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Yttrium (Y), classified among the rare earth elements (REEs), plays an important role in modern technologies,
contributing to the increase in mineral extraction and processing activities. Consequently, this trend leads to an
elevated release of economically significant but potentially dangerous elements into the environment. Acid mine
drainage (AMD) is recognized as a concern due to the presence of hazardous elements, however, it simulta-
neously serves as a valuable secondary source of critical elements.

This study explores the recovery of Y(III) from multi-element solutions that simulate real AMD in terms of pH,
the presence of various divalent cations, and sulfate. It investigates the recovery of Y(III) from multi-element
solutions using a two-stage approach: cation exchange membrane (CEM) for Donnan dialytic Y(II) transport
followed by biological treatment for Y recovery. The efficiency of Y(III) transport across the acid-resistant CEM,
Fumasep FKS-PEP-130, reached 68.6 %, even in the presence of accompanying cations. The addition of strain

J19, highly resistant to Y, led to approximately 89 % removal of Y(III) from the feed compartment.

The proposed CEM transport/biological treatment concept offers the first efficient Y(III) recovery approach.
This method will benefit future assays with real-field AMD, as it minimizes waste generation while effectively
separating metals from sulfate, thereby reducing environmental impact.

1. Introduction

Yttrium (Y) belongs to the rare earth elements (REEs) group [1], and
like other REEs, it does not occur naturally as a free element. They are
present in a wide range of mineral types, including halides, carbonates,
oxides, phosphates and silicates [2], and have a predominant preferred
electronic configuration with dominant oxidation states of + 3, Y(III)
[3-5]. Yttrium has gathered increasing attention due to its valuable
applications in several fields, including manufacturing high-tech, mili-
tary and biomedical products. Consequently, Y is considered strategi-
cally important and is included in the European list of critical raw
materials [6]. It is crucial to find alternative REE sources to meet the
predicted growing demand that could exceed the world supply. The use
of primary REE resources, as well as REEs from waste streams, will be
essential to meet this demand. In this context, exploring and identifying
secondary REE resources and developing novel, cost-effective, and sus-
tainable techniques is necessary. Recent studies have shown the viability
of acid mine drainage (AMD) as a strategic secondary source of REEs
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[3,7-10].

The occurrence of REEs, more specifically Y, in natural water sources
is a consequence of environmental pollution caused by the extraction
and processing of mineral resources [11]. Due to their high chemical and
thermal stability, REE minerals can only be dissolved by adding
concentrated sulfuric acid or sodium hydroxide at high temperatures
(around 300 °C). This chemical action with sulfuric acid, resulting from
mining activity, increases the dissolution capacity of REEs, thereby
leading to the presence of many sources of AMD [12,13]. AMD treat-
ment is of great concern worldwide due to the long-lasting nature of
AMD, which can persist for decades or even centuries. When left un-
treated, AMD can generate leachate that commonly releases large
amounts of metal(oid)s, sulfate (up to 20 g/L), and acidity into streams
and groundwater [14,15]. Typically, AMD is characterized by a low pH
ranging from 2 to 4 and by high concentrations of dissolved valuable
compounds containing iron (Fe), aluminium (Al), zinc (Zn), copper (Cu),
arsenic (As), antimony (Sb) and selenium (Se) [3,10,14,15]. In addition
to the mentioned ones, AMD also contains high concentrations of
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dissolved REEs above 1 mg/L or with an average of 2.25 mg/L as the
studies from the Iberian Pyritic Belt [7,16].

The traditional approach to treating AMDs is via neutralization
(using lime (Ca(OH)y), limestone (CaCO3), among others), which causes
precipitation of sulfate and metals. This process generates large amounts
of toxic sludge that are environmentally harmful, and the handling,
treatment, and disposal of this sludge are expensive and labor-intensive
[10,14,15]. Alternative treatment methods, such as ion-exchange,
membrane crystallization, and sulfide precipitation, each have their
unique advantages and disadvantages. Ion-exchange provides high
selectivity and purity but requires complex resin regeneration [17,18].
Membrane crystallization effectively recovers high-purity materials but
is energy-intensive [19]. Sulfide precipitation is simple and cost-
effective but generates waste sludge [20,21]. In contrast, membrane
processes using Donnan dialysis, offer cost-effective and scalable solu-
tions without needing an electrical field, offering advantages over the
methods mentioned above. Donnan dialysis combines good selectivity
with low energy requirements, making it an attractive option compared
to conventional AMD treatment processes [22-24]. Donnan dialysis uses
an ion exchange membrane (IEM) to separate and concentrate ions of
interest from a target aqueous solution, driven by an electrochemical
potential. The IEM is impermeable to co-ions, while counter-ions are
transported to a receiving (stripping) compartment [25], where
“driving” counter-ions are added at a higher molar concentration than
that of the target ions in the feed. The conceptual sketch of Donnan
dialysis using a cation-exchange membrane is presented in the supple-
mentary material as Fig. S1. This low-energy method has been used to
remove contaminants (e.g., arsenate, nitrate, fluoride, perchlorate) and
recover valuable compounds (e.g., gold, silver, Cu, chromium, lithium,
ammonia and phosphorus) from industrial waste streams
[22-24,26-32]. Research on removing Y(III) from aqueous solutions by
Donnan dialysis reported is very scarce. However, Matsuyama et al. [26]
demonstrated that Y(III) ions can be effectively transported across a
Neosepta CM-1 membrane in a synthetic solution using H" or K* as the
“driving” counter-ion in the stripping solution. This finding is particu-
larly valuable for cation exchange membranes (CEMs) with lower sta-
bility in highly acidic (low pH) conditions. Another study demonstrated
that Y(III) ions, when using a Selemion CMV membrane, have a much
lower self-diffusion coefficient than H' due to their larger size and
trivalent state, significantly hindering their transport [33].

Several authors [34-38] have studied the combined use of biological
treatments and ion exchange membrane processes, particularly in ion
exchange membrane bioreactors for drinking water treatment. Biolog-
ical treatment is highlighted as the most cost-effective and environ-
mentally friendly method for metal removal from wastewater. Metal
recovery can be achieved through bioaccumulation, which involves
cellular metabolic activities, or through biosorption, which involves the
presence of specific functional groups within cellular structures capable
of forming chemical bonds with metals [38-43]. In biological treat-
ments, bacteria are optimal biosorbents due to their high adsorption
capacity, rapid growth cycle, and adaptability [43,44]. They can
concentrate, remove, and recover metals from polluted environments
and survive in high concentrations of metal pollutants [45,46]. Bio-
mineralization, another biological process, involves the deposition of
inorganic minerals within or outside the cells as a mechanism of bac-
terial resistance to metal toxicity [47]. This phenomenon is supported by
various studies demonstrating biomineralization through metal-
complex deposition [47-50].

The primary limitations of existing treatment technologies include
the risk of secondary contamination from microbial cells, nutrients, and
metabolic by-products in biological processes. In this study, we suggest a
potential solution to overcome these issues by introducing the concept of
integrated CEM transport with biological treatment. With this proposal,
this study aims to develop an initial system to recover Y(III) from multi-
element solutions that simulate real AMD in terms of pH, the presence of
various divalent cations, and sulfate. The study initially explores and
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Table 1
Main characteristics of the Fumasep® FKS-PET-130 membrane, according to the
manufacturer (Fumatech BWT GmbH, Bietigheim-Bissingen, Germany).

Appearance/color light brown
Reinforcement PET
Counter-ion H*

pH stability range at 25 °C 0-8

Area resistance in 0.5 M NaCl at 25 °C <4 Q.cm?
Thickness 120-150 ym

compares the impact of using HCl, NaCl, or a combination of both in the
receiver solution to optimize the efficiency of Y(III) transport. Secondly,
the study also investigates the influence of defined divalent cations in a
multi-element solution, along with sulfate, on the efficiency of Y(III)
transport. Our proposed concept is divided into two distinct stages. The
first stage involves the transport of Y(III) across the membrane. In the
second stage, we evaluate the addition of a culture of the bacterial strain
Mesorhizobium gingshengii J19, known for its high tolerance to Y and its
ability to immobilize it, to the receiver solution. Our proposed concept
presents a promising environmental bioremediation strategy since it will
offer benefits in future assays with aqueous secondary sources such as
real-field AMD by reducing waste generation and efficiently isolating
metals from sulfate, thus reducing environmental impact.

2. Material and methods
2.1. Reagents, membrane and bacterial strain growth conditions

All reagents used, such as YCl3-6H0 (Sigma-Aldrich), KoHPO4
(Ensure), MgSO4-7H0 (LabChem), NaCl (NZYTech), CaSO4-2H>0
(Merck), MnCly-4H20 (Acros Organics), NaSO4 (PanReac AppliChem)
and NaNOs (Merck) were of analytical grade. An aqueous 0.5 M
YCl3-6H20 was prepared as a stock solution and sterilized by filtration
through a filter 0.2 u m to provide Y(III) in its trivalent cationic form,
Y3+ If it were present as YSO, the affinity of the CEM would be expected
to be reduced due to the monovalent nature of the cation. All solutions
were freshly prepared with deionized water (conductivity < 1 pS/cm).
The desired pH values of the receiver and feed solutions were adjusted
using 37 % HCI (Fluka) and 0.1 M HySO4 (Fluka), respectively.

_________ Sampling
g point .
"4 “a
Receiver Feed
) R e »
x R i
PG T SRSESIRL - YO°

Cauon-excnar{qe membrane
(CEM)

Fig. 1. A schematic representation of the dialysis cell used in this work. Y>*
cation, transported through the CEM from the feed compartment is shown. In
the receiver, X' represents the “driving” Na' or H" counter-ions used in the
present study. The dashed spiral arrows indicate the movement of the magnetic
stirrer in each compartment, while the straight dashed arrows represent the
exchange process of cations and anions through the CEM.
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Table 2
Experimental conditions of the Donnan dialysis assays performed in the present
study without the presence of other co-cations in the feed solution, except for Y.
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Table 3
Multi-element solution composition used in the feed compartment (the pH of the
final solution was adjusted to 3 with 0.1 M H,SO4).

Solutions Driving pH

counter-ions

Assay  Receiver Feed Receiver Receiver  Feed

1st 1.72 mM
K,HPO,
0.1 mM
MgSO4
0.5 M NaCl
2nd 1.72 mM 5 mM Na®, Kt, Mg?*, 3% 5.02
K,HPO, YCl3-6H,0 H"
0.1 mM
MgSO,
0.5 M NaCl
3rd 1.72 mM 5 mM Na®, Kt, Mg*", 17 4.19
KoHPO, YCl3-6H,0 H'
0.1 mM
MgSO4
0.5 M NaCl
4th 1.72 mM 5 mM
KoHPO,
0.1 mM
MgSO4
0.5 M NaCl
5th 1.72 mM 5 mM
KoHPO, YCl3-6H,0
0.1 mM
MgSO4
6th 1.72 mM 5 mM Na®, Kt, Mg?", 0.8" 3°
K,HPO, YCl3-6H,0 H"
0.1 mM
MgSO4
0.26 M NaCl

0.5 mM
YCl3-6H,0

Nat, K*, Mg?*  7.37 5.55

Na*, K+, Mg2+, 0.8% 3b
YCl3-6H,0 H'

K*, Mg?*, H 0.8° 3b

# pH adjusted with 37 % HCL b pH adjusted with 0.1 M H,SO,.

A commercial CEM, Fumasep® FKS-PET-130 (FuMA-Tech), was used
because of its high stability in an acidic environment. The membrane is
polyester(PET)-reinforced with low electric resistance, and high me-
chanical stability. Since the membrane is delivered in a dry form, a
pretreatment was done: the membrane was first immersed in a 0.5 M
NaCl aqueous solution for a minimal time of 48 h so that it could be
converted into the Nat form. Afterwards, it was thoroughly rinsed with
distilled water. The main membrane properties are listed in Table 1.

The bacterial strain M. gingshengii J19, an Alphaproteobacterium
belonging to the University of Coimbra Bacteria Culture Collection
(UCCCB) and isolated from the surface of test galleries at the Jales mine,
was grown aerobically at 25 °C in Reasoner’s 2A (R2Ab) liquid medium
(Himedia). The medium contained per liter: 0.5 g yeast extract, 0.5 g
proteose peptone, 0.5 g casein, 0.5 g glucose, 0.5 g soluble starch, 0.3 g
KoHPOy4, 0.024 g MgSO4 and 0.3 g sodium pyruvate. To determine the
colony-forming units (CFUs) of strain J19 when grown in the receiver
solution, R2A solid medium was used, which is R2Ab liquid medium
supplemented with 1.5 % agar.

2.2. Donnan dialysis experiments

The assays were carried out in a two-compartment membrane cell
(190 mL each) equipped with a circular window for the membrane (area
of 11.3 cm?), as schematically shown in Fig. 1. Each compartment was
fitted with a magnetic stirrer to avoid possible concentration polariza-
tion effects at the membrane surface. The membrane was fixed between
the two half-cells of the system, and the receiver and feed solutions used
in a given experiment were placed in the respective compartments of the
cell for membrane pre-equilibration. The working solutions used in the
assays were kept in the compartments for 2 h (without stirring) and then
removed. Fresh solutions were then added, and the assays were initiated
by starting the stirring (700 rpm). All assays were performed at an air-
controlled room temperature of 23°C.

Salt Ion Concentration (mM)

CaS04-2H,0 Calcium, Ca?* 1.5
Sulfate, SOF

MgS04-7H,0 Magnesium, Mg>* 10
Sulfate, SO

MnCl,-4H,0 Manganese, Mn?" 2.5
Chloride, CI"

NaySOy4 Sulfate, SO 60
Sodium, Na™

NaCl Chloride, CI" 90
Sodium, Na™

NaNOs3 Nitrate, NO3 16
Sodium, Na™

YCly-6H,0 Yttrium, Y* 0.2 or 0.4

Chloride, CI"

At pre-defined time intervals, 2 mL aliquots were collected from both
receiver and feed compartments to measure pH (SensION™ pH3) and
conductivity (SensION™ EC7). The assays were conducted over 72 h,
monitoring the transient change in Y(III) concentrations in both com-
partments using the Arsenazo III colorimetric method. The procedure
described by Hogendoorn et al. [29] was followed, with appropriate
volume adjustments to achieve a final reaction volume of 2 mL. Quan-
tification was performed by mixing 1 mL of citric acid/phosphate buffer
(pH 2.8), 980 uL of sample and 20 uL of 1 mM Arsenazo III, then
analyzing the samples spectrophotometrically at 655 nm. Yttrium con-
centrations from 0.025 to 0.5 mM were used to generate a standard
calibration curve. Furthermore, recent work showed no significant
change in Y quantification over time when abiotic controls with
increasing Y concentrations in growth medium (also including KoHPO4
as in the receiver solution of the present work) were filtered with a 0.1
um filter before measurement. This step was essential, as colloidal Y(III)
precipitates are difficult to pellet through centrifugation [52].

Six sets of assays were performed and are presented in Table 2 in
sequential order. The first assay started without changing the naturally
obtained pH of the solutions to evaluate the degree of Y(III) recovery
under these conditions. In the next two assays, the Y(III) concentration
in the feed solution was increased 10-fold, while the pH of the receiver
solution was reduced. This was done to explore the effect of higher H*
ion concentrations and lower pH on the Y(III) recovery rate. The fourth
assay used a feed solution with a pH closer to that encountered in AMD,
reducing the pH to 3. To verify whether and how Na' ions affected
transport across the membrane, the last two sets of assays were designed
and carried out, in which NaCl was either not added to the receiver
solutions or its content decreased to almost half of its initial concen-
tration. The membrane was regenerated between each set of assays by
placing it in a 0.5 M NaCl solution (renewed several times) and rinsing it
with distilled water.

2.3. Multi-element solution design

The multi-element solution used in this study was adapted from the
work of Siew et al. [15], based on the average composition of six
different real AMD water samples. The composition of the multi-element
feed solution is presented in Table 3. Yttrium was added to the multi-
element solution, testing two different concentrations: 0.2 and 0.4 mM.

The assay was performed at room temperature in a two-compartment
membrane cell. Samples were collected from both receiver and feed
compartments over 96 h. The pH and conductivity were also measured.
The Y concentrations in both compartments were measured by induc-
tively coupled plasma mass spectrometry (ICP-MS) at the Trace Analysis
and Imaging Laboratory of the University of Coimbra (TAIL-UC). Mag-
nesium (Mg), manganese (Mn), sulfur (S), sodium (Na), and potassium
(K) were also measured using ICP-MS. The results were presented as a
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Fig. 2. Concentration of Y(III) measured in both receiver (green line) and feed (red line) solutions over time for the six sets of assays. (a) 1st assay: 0.5 M of NaCl in
the receiver solution and 0.5 mM of Y(III) in the feed solution, (b) 2nd assay: 0.5 M of NaCl and pH 3 in the receiver solution, and 5 mM of Y(III) in the feed solution,
(c) 3rd assay: 0.5 M of NaCl and pH 1 in the receiver solution, and 5 mM of Y(III) in the feed solution, (d) 4th assay: 0.5 M of NaCl and pH 0.8 in the receiver solution,
and 5 mM of Y(III) and pH 3 in the feed solution, (e) 5th assay: pH 0.8 (without NaCl) in the receiver solution, and 5 mM of Y(III) and pH 3 in the feed solution, (f) 6th
assay: 0.26 M of NaCl and pH 0.8 in the receiver solution, and 5 mM of Y(III) and pH 3 in the feed solution. Means + standard deviations — error bars — were
calculated from two independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

ratio, where concentrations over time were normalized to the initial
concentration in the feed.

2.4. Y(IID removal using strain m. Qingshengii J19 from the receiver
compartment

The Donnan dialysis cell was sterilized in two steps to ensure
maximum sterility for bacterial growth. First, the system and all the
connecting tubing, sampling ports and O-rings were immersed in 70 %
ethanol (v/v) for 48 h. Afterwards, it was dried and sterilized by UV-A
light irradiation for at least 1 h (or until completely dry).

The 1st stage of this assay involved the transport of Y(III) from the
feed to the receiver solution compartment across the CEM. This trans-
port occurred for 48 h, using the compositions of the receiver (4th assay
described in Table 2) and multi-element feed solutions (as mentioned in
Section 2.3), both autoclaved at 121 °C for 20 min (Y(III) added sepa-
rately). The concentration of Y(III) used in this step was 0.4 mM. Af-
terwards, and before starting the 2nd stage, half of the receiver solution
was discarded and the same volume of 2x concentrated R2Ab medium
was added. The pH was adjusted to approximately 7 with 1 M NaOH.
Once the solution reached a neutral pH, strain J19 was added to the
receiver compartment, starting with an optical density at 600 nm

(ODgo) of 0.06. The assay was performed for 48 h.

The assays were performed at room temperature. Samples were
collected for Y measurement by ICP-MS at several time points: at t0 and
t48 for the 1st stage in both compartments, and at t0, t24, and t48 for the
2nd stage in the receiver compartment. Bacterial cells were collected by
centrifugation at maximum speed (17,000 g) for 15 min, then washed
with a phosphate-buffered saline solution (PBS), containing per liter: 8 g
NacCl, 0.2 g KCl, 1.44 g NapHPO,, 0.24 g KH,PO,4 and pH 7.4, and lysed
by an acidic lysis procedure [50]. The supernatants, resulting from the
bacterial cell lysis step, were measured by ICP-MS, while the cellular
pellets were neutralized with 0.5 M NaOH and then used to quantify
total protein using the Bradford method [51]. The Y values obtained
were normalized by the total protein mass. Moreover, in the 2nd stage,
serial 10-fold dilutions in sterile 0.85 % NaCl (w/v) were performed, and
100 pL were spread on R2A agar plates to determine the CFUs as a
control of bacterial growth during the assay. The plates were incubated
at 25 C until colonies were visualized.

2.5. Scanning electron microscopy with coupled energy-dispersive X-ray
spectroscopy (SEM-EDS)

After Y(III) transport from the 1st stage assay, the Fumasep® FKS-



C. Coimbra et al.

PET-130 membrane that had been in contact with the feed solution was
observed by SEM-EDS in backscattered electron mode (BSE). The
membrane was first washed with sterile Milli-Q water, dried, to ensure
accurate and reliable results, and then stored until analysis. This was
done to ensure only the Y bound to the membrane was analyzed,
avoiding interference from the feed solution. SEM micrographs were
obtained on a FEI Quanta 400 FEG ESEM, and EDS analysis was
accomplished using an Oxford INCA Energy 350 equipped with the
SAMX IDEFIX software, with an accelerating voltage of 15 kV and a
beam current of 20 nA.

2.6. Maximum Y(III) removal

The assay was conducted following the procedure outlined in Section
2.4, with the only difference being that it was performed in repeated
batch process mode. Briefly, the system operated in three batches as
follows: batch 1 involved starting the assay with new solutions and
performing the 1st and 2nd stages; batch 2 involved renewing the
receiver solution while keeping the same feed solution, and performing
the 1st and 2nd stages; and batch 3 involved a second renewal of the
receiver solution, with the same feed solution, and again performing the
1st and 2nd stages. The initial Y(III) concentration in the multi-element
feed solution was 0.4 mM, and the membrane remained in the system
between both compartments throughout the assay. Aliquots were taken
for Y measurement by ICP-MS at t0 and t48 for all 1st stages and at tO,
t24 and t48 for all 2nd stages.

2.7. Analytical method: Colorimetric quantification of yttrium

In all assays from Section 2.2, to monitor the transient change in Y
(II) concentrations in both the receiver and feed compartments, samples
were periodically measured using Arsenazo III (1,8-dihydroxynaph-
thalene3,6-disulphonic  acid-2,7-bisSTA(azo2)-phenylarsonic  acid)
(Sigma-Aldrich) colorimetric method, following the procedure
described in the literature [52]. Briefly, quantification was performed by
mixing 1 mL of citric acid/phosphate buffer (pH 2.8), 980 uL of sample,
and 20 pL of 1 mM Arsenazo III. Samples were quantified by spectro-
photometry at 655 nm and Y concentrations from 0.025 to 0.5 mM were
used to generate a standard curve.

2.8. Calculations

The obtained data were compared in terms of Y(III) recovery (i.e.,
the amount of Y(III) present in the receiver compartment) and the yield
of Y(IIT) accumulation by the bacterial strain J19 from the receiver so-
lution. The percentage of Y(III) transported to the receiver compartment
over time was calculated through the following equation:

_ [Y(IIT)], receiver(tx)

Y(III) recovery (%) = (1], feed(t0) x 100 (€8]

where [Y(III)],receiver(tx) and [Y(III)],feed(t0) represent the Y(III)
concentrations at an elapsed time, tx and time 0 in the receiver and feed
compartments, respectively.

The Y accumulation yield (%) by strain J19 was calculated using the
following equation:

(2)

Yaccumulationyield(%) = ( W, receiver(tx) ) x 100

W, receiver(t48)

where W,receiver(tx) represents the Y weight (mg) accumulated by
strain J19 at an elapsed time tx in the receiver compartment, while W,
receiver(t48) denotes the weight (mg) measured at time 48 h in the
receiver compartment during the first stage, i.e., before bacterial
inoculation.
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Table 4
Summary of Y(III) recoveries obtained in the assays performed (Means =+ stan-
dard deviations were calculated from two independent experiments).

Assay Assay duration (h) Y(III) recovery (%), Eq. (1)
1st 24 0 + 0.002

2nd 48 2.7 + 0.008

3rd 120 35.0 + 0.12

4th 72 68.6 + 0.19

5th 72 7.8 + 0.003

6th 72 6.0 + 0.02

2.9. Statistical analysis

Each result is shown as the mean value of two independent assays
(the number of independent assays is indicated in the caption of each
figure) + the standard deviation. Statistical analysis was performed
using GraphPad Prism 9 for Windows, using Two-way ANOVA and Or-
dinary one-way ANOVA followed by Siddk’s and Tukey’s, and Dun-
netts’s multiple comparisons tests, respectively. A difference was
considered statistically significant if p-value < 0.05.

3. Results and Discussion
3.1. Y(II) transport by Donnan dialysis

The Y(III) time concentration profiles in the receiver and feed com-
partments are presented in Fig. 2 for the six assays performed. The Y(III)
transport from the feed to the receiver solution was not significantly
affected by a 10-fold increase in the initial Y(III) concentration (from 0.5
to 5 mM) in the feed solution (Fig. 2a and 2b, respectively), showing in
both cases a very low removal yield of Y(III) from the feed solution of 0.9
and 3.3 %, respectively. As is well-known, trivalent cations have much
higher affinities than monovalent ones to strong acidic cation ex-
changers with sulfonic functional groups [53]. Therefore, decreasing the
pH to 3 and 1 (Fig. 2b and 2c, respectively) in the receiver solution (i.e.,
more H' ions present) did not provide enough “driving” H' ions to
ensure a significant counter-transport of Y(III) from the feed to the
receiver compartment. Thus, the receiver solution pH was further
decreased to 0.8 (Fig. 2d). This improved the efficiency of the cationic
exchange of Y3+ ions, reaching a recovery of Y(III) in the receiver
compartment of 68.6 % (Table 4). The results are consistent with pre-
vious findings, which showed that the highest recovery of REE using a
strong acid sulfonic resin occurred at pH levels between 0.5 and 2 [10].
Still, not all Y(III) was quantitatively transported to the receiver due to
its strong affinity for the membrane functional groups.

Given these observations, additional assays were performed to
evaluate the possible contribution of “driving” Na™ counter-ions (pre-
sent in the form of NaCl) to the degree of Y(III) recovery in the receiver
compartment. Maintaining pH levels at 0.8 and 3 in the receiver and
feed solutions, respectively, the 5th and 6th assays were performed
without NaCl and with half the concentration of NaCl (0.26 M) in the
receiver solution compared to the first four assays. As shown in Fig. 2e
and 2f, respectively, the recovery of Y(III) was influenced by the pres-
ence of Na' ions in the receiver. In assays without salt and with half the
concentration of salt, Y(II) recovery was only 7.8 and 6 %, respectively
(5th and 6th assay in Table 4), compared to the 68.6 % obtained in the
4th assay, where the highest concentration of NaCl (0.5 M) at the lowest
pH (0.8) was used as the receiver solution. The Y(III) recovery in the
receiver was almost one order of magnitude lower than that found in the
4th assay, i.e., recovering around 10-fold less Y(III) in the receiver
compartment. These results indicate that the presence of Na* ions in the
receiver compartment slightly contributes to increasing the recovery of
Y3+ ions, while the presence of a high concentration of H' ions (pH<1)
is essential for ensuring efficient Y>* ions transport. As mentioned, the
affinity towards cations increases with the increasing cation charge.
However, in the case of different cations with the same charge, such as
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Fig. 3. Concentration of Y(III) measured in both receiver and feed solutions over 96 h of the assay 0.2 mM (light green and light red, respectively) and 0.4 mM (dark
green and dark red, respectively) of Y(III) were added to the muti-element feed solution. Means + standard deviations — error bars — were calculated from two
independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H' and Na' ions, we observe that cation exchangers have a lower af-
finity for Na™ ions compared to H" ions. Due to the highest mobility of
protons compared to all other possible “driving” counter-ions, such as
Na™ ions, the strongly acidic environment enhances the affinity of Y>*
ions for the resin’s functional groups, facilitating their transport across
the membrane. Since no significant change in Y quantification was
observed over time with abiotic controls filtered through a 0.1 pym filter
to remove colloidal precipitates, this suggests that phosphate present in
the growth medium did not interfere with metal precipitation, indi-
cating any interference between these two elements when both are
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present in the present study’s receiver solution.

Comparing the pH profiles of all the assays (Fig. S2 in Supplementary
Information), the pH remained relatively stable in both receiver and
feed compartments over time, except in the 3rd and 4th assays. When
HCI was used to lower the pH of the receiver solution to 3 and 0.8
(Fig. S2c and S2d, respectively), the migration of H' ions caused a
decrease in the feed’s pH and a slight increase in the receiver’s pH. The
conductivity profiles (Fig. S2 in Supplementary Information) showed
minimal or negligible decreases in both compartments, except in the 2nd
and 4th assays. It is notable that while the conductivity decreased in the

(b) 157

|divalent ions]| ratio
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Fig. 4. Ratios of the concentration of the monovalent counter-ions potassium (K-+: potassium, inverted triangle) and sodium (Na+: sodium, rhombus) (a), divalent
counter-ions manganese (Mn2+: manganese, square) and magnesium (Mg2+: magnesium, cross) (b) and co-ion sulfate (SO42-, triangle) (c) measured in both
receiver (green line) and feed (red line) solutions over 96 h of the assay when 0.4 mM of Y(III) were added to the multi-element feed solution. The concentrations over
time were normalized to the initial concentration in the feed, expressed as a ratio. Means =+ standard deviations — error bars — were calculated from two independent
experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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receiver compartment, it remained constant in the feed compartment.

In sum, the most promising results for Y(III) transport were obtained
when using 0.5 M NaCl at pH 0.8 in the receiver compartment, where
both Nat and H' served as “driving” counter-ions.

3.2. Y({ID) transport using a multi-element feed solution

Given the complexity of real AMD samples, it is important to eval-
uate the Y(III) transport in such solutions, referred to as multi-element
solutions, with a composition presented in Table 3. The concentration
of Y(III) present in both receiver and feed compartments of the assays
performed with the multi-element solution is shown in Fig. 3.

Two increasing concentrations of Y(III) were added to the multi-
element feed solution, 0.2 and 0.4 mM, resulting in the highest Y(III)
recovery in the receiver solution (Fig. S3 and 4, respectively). The results
showed that the recovery of Y(III) in the receiver solution increased with
higher Y(III) concentrations, with the fastest recovery observed at the
highest concentration tested, 0.4 mM. In the first 7 h, a Y(III) recovery of
4.3 £0.012 and 17.7 + 0.09 % was achieved for the assays performed
with 0.2 and 0.4 mM Y(III), respectively. After 96 h, the Y(III) recovery
had further increased to 35.6 + 0.15 and 63.7 + 0.31 %, for the
respective concentrations. Although conducted under different condi-
tions, a reported study using acid mine waters from an abandoned mine
at La Poderosa in the Odiel river basin (Huelva, Spain) showed a
removal of Y(III) of 9.3 %, which is 6.9 times lower than the values
obtained in our study with a multi-element solution [3].

The concentrations of other cations present in the multi-element
solution, namely monovalent ions K™ and Na®, and divalent ions
Mg?t and Mn®", were also measured and are presented in Fig. 4a and 4b.
Na™ ions were not transported from the feed to the receiver, due to their
presence as a “driving” counter-ion in the receiver compartment
(Fig. 4a). Over time, Mg?" and Mn?* ions were transported across the
membrane from the feed to the receiver solution, reaching maximum
recoveries of 47.8 + 0.14 % for Mg?"and 51 + 0.03 % for Mn?" after 96
h (Fig. 4b). Thus, both elements were recovered approximately up to
1.3-fold less when compared to the recovery of Y(III) in the same
compartment. Lowering the concentration of Y(III) to 0.2 mM resulted in
Mg?* recoveries of 28.9 + 0.35 % and Mn>" recoveries of 34.1 4 0.08 %
(Fig. S3b in Supplementary Information). In conclusion, the recovery of
both ions, Mg?>" and Mn?", increased with rising concentrations of Y
(11D, from 0.2 to 0.4 mM.

These findings confirm the absence of significant competition with
co-cations, such as Mn?" and Mg2*, in the presence of other divalent
cations. Even when the initial concentration of Mg?" in the feed solution
was 100 times higher than that in the receiver solution (10 and 0.1 mM,
respectively), it did not affect the transport of Y>*. This indicates that
high amounts of Mg?" do not interfere with the transport of Y3,
ensuring efficient transport regardless of Mgt concentration differ-
ences. This can be explained by the fundamental principle of cation
exchange, where the high affinity of a trivalent cation compensates for
the presence of a divalent ion, even at higher concentrations [53].
Fig. 4b also shows that the temporal dynamics and the relative amounts
transported from the feed to the receiver solutions are similar for both
mentioned cations. Although conducted under different conditions, the
reported study using AMD from an abandoned mine showed a removal
of Mg and Mn of 9.5 and 4.6 %, respectively [3]. These values are 4.7
and 10.9 times lower than those observed in the current study performed
with the multi-element solution. In addition to the mentioned counter-
ions, the co-ion sulfate (SO%’) was also followed in both compart-
ments, and the results are presented in Fig. 4c. As expected, the SOF ion
was not transported since it is a co-ion with the same charge as the
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functional group of the ion exchange membrane under study. This
confirms its efficient Donnan co-ion exclusion. The same result was
obtained with 0.2 mM Y(III) (Fig. S3c in Supplementary Information). As
mentioned earlier, many real AMD contain valuable metals dissolved in
the acidic water, along with sulfate [3,10,14,15]. For instance, one study
reported very high concentrations of Fe (822.029 mg/L), Mn (199.673
mg/L), Cu (10.704 mg/L), Zn (8.328 mg/L), and Pb (1.877 mg/L) in a
AMD with sulfate concentrations reaching 4455.87 mg/L. Additionally,
lower concentrations of other significant metals, such as Ni, Cd and As
(<1 mg/L) were detected [54]. All these concentrations far exceeded the
established standards for these metals. Sulfate concentrations in AMD
often range from 500 and 3000 mg/L, significantly surpassing the
maximum recommended limit of 250 mg/L for drinking water [55].
Metals in AMD are usually present at toxic levels, but they generally
occur at lower concentrations than sulfates. The high sulfate levels,
which can vary widely depending on the specific mine site and the
minerals present, represent a significant environmental challenge.
Applying CEM for separating sulfate from cations in AMD waters is
crucial for environmental remediation, allowing the potential to recover
the cationic metals in subsequent processes. Remarkable results were
obtained in this study using the Fumasep FKS-PEP-130 membrane,
effectively separating sulfate from Mg+, Mn?* and Y3 cations. High
concentrations of sulphate interfere negatively with bacterial growth
and, consequently, with the Y removal or immobilization bioprocess.
Separating anions like sulfate from cations in the solution is a crucial
step that significantly enhances the efficiency of subsequent cation
removal, particularly in the second stage of the process when a bacterial
culture is introduced. By removing sulfate, the solution is less complex,
reducing potential interference and competitive interactions between
anions and cations. Consequently, the bacterial culture can operate
more efficiently, facilitating the desired cation extraction without the
hindrance of competing anions. The pH and conductivity time profiles
obtained are presented in Fig. S4 in Supplementary Information.
Comparing the pH profiles for each assay, it can be observed that the pH
in the feed compartment slightly decreased from 3 to 2 at the highest Y
(II1) concentration used, whereas the pH in the receiver compartment
remained constant over time. Regarding conductivity, there were min-
imal or negligible fluctuations in both compartments when 0.2 mM of Y
(II1) was used in the multi-element feed solution. However, increasing
the concentration of Y(III) to 0.4 mM caused the conductivity to drop
much more in the receiver compartment compared to its increase in the
feed compartment.

The negligible competing effect of other co-cations present in the
multi-element feed solution, combined with the efficient transport of Y
(III) across the membrane, are noteworthy findings. Donnan dialysis
emerges as a promising membrane separation process for the removal of
Y(III) from multi-element solutions, showing potential for future appli-
cations in real- assays with AMD.

3.3. Y({ID removal by strain M. qingshengii J19

To evaluate the ability of strain J19 to remove Y(III) from the
receiver solution, the Donnan dialysis process was combined with the
addition of the selected strain to the receiver compartment. The process
was divided into two distinct stages: 1) Y(III) transport from the multi-
element feed solution to the receiver solution across the membrane
(1st stage), and 2) Y(III) removal from the receiver solution using strain
J19 (2nd stage). In the 2nd stage, the removal of Y(III) was achieved
through Y cellular immobilization by strain J19. As demonstrated in our
previous work, the removal of Y is primarily associated with the binding
of phosphorous to the cell surface of strain J19, forming a Y-P biocrystal



C. Coimbra et al.

0.8+
ok ok ok
—
0.6
1
— 1
— 1
-~ [}
= '
= 0.4 ' e e e ok
= : |
- :
1
1
0.2+ ' %
1
1
1
)
)
0.0~ : -
t0 t48 t0 t48
Feed Receiver
compartment compartment

Fig. 5. Concentration of Y(III) measured in both receiver and feed solutions at
t0 and t48 from the 1st stage assay, corresponding to the initial and 48 h of the
assay, respectively.

[52]. Our published results showed that Y removal by J19 does not occur
by biosorption, but needs cells metabolically active to enhance Y
immobilization. The Y biomineralization process, involving the phos-
phate groups on the cell surface, was proposed as the bacterial strategy
for Y immobilization. Given the extremely low pH, high salt concen-
tration, and absence of nutrients in the receiver solution, the selected
strain cannot grow under these conditions. Since the strain must be in its
metabolically active growth phase to efficiently remove Y, it was
necessary to carry out these two stages separately. In the 2nd stage, the
receiver solution was first neutralized to a pH of around 7, and then the
growth medium was introduced into the receiver compartment.
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Fig. 5 shows that 49.4 + 0.5 % of Y(III) was recovered in the receiver
solution, indicating that half of Y(III) was efficiently transported from
the multi-element feed solution to the receiver solution after 48 h of the
assay, reaching an equilibrium of ions in both compartments. This result
supports previous findings (Fig. 3), where at the same time point, 52.8
=+ 0.35 % of Y(III) was also recovered. After 48 h of Y(III) transport, SEM-
EDS analysis was performed to determine whether all Y3* ions were
completely transported across the membrane or if any were retained in
it. The spatial distribution of Y across the membrane is shown in the EDS
map in Fig. 6a, while Fig. 6b displays the EDS average spectrum,
depicting the overall elemental composition detected in the membrane
area. Analysis of the EDS spectrum did not detect Y in the CEM material.
However, this does not exclude the potential for a small amount of Y to
be retained in the membrane, as indicated in Fig. 6b. Even with the
possibility of minimal Y fixation in the CEM material, it did not impact
its recovery, validating that Y(III) was efficiently transported between
compartments.

Once the 1st stage was completed, adjustments were made to the
receiver solution, which contained approximately half of the initial
concentration of Y(III) from the feed solution (0.4 mM). These adjust-
ments included dilution by adding a new 2x concentrated growth me-
dium and increasing the pH to optimize conditions for the growth of
strain J19. At this point, the concentration of Y(III) in the receiver
compartment was 4 times lower than the initial concentration in the
feed solution. The Y(III) removal from the receiver solution during the
growth of strain J19 was evaluated and is shown in Fig. 7a. Three in-
cubation times were considered: t0 (the beginning of strain J19 growth),
t24 (after 24 h of strain J19 growth) and t48 (after 48 h of strain J19
growth). During the 2nd stage assay, viable cell count evaluation
revealed significantly higher CFUs at 24 h (t24) and 48 h (t48) compared
to the initial growth time (t0) (Fig. S5), while strain J19 progressively
removed Y(III) from the solution, achieving removal efficiencies of 38.3
+ 0.74 and 88.9 + 3.68 % after 24 h and 48 h of growth, respectively.
Furthermore, we showed that the strain J19 was able to immobilize high
concentrations of Y in their cells, reaching values of 52.1 + 0.45 and
61.5 + 0.39 pg Y/mg protein after 24 h and 48 h of growth, respectively
(Fig. 7b). That cellular growth is essential to attain an efficient Y
immobilization by J19 cells as recently demonstrated [52]. The immo-
bilization of Y was previously studied and reported as a biomineraliza-
tion process achieved through Y adsorption to the phosphate groups
present on the bacterial surface, resulting in Y(III) phosphate biocrystals
[52]. Additionally, even in the presence of other cation metals in the
receiver solution, the removal of Y(III) was not affected, nor was the
capacity of Y cellular immobilization.

Increasing intensity

i
«
— L ———

Fig. 6. Elemental composition of the membrane at the end of the 1st stage assay. EDS map shows the distribution of Y in the membrane (a). EDS average spectrum
from the EDS map (b). Means + standard deviations — error bars — were calculated from two independent experiments. * indicates a significant difference from t0.
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The Y accumulation yields by strain J19 were 32.8 + 0.29 and 60.3
+ 0.37 % for 24 h and 48 h of growth, respectively [Eq. (2)]. Despite the
limited data available regarding the accumulation of REEs in cells, strain
J19 was capable of a high removal of Y(III) present in the receiver so-
lution, similar to the study carried out with strain Thermus scotoductus
SA-01 when treated with europium (Eu) [56]. These results are
remarkable given the lack of literature regarding the accumulation of
REEs in cells, thus revealing the strain under study to be, for the first
time, a very promising organism for removing Y(III) from multi-element
solutions.

3.4. Evaluation of the capacity for repeated use of the membrane

This study was performed to assess the membrane’s capacity for
maximum removal of Y(III) in a repeated operation batch mode, main-
taining the feed solution and renewing the receiver solution twice. The
renewal of the receiver compartment solution was performed to trans-
port the remaining Y(III) present in the feed compartment. Fig. 8a shows
that Y(III) was efficiently transported to its maximum removal using the
same membrane since the beginning of the assay, reaching recovery
levels of 63.2 + 0.11, 7.8 + 0.03, and 1.3 £ 0.01 % of Y(III) during the
three batches, respectively. In the assay where the 2nd stage was per-
formed (Fig. 8b), strain J19 could remove Y(III) from the solution over
time, reaching a significant removal of 88.3 4+ 0.16 % of Y(III) after 48 h
of bacterial growth over the first batch. However, since the amount of Y
(I1D) in the last two batches was very low, the Y(III) removal in these two
batches was not significant, despite showing removal values of 23.2 +
0.82 and 38.2 £ 0.19 % of Y(III), respectively.

These results suggest that the membrane can be used successively
until the maximum removal of Y(III) is reached. The only limitation of
this assay is the initial amount of Y(III) present in the feed compartment.
Therefore, if there is a continuous influx of metal in the respective
compartment, it can be effectively removed.

4. Conclusions

This study provided a conceptual framework for understanding the
equilibrium (i.e., between Y>* in the solution and those interacting with
the CEM) and kinetic (i.e., the rate at which Y3+ are removed or trans-
ported through the CEM) aspects of Y(III) removal through Donnan
dialysis, involving a CEM with high Y(III) affinity. This system can
successfully recover this metal from contaminated leachates, even when
Y(III) is present at low concentrations within high concentrations of
other metals. The primary conclusions of this work are:

m The Fumasep FKS-PEP-130 membrane was found to be suitable
for the recovery of Y(III).

m Maximum Y(III) recovery was obtained with a high concen-
tration of NaCl (0.5 M) and extremely low pH (0.8) in the
receiver solution compartment, reaching a recovery of around
69 %.

= In multi-element feed solutions, the Y(III) recovery process was
not affected by the presence of other cations.

m Y(III) was not retained on the membrane, being efficiently
transported from one compartment to the other.

m The proposed approach with the addition of a biological
treatment for Y(III) removal must be carried out in two
sequential stages to adjust the conditions of the receiver solu-
tion to favor bacterial growth.

m The selected strain J19 efficiently removed Y(III) from the so-
lution, reaching a maximum accumulation of approximately 61
ug Y/mg of protein, presenting an accumulation yield of around
61 % compared to the initial concentration of Y(III) present in
the feed solution (0.4 mM).

m The membrane could be continuously used without affecting its
Y(III) transport efficiency.
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There are advantages to employing the proposed CEM transport/
coupled biological treatment concept, which offers a promising and
environmentally friendly alternative for recovering Y(III) from indus-
trial mining solutions, such as AMD, compared to conventional biore-
mediation processes. Our proposed concept is advantageous for future
assays using AMD, as it is the first optimized method that minimizes
waste production while effectively separating metals from sulfates. This
is achieved by using an [EM to separate cations from anions, particularly
sulfates, which are present in higher concentrations, preventing un-
wanted releases into aquatic systems. Moreover, the concept allows for
the selective removal of target metals with specific bacteria, thereby
contributing to both environmental decontamination and sustainable
metal recovery from multi-element solutions.

Future work will be necessary to define the best strategy to address
the limitations of the 2nd stage, as the current approach of discarding
half of the receiver solution and replacing it with a new medium. To
optimize this stage and make the overall process more efficient and user-
friendly, future research efforts must focus on addressing this issue.
Additionally, further validation of the proposed concept with real-field
AMD solutions is necessary to apply it as a tool for designing and
scaling up the process. This can be easily achieved by using membrane
contactors with larger membrane areas, making the process practical for
industrial applications and ensuring a high level of environmental pro-
tection through the bioremediation process.
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