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Herein we report the findings of an integrated green process for the continuous oxidation and biomineralization
of the most toxic As(IIl) from acidic streams using a laboratory-scale airlift bioreactor operated at thermoaci-
dophilic conditions and fed with Fe(II) as electron donor. As(III) oxidation catalyzed by granular activated
carbon (GAC), biological Fe(II) oxidation and scorodite crystallization took place simultaneously in the reactor,
allowing the treatment of influent solutions containing 0.65 g-L~! As(III). At a hydraulic retention time of 2.2
days, a stable arsenite oxidation efficiency of 99% was achieved, while the removal of total arsenic was 93%.
Scorodite was yielded as the main solid product whose physical characteristics such as average size (250 pm) and
the developed crystalline structure allowed the easy harvesting from the reactor and reflected the high stability
by the low arsenic release of 0.4 mg'L™" after 60 days of leaching. The analysis of the microbial composition in
the reactor suspension and the precipitates indicated the dominance of thermoacidophilic archaeon of the genus
Acidianus. Similarly, the attachment of microorganisms to the precipitates observed by scanning electron mi-
croscopy, suggested that the precipitation in our system was biologically mediated. The simultaneous arsenic
oxidation and removal through catalyzed oxidation and biological processes provide the basis for a new and cost

effective green methodology for arsenic fixation from acid As(IIl)-containing wastewaters.

1. Introduction

Arsenic (As) is an ubiquitous natural element in the earth’s crust [1]
and a hazardous contaminant commonly generated from the processing
of base metal ores. Health effects due to exposure to As species are severe
and include skin and lung cancer, neurological effects, hypertension and
cardiovascular diseases [2]. Accordingly, the World Health Organiza-
tion has set a very low standard of 10 ppb for drinking water. To protect
the environment and drinking water resources, hydrometallurgical
process streams containing arsenic concentrations (mainly As(III)) in the
range 500-10000 ppm [3,4] must be treated prior to the reuse of the
water in the process or the disposal of the treated effluent in tailings
facilities [1]. The removal and stabilization of this toxic element still is a
significant and continuous challenge for the non-ferrous extractive
metallurgical industry. Traditional methods to remove arsenic from in-
dustrial wastewaters and metallurgical operations include lime
neutralization and chemical co-precipitation of arsenate with ferric iron
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[5]. Recent technologies, including adsorption/desorption, encapsula-
tion, electrocoagulation have been developed and are widely applied to
treat As-containing streams. However, the main disadvantage is the cost
of such processes, the high iron dose needed and the amount of unstable
generated waste [6,7].

The precipitation of arsenic and iron as scorodite (FeAsO4-H50) is
regarded as the preferred route for arsenic fixation due to the high
arsenic content, high stability, low iron consumption and good settling
properties of the product [8,9]. Different methods for chemical precip-
itation of scorodite, mainly from As(V) solutions, under hydrothermal
and atmospheric conditions have been described [5,10]. Similarly,
under ambient conditions, the precipitation of biogenic scorodite from
As(V) solutions was demonstrated [4,11-13]. In the biogenic process,
the saturation control is given by the biological oxidation of Fe(II)
leading to the synthesis of crystalline scorodite at 70 °C in the absence of
primary seeds.

The oxidation state of arsenic is of importance for the design of
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effective removal strategies. Arsenite (As(III)) is 60 times more toxic and
mobile than arsenate (As(V)) and is commonly released to the weak acid
process waters produced by mineral processing [1,14,15]. Thus, in order
to optimize the removal of arsenic and stability of the precipitates, a
primary oxidation step is required. Available studies on As(III)-oxidation
in acid streams (pH < 1.5) are limited. At these conditions, arsenite
oxidizing activity has been scarcely reported, and at low rates for ther-
mophilic iron-oxidizing species of the genera Sulfolobus and Acidianus
[4,13,16-20], which still represents a drawback for the scale-up and
development of the biological process. On the other hand, hydrogen
peroxide has proven to be efficient oxidant of As(III) used in the industry
[21], However, one of the main disadvantages besides the high cost of
the oxidant is its instability as it decomposes in contact with solids.
Alternatively, the catalytic oxidation of As(IIl) in acidic solutions by
activated carbon in the presence of oxygen at ambient conditions has
been reported [22]. With this concept, oxidation efficiencies up to 99%
were reported using catalyst ratio between 1/17-1/30.

Earlier reports developed by our group demonstrated that the
spontaneous As(IIl) oxidation by granular activated carbon (GAC)
combined with the biological Fe(II) oxidation led to the precipitation of
biogenic scorodite in batch experiments [23,24],providing a promising
green strategy for the removal of arsenic from acidic wastewaters.
Following the concept of saturation control without the addition of
neutralizing chemicals, the optimization, and characterization of the
scorodite precipitates were also studied in different media with and
without GAC catalyst [24]. Preliminary results showed that a higher
removal of arsenic and the formation of settleable scorodite particles
were obtained at a lower catalyst concentration, confirming the role of
the catalyst in As(III) oxidation and suggested the induced mineraliza-
tion as the primary mechanism of crystallization as a result of controlled
biological Fe(Il) oxidation in As(III)-rich solutions.

For further scale up and use in metallurgical industry, the develop-
ment of a continuous process will be essential. Herein, we aim to develop
such a continuous process for precipitation of biogenic scorodite in an
airlift reactor fed with simulated As(III) and Fe(II) containing acidic
solutions. The scorodite produced in the continuous bench-scale reactor
was examined for its chemical composition and long-term stability
through the toxicity leaching test procedure.

2. Materials and methods
2.1. Mixed culture and growth media.

Enrichment cultures of thermoacidophilic iron-oxidizing archaeon
[23,24] were used as inoculum in this study.

The reactor was inoculated with 10% v/v of the thermoacidophilic
mixed culture pre-grown in medium containing 0.5 g L ™! Fe(II) and 0.5 g
L1 As(IIl) at a pH of 1.3 and 70 °C. Cell numbers were monitored during
the experiment through cell counting using a Burker chamber (Ger-
many). The synthetic feeding medium, ferrous iron stock and arsenite
solutions were prepared as described previously [23].

The granular activated carbon (NORIT GAC 830 W) used in the ex-
periments was sieved to particle sizes between 0.8 and 1.4 mm and
washed with sulphuric acid (1 M) followed by rinsing with deionized
water in order to remove impurities. It proved that in the bench scale
reactor, larger particles were difficult to suspend at the applied gas flow
rates. Characteristics of the used GAC are described elsewhere [23].

2.2. Airlift reactor set-up and operation.

An internal loop airlift reactor with 9 L of working volume was used
in this work. The riser had a length of 0.60 m and a diameter of 0.07 m.
With a reactor diameter of 0.13 m, the riser/downcomer area ratio was
0.44. The reactor temperature was controlled at 70 + 2 °C with a heating
bath (Julabo F25, Germany). The pH was controlled at 1.2 + 0.1 using
H2S04 (5 M) and NaOH (5 M) solutions. Air and oxygen were supplied to
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the reactor giving an inlet concentration of 27.5% O in the mixed gas.
Therefore, the feed gas flow rate was controlled by separate mass flow
controllers (Brooks thermal mass flow meter, type 5850 E, 0-60 L hh.
The gas was recycled at 60 L h™!, with a membrane pump (KNF N828)
providing a superficial air velocity in the riser of 0.59 m s~!. The water
vapor in the bleed air was condensed with a reflux condenser connected
to a cooling bath (Julabo F25, Germany) and the condensate was
returned by gravity to the reactor. The reactor was operated without
external recirculation of liquid or solids.

Redox potential (Eh, mV) and pH were measured with glass elec-
trodes (QR480X-Pt billed-triple junction (vs. Ag/AgCl in saturated KCI)
and QP181X-triple junction, respectively; Prosense, the Netherlands).
Slope calibration of the pH electrode was done with pH 1 and 4 buffers.
Dissolved oxygen was measured using an oxygen dipping probe DPPSt3
(Presens, Germany) connected to a Fibox-3 fiber optic oxygen trans-
mitter (Presens, Germany. The oxygen sensor was calibrated at 0% with
nitrogen and at 100% with water-saturated air.

The airlift reactor consisted of three consecutive experimental stages.
(D), a start-up phase of batch mode for 12 days, (II) day 13-33, contin-
uous mode with a hydraulic retention time (HRT) of 3.1 days, and (III)
day 34-98, continuous mode with an HRT of 2.2 days The influent
media composition varied between batch and continuous operation. In
stage I (batch operation), about 1 g of Fe(II) L land1 g of As(III) Lt
were added to the reactor solution giving a molar ratio Fe/As of 1.29.
When the reactor was switched to continuous operation (stage II and III),
the concentrations were reduced to 0.63 g of Fe(II) L~ ! and 0.65 g of As
(IID) L! (Fe/As: 1.3). No external seed crystal were added to the
bioreactor.

Samples of the liquid influent and effluent were collected regularly
for chemical analysis. The composite samples were filtered through
0.45 pm acetate membrane filters (VWR syringe filters). The filtrated
solids fraction from the effluent samples and dried in a vacuum oven at
room temperature before solids characterization.

2.3. Methods

2.3.1. Iron and arsenic analysis

The dissolved Fe and As species of the filtered liquid samples as well
as the Fe/As ratio of synthesized precipitates were determined as
described previously [23].

2.3.2. Characterization of the precipitates

In order to determine the physicochemical properties of the gener-
ated precipitates, solid samples were withdrawn from the reactor.
Characterization included particle size distribution (PSD) analysis, XRD,
FT-IR, TGA and SEM-EDX, out as described previously [24].

2.3.3. Toxicity characteristic leaching procedure

Arsenic leaching from the biogenic precipitates was determined
following the standard Toxicity Characteristic Leaching Procedure
(TCLP) of EPA [25]. Serum bottles (150 mL) containing acetate buffer at
pH 4.95 as leaching medium and at a fixed solid: liquid ratio of 20% w/
w. The bottles were shaken at 20 °C. Samples were taken after 20 h, 7
days and 60 days and sampling volume was replaced with fresh acetate
medium.

2.3.4. Microbial community analysis

In order to assess the microbial composition, two different samples
were withdrawn from the reactor and processed for DNA extraction. On
one hand, 5 mL of the bulk solution were centrifuged at 13,400 g for 10
min, supernatant was discarded, and the pellet was resuspended in 250
pL of sterile Milli-Q water, this sample was termed “Biomass”. On the
other hand, 1 g of the mineral fraction was washed with Milli-Q water;
this sample was termed “Solid”. DNA was extracted in triplicates with
the FastDNA Spin Kit for Soil (MP Biomedicals, OH) according to man-
ufacturer’s protocol. DNA was then cleaned with the Zymo DNA Clean &
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Concentrator kit (Zymo Research, CA). PCR was performed as described
elsewhere [26]. The demultiplexed Illumina Hiseq reads of the 16S
rRNA gene amplicon sequencing were deposited at the European
Nucleotide Archive (ENA) under study PRJEB32058 in fastq format with
accession numbers ERX3291747- ERX3291752.

A multiple alignment of the sequences was performed using Muscle
v3.7 [27] with the default parameters. This multiple alignment was used
to create an approximate maximum- likelihood tree using FastTree
v2.1.8. [28] with default parameters. The tree was visualized with iTOL
[29]. For the identity network, using the multiple sequence alignment
created for the phylogenetic tree, a pairwise distance was calculated
using Clustal Omega —1.2.3 [30] for all detected 16 rRNA sequences and
threshold was settled at 0.9 for the clustering. Network visualizations
were constructed using Cytoscape (v. 3.7.1) [31]

2.4. Calculation of the Ion activity product

The Ion Activity Product (IAP) of the reactants of scorodite was
calculated based on Eq.1 as described elsewhere [12]

FeAsO,A-2H,0(Scorodite) < Fe*t + AsO,*~ +2H,0 €))
3. Results and discussion
3.1. Arsenite and ferrous iron oxidation efficiency in ALR

The airlift reactor was operated in batch mode during the first 12
days at an initial pH 1.2 + 0.1 with GAC (4 g-L™!) using starting con-
centrations of 1 g~L’1 As(III) and 1 g~L’1 Fe(II), resulting in a molar ratio
Fe/As of 1.29. As(IIl) oxidation started immediately and 42% of As(III)
was depleted within one day (Fig. 1A). Overall As(III) and Fe(II)
oxidation during stage I amounted to 83% and 76%, respectively
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(Fig. 1A,C). Simultaneous with arsenite oxidation and Fe(II) oxidation,
precipitation of dissolved As took place (Fig. 1A). Iron and arsenic
precipitated during the first 8 days at an approximate ratio Fe/As: of 1.3,
however, between day 8 and 12 this ratio increased to 4 (Fig. 3A), owing
to the precipitation of secondary iron phases. This was coupled to a
change in the pH of the solution, which increased to 1.4 at day 9 and to
the increase of the redox potential from +0.35 to +0.43 mV. (Fig. 2).

On day 13 the reactor was switched to continuous operation with an
HRT of 3.1 days, based on prior batch results obtained with the same
GAC concentration [24] and, with an influent medium containing 0.65
g-L*1 As(III) and 0.63 g~L’1 Fe(II). The pH fluctuated between 1.18 and
1.24, which was strictly controlled during continuous operation. Even-
tually, the precipitated Fe/As molar ratio decreased, and from day 17
until the end of the experiment, the formation of secondary amorphous
phases was no longer observed. The precipitation of poorly crystalline
phases is unwanted in the process. However, two routes determining the
fate of these phases has been considered to take place in the crystalli-
zation process, first the solubilization in the acid media or secondly, its
conversion into crystalline phases [32-34] of which, the first one is the
most likely to occur. The formation of amorphous phases may influence
directly or indirectly the precipitation of scorodite [34]. Of the oxidized
Fe, only 40% was precipitated, while 45% of As precipitated, achieving
an average removal of 0.24 + 0.08 g-.L.” d ! of Fe and 0.28 + 0.04 g-L ™!
d! As (Fig. 1B and 1D). The precipitation in stage II apparently was
limited by the oxidation of As(III) which fluctuated between 50 and
60%. The molar Fe/As precipitation rate ranged between 0.9 and 1.4 in
stage II (Fig. 3A) and the absence of visible precipitates in the effluent
indicated that precipitates were effectively retained in the reactor.

The decrease of the HRT to 2.2 days at day 31 marked the start of
stage III. At the same time, the oxygen flow rate was increased to 4.7
L'h~! and the recycle gas flow was switched to 100 L™*h™, giving a
dissolved oxygen concentration in the reactor of 4.0 & 0.1 mg Oy L.
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Fig. 3. Fe/As molar ratio of Fe and As species removed from solution (A) and calculated Ion activity product (Log IAP) of the produced biological scorodite.

The increased recycle flow resulted in the effective lifting and better
distribution of the activated carbon granules, which had partially settled
to the reactor bottom in stage II. The arsenite oxidation increased during
stage III until a stable situation was observed from day 58 until the end
of the experiment (day 98). An average oxidation rate of 0.641 g-L " d~?
of As(IIl) was found, corresponding to an oxidation efficiency of 99%.

In the case of ferrous iron conversion, the rates were not markedly
influenced by the improved mixing of the granules in the reactor. The
oxidation efficiency increased with around 16% during the last phase of
continuous operation and a plateau was reached after day 50 with
approximately 98.4% of the Fe(Il) oxidized (Fig. 1D). This was reflected
also in the ORP which reached a maximum of + 0.65 mV during this
phase. As shown in Fig. 2, the increment of ORP due to the increased
ferrous oxidation was also coupled to the growth of the iron oxidizing
mixed culture, expressed by the increased quantity of planktonic cells
during batch and continuous operation.

Once the oxidation and precipitation rates improved in stage III of
reactor operation, the concentration of total dissolved iron and arsenic
concentrations considerably decreased to an average of 0.047 + 0.01
g'L™%; of which, As(IIT) and Fe(II) were low, ranging around 0.01 g1.71.
During stage III the reactor content turned to light green, typical for
scorodite (Figure S3). The concentration of dissolved arsenic and iron in
the effluent solution was also monitored (Figure S4) resulting in similar
concentrations of total iron and arsenic around 0.04 + 0.018 gL~ The
concentration of As is too high to allow for direct discharge. Thus, a post
treatment like co-precipitation with ferrihydrite will be needed in
practice.

Oxidation of As(III) is essential in the process of arsenic immobili-
zation however, this alone does not ensure the effective removal of
arsenic from solution. It must the follow either by adsorption or the
precipitation. Traditionally the fixation of arsenic from relative dilute

arsenic streams is accomplished by the co-precipitation of the oxidized
As(V) with Fe(Ill) and neutralization, which results in a mixture of
amorphous arsenical ferrihydrite with molar Fe/As ratio of 3-5 and thus
substantial amounts of waste (i.e., arsenate bearing ferrihydrite plus
gypsum). The biological production of scorodite, controlled by bio-
oxidation reactions has been previously demonstrated to produce a
compact precipitate resembling the (natural) mineral [35] and with a
low Fe:As close to 1. This implys a much lower Fe consumption and a
lower volume of the solid waste residue. The drawback of both methods
lies firstly, in the predominance of the most toxic As(IIl) in hydromet-
allurgical processes, which requires a prior step of oxidation and sec-
ondly, in increased capital cost associated with the necessary chemicals
and equipment. Chemical processes include oxidation and precipitation,
where each process is carried out in separate operational units.
Furthermore, with the use of stronger oxidants such as hydrogen
peroxide, permanganate, or ozone, is effective but expensive [36]. In
contrast, biological As(III) oxidation coupled to the simultaneous Fe(II)
oxidation and concomitant scorodite precipitation has been reported in
a single system; however, in low volume batch bottles as vessel reaction
[4,20].

Bearing this in mind, in the present study we proposed a combined
biological process where As(III) oxidation, catalyzed by granular acti-
vated carbon, a cheap catalyst, Fe(II) bio-oxidation, and the biogenic
scorodite precipitation continuously take place in a single reactor.
Hence, the energy input and the environmental footprint are reduced.
One of the benefits of the proposed biochemical process is not only the
in-situ production of oxidant and the induced precipitation, which
avoids the addition of chemicals but also the production of a compact
precipitate with good settling properties. Our results provide a better-
insight into the possible applicability of the process to higher volumes of
simulated streams and the long-term stability of the crystals produced.
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Likewise, the use of an airlift reactor as a single process operating
system offers more advantages compared to separate units than only the
prevented investment cost for the separate As(III) oxidation reactor. For
example, the airlift reactor is effective for mass transfer of oxygen by
recycling the effluent gas, providing sufficient oxygen for both arsenite
and ferrous iron oxidation. Less equipment is needed in the single stage
process, e.g., less pumps, mass/gas flow controllers, sensors etc. The
airlift is an also well-mixed system and was suitable to keep both scor-
odite crystals and GAC particles suspended, without attrition of the GAC
particles. Furthermore, it has been shown that the use of air-lift reactors
is beneficial for crystallization processes with respect to crystal growth
[37]. Airlift and gas-lift bioreactors are already applied on a full scale for
over 20 years, also in metallurgical operations and can be considered
proven technology [38,39]. For application of the biological scorodite
process, the airlift reactor design may need some modification for
collection and separation of the scorodite solids. Incorporation of a
settling in the reactor of a settling compartment designed could repre-
sent a suitable to remove particles above a cut-off sedimentation rate (or
particle size). After day 59 until the end of the experiment, the ORP was
very stable at +649 + 4 mV. This coincided with high oxidation effi-
ciencies for As(III) and Fe(Il) (Fig. 1), a high As(V):As(III) molar ratio
(Figure S6) and a low Fe(II) concentration (Figure S7). The ORP may
represent a suitable parameter for monitoring process performance and
as a control parameter, for instance to adjust the HRT.

3.2. Arsenic precipitation

The saturation of the solution was evaluated using the ion activity
product (IAP) of ferric arsenate. Scorodite mostly precipitated in the
reactor at log IAP values from —21.5 to —22.3 (Fig. 3). The IAP
decreased at the start of continuous operation (stage II) due to
decreasing As(V) concentrations. However, the IAP increased immedi-
ately after the arsenite oxidation rate improved, resulting in increased
As(V) activity in solution, without additional changes between day 31
until day 61 of stage III where the As(III) oxidation rate reached 95.3%.
Until the end of the experiment (day 98) total As precipitation rate
increased to 93% and IAP values fluctuated around —22 + 0.5 being in
the range of IAP values previously reported during scorodite precipita-
tion [8,12,23].

The evolution of the particle size distribution of precipitates from the
reactor is shown in Fig. 4A. The average particle size was 19 um on day 9
(stage I, batch mode). Also, particles < 1 um were found in the sample
and at the start of continuous operation (day 18) which might be
attributed to the amorphous ferric arsenate solid phase formed during
stage I. During continuous operation, the precipitates grew from an
average particle size of 43 pm in stage II to 230 um at the end of stage IIIL.
The growth of the crystals over the continuous operation indicated that
crystal growth dominated over nucleation. The bioscorodite precipitates
showed good settling properties and the complete deposition of 0.5 g'L ™!
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of solids with particle size between 15 and 300 um was achieved in 5 min
at settling velocities between 1 and 228 m-h~! in a 500 mL glass cylinder
(Fig. 4B).

The continuous precipitation of biogenic scorodite in the airlift
reactor led to the growth of crystals aggregates which were identified as:
(1) a fraction that remained in suspension facilitating the precipitation
of scorodite on the existing particles instead of the reactor walls and (2)
solids settled to the bottom of the reactor, which was beneficial for the
collection of the solids from the solution.

3.3. Structural characterization of the precipitates

Precipitation of iron and arsenic took place during the entire
experiment as revealed by the decrease of soluble total Fe and As in
solution, and by the appearance of a solid phase on day 9 of batch
operation. On day 12, samples taken from the reactor visually revealed
two solid phases, a compact material of light green color and a
gelatinous-like phase. The former settled at the bottom of the reactor
while the gelatinous material was observed in suspension and the bot-
tom of the reactor (from which it was taken for analysis).

The X-ray diffraction analysis of the both samples revealed the
presence of scorodite as the main mineral phase of compact greenish
precipitates (Figure S2A) and the formation of a short-lived gelatinous
fraction identified as an amorphous iron arsenate phase (Figure S2B).
Thus, in agreement with the estimated Fe/As ratio precipitated, the
formation of other iron precipitates than scorodite was induced. Com-
parable XRD patterns have been obtained during arsenate adsorption
studies to ferric oxides conducted at similar temperature (75 °C) con-
ditions by Jia, Xu, Wang and Demopoulos [40] and with molar Fe/As >
2. We found similar XRD pattern for ferric iron precipitates (Figure S2D)
together with the scorodite precipitates from stage II (although to a
lesser extent), that were no longer visible during stage III (Fig. 5).

The greenish precipitates collected during stage II were also identi-
fied as scorodite (Figure S2B). While broad peaks of lower intensity
where observed in the sample from stage I (Figure S2A), the sharper and
narrower peaks observed in samples of stage II and stage III (Fig. 5) are
indicative of larger crystal size and increased crystallinity (degree of
structural order) [41,42].

The dominance of scorodite crystalline phases in the precipitates
collected at the end of stage III was confirmed by the complete match of
the sharp peaks to the diffraction patterns of mineral scorodite and by
the high intensity counts (Fig. 5A). The overall weight loss by TGA was
15.8%, close to the theoretical water content of mineral scorodite
(15.6%). FT-IR analysis of the precipitates showed the characteristic
peak for arsenate bending (V1 AsOﬁ’) at820 cm ™! [43]. Besides, 2 peaks
were also observed at 1008 and 1030 cm ™! which might be related to the
incorporation of sulphate, possibly from the washing step of the samples
prior the characterization as documented by Gonzalez-Contreras,
Weijma and Buisman [44]. The strong water stretch and bonding was

Volume (%)

0 50 100 150 200 250 300
Diameter (um)

+T0 ®m20sec e1min A3min @5min

Fig. 4. PSD analysis of the produced bioscorodite precipitates (A) and the solids volumetric settling velocity as function of diameter according to Stoke’s law (B) with

their respective standard deviation (n = 3).
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Fig. 5. Structural characterization of bioscorodite crystals collected at the end of the continuous experiment. (A) XRD analysis of the precipitates. (B) TGA analysis
showing the structural water content between 170 °C and 240 °C. (C) FTIR spectra of precipitates.

Fig. 6. Scanning electron microscopy (SEM) of the precipitates collected during stage II at day 17 (A) and 27 (B) and during stage III at day 55 (C) and day 81 (D) of
continuous operation from airlift reactor.
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identified in the region of at 1600 and 2960 cm ™.

The morphology of the bioscorodite particles was examined by
scanning electron microscopy (SEM). The results displayed in Fig. 6
indicated that the precipitated scorodite developed from an irregular to
a more crystalline shape. The solids observed at beginning of stage II
consisted of agglomerates with irregular structure containing crystallites
of 0.5 pm, in agreement with the particle size distribution analysis. The
development of more crystalline particles was visualized in the solid
aggregates at day 27 (Fig. 6B). By the end of stage III, clusters of crystals
and individual scorodite particles with octahedral structure were
observed (Fig. 6C and 6D).

As already found with the PSD analysis, precipitates collected at the
end of the experiment consisted on agglomerates with sizes up to 300
um. The analysis of the surface of these bigger particles revealed that
these consist of well-ordered planes of dipyramidal form with an esti-
mated size of 1-2 um (Fig. 7). This characteristic growth has been re-
ported previously for crystalline scorodite [45] and referred as habit I by
Gonzalez-Contreras, Weijma, Weijden and Buisman [12].

The elemental composition of the precipitates was also analyzed by
SEM-EDX (Figure S5), showing that Fe/As molar ratio ranged between
1.1 and 1.25 for the precipitates taken at day 25 and 57. The elemental
composition of the precipitates collected at the end of the continuous
experiment slightly changed and an average Fe/As content of 1.04 was
found. The SEM-EDX analysis furthermore revealed the presence of P
and S in small proportion of 1.6%wt and 0.66%wt, respectively in the
solid sample. The presence of 8.21%wt C and 1.67%wt N may result
from the association of microorganisms with the precipitates.

3.4. Arsenic leaching from the biogenic scorodite precipitates

Determining the release of arsenic into solution is of environmental
significance to assess if the formed precipitates are a safe medium for
long term arsenic storage. The leaching of arsenic from the precipitates
collected during stage I-IIl was evaluated by the toxicity characteristic
leaching procedure (TCLP) (Fig. 8).

Arsenic leaching values for all the samples was below the permissible
EPA limit of 5 mg'L ™! of As. As shown in Fig. 8, the precipitates collected
during stage I (day 12) leached around 2.05 mg'L ™! As after 20 h which
decreased to 1.4 mg'L™! after 60 days. Precipitates from stage II and III
initially leached 1.5 and 0.6 mg‘L_l of As, respectively (20 h), which
decreased to 1.2 and 0.46 + 0.01 mgL! after 60 days. The higher
leaching values of solids from stage I may well be due to the presence of
less stable amorphous material (observed on the XRD) [9,35,46].
Leachability of arsenic has been associated to the crystallinity and aging
time [44,45,47,48], which could explain the lower leaching of solids
from stage III compared to stage II.

3.5. Microbe-mineral association and microbial composition in airlift
reactor

In reactor samples from stage II and stage III, coccoid and bacillus
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Fig. 8. Arsenic leaching from precipitates produced during batch and contin-

uous operation under TCLP test. Error bars show the mean (+) standard devi-
ation of the triplicates.

shaped microorganisms associated with EPS-like structures and solids
were observed by SEM (Fig. 9A and B). The dominance of rod-shaped
cells with surfaces that appeared to be also damaged was observed in
reactor suspension (Fig. 9C). The association of microorganisms with the
minerals supports our previous finding that the cells play a key role in
scorodite precipitation[23], not only by providing the reactant ferric
iron by ferrous iron oxidation, but also by acting as secondary nuclei.
EPS formation has been reported for thermoacidophilic species of
Acidianus, Sulfolobus and Metallosphaera, and it is suggested that EPS
provides protection against environmental stress such as low pH [49].
The association of cells with solids also might facilitate biomass reten-
tion in the reactor.

The analysis of the microbial community composition in the reactor
was done by 16S rRNA sequencing of samples from the bulk solution and
the solids, designated as “Biomass” and “Solid” respectively. Both sam-
ples were collected at the end of the experiment. After filtering low
abundance OTUs (below 0.01%), the microbiome composition of both
biomass and solids showed a relative low diversity comprising 61 OTUs
in total, belonging to 24 different genera (Fig. 10A and B). In the
biomass sample, that was comprising the planktonic cells in the reactor,
the 61 OTUs were identified, however in the solids sample only 21 OTUs
were detected (Fig. 10A and B).

In thermophilic bioleaching processes iron/sulfur oxidizing mixed
cultures are commonly employed from which no more than three species
often dominate in continuous-flow operations [50] even though under
thermoacidophilic conditions (<60 °C) reactions are mainly performed
by archaea and only a smaller number of other bacterial species may be
present [51].

Members of the Sulfolobaceae family (most of them annotated as
Acidianus spp.) were the most abundant microorganisms detected in the
16S rRNA survey in both Biomass and Solid samples representing the
45.9 and 92.3% of the total microbial community (Fig. 10A and B). As
aforementioned, members of this genus, such as Acidianus brierleyi have

Fig. 7. SEM analysis of the scorodite crystals collected at the end of the experiment and surface characteristics.
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Fig. 9. SEM images of the precipitates from stage II and III indicating the presence of EPS like-structures (white arrows) and coccoid-like and bacillus shaped cells
adhered to the solids (red arrows) (A and B) and microorganisms from reactor suspension (C).

been linked to the simultaneous ferrous iron, arsenite oxidation and to
the concomitant scorodite precipitation [4,16,20,52]. Similar to the iron
oxidizing archaea A. sulfidivorans, Metallosphaera sedula and sulfolobus
spp. which has been reported to mediate scorodite precipitation but in
the less toxic As(V) solutions [11,12,53]. Phylogenetic distance analysis
(Fig. 10C) of the sequences from the reactor samples showed that Fir-
micutes, Crenarchaeota and Proteobacteria were the three main phyla
clustering at 90% similarity. Furthermore, using the reference strains
Acidianus spp. and Sulfolobus spp. revealed that the OTU29, highly
abundant and dynamic in the Biomass and Solid samples, is clustering
very close to the S. metalicus, A. brierleyi, A. sulfidivorans and S. tokodaii.
Although A. brierleyi and S. metallicus were known to be part of the
inoculum, further studies need to be performed to determine more
precisely the taxonomic composition of this specialized community.

Beside Acidianus spp. the second most abundant taxa was Ralstonia
spp. accounting for 9 and 4.8% of the total reads in the Biomass and
Solid samples, respectively. Members of Ralstonia have been found in
mine tailing sediments and associated with the oxidation of As(III)
[54,55]. Other genera, such as Geobacillus-related sequences also
showed a high abundance, but with markedly difference within the
planktonic biomass and the solid phase (9.2 and 0.5%, respectively).
Geobacillus spp. are thermophilic, aerobes with a chemi-organotroph
metabolism, also reported in mine ecosystems [56]. Other iron
oxidizing species such as Sulfobacilllus were found in the bulk solution.
In spite of the low abundance (approximately 1-2% in the biomass
sample), this microbe is known to be part of the mixed culture inocu-
lated in the reactor at the beginning of the experiment. Although the
optimum growth temperature of this specie (40-60 °C) is below the
tested conditions, the adaptation of these species to adverse even dele-
terious conditions has been previously reported in thermoacidophilic
leaching systems and geothermal sites [51,57]. Moreover, the interac-
tion of Sulfobacillus species, e.g., S. thermosulfidooxidans and Acidianus
species have been reported to be beneficial for the dissolution of min-
erals [58]. Therefore, the role of this microorganism in the oxidation
and/or precipitation cannot be excluded.

Overcoming the negative impact that a higher concentration of As
(III) can have on the microbial Fe(Il) oxidizing activity while keeping a
stable As(III) oxidation in the system is critical for the development of a
robust biological process. To achieve this purpose, some strategies for
the process optimization and enhancement of the biological Fe(II)
oxidation rate in the system can be further considered, including:

1) HRT optimization: as one of the most critical parameters of a
continuous operation that might result in a lower capital-cost of the
unit process. A follow-up study should determine the minimum HRT
where near complete oxidation of the influent ferrous iron can be
sustained while avoiding microbial washout from the system. Te The
present study indicates the feasibility of lowering even more the HRT
(to 1 day) iwth similar oxidation efficiency.

2) Selection and adaptation of a favorable mixed culture: if we aim to
increase the initial concentration of arsenic in the system as well as
the extent of the scorodite precipitation, apart from Fe(II) bio-
oxidation performance, improving the biomass concentration is
crucial. Although at the start of the experiments, the negative effect
of As(Ill) was significant in the biological oxidation of Fe(II), the
prolonged exposure might have resulted in the adaptation of the
microbes as observed in the increased cell density. UsingUsing other
carbon sources might also contribute to the microbial growth of
thermoacidophilic microbes at the studied conditions.

3) Study the addition of alternative iron substrates: the ability of ther-
moacidophilic microorganisms to leach minerals such as pyrite at
high rates could make it a suitable iron source and a low-cost option
for the bioscorodite process. Furthermore, the growth of archaeal
species through the bioleaching of the above-mentioned mineral has
been previously reported, indicating the beneficial influence of
inorganic iron and sulfur as secondary energy substrates [59,60].

4. Conclusions

The catalyzed oxidation of arsenite by activated carbon in combi-
nation with the iron oxidizing mixed culture led to the formation of
scorodite as the main product in the studied continuous airlift reactor
system at pH 1.2 and 70 °C. The mixing of the activated carbon granules
with the bulk solution is crucial to ensure the complete oxidation of
arsenite in the system. I In the reactor the oxidation of iron is controlled
by the activity of the mixed culture, which was reflected by the
increased cell concentration and the gradual increase of the iron
oxidation rate, probably due to the reduced toxic effect of As(III). Under
these extreme conditions mainly archaeal populations were enriched in
the reactor system. The high percentage of archaeal species obtained by
the molecular analysis and the visualized structure EPS like-structures
suggest that the formation of scorodite is indirectly mediated by the
microbial surface or surface components (exopolymers). The biogenic
scorodite produced showed similar characteristics to mineral scorodite,
which as revealed by the water content and the low arsenic leachability
during the extended leaching test. Furthermore, the quality of obtained
sludge facilitated the retention of the particles in the system, which
offers significant advantages such as: (1) avoided scaling in the reactor
(2) increased density of the sludge and (3) easy solid-liquid separation,
which allows getting a suitable material for disposal.

The obtained results provide an important step forward to the po-
tential applicability of the process to higher volumes of acid As-streams
as well as for the development of a sustainable and integrated approach
for waste management and improvement of water quality for recycling
or discharge. This in turn will contribute to reducing the environmental
footprint of the mining industry.
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