
the complexity of the interactions governing Mn solubility
(Bekmezci et al. 201; Santos & Johnson 2017).

The elements Al and Fe, widely associated with AMD
(Sun et al. 2012; Ayora et al. 2016; Kefeni et al. 2017),
presented similar efficiency removal of around 70% in
Phases II and III but dropped in the last phase to less
than 40%. Despite the similar removal efficiency, the small
concentration of Fe probably precipitated as sulfide (FeS)
and Al as hydroxide when the pH increased. The high
concentration of dissolved sulfide probably favored the
formation of metal sulfide, precipitating partially with tran-
sition metals.

According to the acid dissociation constant (pKa) of Al,
pH values between 1.5 and 6.0 promote the formation of sul-
fate complexes of Al in AMD, and in pH values above, Al is
present as hydroxide complexes (Sanchez-Espand 2007).
Falagan et al. (2017) also found Al in a hydroxysulfate form
and other forms under pH 5.
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Figure 6 | Boxplot analysis of transition metals and Si metalloid removal in Phases I, liI
and IV.
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Figure 7 | REY and U removal from the dissolved fraction.

The metalloid Si is usually present in AMD as Si(OH)
and they usually have the same behavior as Al because
they have similar charge and ionic radii (AI’**=0.5 A and
Si** =0.47 A) (Caraballo et al. 2019). Studies suggested
that Si could coprecipitate as hydrobasaluminite at pH 6
(Caraballo ef al. 2019) and Sanchez-Espafia ef al. (2016,
2018) also reported the interaction between Si and Al
under biotic and abiotic conditions in acidic environments.

Regarding REY, La, Ce, Nd and Y were removed in
DFSBR with average efficiencies higher than 70%, while
Pr and Sm presented removal efficiencies higher than 80%
in Phase II (Figure 7). Compared to other AMD and coal
mine drainage (CMD) with REY compositions, the DFSBR
was able to treat the highest concentration of REY ever
described (Miekeley et al. 1992; Zhao et al. 2007; Sun et al.
2012; Stewart et al. 2017). The obtained removal of REY
suggests that they could be coprecipitated with aluminum
or ferric iron (Stewart ef al. 2017), as a metal sulfide or
directly as RE(OH)5 (Ziemkiewicz et al. 2016).

The removal of REY and metal(loid)s in DFSBR by pre-
cipitation was confirmed in each discharge of material from
the conical bottom of the reactor. The analysis of the sludge
indicated significant amounts of several elements (Table 4).
The second chamber of the system, used as a water level
equalizer (Figure 1), was also useful to retain sludge rich
in precipitates (Table 4).

The highest concentration of precipitated REY was
achieved for the La, which reached 696 mg-L ! in the col-
lected sludge. In the same sample, Al accumulated in a
concentration up to 2 g-L~'. The concentration of metals
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Table 4 | Concentration of precipitated elements in mg-L ™"

Day La Ce Pr U Nd Sm Y Mn Al Fe Si

57 86 67 4 n.d 23 9 34 243 236 41
920 245 176 20 n.d 52 24 80 702 135 75
137 194 136 17 5 45 22 87 620 87 71
110 696 484 55 n.d 155 15 79 735 2,587 406 76

asample collected at the conical bottom of the water level equalizer.

detected was proportional to the value considered in the
wastewater that was feeding the bioreactor. The high
concentration of iron accumulated in the biomass suggests
that it came from vinasse, which is also rich in Fe.

The high concentration of REY and sulfate and the low
pH of actual AMD treated in the present study suggest
that the main formation of dissolved REY was probably
represented by the sulfate form due to its stable form.
Once the sulfidogenesis was established and the internal
pH increased, it made precipitation of the REY elements
possible.

On the other hand, uranium’s behavior differs from the
other elements and its removal efficiency increased through-
out the treatment. Although greater results were achieved in
Phases II and III, with 75% of actual AMD, the removal effi-
ciencies started to decline until the bioreactor collapsed
(Figure 7). This collapse can be related to both inflow pH
drops and a high concentration of toxic metals. Because of
the down-flow configuration, the SRB can also be affected
by the precipitation of the analytes of the support material,
accumulating with the immobilized biomass and exerting
inhibitory effects due to their toxicity to SRB, as well as by
increasing the mass transfer limitation (Villa-Gomez et al.
201).

Based on the concentration of REY present in the
actual AMD (Table 1) and estimating that with anaerobic
treatment if at least 50% of the total elements precipitated
into the bioreactor, for every 100 m® of treated DAM 4, 1,
0.5, 0.2 kg of La, Ce, Nd and Y, respectively, could be recov-
ered. In 2018, the price of lanthanum oxide, cerium oxide,
neodymium oxide and yttrium oxide was around 2, 2, 51 and
3 US$-kg !, respectively (U.S. Geological Survey 2019). The
price of REY can reach more than 500 times the price of
iron ore, for example, and yttrium is the most valuable
REY element analyzed in this study. More than 2,400 m®
of AMD is generated per day at BF4 (just one of the four
main acidic lakes disposed of at the company) and this
volume is higher during the rainy seasons. INB had spent
around R$1.8 mi (or US$430 thousand) buying calcium
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hydroxide in 2018 to increase the pH of the mine water
(leaving the treatment plant with a pH higher than 11 to pre-
vent acidic waters reaching the river) in order to comply
with the Brazilian environmental laws. Although NaOH
had been used in Phase IV, it was used in a small concen-
tration just to keep the inflow pH around 4.8 in order not
to affect the sulfidogenesis and it was not added to comple-
tely neutralize the medium. The abiotic remediation system
not only has a high operational cost but also the generation
of sludge produced by physicochemical treatment is much
higher when compared with biological treatments (Johnson
& Hallberg 2005). In addition to the environmental advan-
tages, biological treatments also have economic benefits
and are promising in terms of recovering valuable elements
from AMD as the precipitated material is more stable.

CONCLUSION

The wastewater vinasse used as a carbon source for the bio-
logical treatment of actual AMD enabled the sulfidogenesis
in the bioreactor. The alkalinity generated by sulfidogenesis
was able to increase the pH in at least one unit and
promoted the removal of metal(loid)s Al, Fe, Mn, Si, U
and REY elements from the dissolved phase. The chemical
elements precipitated and accumulated in the conical
bottom of the bioreactor, indicating a potential for such
elements to be recovered in biological AMD treatment.

The configuration of the DFSBR bioreactor, based on
the immobilization of biomass in its peculiar arrangement
of the support material, seems adequate to treat wastewaters
containing a high concentration of metals because the preci-
pitated material did not cause clogging of the bed.

This research provides possibilities for DFSBR configur-
ation applications aiming at simultaneous sulfate reduction
and the recovery of metal and REY in a single unit, although
problems with reactor performance must be overcome in
future investigations to allow long-term system operations.
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Finally, this is also the first study to describe a sulfido-
genic bioreactor treating actual AMD rich in REY and
uranium using sugarcane vinasse as the electron donor.
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