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Abstract

Abstract

Bio-mineral processing (bioleaching and biooxidation) is considered as one of
the most effective approaches to recover valuable metals (i.e. Cu, Au, Ag), especially
from low-grade refractory mineral ores and concentrates. Arsenic (As) is a major
impurity contaminated in metal refinery wastewaters including those deriving from
bio-mineral processing, and its economically-viable and environmentally-friendly
removal technique is needed. This thesis firstly demonstrated the applicability of
biooxidation of highly refractory As-bearing Au-ore concentrates, and secondly
investigated the factors that enable effective bioscorodite (FeAsO4-2H,0)
crystallization using the thermo-acidophilic Fe(Il)-oxidizing archaeon, Acidianus
brierleyi from dilute As(Ill)-bearing acidic solutions (3.3-20 mM): 1ie. (i)
[Fe(ID)Jini/[As(IIT)]ini molar ratios, (i) initial pH values, (iii) seed-feeding, (iv) SO4*
ions. Moreover, in order to evaluate microbial effect on bioscorodite crystallization, the
utility of different thermo-acidophilic Fe(Il)- and sulfur-oxidizing archaeal strains
(Sulfolobus metallicus Kra23, S. tokodaii 7, S. acidocaldarius 98-3 and
Metallosphaera sedula TH2) was also evaluated.

In chapter 1, background information about As properties, current As
immobilization techniques and scorodite synthesis methodologies (abiotic/biotic
approaches) were overviewed. Based on these backgrounds, the motivation and
objectives of this thesis were presented.

In chapter 2, methodologies used in this work were described.

In chapter 3, effectiveness of different pure and mixed cultures of three
moderately thermophilic bacterial strains (Acidimicrobium ferrooxidans 1CP,
Sulfobacillus sibiricus N1 and Acidithiobacillus caldus KU) were investigated for
biooxidation of As-bearing highly refractory polymetallic Au-ore concentrates. Despite
of the complex mineralogy and the presence of a mixture of potentially inhibitory
metals and metalloids, the concentrates were readily dissolved in defined mixed
cultures including both iron and sulfur oxidizers, releasing as much as 80% of soluble
Fe and 61% of soluble As at 45°C. Partial As was immobilized as amorphous ferric
arsenate, but not as crystalline scorodite. Applying the biooxidation pretreatment
improved the recovery of both Au (from 1.1% to 86%) and Ag (from 3.2% to 87%),

which was shown to be one of the most effective options compared with other abiotic
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pretreatment approaches (roasting, pressure oxidation, and alkali dissolution).

From chapter 4 to chapter 6, bioscorodite crystallization tests were
conducted using Ac. brierleyi at 70°C. In chapter 4, a range of dilute As(III) solutions
(3.3-20 mM) with varying [Fe(I)]in/[As(II)]ini molar ratios (0.8-6.0) were tested.
Bioscorodite was crystallized in the [Fe(II)]ini/[ As(III) Jini ranges of 0.8-2.0. Generally,
94-99% of As was successfully removed as crystalline bioscorodite by setting the
[Fe(IT) Jini/[ As(IIT) Jin; molar ratios at 1.4-2.0. Molar ratio of over 2.5 resulted in the
formation of amorphous ferric arsenate or jarosite. Lowering the initial pH from 1.5 to
1.2 using bioscorodite seeds lead to a steady and continuous formation of bioscorodite
particles, but As removal remained relatively incomplete at pH 1.2 (91%), compared to
at pH 1.5 (98%). Formation of amorphous precursors at pH 1.5 played an important
role to achieve the maximum As removal from dilute As(IIl) solutions by inducing
two-stage As and Fe precipitations.

In chapter 5, the effect of seed-feeding on bioscorodite crystallization from
dilute 4.7 mM As(III) solution was investigated from the viewpoint of morphological
and structural differences of two types of scorodite seeds; (i) bioscorodite seeds
(lower-density, finer particles) and (ii) chemical scorodite seeds (higher-density, coarse
particles). Feeding bioscorodite seeds enabled effective As removal from dilute As(II)
solution (98% final As removal at day 21). When bioscorodite seeds were fed, hollow
seed particles became increasingly filled with newly formed scorodite. On the other
hand, solid chemical seeds induced their surface to be thoroughly coated with new
scorodite precipitates. TCLP (Toxicity Characteristic Leaching Procedure)
leachabilities of final bioscorodite products formed on bioscorodite or chemical
scorodite seeds were 0.59 + 0.08 mg/l or 1.86 + 0.05 mg/l, respectively. The values
satisfied the regulatory limit of As set by the US EPA (United States Environmental
Protection Agency). Utilization of seed crystals with highly positive surface charge,
such as hematite (+ 60 mV at pH 2) and bioscorodite (+ 50 mV at pH 2), enabled
effective bioscorodite crystallization, owing to their property as absorbent of anionic
As(V) (H,AsOy4 ) and less positively charged Ac. brierleyi cells (+ 5 mV at pH 2).

In chapter 6, behavior of SO,* ions during bioscorodite formation was
investigated by liquid/solid characterization analyses, and the mechanism of
bioscorodite crystallization process (2-stage process consisting of precursor formation

and transformation into crystalline scorodite) was elucidated. During the 1st-stage
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As-removal, brown-colored amorphous precursors were formed by precipitation of
mixture of basic ferric sulfate (MFe«(SO4),(OH).) and ferric arsenate
(FeAsOy4-(2+n)H,0). During the following equilibrium state (induction period), the
cycle of dissolution and recrystallization of the above precursors likely proceeded: As a
result, higher solubility basic ferric sulfate and ferric arsenate particles mostly
dissolved and released Fe(Ill), which were able to further react with the remaining
As(V) ions in bulk solution. These precipitates formed a passivation layer on the
surface of precursor particles, followed by bioscorodite crystallization (2nd-stage
As-removal). Since the above bioscorodite crystallization process was made possible
only in the presence of SO427 ions, formation of intermediate basic ferric sulfate was
thought to be the key trigger for effective As removal.

In chapter 7, the alternative archaeal strains were tested for bioscorodite
crystallization; S. metallicus Kra23, S. tokodaii 7, S. acidocaldarius 98-3 and M. sedula
TH2. Partial As(II) oxidation was observed only in M. sedula TH2 culture in the
presence of Fe(Il) and elemental sulfur. Bioscorodite was successfully crystallized in M.
sedula culture containing 6.5 mM As(Ill), 9 mM Fe(Il) and 0.1% (w/v) elemental
sulfur at pH 1.5 on day 23. In the absence of Fe(II), microbial As(Ill) oxidation was not
observed regardless of the presence/absence of elemental sulfur and yeast extract. This
result implied that the presence of Fe(Il) induced microbial As(II) oxidation ability of
M. sedula TH2.

In chapter 8, the main conclusions of this work were summarized.
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Chapter 1

1.1 Introduction

Arsenic (As) is the 20th most abundant element in the earth’s crust. As
belongs to a metalloid group, and it had been used in various fields such as herbicides
and insecticides. However, As has the risks for human health. Since As is a carcinogen,
the World Health Organization (WHO) revised the environmental regulation for
arsenic exposure from 0.050 to 0.010 mg/L in 1993 (Leist et al., 2000; WHO, 2001).
The occurrence of As includes natural sources and anthropogenic sources. Natural
sources is derived from the dissolution of As in minerals as a long-term consequence of
rock weathering, downstream transport and sediment deposition of arsenic-rich
minerals (Oremland and Stolz, 2005). The influence of microorganisms is also
considerable on the kinetics. The dissolution of unwanted metals/metalloids in nature is
depending on the difference of redox potential by microbial metal oxidation or
reduction (Harrington et al., 1998). As a result, serious groundwater arsenic problems
are reported in many part of world such as Argentina, Bangladesh, Chile, China,
Hungary, India (West Bengal), Mexico, Romania, Taiwan, Vietnam and many parts of
the USA (Boyle and Jonasson, 1973; Smedley and Kinniburgh, 2002). Anthropogenic
origin is derived from human activities such as mining, manufacturing, wood
processing, glassmaking industry, electronics industry, chemical weapons and so on
(Lievremont et al., 2009). In metallurgical operation, As is a common impurity because
it is associated with sulfide minerals of sulfur, iron, copper, gold, silver, etc. Depending
on the processing of these sulfide minerals, As is contaminated to the refinery
wastewaters. Due to preventing the arsenic effluent, it is necessary to treat properly
processing wastewater. Hence, As removal and immobilization from mining
wastewater and groundwater has become an important issue from the viewpoint of the

increase of its toxicity and byproduct amount.
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1.2 Contamination of arsenic in aqueous solutions
1.2.1 Aqueous speciation of arsenic

Arsenic can exist in four oxidation states (3, 0, +3, +5). Specifically, trivalent
arsenite (+3, As(Il)) and pentavalent arsenate (+5, As(V)) is the predominant aquatic
forms (Riveros et al., 2001). As shown in Figure 1, As(Ill) exists in the no valence
form of H3AsOj; under neutral and acidic conditions (pK,; = 9.23). In case of As(V),
the species HAsO4* is predominant in acidic solutions, and main in neutral one. Under
extremely acidic condition such as refinery wastewaters, no valence H3;AsOj is the
predominant species. This is the reason why the mobility of As(IIl) is greater than
As(V) because of difference of oxidation state (Cullen and Reimer, 1989; Liévremont
et al., 2009). As(II) is highly toxic compared to As(V) because As(IIl) binds to the
sulthydryl groups of the enzymes and then induces functional impairments

(Matschullat, 2000; Liévremont et al., 2009).

075!l
s,

Eh(volts)

1
o
™
w

Figure 1.1 Eh-pH diagram for As species at 25°C and 1 atmosphere with total arsenic
10" mol/l and total sulfur 10~ mol/l. (Ferguson and Gavis, 1972).
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1.2.2 Arsenic-containing minerals and dissolution in metallurgical operation

There are over 300 arsenic-bearing minerals (Gonzalez and Monhemius,
1988). Common arsenic minerals frequently found in sulfide base metal (Fe, Cu, etc.)
ores and concentrates such as arsenopyrite (FeAsS), enargite (CusAsSy), and tennantite
((Cu,Fe)2As4S13) (Mandal and Suzuki, 2002). With the increasing the metal resources,
the utilization of low-grade, As-bearing refractory metal ores (Table 1.1) are increasing
in metallurgical operations. According to the dissolution of these copper minerals
associated with As in hydrometallurgical operation, As is contaminated in process
solutions after the electrowinning and bleed streams are operated to keep As at less
than 20 g/L. As is mainly dissolved in the form of As(Ill) from ores. Refinery bleed
streams is commonly recycled to and adjacent solvent extraction operation. (Riveros et
al., 2001). Contamination of As in acidic refinery wastewaters is becoming a great
concern in terms of operation cost and environmental impact. The worldwide arsenic
consumption has decreased from 25 to 5 thousand metric tons, while its production has
increased up to 60 thousand metric ton since 2004 (Kelly et al., 2010). Therefore, it is

imperative to develop the stable As treatment technologies.
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Table 1.1 Arsenic minerals considered as primary mineral (Tomioka et al., 2005).

Mineral name Composition
Native arsenic As
Arsenopyrite FeAsS
Realger AsS
Orpiment As,S3
Cobaltite CoAsS
Enargite CuzAsSy
Tennantite (Cu,Fe)12As4S;
Loellingite FeAs,
Niccolite NiAs
Rammelsbergite NiAs,
Smaltite CoAs,
Seligmannite PbCuAsS;
Proustite Ag3AsS;
Domeykite CusAs
Safflorite (Co,Fe)As;

1.2.3 Biological leaching techniques for low-grade and refractory metal ores

These low-grade and refractory metal ores are usually processed by
hydrometallurgical metal recovery process rather than pyrometallurgy in economically
viable aspect. As one of the hydrometallurgical process, microbiological techniques
such as bioleaching (extraction of metals from low-grade metal ores via microbial
Fe(II)- and sulfur-oxidation) and biooxidation (a pre-treatment technique for refractory
gold ores prior to chemical cyanide leaching using the same mechanism of
bioleaching) have been developed in mining area (Figure 1.2) with the advantages in
low cost and low environmental impact (Acevedo, 2002; Brierley and Brierley, 2001;
Panda et al., 2015; Pradhan et al., 2008).

Heap bioleaching is the technique for extraction of metals such as copper, iron,

zinc, nickel and cobalt from low-grade mineral ore using microbial iron- and
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sulfur-oxidation activity (Figure 1.3). The metal-bearing leached solutions are regularly
collected and sent to electrowinning process. The capital cost of heap bioleaching
depends on the ore grade and total cash cost was calculated as 109.6 US$/ton for ore
grade of 0.4%, 64.9 US$/ton for 1.2%, which accounts for 50% of conventional
smelting or refining operation cases (William, 2004). Annual operation cost is also
within the range of 67-135 US$/ton Cu in case of several bioleaching projects such as
Collahausi, Chuquicamata and Salvador (William, 2004). Therefore, bioleaching can

be applied even for low grade ore, while copper price is 5000—7000 US$/ton.

Low-grade metal ores

A4
Mineral processing

\/ v v

Concentrates Middling Tailings

v
[Bio

Hydrometallurgy
I ——

Leachate

A 4
| Electrowinning |

\ 4 \J
Products (Cu, Ni) Acidic refinery Acid mine
wastewaters (As) drainage
Y
[Bio

Remediation

*1) Metalliferous Mining - Processing
Leaching & Adsorption
Resource Book

A

*2) hitps:/iwww2.groundstability.com/
saltburn-gill-mine-water-
treatment-scheme/
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Figure 1.2 Process flow chart of metal production from low-grade ores and the

applicable area of biological techniques.
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Figure 1.3 Schematic image of heap bioleaching and the mechanism of indirect

bioleaching.

Tanaka (2017) compared the operating heap bioleaching sites in Chile and
Finland in terms of historical background, economic and environmental points in order
to search for the factors affected on biotechnology installation. Although Chile and
Finland are different economic scale, both countries were financially supported by
foreign capitals through the mining development projects in the 1970s—1990s (Gentina
and Acevedo, 2013, 2016). Developing Chilean economy strongly depends on copper
mining industry, and major operators consist of domestic and foreign companies such
as major international mineral resources companies which have wide experiences in
mining operation in the world and stably obtain large benefits (Panda et al., 2015). This
indicates these companies' business strategies affect the application of bioleaching.
Although mining industry accounts for only the small amount of total GDP in Finland,
the bioleaching technologies were developed by the support from European
Commission’s project (d’Hugues et al., 2007, 2008) which aimed to define the novel
mining techniques for environmentally-friendly development together with high

economic performance. The mining policy and environmental protection act in Finland
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were revised in 2010 and 2014 to intensify the environmental measures in Finnish
industry (Jogmec, 2016). These revisions possibility lead to install the new technology
such as bioleaching in mining. In order to install bioleaching system, withstanding low
profits and minute researches for stable operation are required regardless of the
political economic scale. The business strategies of mining operators strongly affect the
selection of latest technologies installation, especially in developing countries. In
developed countries, environmental perspective also possibly affected as well as
profitable technology. Therefore, environmentally-friendly heap bioleaching
technologies are developed and selected in mining industry.

Although bioleaching is definitely environmentally- friendly compared to
conventional processes, there are concerns that toxic chemicals (e.g. As, Cr) are
leached and it possibly leads the inhibition of bacterial activities and environmental
pollution, once the operation is started, bioleaching reaction cannot be stopped
immediately. To prevent the environmental problems, proper treatments of toxic

chemical are required.

1.3 Current techniques used for removal of arsenic

Current arsenic removal techniques from aqueous solutions can fall
into the following categories; ion exchange, adsorption on activated alumina and
carbon, ultrafiltration, reverse osmosis, and precipitation or adsorption by metals
followed by coagulation (Leist et al., 2000). As(IIl) exist as uncharged state under
acidic and neutral condition (Figure 1.1). This characteristic is one of the factors that
As(IIT) is more difficult to form the precipitates than As(V). Then, the conventional As
remediation procedures generally set the first chemical As(IIl) oxidation step using

strong chemical oxidants such as ozone, hydrogen peroxide, manganese compounds
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and so on (Bissen et al., 2003; Dabekaussen et al., 2001; Kim and Nriagu,2000; Molnar

et al., 1994) as shown in Eq. 1.1.

H3AsOs (aq) + H,O, (aq) — H3AsOq (aq) + H,O (Eq. 1.1)

1.3.1 Membrane and adsorption process

Membrane process is categorized to reverse osmosis and ultrafiltration.
Reverse osmosis are widely used as a method for drinking water secured from sea
water or contaminated water. Osmosis membrane is usually based on the fact that
water molecules move spontaneously from low concentration to high concentration
liquid. By contrast, reverse osmosis is the phenomenon that water molecules move into
the diluted solution side from the concentrated solution by applying larger pressure
than the osmotic pressure to the concentrated solution side. Two types of reverse
osmosis are used to remove As from water; nanofiltration and hyperfiltration. Arsenic
removal test was conducted using this two reverse osmosis types. Less than 2 pg/L As
was permeated from the water containing 39-154 pg/l fed with 38-86 psi (2.6-5.9 x 10°
Pa) (nanofiltration), and 36-92 pg/l fed with 92-115 psi (6.3-7.9 x 10° Pa)
(hyperfiltration), respectively (Kartinen Jr and Martin, 1995). Reverse osmosis is more
effective to remove As(V) than As(II). Other pilot study reported that 96-99% of
As(V), and 46-84% of As(IIl) could be removed (Ning, 2002). Negatively charged
ultrafiltration membranes remove As(V) by electrostatic repulsion with opening the
pore structure (Brandhuber and Amy, 2001).

Adsorption process consists of activated alumina/carbon and ion exchange.
Huang and Vane (1989) researched metal-treated activated carbon for As removal. As

was adsorbed on the carbon surface. As a result, 99% of As was removed from the
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solution containing 2 x 10* M (15 mg/l) As(V).

Ion exchange column is also studied to remove As from drinking water. Ninety eight
percent of As(V) was exchanged in the pH range 3.5 to 7.0 (Ruixia et al., 2002).
However, these membrane and adsorption process is more effective for treatment of

low As concentration (level of pg/l) such as drinking water (Leist et al., 2000).

1.3.2 Lime precipitation

The neutralization of As(V) with lime (CaO, Ca(OH),) produces calcium
arsenate compounds such as Cas(OH),(AsO4)2-4H,0, Cas(AsO4);0H, and
Ca3(AsO4),-3.6H,0O (Bothe and Brown, 1999; Moon et al., 2004). However, it was
reported that all calcium arsenate compounds have high solubility of As. This is caused

by the presence of CO,.

Ca3(AsO4), + 3COy+ 3H,O0 — 3CaCO; + 2H3As04 (Eq. 1.2)

By contrast, calcination process contributes the transformation of the amorphous
calcium arsenate into crystalline compounds at more than 700°C (Riveros et al., 2001).

However, this calcination process is no longer economic.

Caz(AsO4),-Ca(OH),; = Ca3(AsOs4), + CaO + H,O (Eq. 1.3)

1.3.3 Precipitation or adsorption using Fe(III) followed by coagulation
Precipitation is most effective for arsenic removal for small quantities of
highly concentrated arsenic waste (Leist et al., 2000). Poorly crystalline hydroxides

have large surface area, so that As(V) is easily adsorbed (Bowell, 1994). The common
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industrial approach is co-precipitates with ferrihydrite (FesHOs4H,0O) (Fuller et al.,
1993; Jambor and Dutrizac, 1998; Klaus et al., 1998; Twidwell et al., 2005; Waychunas
et al., 1993, 1995; William et al., 2004). Ferrihydrite is classified two types; 2-line
ferrihydrite, and 6-line ferrihydrite which depend on the number of characteristic XRD
peaks. That is, 6-line ferrihydrite is better crystalline than 2-line ferrihydrite. The
structure of ferrihydrite is similar to that of the FEOOH-type minerals. According to
rapid neutralization of the solution containing Fe(Ill), ferrihydrite forms and
precipitates (Jambor and Dtrizac, 1998). When AsO,> and AsO;” are dissolved with

ferrihydrite, these adsorbs as follows.

Fe’™ + (3+x)H,0 = FeO(OH)(H,0) 1+« + 3H" (Eq. 1.4)

FeO(OH)(H,0),+x + AsO4” = AsO4” FeO(OH)(H,0) 4 (Eq. 1.5)

The optimum pH range for effective arsenical ferrihydrite precipitation is 4-7. The
stability of arsenical ferrihydrite was studied. It passed the standard EPA TCLP test
because of low solubility of less than 0.5 mg As/l (Fe/As =9), and 1-2 mg As/l (Fe/As
= 2.3) (Twidwell et al., 1999). Therefore, Fe/As molar ratios of more than 3 were most
stable for long terms storage (Riveros, 2001). This arsenical ferrihydrite process was
regarded as Best Developed Available Technology (BDAT) by US EPA, and it is
applied to the actual operations (Harris, 2003).

Under acidic condition, schwertmannite (FesOg(OH)ss(SO4);25), goethite
(FeOOH), and jarosite (MFe3(SO4),(OH)s; M = Na', K', NH,") precipitate instead of
ferrihydrite (Asta et al., 2009; Duquesne et al., 2003). Arsenic incorporation in jarosite

is shown as follows (Dutrizac et al., 1987).
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xHAsO4> + KFe3(SO4)2(OH)s — KFes(SO4)<(HAsO4)(OH)s + xS0~ (Eq. 1.6)

xAsO4> + xH" + KFe3(SO4),(OH)s

- KFC3(SO4)2.X(ASO4)X(OH)6_X(H20)X + XSO42_ (Eq. 17)

However, these precipitations with Fe(Ill) are necessary to be higher Fe/As molar
ratios than 3. This indicates the compounds are high volume. Furthermore, the
separation of arsenic ferrihydrite from the liquid is inefficient because of its poorly

crystalline.

1.4 As immobilization as scorodite
1.4.1 Characteristics of scorodite

Scorodite (FeAsO4:2H,0) is the orthorhombic compounds (Figure 1.4) of
ferric iron (Fe(Ill)) and arsenate (As(V)). It is found in weathering environment as a
result of the dissolution of As-bearing minerals such as arsenopyrite (FeAsS) and
enargite (CuszAsSs) by microbial Fe(Il)-oxidation activity (Swash et al., 2000). Under
the extremely acidic condition (pH < 2.24), As(V) can exist in the form of H3AsO4
(Figure 1.1). Then, scorodite precipitates quickly in highly concentrated solutions of

Fe’" as follow (Dove and Rimstidt, 1985);

Fe’" + H3AsO,4 + 2H,0 = FeAsO4-2H,0 + 3H" (Eq. 1.8)

Scorodite is one of the effective arsenate phases for As treatment owing to its

thermodynamic stability, lower iron demand than adsorption compounds with iron,

compactness with 30% wt of As, and high density (Bluteau and Demopoulos, 2007;
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Riveros et al., 2001; Robins, 1987; Langmuir et al., 2006). The solubility and stability
was studied. Scorodite has low stability at pH 2.8-5.3 less than 0.5 mg/l (Krause and
Ettel, 1989). It was also found to be most stable at pH 3-6 by leaching test (Fujita et al.,

0% (Langmuir et al.,

2012). The solubility product K, value was calculated as 1
1999), 10%* (Bluteau and Demopoulos, 2007). These results showed that it was
suitable for disposal form of As. The following sections show the study of the scorodite

synthesis.

Figure 1.4 SEM images of scorodite synthesized from [As(V)]in = 267 mM and
[Fe(ID)]ini = 358 mM at 70°C.
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1.4.2 Abiotic scorodite synthesis
1.4.2.1 Hydrothermal scorodite synthesis

One of the major scorodite synthesis methods utilizes hydrothermal treatment
by autoclaving. Dutrizac et al. (1987) and Dutrizac and Jambor (1988) showed that
crystalline scorodite was synthesized from 25 g/l As(V) solution and 0.3 M Fe(NOs)3
(17 g/1 Fe(ll)) at pH less than 0.7 by hydrothermal method. Temperature was
maintained at 160°C using autoclave. Other research showed that greater than 95% of
As was immobilized at over 150°C from the solution containing 13 g/l As(V) and 10.5,
16, and 21 g/l Fe(Ill). TCLP test showed that the solubility of arsenical precipitates was
less than 5 As mg/L in pH-buffered acetate solution, which is one of the most stable
forms of arsenic immobilization (Monhemius and Swash, 1999).

Weert and Droppert (1994) described the aqueous processing of arsenic
trioxide (As,Os3) to crystalline scorodite. Arsenic trioxide is a common by-product
(roaster dusts) in pyrometallurgical operations, and its oxidation state of arsenic is
trivalent. Then, it is necessary to oxidize As(Ill) to As(V) before precipitating with
Fe(Ill). The experiment was conducted in a total volume of 1.5 | containing 0.25 M
As;03 (37.5 g/l As(1ll)), 0.5 M Fe(NO3); (28 g/1 Fe(Ill)), and 2.5 M HNOs. The
solution was brought to 160°C, 12 x10° Pa, and maintained for 4 hours in autoclave.
With the increasing temperature up to 130°C, As,O; was dissolved and oxidized to
As(V) by HNOs. Continuously, As(V) and Fe(Ill) were converted into crystalline
scorodite at 160°C. This study had achieved the As(IIl) oxidation and immobilize in
continuous process.

The advantages using hydrothermal scorodite crystallization for arsenic
removal was summarized as follows; (1) simplicity (autoclave or pipe reactor), (i1) low

volume of solid arsenical residue, (iii) good settling and filtration characteristics in
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precipitates, (iv) crystalline materials with low surface areas, (v) low-solubility solids
produced, (vi) high-grade arsenic residue produced, (vii) capability to treat many
different arsenical materials (Monhemius and Swash, 1999). However, autoclave
method is capital intensive because of high temperature demand. At temperature below
100°C, the amorphous iron hydroxide precipitates (ferrihydrites) which adsorbed
As(V) (Monhemius and Swash, 1999). Temperatures greater than 125°C are needed for
good crystallinity of scorodite (Dutrizac and Jambor, 1988). Therefore, this process can
be employed only for arsenic stabilization operated concurrently with the processing of
valuable materials such as gold-bearing pyrite or copper concentrates (Filippou and

Demopoulos, 1997).

1.4.2.2 Scorodite precipitation under atmospheric pressure

Alternative arsenic removal process was studied as a substitute for
hydrothermal method. Scorodite precipitates were synthesized at lower temperature (<
100°C) than the above method and under atmospheric pressure by
supersaturation-control approach. Neutralization by controlling pH was conducted so
that the critical supersaturation line of arsenic was not exceeded. The reaction of
scorodite crystallization was shown as following. Mg(OH), or Ca(OH), was added as a

neutralizing agent.

2H3As04 (aq) + Fex(SO4)3 (aq) — 2FeAsO4:2H,0 (s) + 3H,SO4 (aq) (Eq. 1.9)

H,S0;, (aq) + Mg(OH), (s) — MgSO; (aq) + 2H,0 (Eq. 1.10)

Slow pH increasing within the limits of the working range contributes the crystal

growth of scorodite, while precipitation of amorphous compounds was caused by
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increasing pH too quickly. Filippou and Demopoulos (1997) showed that crystalline
scorodite was formed from the solution containing 10 g/l or 50 g/l As(V), Fe(Ill) at
Fe/As molar ratio of 1.1-1.2, and 25 g/l H,SO4 under atmospheric pressure condition
(95°C). As a result, more than 90% of arsenic was immobilized in three hours. The
precipitates were also tested by TCLP leaching experiment, and it was found to be very
stable with the dissolution of only 0.5-2.2 ppm As. Other researches showed scorodite
crystallization from 0.5 1 solution containing 10 g/l As(V) and 7.5 g/l Fe(IIl) at 95°C
with neutralizing. About 95% of As was immobilized in the culture with addition of
scorodite seed crystals, and its leachability was less than 5 mg/L As (Singhania et al.,
2005; Singhania et al., 2006). As a role of scorodite seed crystals, the supersaturation
level of ferric arsenate was kept low. Other research showed that precipitation of
crystalline scorodite was possible at even low temperature (80°C) by addition of seed
crystals. This research also showed that the presence of SO,* ion in the solutions
inhibited the crystallization of scorodite (Demopoulos et al., 1995).

In practical hydrometallurgical situation, this supersaturation control was
undesirable because of the requirement of a lot of neutralizing agents such as Mg(OH),
and Ca(OH),. In addition, gypsum (CaSO4-2H,0) was mixed into the precipitates by
using Ca(OH),. This leads to decreasing the As immobilization efficiency. In another
perspective, ferrous iron (Fe(Il)) is generally contaminated into the process
wastewaters according to the dissolution of iron-sulfide minerals. From these points,
Fujita et al. (2008a, 2008b, 2009) showed that stable scorodite particles were
synthesized without gentle neutralization. These researches focused on the oxidation of
Fe(IT) during the scorodite precipitation. Oxygen gas was introduced (4 I/min) into a
reactor containing 4 L of 50 g/l As(V) and 56 g/l Fe(Il) solution (Fe/As molar ratio of

1.5) for oxidation of Fe(Il). Solution was adjust to extremely acidic condition (initial
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pH 1.1), and It was stirred with 800 rpm at 95°C for 1-7 hours. The reaction is

described as follow;

4H3As04 + 4FeSO, + O, (g) + 6H,0 — 4FeAsO,4-2H,0 + 4H,S0; (Eq. 1.11)

Fe(Il) was readily oxidized to Fe(Ill) by oxygen gas. As a result, 97% of As was
immobilized as crystalline scorodite. The report suggested that this Fe(I) oxidation
was the primary factor controlling the oversaturation (Fujita et al., 2009). In this
research, the negative effect of SO4> ion on the scorodite crystallization was avoided.
This technology developed by Dowa Metals & Mining Co. Ltd. has been named Dowa
Mining Scorodite Process (DMSP®) (Fujita et al., 2012; Kubo et al., 2010).

However, these scorodite synthesis methods under hydrothermal or
atmospheric pressure have a downside that As remains about 1 g/l in the solution
containing high concentration of As. Previous researches showed that 0.6 g/l
(Monhemius and Swash, 1999), 0.5 g/l (Singhania et al., 2005), and 1.4 g/l As (Fujita
et al., 2009) remained, which are not satisfied the environmental standard. It is difficult
to remove arsenic completely from the process solutions. Therefore, it is required to
develop the alternative scorodite formation methods from the solution containing

diluted concentration of As.

1.4.3 Microbiological scorodite crystallization

1.4.3.1 Microbial Fe(IT) oxidation by thermoacidophilic Fe(II)-oxidizing archaea
In case of As removal in low concentration range, it is eligible to be energy,

space, and cost saving treatment. One technique to achieve these conditions includes

the treatment using microorganisms. The influence of microorganisms is considerable
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on the kinetics of soil metal ions. There is possibility to accelerate the dissolution of
unwanted metals/metalloids in nature depending on the difference of redox potential by
microbial metal oxidation or reduction (Chapter 2). On the other hand, these oxidation
or reduction ability can utilize for mining area. Actually, bioleaching has been applied
for metal extraction from copper ore using Fe(Il)-oxidizing microorganisms. It can
oxidize Fe(Il) under extreme environment condition such as low pH. In addition, there
are many species which can grow at hot temperature such as 45-95°C. These
microorganisms called extremophiles have possibility to be applied to the treatment of
highly acidic refinery wastewaters.

Gonzalez-Contreras et al. (2010) succeeded the crystallization of biogenic
scorodite using thermoacidophilic iron-oxidizing archaecon Acidianus sulfidivorans
(DSM 18786) isolated from a sulfur rich acidic edge of a hot spring. This archaeon is
able to grow and oxidize Fe(II) under highly acidic (pH 0.35-3.0) and hot (45-83°C)
condition. Experiments were carried out in 100 mL of serum bottles as reaction vessels
in duplicate. The growth medium containing 0.75 g/l Fe(Il) and 1 g/l As(V) (Fe/As
molar ratio of 1.0) was adjusted initial pH to 0.8, and Ac. sulfidivorans was inoculated
to the medium. The serum bottles were shaken incubated at 150 rpm and 80°C for 16
days. As a result, Fe(Il) was biologically oxidized to Fe(Ill) by Ac. sulfidivorans (Fe(Il)
oxidizing rate of 0.04 g/I-day), followed by decreasing the concentrations of Fe and As.
The biogenic precipitate was identified as crystalline scorodite, and it was low
solubility and high stability (Gonzalez-Contreras et al., 2010). The experiments were
scaled up from batch test to bioreactor (CSTRs and airlift reactor). A mixed microbial
culture was adopted which consisted of Sulfolobales (Acidianus brierleyi (98-99%),
Metallosphaera sedula (1-2%), Sulfolobus spp. (very small numbers)) originally taken

from a hot, sulfur rich coal dump. Their Fe(Il) oxidation rate was researched as 1.5
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g/l-day at pH 1.1 and 72°C (Gonzalez-Contreras et al., 2012a). When using CSTRs
under the condition of pH 1.2, 72°C, 2.8 g/l As(V), and 2.4 g/l Fe(Il), the arsenic
removal efficiency was achieved higher than 99% (Gonzalez-Contreras et al., 2012b,

2012¢).

1.4.3.2 Microbial As(IIT) and Fe(II) oxidation by Acidianus brierleyi

In metallurgical operations, As is generally dissolved from sulfide
concentrates in the form of As(IIl). Therefore, these previous researches have to
oxidize As(IIl) to As(V) using strong chemical oxidants such as H,O,and Os as first
step, followed by immobilization step. For improving As(IIl) oxidation step, microbial
As(IIT) oxidation was studied by Okibe et al. (2013). The physicochemical property of
the industrial refinery wastewater is highly acidic (pH 1-2), and hot (50-80°C). Then,
thermoacidophilic iron-oxidizing archaeon Acidianus brierleyi (DSM 1651) was
focused on. This process solution is suitable for optimal growth of Ac. brierleyi which
possess the optimal pH 1.5-2.0 and temperature 70°C. This study found that Ac
brierleyi could oxidize As(IIl) to As(V). Further study revealed that 1 g/L. As(IIl) was
oxidized to As(V) in the presence of yeast extract. Additionally, As(Ill) oxidation
progressed much more rapidly and completely in the culture plus Fe(Il) (Okibe et al.,
2014).

This microbial As(IIl) oxidation was found to be progressed for not energy
obtaining but detoxification. As a following As immobilization experiment, synthetic
copper refinery wastewater containing 1 g/l As(IIl) and 1 g/l Fe(II) was tested, whereas
Gonzalez-Contreras et al. (2010, 2012b, 2012¢c) used As(V) and Fe(Il) as starting
reactants. Ac. brierleyi was inoculated in 500 ml Erlenmeyer flasks containing 200 mL

of growth medium with 13 mM (1 g/1) As(IIl), 18 mM (1 g/l) Fe(Il), and 0.01% (w/v)
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yeast extract. Flasks were incubated shaken at 100 rpm and 70°C for 14 days. Fe(II)
and As(III) were readily oxidized and 86-100% of As was immobilized as biogenic
scorodite (Okibe et al., 2014) (Figure 1.5).

Actual copper refinery wastewater contaminates different dissolved metals
such as As(Ill), Fe(Il), and Cu(Il) on the process. Cu(Il) has been concerned about
affecting microorganisms negatively in terms of inhibition of enzymatic activity.
However, Cu(Il) inhabitation was alleviated when scorodite seed crystals were added
into the solutions as immediate support for microbial colonization (Okibe et al., 2017).
From these results, microbial scorodite synthesis is considered to be one of the most
effective As immobilization methods from diluted As wastewater after chemical
treatment.

The advantages of biological scorodite crystallization compared to chemical
crystallization process was summarized as follows; (i) the features of biogenic
scorodite are very similar to the mineral, (i1) supersaturation can be controlled on
microscale by biological Fe(Il) oxidation, (iii) it does not need the utilization of strong
chemical oxidants, (iv) at least of 1 g/l As can be treated, (v) the solid can be separated
from the solution in terms of crystal and agglomerate size (Gonzalez-Contreras et al.,
2010). However, biological scorodite techniques have challenges to be solved. These
require long term for crystallization of biogenic scorodite compared to chemical
crystallization process. Operation cost may run up due to maintain hot condition
around 70-80°C for a few weeks. Therefore, condition improvement is required for

such as shorten the reaction time, and crystallization at Intermediate temperature range.
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Figure 1.5 Schematic illustration of bioscorodite crystallization using Ac. brierleyi.

1.5 Objective of this thesis

Bio-mineral processing is considered as one of the most effective approaches
to recover valuable metals, especially from low-grade refractory mineral ores and
concentrates. As is a major impurity contaminated in metal refinery wastewaters
including those deriving from bio-mineral processing, and its economically-viable and
environmentally-friendly removal technique is needed. This thesis firstly demonstrated
the applicability of biooxidation of highly refractory As-bearing Au-ore concentrates.
There are also cases that dilute As(IIl) solutions (up to 25 mM) are produced in
metallurgical operations, such as from solid-liquid separation followed by Cu recovery
after enargite concentrate leaching, wherein chemical scorodite synthesis turns
ineffective (JX Nippon Mining & Metals Co. Ltd.; personal communication). Whilst
scorodite crystallization becomes more difficult at more dilute As concentrations under
milder temperature condition, exploiting factors to enable such reaction is of great

importance to broaden the applicability of the scorodite method for a wide range of
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As(Il)-contaminated waters. Initial solution Fe/As ratios and initial pH are affecting
factors (Fujita et al. 2009b): In hydrothermal scorodite synthesis at 150°C, the rate of
As precipitation decreased with increasing initial solution Fe(III)/As(V) molar ratios
from 1.0 to 1.5 and 2.0 (Monhemius and Swash 1999). Our previous bioscorodite
study also found that the form of As precipitation changes at different initial solution
Fe(IT)/As(III) ratios (Okibe et al. 2014). From studies of conventional abiotic scorodite
synthesis, seed feeding (scorodite or other heterogeneous crystals) was shown one of
the influential factors to promote scorodite formation (Singhania et al. 2005; Caetano
et al. 2009; Demopoulos et al. 1995).

Based on that, the aim of this study was set to find factors that enable
effective bioscorodite crystallization from dilute As(III)-bearing solutions (3.3-6.5
mM; so far undescribed by scorodite studies). In chapter 4, optimization of
bioscorodite crystallization condition was conducted focusing on initial
[Fe(ID)]/[As(III)] molar ratios (0.8—6.0) and initial pH (1.5 or 1.2). In chapter 5, the
effects of seed-feeding were investigated. Bioscorodite and chemical scorodite
particles were produced to compare their characteristics, and their effectiveness as seed
crystals was evaluated for the bioscorodite crystallization reaction from dilute 4.7 mM
As(IIT) solution. Additionally, stability of the resultant bioscorodite products was
evaluated by the toxicity characteristic leaching procedure (TCLP) test.

Generally, metal refinery wastewater contains high concentrations of sulfate
(SO4™) ions due to extremely high pH and dissolution of sulfide minerals. The effects
of SO,* ions on scorodite synthesis have been reported in chemical methodologies
(Demopoulos et al., 1995, Gomez et al., 2011). Bioscorodite crystallization progresses
through second As concentration decrease (1st-stage As-removal at ~day 4; 2nd-stage

As-removal at day 10~) (Okibe et al, 2017). At the lst-stage As-removal,
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brown-colored amorphous precipitates (precursors) formed, and then it was
transformed into scorodite at 2nd-stage As-removal. However, this transformation
mechanism is still unclear. Therefore, this thesis also focused on the effect of SO427
ions on bioscorodite crystallization process in chapter 6.

Finally, in chapter 7, the alternative archaeal strains were tested for
bioscorodite crystallization using four kinds of thermophilic acidophilic archaea strains,
Fe(Il)-oxidizers: Sulfolobus metallicus strain Kra23, Sulfolobus tokodaii strain 7,
Sulfolobus acidocaldarius strain 98-3, and sulfur- and Fe(Il)-oxidizer Metallosphaera
sedula strain TH2 in bioscorodite crystallization experiment and the elucidation of

As(IIT) oxidation mechanism.

Contents shown in section 1.2.3 were partially included in the paper accepted as:
Tanaka, M., 2017. A comparison study of heap bioleaching sites in Chile and Finland
for further development of biotechnology for mining. Evergreen, 4(4), 1-7.
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2.1 Culture medium and chemical reagents
2.1.1 Heterotrophic basal salts (HBS)

Heterotrophic basal salts solutions for acidophilic microorganisms were
prepared as 50X concentrates (Johnson et al., 2008). The chemical reagents as shown
in below list were added into distilled water and acidified to pH 1.5 with H,SO,4. The
HBS solutions were filter-sterilized through 0.22 um polyethersulfone membranes
(Steritop, Millipore), and stored at 4°C.

Heterotrophic basal salts solutions (50X)

(NH4),S04 22.5 g/l
KCl 2.5¢/1
KH,PO,4 2.5 g/l
MgSQO4-7H,0O 25.0 g/l
Ca(NOs),-4H,0 0.7 g/
Na,SOq4 7.1 g/l

2.1.2 Chemical reagents

20 ¢/1 Fe(Il) stock solutions

FeSO4-7H,0 (Wako Pure Chemical Industries) was added into acidic distilled
water and adjusted to pH 1.5 with H,SO4. The stock solutions were filter-sterilized

through 0.22 um polyethersulfone membranes (Steritop, Millipore), and stored at 4°C.

20 ¢/1 Fe(I1l) stock solutions

Fey(SO4);:nH,O (n = 5-7; Wako Pure Chemical Industries) was added into
distilled water and acidified to pH 1.5 with H,SO,4. Based on the measured Fe(III)
concentrations by o-phenanthoroline method, the Fe(III) stock solutions were diluted to
20 g/1 with acidic distilled water. The stock solutions were filter-sterilized through 0.22

um polyethersulfone membranes (Steritop, Millipore), and stored at 4°C.
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10 g/1 As(III) stock solutions

NaAsO; (Sigma-Aldrich) was added into distilled water and acidified to pH
1.5 with H,SO4. The stock solutions were filter-sterilized through 0.22 pm

polyethersulfone membranes (Steritop, Millipore), and stored at 4°C.

10 g/1 As(V) stock solutions

Na,HAsO4 7H,O (Junsei Chemical) was added into distilled water and
acidified to pH 1.5 with H,SO4. The stock solutions were filter-sterilized through 0.22

pum polyethersulfone membranes (Steritop, Millipore), and stored at 4°C.

Sterilized elemental sulfur powder

Elemental sulfur powder (Wako Pure Chemical Industries) was heat-sterilized
in dry oven (SG600, Yamato Scientific) at 110°C for 40 minutes. This sterilization was

operated once a day for three days, and stored in sterilized bottle.

2.1.3 Media preparation for cultivation and experiments

For cultivation and experiments, 4 ml of HBS (50%) stock solution and 40 mg
of yeast extract powder (Sigma-Aldrich) were added into 500 ml Erlenmeyer flask
containing adequate amount of pure water (pH 1.5 with H,SO,). Silicone rubber with
continuous bubbles (SILICOSEN T-type, Shin-Etsu Polymer) was utilized as culture
plugs. Flasks containing media were heat-sterilized by autoclave (120°C, 20 min;
ES-215, TOMY). The filter-sterilized stock solutions of Fe(Il), Fe(Ill), As(IIl) and
As(V) were added into heat-sterilized HBS media. Final solution volume was set to

200 ml using pure water (pH 1.5 with H>SOj).
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2.2 Microorganisms cultivation
2.2.1 Moderately thermophilic, acidophilic bacteria
2.2.1.1 Acidimicrobium ferrooxidansT strain ICP (DSM 10331)

Am. ferrooxidans ICP (Clark and Norris, 1996) was maintained in 500 ml
Erlenmeyer flask containing 200 ml of HBS medium (pH 1.5 with HSO4) with 10 mM
Fe(Il) and 0.02% (w/v) yeast extract. Flasks were incubated at 45°C, shaken at 100

rpm (G-BR-200, Taitec).

2.2.1.2 Sulfobacillus sibiricus" strain N1 (DSM 17363)

Sb. sibiricus N1 (Melamud et al., 2003) was maintained in 500 ml Erlenmeyer
flask containing 200 ml of HBS medium (pH 1.5 with H,SO,) with 10 mM Fe(II) and
0.02% (w/v) yeast extract. Flasks were incubated at 45°C, shaken at 100 rpm

(G-BR-200, Taitec).

2.2.1.3 Acidithiobacillus caldus" strain KU (DSM 8584)

At. caldus KU (Hallberg and Lindstrom, 1994) was maintained in 500 ml
Erlenmeyer flask containing 200 ml of HBS medium (pH 1.5 with H,SO4) with 5 mM
sodium tetrathionate and 0.02% (w/v) yeast extract. Flasks were incubated at 45°C,

shaken at 100 rpm (G-BR-200, Taitec).
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2.2.2 Thermo-acidophilic archaea
2.2.2.1 Acidianus brierleyiT (DSM 1651)

Ac. brierleyi (Segerer et al., 1986) was maintained in 500 ml Erlenmeyer flask
containing 200 ml of HBS medium (pH 1.5 with H,SO4) with 18 mM Fe(Il), 13 mM
As(IIT), and 0.02% (w/v) yeast extract. Flasks were incubated at 70°C, shaken at 100

rpm (RGS-20-TH-V, Sanki Seiki).

2.2.2.2 Metallosphaera sedula” strain TH2 (DSM 5348)

M. sedula TH2 (Huber et al., 1989) was maintained in 500 ml Erlenmeyer
flask containing 200 ml of HBS medium (pH 1.5 with H,SO4) with 9 mM Fe(Il), 6.5
mM As(III), 0.1% (w/v) elemental sulfur and 0.02% (w/v) yeast extract. Flasks were

incubated at 70°C, shaken at 100 rpm (RGS-20-TH-V, Sanki Seiki).

2.2.2.3 Sulfolobus tokodaii* strain 7 (DSM 16993)

S. tokodaii 7 (Suzuki et al., 2002) was maintained in 500 ml Erlenmeyer flask
containing 200 ml of HBS medium (pH 1.5 with H,SO,) with 9 mM Fe(Il), 6.5 mM
As(IIT), and 0.02% (w/v) yeast extract. Flasks were incubated at 70°C, shaken at 100

rpm (RGS-20-TH-V, Sanki Seiki).

2.2.2.4 Sulfolobus metallicus" strain Kra 23 (DSM 6482)

S. metallicus Kra 23 (Huber and Stetter, 1991) was maintained in 500 ml
Erlenmeyer flask containing 200 ml of HBS medium (pH 1.5 with H,SO4) with 9 mM
Fe(Il), 6.5 mM As(IIl), 0.1% (w/v) elemental sulfur and 0.02% (w/v) yeast extract.

Flasks were incubated at 70°C, shaken at 100 rpm (RGS-20-TH-V, Sanki Seiki).
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2.2.2.5 Sulfolobus acidocaldarius’ strain 98-3 (DSM 639)

S. acidocaldarius 98-3 (Brock et al., 1972) was maintained in 500 ml
Erlenmeyer flask containing 200 ml of HBS medium (pH 1.5 with H,SO4) with 9 mM
Fe(I), 6.5 mM As(Ill), 0.1% (w/v) elemental sulfur and 0.02% (w/v) yeast extract.

Flasks were incubated at 70°C, shaken at 100 rpm (RGS-20-TH-V, Sanki Seiki).

2.3 Sampling procedures
2.3.1 Liquid samples

Liquid samples were taken from the experimental cultures in clean bench
(CCV-1300E, Hitachi) after compensation of water evaporated with sterilized distilled
water. The solutions were filtered through 0.20 pm cellulose acetate membrane
(Advantec) to monitor the concentrations of total soluble Fe, As, Fe(Il) and As(III), pH
and Eh vs SHE. Average cell number per square was direct-counted using Thoma
counting chamber and phase-contrast microscopy (BX-51, Olympus), and then it was

multiplied by 2.0x107 to calculate the cell density (cells/ml).

2.3.2 Solid samples
Precipitates were separated by filtration through 0.20 um mixed cellulose
ester membrane (Advantec) using aspirator (A-1000S, EYELA) and stored at —20°C.

Pre-frozen precipitates were freeze-dried overnight (FDU-2110, EYELA).
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2.4. Analytical methods
2.4.1 Liquid analysis
2.4.1.1 pH and Redox potentials (Eh vs SHE)

Culture pH and redox potentials (ORP values) were measured using
multi-function water quality meter (MM-43X, TOA-DKK). Measured ORP values
were converted to Eh vs. standard hydrogen electrode (SHE) by adding the value of

206 (25°C).

2.4.1.2 Determination of Fe(II) concentrations

Soluble Fe(Il) concentrations were determined by o-phenanthroline method
(Caldwell and Adams 1946). A 100 pl of diluted samples (max. Fe(Il) 0.5 mM with pH
1.5 distilled water) were added into a disposable cuvette and mixed with 100 pul of 1 M
HCI, 100 pl of 5 mM o-phenanthroline (C;;,HgN,-H,0) solution, and 50 pl of 2 M
sodium acetate (CH3;COONa) solution. Total volume was set to 1 ml by distilled water,
and gave 30 minutes for stable equilibrium. The absorbance at 510 nm was measured
against a full reagent blank using spectrophotometer (NanoPhotometer Pearl, Implen).

Standard curve was obtained with 10 mM ferrous sulfate (FeSO4-7H,0, pH
1.5, completely reduced by adding L(+)-ascorbic acid sodium salt) over the range of 0—

0.9 mM (0-50 ppm) (Figure 2.1).
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y = 0.9968x + 0.0096
R®=0.9976
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Figure 2.1 A typical standard curve for Fe(Il) assay using o-phenanthroline method.

The equation of the fitted line is y = 0.9968x + 0.0096. R* = 0.9976.

2.4.1.3 Determination of As(III) concentrations

Soluble As(III) concentrations were determined by stripping voltammetric
method using Nano-band explorer (GL sciences). After thin film plating of carbon
electrode using 200 ppm Au solution in 0.1 M HCI (1000 ppm gold standard solution,
Kanto Chemical), 50 ml of diluted samples in 0.1 M HC] were measured under the
condition of clean time 0.1 second and plate time 10 second.

Standard curve was obtained with 20 ppm sodium metaarsenite (NaAsO,, pH
1.5) over the range of 0—40 ppb (Figure 2.2). Measurement at each concentration was

carried out in triplicate.
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1204y =3.105x-0.36
R” =0.9995
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[As(IID] (ppb)
Figure 2.2 A typical standard curve for As(Ill) assay using stripping voltammetric

method. The equation of the fitted line is y = 3.105x — 0.360. R* = 0.9995.

Current: peak height (nA)

2.4.1.4 Determination of total soluble Fe, As and S concentrations

Total soluble Fe, As and S concentrations were determined by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES; Optima 8300,
PerkinElmer). Filtered samples were diluted using 0.1 M HCI. All the measurements
were carried out in triplicates and the values were averaged. Wavelengths measured for
each metal were described as follows; Fe: 238.204, 239.562, 259.939 nm, As: 188.979,
193.696, 197.197 nm, S: 180.669, 181.975, 182.563 nm.

Standard curve was obtained with 1000 ppm iron standard solution, 1000 ppm
arsenic standard solution and 1000 ppm sulfur standard solution (Wako Pure Chemical

Industries) over the range of 0-20 ppm (Fe, As) and 0—100 ppm (S).
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2.4.2 Solid analysis
2.4.2.1 X-ray diffraction (XRD)

XRD measurement was performed using Ultima IV (Rigaku) with Cu-Ka
radiation as an X-ray source. The accelerating voltage and current were 40 kV and 40
mA, with a scanning speed of 2°/min and scanning step of 0.02°. Obtained XRD
patterns were identified based on International Centre for Diffraction Data (ICDD)

using powder diffraction analysis software PDXL (Rigaku).

2.4.2.2 Scanning electron microscope (SEM)

Surface geometry: Dried samples were fixed on carbon tape and Au-Pd
magnetron-sputtered (MSP-1S, Vacuum Device) prior to observation of secondary
electron images (VE-9800, Keyence).

Cross-section views: Precipitates were embedded in an epoxy resin
(SpeciFix-20, Struers) and polished using 2000 and 4000 grit emery papers on a
polishing machine (Doctor Lap ML-182, Maruto) and carbon-sputtered (JEC-560,

JEOL) prior to observation of backscattered electron images (ULTRASS, ZEISS).

2.4.2.3 Fourier transforms infrared spectroscopy (FT-IR)

FT-IR spectra of precipitates were obtained by KBr pellet method (sample 1%
(w/v)) using FT/IR-670 (JASCO) in the range of 360-4000 cm™"' (resolution: 4 cm ™).
Fex(SO4);-nH,O (Fe(Ill); Wako Pure Chemical Industries), Na,HAsO4-7H,0O (As(V);
Junsei Chemical), chemically-synthesized scorodite (FeAsOs:2H,O) and dried Ac.
brierleyi cells were utilized as standard substances. The Fe(Ill) (20 mM FeCl;-6H,0;
Wako Pure Chemical Industries) and SO427 (20 mM Na,SO,4; Wako Pure Chemical

Industries) solutions (pH 1.5 with HCl) were examined using the attenuated total
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reflection Fourier transform infrared spectroscopy (ATR-FTIR) using ZnSe crystal.
Overlapped peaks were determined by the curve-fitting program PeakFit ver. 4.12

(Systat Software) with the mixed Gaussian and Lorentzian function (Maddams, 1980).

2.4.2.4 X-ray absorption fine structure measurement (XAFS)

XAFS spectra of As K-edge and Fe K-edge for precipitates were collected in
transmission mode on Kyushu University beam line (BL06) at Kyushu Synchrotron
Light Research Center (SAGA-LS; 1.4 GeV storage ring). Energy selection was
accomplished by a double crystal Si (1, 1, 1) monochromator. FeSO4:-7H,O (Fe(Il);
Wako Pure Chemical Industries), Fe (SO4);-nH,O (Fe(Ill); Wako Pure Chemical
Industries), NaAsO, (As(Ill); Sigma-Aldrich), Na,HAsOs 7H,O (As(V); Junsei
Chemical) and chemically-synthesized scorodite (FeAsO4:2H,O) were utilized as
standard substances. All samples were diluted with boron nitride (BN; Wako Pure
Chemical Industries) in appropriate ratios and then formed into tablets with a diameter
of 1 cm. The experimental data was analyzed using the IFEFFIT software package ver.

0.9.25 (ATHENA) (Ravel and Newville, 2005).

2.4.2.5 Thermo gravimetry differential thermal analysis (TG-DTA)

TG-DTA analysis of precipitates was carried out using TG-DTA analyzer
(2000SA, Bruker) to calculate the water content in precipitates. A 5 mg of samples in
Pt-sample-pan was heated from room temperate to 800°C at 10°C/min with an N, gas

flow rate of 100 ml/min. a-Al,O3; powder was used as reference substances.
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2.4.2.6 Particle size distribution
Particle size distribution of precipitates and seed scorodite was measured
using laser diffraction particle size analyzer (Partica LA-950, Horiba). Samples were

dispersed in water. Refractive index of scorodite was adopted as 1.797 (Ondrus et al.,

1997).

2.4.2.7 Specific surface area (BET method)

Specific surface area of seed scorodite (bioscorodite and chemical scorodite)
was measured using BET (Brunauer-Emmett-Teller) theory (BEL-Max,
MicrotracBEL) based on adsorption isotherms using N, gas at —196°C. Adsorbed water
and gases were removed under vacuum at 80°C for 50 hours prior to measurement. The
pore size distributions of seed scorodite were calculated using the Barrett—Joyner—

Halenda (BJH) equation.

2.4.2.8 Zeta-potential measurement

Zeta-potentials of Ac. brierleyi cells (5.0x10" cells/ml) or precipitates (0.2%
(w/v)) were measured in 10> M KCl or 10> M NaCl solutions using Zetasizer Nano
ZS (Malvern) at pH values ranging from 2.0 to 5.0 (adjusted with HCI and KOH). All

measurements were conducted at least in triplicate.

2.5 Stability evaluation of bioscorodite/chemical scorodite
2.5.1 Toxicity characteristic leaching procedure (TCLP)

The TCLP test was conducted by following the EPA method 1311 (EPA,
1992). Original scorodite seeds formed in chapter 4 “4.2.1 Preparation of bioscorodite

and chemical scorodite as seed crystals” and final bioscorodite produces formed in
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“4.2.2 Bioscorodite crystallization experiment fed with seed crystals” (using [ As(I11)]in;
= 4.7 mM and [Fe(Il)]ini= 9.5 mM) were transferred into 25 ml vials containing 10 ml
acetate buffer (pH 4.93) at a pulp density of 5% (w/v) (solid : liquid = 1 : 20) and
incubated at 25°C, rotated at 30 rpm for 18 hours. Liquid samples were filtered (0.45
um glass fiber) to measure total soluble Fe and As concentrations. Tests were
conducted in duplicates.

Acetate buffer at pH 4.93 was prepared following the protocol: 5.7 ml glacial
CH;COOH and 64.3 ml 1 N NaOH were added to 500 ml of distilled water and diluted

to a volume of 1 1.

2.5.2 Japanese leaching test No. 46 (JLT46)

The JLT46 test was conducted by following the Japan Environment Agency
Notification No. 46. Original scorodite seeds formed in “4.2.1 Preparation of
bioscorodite and chemical scorodite as seed crystals” were transferred into 5 ml vials
containing 5 ml distilled water (pH 5.8-6.3 adjusted with HCI) at a pulp density of
10% (w/v) (solid : liquid = 1 : 10) and shaken at 200 rpm for 6 hours. The leachate was
allowed to stand for 10 min and centrifuged at 3000 rpm for 20 min. The supernatants
were filtered (0.45 pm membrane filter) to measure total soluble Fe and As

concentrations. Tests were conducted in duplicates.

2.6 Ion activity product (IAP) calculation

The TAP of bioscorodite was calculated as Eq. 2.1, based on its congruent
dissolution (Eq. 2.2). Ionic activities of Fe(IIl) and As(V) were calculated from Eq. 2.3
and 2.4, using the measured pH values (ay” = 10 ") and total soluble concentrations of

Fe(Ill) and As(V) (M), respectively. The hydrolysis constants (K;) at 70°C were
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calculated using the van’t Hoff equation (Table 2.1 and Eq. 2.5; Dove and Rimstidt,

1985; Gonzalez-Contreras et al., 2010).

IAPscorodite = (aFe3+)(aAso43‘) (Eq. 2.1)
FeAsO,-2H,0 (scorodite) 2 Fe' + AsO,> + 2H,0 (Eq. 2.2)
— Fe(IIDtotal
Ape3+ = 14 Kre1 , Kre1Kre2 , KFe1KFe2KFe3  Kre1KFe2KFe3KFes (Eq 23)
Tagy | (ago)? T (ago)d (ay+)*
As(Wtota
(ps0,3- = Sl (Eq. 2.4)
14 2mt (ap+) . (ap+)

Kas3 Kas2Kasz Kas1Kas2Kas3

Table 2.1 Hydrolysis constants of Fe(III) and As(V) at 25°C (Dove and Rimstidt, 1985)

and 70°C.
pK (25°C) pK (70°C)
Dove and van’t Hoff
Rimstidt, 1985 Equation
Ferric iron; Fe(Ill)
Fe’" + H,0 = Fe(OH)*" + H Krel 2.19 2.18
Fe(OH)*" + H,O = Fe(OH)," + H" Kreor 3.48 3.47
Fe(OH)," + H,0 = Fe(OH); + H" Kres 6.33 6.31
Fe(OH); + H,0 = Fe(OH), +H" Kres 9.6 9.57
Arsenate; As(V)
H;AsO; =H,AsO4 +H' Kasi 2.24 2.27
H,AsOs” = HAsO4* +H' Ko 6.86 6.94
HAsO4> =AsO, +H' K3 11.49 11.51
—InKygec = —InKpsec + 22 (-2 (Eq. 2.5)

, where AH,”; standard reaction enthalpy (kJ/mol), T; temperature (K), R; gas constant

=8.314 (J/mol-K).
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Concentrations of Fe(Ill) and As(V) were determined as the activity of various

dissolved ion species as shown in Egs. 2.6 and 2.7.

Fe(IlD)tota1 = @pes+ + Apeomyz+ T Ape(omy,* T AFe(on); T Are(om),” (Eq. 2.6)

As(V)total = Gps0,3~ + Apaso,2- T AH,4s0,~ T AHzas0, (Eq. 2.7)

The equations for hydrolysis of Fe(Ill) (Egs. 2.8-2.11) and As(V) (Egs. 2.12-2.14) are
based on the reactions shown in Table 2.1. Activities of Fe(Ill) and As(V) (Egs. 2.3 and
2.4, respectively) are obtained by applying Eqs. 2.8-2.11 and 2.12-2.14 to Eqgs. 2.6 and

2.7, respectively.

Kre1 = % (Eq. 2.8)
Kpez = % (Eq. 2.9)
Kres = [F[‘;g"(;‘—ﬁjj‘f]” (Eq. 2.10)
Kreq = % (Eq. 2.11)
Kas1 = % (Eq. 2.12)
Kas2 = % (Eq. 2.13)
Kasz = [as0, JiA) (Eq. 2.14)

[HAsO,2™]
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Chapter 3

Biooxidation of gold-bearing highly refractory sulfide concentrates

-39



Chapter 3

3.1 Introduction

To enhance gold recovery by cyanidation, refractory gold ores which are
recognized as invisible gold incorporated in pyrite (FeS,) and arsenopyrite (FeAsS)
generally require a pyrometallurgical or hydrometallurgical pretreatment process.
Biooxidation of refractory gold ore has become a preferred pretreatment technology
prior to cyanidation for gold recovery.

Biooxidation process is based on microbial activities to oxidize and dissolute
unnecessary sulfide mineral matrix to expose occluded gold. Upon dissolution of
arsenopyrite, As is dissolved in the form of As(IIl) (Breed et al., 1996; Mandl et al.,
1992). It was reported that oxidation of As(IIl) to As(V) by Fe(Ill) is mediated during
mineral dissolution by the presence of pyrite as an electron mediator (Barrett et al.,
1993; Wiertz et al., 2006). Since As(III) is highly toxic and mobile compared to As(V)
especially at acidic pH (Cullen and Reimer, 1989; Matschullat, 2000), biooxidation
microbes would benefit from the oxidation reaction of As(IIl) to As(V) in order to
maintain their activity. In this sense, mineral-oxidizing microbes possessing As(III)
tolerance as well as As(IIl) oxidation ability would have advantages during
biooxidation. However, As(IIl) oxidizing abilities in moderately thermophilic,
extremely acidophilic bacteria are yet largely unknown.

Microbial oxidative dissolution of minerals is often accompanied with
formation of passivation (a layer of secondary mineral precipitates) on the mineral
surface. Secondary minerals such as jarosite and elemental sulfur are generally
considered to hinder biooxidation/bioleaching efficiencies. Optimization of the metal
recovery, therefore, requires understanding of major passivation reactions involved
during the biooxidation.

Most studies on arsenopyrite oxidation by pure cultures have been done with
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a mesophile Acidithiobacillus ferrooxidans (e.g., Ehrlich, 1964; Fernandez et al., 1995;
Mandl et al., 1992; Tuovinen et al., 1994), whereas other studies used mesophilic
Leptospirillum ferrooxidans (Corkhill etal., 2008) and thermophilic Sulfolobus
acidocaldarius (Escobar et al., 2000). Mixed microbial cultures can be considered
more robust than pure cultures as they meet different physico-chemical conditions
during biooxidation. In fact, they are often significantly more effective in sulfide
mineral dissolution (Johnson, 1998).

Precise comparison studies on pure and mixed cultures have clarified this
trend for biooxidation of ground rock pyrite using moderate thermophiles
(Leptospirillum sp. MT6, Am. ferrooxidans, At. caldus, Alicyclobacillus sp. Y004, three
Sulfobacillus spp. and Ferroplasma sp. MT17): A mixed culture comprising
Leptospirillum MT6, At. caldus and Ferroplasma MT17 was the most efficient of all of
those tested, followed by an almost comparable mixed culture of Am. ferrooxidans and
At. caldus (Okibe and Johnson, 2004). The advantages of mixed cultures were also
noted for arsenopyrite biooxidation using moderately thermophilic A¢. caldus strains
and Sulfobacillus thermosulfidooxidans by Dopson and Lindstrom (1999). The
well-known BIOX™ process also utilizes a mixed population of At. ferrooxidans,
Acidithiobacillus thiooxidans and L. ferrooxidans (van Aswegen et al., 2007).

Although biooxidation is now recognized as an alternative to conventional
pretreatment techniques (e.g., roasting and pressure oxidation) and alkali dissolution,
few literatures are available which compared different pretreatment options for the
process screening purpose (but see technical papers available from the Xstrata ALBIO
PROCESS™ website; Aylmore and Jaffer, 2012; Hourn et al., 2005). Hourn et al.
(2005) reported that the Au recovery was greater with the Albion™ process (alkali

dissolution; 92%) and pressure oxidation (94%), than with biooxidation (78%). The Ag
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recovery was significantly lower with biooxidation (25%) and pressure oxidation (4%)
than with the Albion™ process (75%), although detailed methodologies used are
unknown.

This study compared pure and defined mixed cultures of three moderately
thermophilic, extremely acidophilic bacterial strains (Am. ferrooxidans ICP, Sb.
sibiricus N1, At. caldus KU) for their efficacy in biooxidation of highly refractory
polymetallic gold ore concentrates. Factors to affect mineral dissolution efficiencies,
such as microbial As(IIl) oxidation ability, formation of different secondary mineral
precipitates, and microbial population dynamics during biooxidation, were also
investigated. For the initial process screening purpose, effectiveness of biooxidation
using the defined mixed cultures was finally compared to that of three other abiotic

pretreatment options for the recovery of Au and Ag after cyanidation.

3.2 Materials and Methods
3.2.1 Minerals

The gold-, silver-, and antimony-bearing sulfide ore concentrate from Alaska
used in this study was shown highly refractory (total Au and Ag recovery of only 1.1%
and 3.2%, respectively, without any pretreatment), with complex mineralogy. Its
elemental and mineral compositions are shown in Tables 3.1 and 3.2, respectively.
During the flotation process, the gold ore was subjected to the flotation collectors
(AERO" 6697 promoter; 42% sodium diisobutyl monothiophosphate, 3.0% sodium
diisobutyl dithiophsphate, 0.5% sodium hydroxide, and PAX; potassium amyl
xanthate), and OrePrep® F-549 Frother (a mixture of polyglycols). Prior to
biooxidation experiments, the gold ore concentrate was washed with 1 M HNO3,

deionized water, and ethanol.
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Table 3.1 Elemental composition of the gold ore concentrate used in this study.

Element Abundance (%)
Fe 19
As 9.8

S 19
Pb 3.7
Sb 43
Mn 0.18
Cu 0.06
Na 0.02
Zn 1.8
CaO 0.30
MgO 0.39
Al,O; 6.6
SiO, 30
Size (Pgo) 20 um
Au 23 g/t
Ag 364 g/t

Table 3.2 Mineral composition of the gold ore concentrate used in this study.

Mineral Chemical formula Abundance (%)
Arsenopyrite FeAsS 24
Boulangerite PbsSb,S; 1.6
Stibnite Sb,S; 2.3
Jamesonite Pb,FeSbeS4 5.2
Fuloppite Pb3SbhgS;5 1.2
Andorite PbAgSb;S¢ 0.3
Tetrahedrite (Cu,Ag)[Cuy(Fe,Zn),]Sb14S3 0.1
Pyrite FeS, 22
Sphalerite ((Zn,Fe)S) 3.5
Galena PbS 0.5
Gangue 40
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3.2.2 Biooxidation experiments

Pure or mixed cultures of moderate thermophiles were inoculated (final cell
density; 1.0 x 107 cells/ml for each strain) in 500 ml Erlenmeyer flasks containing 200
ml of HBS medium (pH 1.5 with H,SO,) with 2% (w/v) mineral concentrate and
0.02% (w/v) yeast extract. Flasks were incubated at 45°C, shaken at 100 rpm.
Well-mixed slurry samples were regularly withdrawn to monitor cell density, pH, Eh vs
SHE, and concentrations of total Fe, total As, Fe(Il) and As(Ill). For real-time PCR
analysis of the microbial population structure, 10 ml of well-mixed slurry samples
were taken from mixed cultures at day 14 and 30, followed by genomic DNA
extraction using Soil DNA Isolation Kit (MO BIO). All experiments were done in

duplicate.

3.2.3. Real-time PCR

To construct standard curves, genomic DNA was purified from pure culture of
each strain using Ultra Clean Microbial DNA Isolation Kit (MO BIO). The genomic
DNA was then used as template to amplify the partial 16S rRNA gene fragment (~
270 bp) by Touchdown PCR using universal primer set (Buniv-F1 and Buniv-RlI;
Table 3.3). The PCR mixture (final volume 50 pl) included 25 pl Premix Taq (TaKaRa
BIO), 15 pmol of each primer, and 2.5 ul DNA template. The final volume was
adjusted with sterilized deionized water. Touchdown PCR was performed as follows:
One cycle of 94°C for 2 min; before 7 cycles of 94°C for 20 sec, 58°C for 20 sec
(decreasing by 0.5°C per cycle) and 72°C for 15 sec; which then links to 20 cycles of
94°C for 20 sec, 55°C for 20 sec and 72°C for 15 sec.

The resultant PCR products were extracted from agarose gel using QIAquick

Gel Extraction Kit (Qiagen) and quantified. The 270-bp PCR product deriving from
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each strain was diluted serially to give a final concentration of 1.0 x 10° to 1.0 x 10
copies/pl, to be used as template DNA for real-time PCR using species-specific primer
set. The real-time PCR mixture (final volume 20 pul) contained 10 pl of SsoAdvanced
SYBR Green Supermix (BioRad), 1 pul of template DNA, and 6 pmol of each primer
(Table 3.3). The final volume was adjusted with sterilized deionized water. The
real-time PCR was run as follows: One cycle of 95°C for 3 min, and then 40 cycles of
95°C for 10 sec and 70°C for 15 sec.

At the completion of each run, melting curves for the PCR products were
measured by raising the temperature from 65 to 90°C, to examine the specificity of the
PCR amplification. Linearity in the standard curve was obtained within the range of 1.0
x 10 to 1.0 x 10’ copies/test for all three species. Next, a synthetic DNA mixture
(composed of 1.0 x 107, 1.0 x 10%, or 1.0 x 10° copies/test each from the three strains)
was tested against each one of the three species-specific primer sets. All
species-specific primer sets showed over 10*-fold specificity against the target species,
compared with nontarget species, ensuring the accuracy to display the results as
percentages in whole numbers. Genomic DNAs purified from the actual biooxidation

mixed cultures were then tested against the corresponding species-specific primer sets.
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Table 3.3 PCR primers used in this study.

Primer set Primer sequence (5’— 3°) PCR product size Target species

Buniv-F1 GTAGTCCACGCCSTAAACGWTG ~270 bp Universal (modified from “NR-F2” and “NR-R2 primers; Liu
Buniv-R1 GAGCTGAC GACARC CATGCA et al. 2006)

Acaldus-F1 TTGGCGCCTTAGGTGCTGAG 240 bp Species-specific; At. caldus (modified from “Acaldus-P1”
Buniv-R1 - primer; Liu et al. 2006)

Sbsib-F1 TAGGTGTCGCCCGGGTCCAC 241 bp Species-specific; Sb. sibiricus (this study)

Buniv-R1 -

Amferro-F1 TCATTCGACGGGCTCCGTG 231 bp Species-specific; Am. ferrooxidans (this study)

Buniv-R1 -
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3.2.4. Other abiotic pretreatment options

Three following abiotic pre-treatments were conducted for the flotation
concentrate: (1) pressure oxidation; flotation concentrate (Pgo = 10 um) was oxidized
under vapor pressure 2.2 MPa at 120°C for 2 hours with addition of 45 g/l Fe(Ill) and
0.2 g/l lignin sulfonate, and 2 I/min O, aeration, (2) roasting; reducing roasting at 2
1/min N, supply were conducted at 600°C for 1 hour, then oxidizing roasting 2 1/min
aeration were conducted at 600°C for 2 hours for flotation concentrate (Pgy = 20 pm),
(3) alkali dissolution; NaOH 497 kg/t was added to flotation concentrate (Pgo = 20 pm)

and reacted at 80°C for 20 hours with 0.8 1/min aeration.

3.2.5 Cyanide leaching for solid residues

Cyanide leaching was carried out for the solid residues obtained from each
pretreatment procedure. Preaeration was conducted using 20% pulp density at 1 1/min
O, for 8 h, followed by cyanidation at pH > 10.5 by maintaining the CN concentration

at 1,000 ppm (added as NaCN), for 72 h.

3.3 Results and Discussion
3.3.1 Biooxidation of the gold ore concentrates by pure cultures

Biooxidation efficiencies of the gold ore concentrate by different pure cultures
(without initial Fe(Il) addition) were compared in Figures 3.1a—d. A heterotrophic
iron-oxidizer, Am. ferrooxidans 1CP was unable to grow even though the medium
contained yeast extract as well as a small amount of soluble Fe(Il); i.e., Fe(Il) remained
unoxidized (Figure 3.1b) and the amount of total Fe solubilized was similar to that in
sterile control and non-iron-oxidizing At. caldus KU cultures (Figure 3.1a).

An iron- and sulfur-oxidizing mixotroph, Sb. sibiricus N1 was capable of
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oxidizing the ore concentrate to some extent (45% of Fe solubilized by day 30;
Table 3.4) by readily re-oxidizing Fe(Il) to maintain high Eh values (Figure 3.1b). Its
initial cell growth was also supported by metabolism of residual reduced inorganic
sulfur compounds (RISCs) in the gold ore concentrate medium, as was also seen with a
sulfur-oxidizing autotroph, A¢. caldus KU (Figure 3.1d). Figure 2c shows that As
solubilized from the ore concentrate in the form of As(IIl) (Langhans et al., 1995), was
partly oxidized to As(V) during biooxidation.

Addition of 10mM Fe(ll) greatly supported initial growth of Am.
ferrooxidans ICP (data not shown), however, this bacterium still failed to oxidize Fe(II)
and only 25% of Fe was solubilized by day 30 (Table 3.4). Initial addition of 10 mM
Fe(Il) also facilitated Sb. sibiricus N1 growth and Fe(Il) was readily oxidized to Fe(III).
However, the Eh value suddenly dropped at day 2 (data not shown), indicating the
deposition of secondary precipitates. As a result, the extent of Fe solubilization was
lowered from 45% to 31% (Table 3.4). This time, As(Ill) oxidation to As(V) was not
noticeable in both Sb. sibiricus N1 and Am. ferrooxidans 1CP pure cultures: This may
be due to the deterioration of the pyrite surface as electron mediator for As(III)

oxidation, through deposition of secondary precipitates (Barrett et al., 1993).
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Figure 3.1 Biooxidation of the ore concentrate in pure (a-d) and mixed (e-h) cultures
(without initial Fe(Il) addition): (a, e) Total Fe concentrations (solid lines) and pH
(broken lines); (b, f) Fe(Il) concentrations (solid lines) and Eh (vs. NHE, broken lines);
(c, g) Total As concentrations (solid lines) and As(II) concentrations (broken lines); (d,
h) cell densities. Symbols in pure cultures: Am. ferrooxidans ICP (¢ 0), Sb. sibiricus N1
(= 0), At. caldus KU (42), sterile (* ©). Symbols in mixed cultures: Am. ferrooxidans
ICP + At. caldus KU (¢ 0), Sb. sibiricus N1 + At. caldus KU (» 0), Am. ferrooxidans
ICP + Sb. sibiricus N1 (42), Am. ferrooxidans ICP + Sb. sibiricus N1+ At. caldus KU (¢

0).
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3.3.2 Biooxidation of the gold ore concentrates by defined mixed cultures

Without initial addition of Fe(Il), mixed culture of two iron-oxidizers (Am.
ferrooxidans 1CP and Sb. sibiricus N1) was ineffective at mineral dissolution and
behaved similarly in all parameters to pure culture of Am. ferrooxidans 1CP
(Figures 3.1a—d; Table 3.4). Even though Sh. sibiricus N1 has advantages over Am.
ferrooxidans ICP in metabolic capability of sulfur, the results indicate that the former
was unable to compete with the latter for their substrates such as Fe(II) and organics.
When At. caldus KU was mixed with one or both of the iron-oxidizers, mineral
dissolution became significantly more effective; 74-80% of Fe and 55-61% of As
were solubilized (Figure 3.1e, g; Table 3.4), and high cell densities as well as Eh values
were maintained throughout the experiment (Figure 3.1f, h).

Culture pHs continued to decline down to approximately 1.3 (Figure 3.1e),
due to its sulfur metabolism eventually producing sulfate. Interestingly, although Am.
ferrooxidans 1CP failed to oxidize Fe(Il) in pure cultures (even though yeast extract
was present), the presence of At. caldus KU in mixed culture indirectly enabled Am.
ferrooxidans ICP to effectively exhibit its Fe(Il) oxidation ability. Furthermore,
oxidation of highly toxic As(IIl) to less toxic As(V) was especially noticeable in mixed
cultures containing A¢. caldus KU: Concentrations of As(II) released from the ore
concentrate reached their limits by day 3-5, whereas As(V) concentrations
continuously increased thereafter (Figure 3.1g). This observation likely has resulted
from the role of At. caldus KU in maintaining clean pyrite catalytic surfaces by
avoiding precipitation of unwanted passivation layers (Barrett et al., 1993; Dopson and
Lindstrom, 1999).

Initial addition of 10 mM Fe(II) generally did not affect positively on mineral

dissolution by mixed cultures containing At caldus KU (Table 3.4). Upon 10 mM
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Fe(IT) addition, a mixed culture of the two iron-oxidizers (Am. ferrooxidans ICP and Sb.
sibiricus N1) behaved similarly to pure cultures of Sb. sibiricus N1, rather than those
of Am. ferrooxidans ICP (Table 3.4): Since the trend was reverse without initial Fe(II)
addition, the results here again suggest that Sh. sibiricus N1 fails to compete with Am.
ferrooxidans ICP for Fe(II).

Table 4 shows that the dissolution of Fe was higher than those of As in mixed
cultures containing At. caldus KU, whereas the trend was reverse in other pure and
mixed cultures. This indicates that the presence of At. caldus KU prevented solubilized

Fe ions from precipitating as secondary minerals, by lowering culture pHs.
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Table 3.4 Amount of Fe and As solubilized in pure and mixed cultures after 30-days’ biooxidation.

No Fe(Il) added 10 mM Fe(Il) added
Fe solubilized  As solubilized Fe solubilized As solubilized

Cultures (%) (%) (%) (%0)
Am. ferrooxidans ICP 11 17 25 49
Sb. sibiricus N1 45 50 31 41
At. caldus KU 16 24 14 24
Am. ferrooxidans ICP + Sb. sibiricus N1 16 25 34 34
Am. ferrooxidans ICP + At. caldus KU 74 61 76 62
Sb. sibiricus N1 + At. caldus KU 74 55 73 57
Am. ferrooxidans ICP + Sb. sibiricus N1 + At. caldus KU 80 61 73 56
Sterile 13 19 16 21
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Population structure analysis was conducted for effective mixed cultures
containing At. caldus KU, using real-time PCR based on the amount of 16S rRNA
genes of each strain. According to the known copy number of 16S rRNA genes per
genome (i.e., 2 copes for At. caldus KU, Valdes etal.,, 2009; 2 copies for Am.
ferrooxidans ICP, Clum et al., 2009; 3—-5 copies for other Sulfobacillus spp., Anderson
etal., 2012; Li et al., 2011; Travisany et al., 2012, the abundance of Sb. sibiricus N1
may be overestimated in this study. However, a general trend observed by real-time
PCR was that At. caldus KU was the dominant species in all mixed cultures
(Figure 3.2), due to more energy being available from oxidation of RISCs than that of
Fe(IT) (Okibe et al., 2003): The results suggest its major role in supporting the mineral
dissolution.

The population ratios of iron-oxidizer(s) to At. caldus, however, somewhat
increased at the later stage of biooxidation, owing to accumulation of dissolved organic
carbon (deriving from At caldus KU cell lysates and exudates) being utilized by
heterotrophic/mixotrophic iron-oxidizers (Dopson and Lindstrom, 1999; Schnaitm and
Lundgren, 1965). Although yeast extract was supplemented in this biooxidation
experiment (expecting its possible effect in boosting microbial As(IIl) oxidation, as
was observed with Ac. brierleyi; Okibe et al., 2014), it is generally not required by the
heterotrophs/mixotrophs in mixed cultures with At. caldus, since the latter readily
supports the growth of the former during biooxidation (e.g., Okibe and Johnson, 2004).

In biooxidation of ground rock pyrite (as a model mineral of high purity), a
mixed culture comprising Leptospirillum MT6, At. caldus and Ferroplasma MT17 was
the most efficient of all of those tested. Another mixed culture of Am. ferrooxidans and
At. caldus also showed, however, almost comparative efficacy to the former (Okibe

and Johnson, 2004). For biooxidation of the ore concentrate, rather than unprocessed
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ores, residual flotation reagents may affect microbial activities: The fact that pure
cultures of Leptospirillum MT6 were able to grow on unprocessed rock pyrite, but not
on pyrite concentrate even after acid-washing (Okibe and Johnson, 2001) indeed
indicates that toxicity effects of residual flotation reagents need to be taken into

account in biooxidation.

Mixed Cultures Day 14

Am. ferrooxidans |CP %

+
At. caldus KU

Sb. sibiricus N1
+
At. caldus KU

KU 85%

Am. feirooxidans ICP
Sh. sibifcus N1
At. caldus KU

Figure 3.2 Population dynamics of mixed cultures of Am. ferrooxidans 1CP + At.
caldus KU, Sb. sibiricus N1 + At. caldus KU, and Am. ferrooxidans ICP + Sb. sibiricus
N1 + At. caldus KU at day 14 and day 30 of biooxidation.
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Okibe and Johnson (2002) reported that among the five mineral-oxidizing
moderately thermophiles (Leptospirillum MT6, Ferroplasma MT17, At. caldus KU,
Sulfobacillus NC, and Am. ferrooxidans 1CP), At. caldus KU, Sulfobacillus NC, and
Am. ferrooxidans ICP were shown to be robust to different flotation reagents, whereas
the other two species were far more sensitive. In this study, dissolution of the highly
refractory polymetallic gold ore concentrate (containing a mixture of potentially
inhibitory metals and metalloids; e.g., Pb, Mn, Cu, Zn, Sb, As) was shown effective in
mixed cultures of flotation reagent-tolerant moderately thermophilic species, even in a
relatively simple mixed culture of two species, Am. ferrooxidans ICP and At. caldus
KU. Such moderate thermophilic mixed cultures may become more advantageous than
those comprising of flotation reagent-sensitive strains, depending on the ore

concentrates used.

3.3.3 Evaluation of microbial As(III) oxidation ability

When each of the three moderate thermophiles was inoculated at 1.0 x 10®
cell/ml in heterotrophic basal salts containing 6.5 mM As(Ill) without Fe(Il) or
tetrathionate, neither cell growth nor As(Ill) oxidation was observed (Figures 3.3c, d).
This indicates that the strains are not capable of growth by oxidizing As(II) as the
energy source. When their respective energy source was provided (10 mM Fe(Il) for
ICP/N1 pure cultures; 10 mM Fe(Il) plus 5 mM sodium tetrathionate for KU pure
cultures and all mixed cultures), the growth was readily observed (expect for Am.
ferrooxidans 1CP + Sb. sibiricus N1 mixed cultures; Figure 3.3b) and Fe(Il) quickly
oxidized by iron-oxidizers (data not shown). However, no noticeable As(Ill) oxidation
was detected in any pure and mixed cultures (Figure 3.3a).

It can be concluded, therefore, that partial As(IIl) oxidation to As(V) seen in
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biooxidation cultures (Figures 3.1c, g) include neither microbial As(II) oxidation
reaction, nor chemical As(IIl) oxidation in bulk solution. As was observed by Barrett
etal. (1993), there is a kinetic restriction of As(IIl) oxidation coupled with Fe(III)
reduction and the reaction can be catalyzed only at the pyrite surface as an electron
mediator. Possible indirect microbial roles (especially played by At caldus KU in this
study) involved in the As(IIl) oxidation process is to maintain clean pyrite catalytic
surfaces by preventing formation of secondary passivation layers (e.g. elemental sulfur,
jarosite, as was expected in biooxidation experiments); this would eventually support
microbial growth and activity by lowering As(III) toxicity.

Although thermophilic, extremely acidophilic bioleaching archaea, Acidianus
brierleyi and Sulfolobus acidocaldarius are known to oxidize As(IIl) (Okibe et al.,
2013; Sehlin and Lindstrom, 1992), As(Ill) oxidizing abilities in moderately
thermophilic, extremely acidophilic bacteria are yet largely unknown. In biooxidation
experiments, arsenic was released from the concentrate in the form of highly toxic
As(Ill), and partially oxidized to less toxic As(V): Because the three moderate
thermophiles tested in this study were shown unable to oxidize As(III), this was shown
simply due to chemical As(IIl) oxidation coupled with Fe(IIl) reduction, catalyzed on
the pyrite surface. Search for those with effective As(IIl) oxidation ability would
benefit further optimization of biooxidation process, in terms of minimizing its toxic

effect on microbial activity, as well as remediation purpose of mining wastewaters.
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Figure 3.3 Evaluation of As(II) oxidation ability of the moderate thermophiles used
for biooxidation, with (a, b) or without (c, d) respective energy source: (a, ¢) As(II)
concentrations, (b, d) cell densities. Symbols: Broken lines indicate pure cultures of
Am. ferrooxidans ICP (0), Sb. sibiricus N1 (0), At. caldus KU (4), and sterile culture
(0). Solid lines indicate mixed cultures of Am. ferrooxidans 1CP + At. caldus KU (#),
Sb. sibiricus N1 + At. caldus KU (O), Am. ferrooxidans ICP + Sb. sibiricus N1 (4), and
Am. ferrooxidans ICP + Sb. sibiricus N1 + At. caldus KU (°).

3.3.4 Residue analysis after biooxidation

After biooxidation, most of such sulfides peaks (e.g., arsenopyrite, pyrite,
jamesonite) disappeared from XRD results (Figure 3.4a). Instead, peaks corresponding
to insoluble anglesite (PbSO4) appeared (Figure 3.4a), which were resulted from
dissolution of Pb-containing sulfides (da Silva, 2004). Although mineralization of
anglesite was readily noticeable by EPMA (e.g., particles P4 and P5 with the average

elemental ratio of Pb:S:0 = 1.0:1.0:4.1; Figure 3.4b), this secondary mineral tended to
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precipitate independently, and its passivation on other mineral particles was not
apparent. The formation of potassium jarosite (KFe;(SO4)2(OH)g) or scorodite
(FeAsO4-2H,0) were not observed after biooxidation (Figure 3.4a, b). A closer
analysis of individual solid residues by EPMA revealed passivation layers locally
formed on the surface of some particles (e.g., P1, P2, P3; Figure 3.4b). Beam spots
from S1 through S6 exhibited similar elemental ratios and their average was calculated
to be Fe:As:O:Sb:S = 0.9:0.8:6.0:0.5:0.6, indicating that passivation layers were
composed mainly of scorodite. This was especially a characteristic feature observed
with the remaining arsenopyrite grains after biooxidation, but not with pyrite grains. It
is also interesting to note that Sb-enrichment was found accompanied with scorodite
passivation, possibly by As replacement with Sb. Consequently, only a part of Sb,
another valuable metal in the ore concentrate, was found soluble in the leachate.
Although the amount of scorodite crystallization was limited based on the XRD result,
microscopic observation with EPMA indicated that at least a part of As(Ill) solubilized
from the ore concentrate was oxidized to As(V) and precipitated as scorodite during
biooxidation. In contrast, no evidence of microscopic jarosite formation was found by
EPMA. Overall, the formation of unwanted secondary mineral passivation was highly
limited by the presence of At caldus KU in mixed cultures, leading to a preferable
effect to promote chemical As(IIl) oxidation by providing clean pyrite catalytic

surface.
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Figure 3.4 X-ray diffraction patterns of the ore concentrate before (a) and after (b)
30-days biooxidation. A; arsenopyrite (FeAsS; PDF No. 01-073-6021), P; pyrite (FeS;;
PDF No. 01-071-0053), J; Jamesonite (PbsFeSbeS14; PDF No. 00-042-1391), L;
anglesite (PbSO4; PDF No. 01-082-1855), Q; quartz (SiO,; PDF No. 01-089-8936), Al,
aluminium oxide (Al,O3;; PDF No. 00-021-0010), M; potassium mica (KAl3Si30y;;
PDF No. 00-046-0741). (c) EPMA observation of the ore concentrate after
biooxidation. P1-P5 and S1-S5 indicate the mineral particles and beam spot positions

on the targets, respectively.
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3.3.5 Recovery of gold and silver by cyanide leaching

A total of 200 g of the gold ore concentrate was bio-oxidized in the same flask
set-ups, using the most effective mixed culture of all three moderate thermophiles
(without initial addition of Fe(Il)). After 30 days' incubation at 100 rpm, 45°C, the
concentrations of Au, Ag, and Sb in the liquid phase were < 0.03 ppm, < 0.01 ppm, and
29.6 ppm, respectively. Solid residues were recovered after 30-days biooxidation,
freeze-dried, and cyanide leached. The cyanide leaching and the recovery of Au and Ag
obtained by biooxidation, were compared with those by other pretreatment options
(Table 3.5). Other biooxidation studies on gold ore concentrates also reported an
improvement in Au recovery (e.g., from 16.7% to 94.6%, Zaulochnyi et al., 2011; from
38% to 85%, Chandraprabha et al., 2002) and in Ag recovery (e.g., from 63% to 98%,
Chandraprabha et al., 2002). Although the gold ore concentrate tested in this study was
shown highly refractory (As; 1.1% and Ag; 3.2% without any pretreatment), the
recovery of Au was still significantly improved by applying pretreatments such as
biooxidation (86%), pressure oxidation (85%) and alkali dissolution (90%). It is worth
noted that in the case of Ag, however, pressure oxidation turned out to be as ineffective
as roasting, whereas biooxidation (87%) and alkali dissolution (87%) produced high
total Ag recovery rates. Although the experiments were conducted in small-scales and
further scaling-up will be needed to provide immediately implementable data, this
study provides one of the very few available comparisons of the effectiveness of
different pretreatment techniques for refractory gold ore concentrates. Overall,
biooxidation using the described mixed cultures and alkali dissolution resulted to be
the effective options for the highly refractory polymetallic gold ore concentrate in view

of the Au and Ag recoveries.
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Table 3.5 Total Au and Ag recovery and the amount of NaCN consumption using different pretreatment options.

Pretreatment option None Biooxidation Pressure oxidation Roasting Alkali dissolution
Au Flotation recovery (%) 95
Cyanide leaching recovery (%)* 1.2 91 90 59 95
Total recovery (%) 1.1 86 85 56 90
Ag Flotation recovery (%) 97
Cyanide leaching recovery (%)* 33 89 23 21 90
Total recovery (%) 3.2 87 23 21 87
NaCN consumption 11 19 28 8.7 12

*Cyanide leaching recovery (%) = (1-(Au in residue) / (Au in feed)) x 100
"Total recovery (%) = Flotation recovery (%) x Cyanide leaching recovery (%) / 100

-6l -



Chapter 3

3.4 Conclusions

The findings of this study indicate the effectiveness of the defined mixed
culture of moderately thermophilic, extremely acidophilic iron- and/or sulfur-oxidizing
bacteria (Am. ferrooxidans 1CP, Sb. sibiricus N1, At. caldus KU) for biooxidation of
the gold-, silver, and antimony-bearing sulfide ore concentrate. Its usefulness can be
stressed from the perspectives that; (i) the ore concentrate is highly refractory with
complex mineralogy, containing a mixture of potentially inhibitory metals and
metalloids, (ii) the three microbes used are flotation reagent-tolerant, and thus expected
to show more robustness than other sensitive microbes to sulfide ore concentrates
subjected to different flotation procedures, (iii) formation of unwanted passivation
layers is highly limited in the mixed culture.

Roles of individual microbes and their synergistic interactions were elucidated,
and the resultant biooxidation efficiencies were evaluated in detail, by comparing pure
and mixed cultures of different permutations. Although none of the three moderate
thermophiles exhibited direct As(IlI) oxidation activity, the involvement of indirect
microbial effect in facilitating As(III) oxidation was noted. Finding and utilizing
effective As(Ill)-oxidizing, moderately thermophilic extreme acidophiles may enable
further optimization of the biooxidation process by minimizing As(III) toxicity.

Although an economically important rare metal, Sb, was solubilized during
biooxidation, the evidence was found that Sb can be immobilized through formation of
Sb-enriched scorodite. Applying the biooxidation pretreatment prior to cyanidation
significantly improved the recoveries of both Au (from 1.1% to 86%) and Ag (from
3.2% to 87%), from highly refractory polymetallic gold ore concentrate. Compared
with other abiotic pretreatment approaches (roasting, pressure oxidation, and alkali

dissolution), biooxidation was shown to be one of the most effective options in terms
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of the recovery of Au and Ag.

Data shown in this chapter were included in the paper accepted as:

Tanaka, M., Yamaji, Y., Fukano, Y., Shimada, K., Ishibashi, J.-I., Hirajima, T., Sasaki,
K., Sawada, M. and Okibe, N., 2015. Biooxidation of gold-, silver, and
antimony-bearing highly refractory polymetallic sulfide concentrates, and its
comparison with abiotic pretreatment techniques. Geomicrobiology Journal, 32(6):
538-548.
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Chapter 4

Optimal [Fe(Il)];,i/[As(IIT)];,; molar ratios and pH for bioscorodite
crystallization efficiency from a range of dilute As(III) solutions
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4.1 Introduction

Acidic wastewaters containing dilute As(Ill) (~8 mM) were produced after
biooxidation of gold-ore concentrates in chapter 3. Partial As was immobilized as
amorphous ferric arsenate, but not as crystalline scorodite at moderate temperature
(45°C). For As-removal as the environmentally-stable forms, bioscorodite
crystallization at 70°C from dilute As(IIl)-bearing acidic wastewaters was focused on.

Initial solution [Fe]/[As] molar ratio is one of the key factors affecting the
efficiency of scorodite synthesis. General chemical synthesis methods commonly set to
slightly higher [Felini/[As]ini molar ratios in the range of 1.0-1.5, even though the
theoretical [Fe]/[As] molar ratio of scorodite is 1.0 (FeAsO4:2H,0). In hydrothermal
scorodite synthesis at 150°C, the rate of As precipitation decreased with increasing
initial solution Fe(III)/As(V) molar ratios from 1.0 to 1.5-2.0 (Monhemius and Swash
1999). In previous research at [As(Il)]in = 6.5 mM, formed secondary minerals
changes depending on the [Fe(I)]ini/[ As(III)]ini molar ratio (Okibe et al., 2013, 2014).
Crystalline bioscorodite was precipitated by setting the molar ratio to 1.4, whilst higher
molar ratio (2.8 and 5.5) resulted in formation of amorphous ferric arsenate. Whilst
scorodite crystallization becomes further difficult at more dilute As concentrations
under milder temperature condition, exploiting factors to enable such reaction is of
great importance to broaden the applicability of scorodite method for a wide range of
As(IIT)-contaminated waters. Hence, a range of As(IIl) solutions (3.3-26 mM) with
varying [Fe(I)]in/[As(II)];i molar ratios (0.8-6.0) was tested for bioscorodite
crystallization to grasp the overall applicability of the bioscorodite method.

In addition, chemical scorodite syntheses are generally conducted at pH 1.0 or
lower (Dutrizac and Jambor 1988; Gomez et al. 2011a; Fuyjita et al. 2008a, 2008b;

Singhania et al. 2005). Fujita et al (2009b) chemically synthesized stable scorodite
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particles at the pH range of 0.3—1.0, but higher pH levels (pH > 1.2) negatively
affected scorodite stability. Still, microbial scorodite crystallization requires relatively
higher pH than conventional chemical scorodite synthesis methodologies due to
maintaining microbial activities such as cell growth, Fe(Il) oxidation and As(III)
oxidation (e.g., Ac. brierleyi at pH 1.5, Okibe et al., 2013, 2014, 2017; Ac.
sulfidivorans at pH 1.0, Gonzalez-Contreras et al., 2010; mixed culture of Sulfolobus
strains at pH 1.2, Gonzalez-Contreras et al., 2012a, 2012b). Therefore, the effect of

lowing pH on bioscorodite crystallization was also tested here.

4.2 Materials and Methods
4.2.1 Bioscorodite crystallization experiment at dilute As(III) concentrations (3.3—
26 mM) at pH 1.5

Pregrown Ac. brierleyi cells were inoculated (final cell density; 1.0 x 10’
cells/ml) in 500 ml Erlenmeyer flasks containing 200 ml of HBS medium (pH 1.5 with
H,S04) with 4.5-36 mM Fe(Il) (as FeSO4-7H,0), 3.3-26 mM As(IIl) (as NaAsO;) and
0.02% (w/v) yeast extract. [Fe(I)]in/[As(II)];ni molar ratio was set to 1.0-6.0.
Bioscorodite were fed at 0.15% (w/v) as seed crystals where indicated. Flasks were
incubated at 70°C, shaken at 100 rpm. Samples were regularly taken to monitor cell
density, pH, Eh vs SHE, and concentrations of total Fe, total As, Fe(Il) and As(III).
Precipitates collected at the end of experiments were freeze-dried overnight for XRD
(Ultima IV, Rigaku; Cu Ka 40 mA, 40 kV) and SEM (VE-9800, KEYENCE).

Experiments were done in duplicate.
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4.2.2 Bioscorodite crystallization experiment at pH 1.2

Ac. brierleyi cells were inoculated (final cell density; 1.0 x 107 cells/ml) in
500 ml Erlenmeyer flasks containing 200 ml of HBS medium (pH 1.2 with H,SOy)
with 9.5 mM Fe(Il) (as FeSO4-7H,0), 4.7 mM As(IIl) (as NaAsO;) and 0.02% (w/v)
yeast extract. [Fe(Il)]ini/[ As(I1I)];ni molar ratio was set to 2.0. Bioscorodite were fed at
0.15% (w/v) as seed crystals. Flasks were incubated at 70°C, shaken at 100 rpm.
Samples were regularly taken to monitor cell density, pH, Eh vs SHE, and
concentrations of total Fe, total As, Fe(IT) and As(IIl). Precipitates collected at the end
of experiments were freeze-dried overnight for XRD (Ultima IV, Rigaku; Cu Ka 40

mA, 40 kV) and SEM (VE-9800, KEYENCE). Experiments were done in duplicate.

4.3 Results and Discussion
4.3.1 Effect of [Fe(Il)]ini/[As(ILI)]ini molar ratio at pH 1.5

Bioscorodite crystallization test at [As(Ill)]in = 4.7 mM (350 ppm) were
showed in Figures 4.1 and 4.2. Ac. brierleyi were grown up to 1x10° cell/ml in all
tested conditions by Fe(Il) oxidation (Figures 4.1a and 4.2b). pH increased from 1.5 to
1.55-1.60 by Fe(Il) oxidation and then decreased to 1.35 due to As(IIl) oxidation and
precipitation (Figure 4.1b). Bioscorodite crystallization generally initiates with
formation of brown-colored fine amorphous precipitates at the early stage (1st-stage As
removal) which then turn pale-green in color (typical of scorodite) overnight at the
middle stage (2nd-stage removal) (Okibe et al., 2017). In case of atmospheric scorodite
synthesis at high As(V) concentration (100 mM) at 80°C, scorodite crystallization
behavior was associated with the color change from brown to light-green (Le Berre et
al., 2008). This reaction was also observed even at more dilute As(IIl) concentrations

in this study.
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Feeding (even at 0.15%) of bioscorodite seeds was found significantly
effective especially when targeting more dilute [As(III)]in; of 3.3 mM (95% or 11% As
removal with or without seeds at day 24, respectively at [Fe(Il)]ii/[As(IIl)]imi = 1.4;
Table 4.1), and of 4.7 mM (94% or 15% As removal with or without seeds at day 21,
respectively at [Fe(Il) [ini/[ As(III)]ini = 1.4; Figure 4.3 and Table 4.1). Therefore, feeding
bioscorodite seeds has favorable effects to improve bioscorodite formation from dilute
As(IIT) solution (4.7 mM), a range of initial As(IIl) concentrations (3.3—20 mM) were
tested to find their respective optimal [Fe(Il)]ini/[As(Ill)]in; molar ratio under these

conditions.
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Figure 4.1 Changes in cell density (a), pH (b) and Eh vs SHE (c) in Ac. brierleyi
cultures by changing [Fe(I)]ini/[ As(III)];ni molar ratio of 1.0 (@), 1.4 (m), 2.0 (4), 3.0
(®) and 4.0 ('v). Initial culture conditions were; [As(III)]i, = 4.7 mM, [Fe(Il) i = 4.7,
6.5, 9.5, 14.0 and 19.0 mM, pH 1.5, fed with bioscorodite seeds at 0.15% (w/v).
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Figure 4.2 Changes in concentrations of total As (solid lines) (a), and total Fe (solid
lines), Fe(Il) (broken lines) (b) in Ac. brierleyi cultures by changing
[Fe(ID)]ini/[ As(I1I) ]J;n; molar ratio of 1.0 (<), 1.4 (mo), 2.0 (A A), 3.0 (e0) and 4.0 (V¥
V). Initial culture conditions were; [As(IIl)]ini = 4.7 mM, [Fe(ID)]i,i = 4.7, 6.5, 9.5, 14.0
and 19.0 mM, pH 1.5, fed with bioscorodite seeds at 0.15% (w/v).

-70 -



Chapter 4

[Total As], [As(II)] (mM)

[Total Fe], [Fe(II)] (mM)

Time (day)

Figure 4.3 Changes in concentrations of total As (solid lines), As(III) (broken lines) (a),
and total Fe (solid lines), Fe(Il) (broken lines) (b) in Ac. brierleyi cultures fed with
bioscorodite seeds at 0.15% (w/v) (e0) and without seed crystals (x). Initial culture

conditions were; [As(II) i = 4.7 mM, [Fe(I)]ini = 6.5 mM, pH 1.5.
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Figure 4.4 XRD patterns of the precipitates collected at day 30 formed in Ac. brierleyi
cultures by changing [Fe(II)]ini/[ As(III) ]ini molar ratio of 1.0 (a), 1.4 (b), 2.0 (c), 3.0 (d)
and 4.0 (e). Initial culture conditions were; [As(IIl)]i,; = 4.7 mM, [Fe(Il)];n = 4.7, 6.5,
9.5, 14.0 and 19.0 mM, pH 1.5, fed with bioscorodite seeds at 0.15% (w/v). The
symbols are assigned to scorodite (e; JCPDS 37-0468) and potassium jarosite (o; JCPDS
01-078-4999).
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Figure 4.5 Effect of [Fe(Il)]ini/[As(IIl)]in; molar ratio on final As immobilization at
[As(IIT)]ini = 3.3 (at day 24; o), 4.7 (at day 21; 0), 6.5 (at day 20; A), 13.0 (at day 14;
<), 20.0 mM (at day 14; ).

The optimal [Fe(II)]ini/[ As(IIT)]in; ratio was generally 1.4-2.0 at all [As(II])]in;
tested, enabling 94-99% of As removal as scorodite (although starting at lower
[As(IIT)]ini required longer incubation time). Of which, providing an excess Fe(Il)
(closer to [Fe(ID)]in/[As(II)]ini = 2.0) was found beneficial to improve the final As
removal (up to 98-99%) especially from more dilute As(IIl) solutions (Figure 4.2,
Table 4.1). Setting at [Fe(Il)]ini/[As(Il)]ini = 1.0 (theoretical Fe/As molar ratio of
scorodite) produced scorodite but with a decreased final As removal (80% at [ As(IIT)]in;
=4.7 mM, 84% at 6.5 mM, 87% at 20 mM; Figure 4.2a, Table 4.1). Conversely, setting
at [Fe(ID)Jini/[ As(III) Jin; > 2.5-6.0 lead to formation of unwanted amorphous precipitates
or jarosite (MFe3(S04),(OH)s; M =K', Na', NH,") at all initial As(IIT) concentrations
tested owing to the presence of monovalent cations in HBS medium (K" =1 mM, Na"

= 2 mM, NH;" = 6.8 mM) (Figures 4.4 and 4.5). In abiotic hydrothermal and
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atmospheric methods starting with high concentrations of oxidized species, the
presence of excess Fe(Ill) (e.g., [Fe(IlD)]ini/[As(V)]mi > 1.5) generally negatively
affected the precipitation kinetics of scorodite and thus the ratios of 1.0—1.5 are used
(Gomez et al. 2011a; Monhemius and Swash 1999; Singhania et al. 2006). However,
when treating this dilute, reduced species of As(Ill) and Fe(Il) as starting materials
microbiologically, it was found that Fe(III) should be added to an slight excess of 1.4 <
[Fe(ITD ini/[AS(V)]ini < 2.0 for the best performance. Chemical composition of the
resultant bioscorodite products ([Fe]in/[ As]im ratio) generally became closer to 1.0 (the
theoretical ratio for scorodite) at higher initial As(IIl) concentrations (Table 4.1).
Slightly higher [Felin/[As]im ratios (1.2—-1.5) observed at lower initial As(III)
concentrations may be due to incorporation of SO,*, as was reported in abiotic
hydrothermal (Dutrizac and Jambor 2007; Gomez et al. 2011a, 2011b; Swash and
Monhemius 1994) and atmospheric scorodite syntheses (Singhania et al. 2006).
Although [Fe(I)]ini/[ As(III)];ni molar ratio of 1.4 was the most effective for
dilute As(IIl) concentration in the range of 6.5-20 mM, it was ineffective for
[As(IIT)]ini = 26 mM (2000 ppm) due to low As immobilization (6%) and jarosite
formation. This was caused by the inhibition of cell growth and microbial As(III)
oxidation even though Fe(Il) was completely oxidized. In case of chemical scorodite
syntheses under atmospheric conditions, jarosite formation was prevented even for
high Fe(II), Fe(IlT) and As(V) concentrations at around 70°C (e.g., As(V) 37-670 mM
and Fe(Il)/Fe(Ill) 43—1000 mM; Gonzalez-Contreras et al., 2012; Fujita et al., 2008b;
Paktunc et al., 2010). These chemical synthesis targeted As(V) immobilization as a As
valence and then Fe(IIl) was gradually supplied by Fe(Il) oxidation, whilst the order of
each ion supply was transposed in this study owing to fast Fe(Il) oxidation by Ac.

brierleyi before As(Ill) oxidation. For further improvement of biological scorodite
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crystallization at high As(V) concentrations, elevating Ac. brierleyi’s As(Ill) tolerance

and microbial Fe(IT) oxidation control are considered to be effective approaches.
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Table 4.1 Evaluation of initial As(III) concentration and [Fe(II)]ini/[ As(II)]in; molar ratio for As removal as bioscorodite (pH 1.5; with or

without bioscorodite seed feeding).

Initial media condition Final As removal Solid analysis
[As(IID]ini  [Fe(Dlini  [Fe(ID)]in/[AS(TIT)]ini Seed feeding [Felin/[AS]im Secondary mineral
(mM) (mM) molar ratio (bioscorodite; %) (%) (Days) molar ratio identified References
33 4.5 1.4 0 11 24 - Amoprhous This study
(250 ppm) 0.15 95 1.2 Scorodite
6.5 2.0 98 1.2 Scorodite
13.5 4.0 59 - Jarosite
20.0 6.0 59 - Jarosite
4.7 6.3 1.4 0 15 21 - Amoprhous This study
(350 ppm) 4.7 1.0 0.15 80 - Scorodite
6.5 1.4 94 1.5 Scorodite
9.5 2.0 98 1.4 Scorodite
14.0 3.0 53 - Amoprhous
19.0 4.0 65 - Jarosite
6.5 6.5 1.0 0.15 84 20 1.1 Scorodite This study
(500 ppm) 9.0 1.4 97 1.1 Scorodite
10.5 1.6 98 1.1 Scorodite
12.0 1.8 99 1.1 Scorodite
13.0 2.0 99 1.1 Scorodite
16.5 2.5 71 - Amoprhous
19.5 3.0 71 - Jarosite
13.0 18.0 1.4 0 99 14 1.1 Scorodite Okibe et al. 2014
(1000 ppm)
20.0 16.0 0.8 0.15 66 1.1 Scorodite This study
(1500 ppm) 20.0 1.0 87 1.1 Scorodite
28.0 1.4 99 1.1 Scorodite
26.0 36.0 1.4 0 6 10 - Jarosite This study
(2000 ppm)
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4.3.2 Effect of lower pH 1.2 on As immobilization behavior

Bioscorodite crystallization test at pH 1.2 were shown in Figures 4.6, 4.7 and
4.8. Although As(III) and Fe(II) oxidation tendencies by Ac. brierleyi were not affected,
lowering pH from 1.5 to 1.2 using bioscorodite seeds resulted in a different As removal
behavior (Figure 4.6). A continuous formation of whitish bioscorodite particles were
directly observed from the beginning at pH 1.2, instead of displaying 2-staged As
removal as was shown at pH 1.5 (Figure 4.6a). Since general scorodite crystallization
requires H', it is presumed that lowering initial pH resulted in faster reaction than pH
1.5. However, As removal remained relatively incomplete at pH 1.2 (91%), compared
to at pH 1.5 (98%) (at day 30; Figure 4.6a). Overall lower supersaturation levels (log
IAP continuously decreased from —22 to —23, Figure 4.7a) owing to lower As(V) ion
activities (2.9x102° M) at pH 1.2 (Figure 4.7b) as well as continuous As precipitation
likely promoted steady and continuous bioscorodite crystal growth, as was reported
under abiotic atmospheric conditions (Caetano et al. 2009; Demopoulos et al. 1995;
Filippou and Demopoulos 1997).

Increasing the [Fe(Il)]ini/[As(II)]ini molar ratio from 1.3 to 1.7 and 2.0
improved As immobilization efficiency from 70% to 87% and 91%, respectively
(Figure 4.8). The reaction speed was almost same in all cultures regardless of
[Fe(IT) Jini/[ As(IIT) ]in; higher molar ratios. As(V) ion activities in all tested molar ratios
were approximately ten times lower (< 3x102° M; Figure 4.9b) than pH 1.5
(commonly 10~ M in this study), whilst the value of Fe(III) ion activities at pH 1.2
increased as the [Fe(ID)]ini/[As(IIT)]iny molar ratios become larger (Figure 4.9¢). This
indicated that As(V) precipitation become difficult in case of lower As(V) ion activities,
and hence higher Fe(Ill) ion activities are required to maintain the optimal

supersaturation levels. The above has led to the conclusion that amorphous precursors
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formation played an important role to achieve maximum As removal from dilute

As(IIT) solutions.

(a)

1st-stage
As-removal

2nd-stage
As-removal

[Total As], [As(II)] (mM)
!

[Total Fe], [Fe(II)] (mM)

Figure 4.6 Changes in concentrations of total As (solid lines), As(III) (broken lines) (a),
and total Fe (solid lines), Fe(II) (broken lines) (b) in Ac. brierleyi cultures at 1.2 (®0)
and pH 1.5 (m0). Initial condition; [As(II)]in = 4.7 mM, [Fe(Il)]ini = 9.5 mM, fed with

bioscorodite seeds at 0.15% (w/v).
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Figure 4.7 lon activity products of bioscorodite (a), As(V) ion activity (b) and Fe(III)
ion activity (c) in Ac. brierleyi cultures at 1.2 (o) and pH 1.5 (m). Initial condition;
[As(IIT)ini = 4.7 mM, [Fe(ID)]in = 9.5 mM, fed with bioscorodite seeds at 0.15% (w/v).
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Figure 4.8 Changes in concentrations of total As (solid lines), As(III) (broken lines) (a),
and total Fe (solid lines), Fe(Il) (broken lines) (b) in Ac. brierleyi cultures at the
[Fe(IT) Jini/[As(II]) ]in; molar ratio of 1.3 (e), 1.7 (m) and 2.0 (A) at pH 1.2. Initial
condition; [As(IIl) Jin = 4.7 mM, [Fe(Il)]in; = 6.0, 8.0 and 9.5 mM, fed with bioscorodite
seeds at 0.15% (w/v).
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Figure 4.9 Ion activity products of bioscorodite (a), As(V) ion activity (b) and Fe(III)
ion activity (c) in Ac. brierleyi cultures at the [Fe(Il)]ini/[ As(IIl)]in; molar ratio of 1.3
(@), 1.7 (m) and 2.0 (A) at pH 1.2. Initial condition; [As(III)]iy; = 4.7 mM, [Fe(Il)]in =
6.0, 8.0 and 9.5 mM, fed with bioscorodite seeds at 0.15% (w/v).
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4.4 Conclusions

From dilute As(III) solutions (3.3-20 mM), bioscorodite was crystallized in
the [Fe(I)]ini/[As(IIl)]ini molar ratio ranges of 0.8-2.0. Especially, 94-99% As was
successfully removed as crystalline bioscorodite by setting an slight excess of
[Fe(IT) Jini/[ As(IIT) ]in; molar ratio at 1.4—2.0. Higher molar ratio enable to increase As
removal, but required longer reaction time. Molar ratio of over 2.5 resulted in the
formation of amorphous ferric arsenate or jarosite.

Lowering the initial pH from 1.5 to 1.2 (using bioscorodite seeds) lead to a
steady and continuous formation of bioscorodite particles (instead of two-stage As
precipitation at pH 1.5). However, As removal remained relatively incomplete at pH
1.2 (91%), compared to at pH 1.5 (98%). Amorphous precursors formation at pH 1.5
played an important role to achieve maximum As removal from dilute As(III) solutions

by inducing two-stage As and Fe precipitation.

Data shown in this chapter were partially included in the paper accepted as:

Tanaka, M. and Okibe, N., 2018. Factors to enable crystallization of
environmentally-stable bioscorodite from dilute As(III)-contaminated waters. Minerals,
8(1): 23.
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Chapter 5

Effect of seed crystals on bioscorodite crystallization
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5.1 Introduction

From studies of conventional abiotic scorodite synthesis, seed feeding
(scorodite or other heterogeneous crystals) was shown one of the influential factors to
promote scorodite formation due to low supersaturation level control (Demopoulos et
al., 1995; Filippou and Demopoulos, 1997; Caetano et al., 2009). Singhania et al.
(2005) reported that utilization of fine particles such as hydrothermally synthesized
scorodite, hematite and gypsum results in well-crystalline scorodite formation by
providing high surface area. These researches were done at over 85°C and high initial
arsenic concentrations (10 g/l~). Although scorodite crystallization becomes further
difficult under milder temperature condition (70°C) and dilute As(IIl) solutions (4.7
mM), exploiting factors to enable such reaction is of great importance to broaden the
applicability of scorodite method for a wide range of As(Ill)-contaminated wastewaters.
Based on that, bioscorodite and chemical scorodite particles were produced to compare
for their characteristics, and their effectiveness as seed crystals was evaluated for
bioscorodite crystallization reaction from dilute 4.7 mM As(IIl) solution. Additionally,
stability of the resultant bioscorodite products was evaluated by TCLP test.

Incidentally, Shibata et al. (2015) reported the effect of hematite feeding on
scorodite synthesis at high As(V) concentrations (50 g/l) and high temperature (95°C)
This report mentioned that hematite worked as an iron source, and coarse scorodite
particles were crystallized. For further dilute As(IIl) solutions, the effectiveness of
feeding hematite particles should be examined. Therefore, three different substances
(hematite, bioscorodite, and perlite (porous SiO,, Al,O3;)) were evaluated as seed

crystals.
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5.2 Materials and Methods
5.2.1 Preparation of bioscorodite and chemical scorodite as seed crystals
Bioscorodite seeds: Ac. brierleyi was grown as described in “2.2.1 Acidianus
brierleyi’ (DSM 1611)” for 14 days to collect bioscorodite particles. Chemical
scorodite seeds: Five-hundred milliliter Erlenmeyer flasks containing 200 ml deionized
water (pH 1.5 with H,SO4) with 358 mM Fe(Il) (20 g/l; as FeSO4-7H,0) and 267 mM
As(V) (20 g/l; as Na,HAsO4-7H,0) were incubated at 70°C, shaken at 100 rpm for 7
days. The resultant chemical scorodite particles were collected respectively and
freeze-dried overnight. Production of seed crystals did not involve seed feeding.
Bioscorodite/chemical scorodite seeds were characterized by XRD (Ultima IV, Rigaku;
Cu Ka 40 mA, 40 kV), FT-IR (FT/IR-670Plus, Jasco; KBr pellet method) and TG-DTA
(TG-DTA2000SA, Bruker; heated from room temperature to 1200°C at 10°C/min with

N2 gas 100 ml/min) analysis.

5.2.2 Bioscorodite crystallization experiment fed with seed crystals

Ac. brierleyi cells were inoculated (final cell density; 1.0 x 107 cells/ml) in
500 ml Erlenmeyer flasks containing 200 ml of heterotrophic basal salts medium (pH
1.5 with HSO4) with 9.5 mM Fe(Il) (as FeSO4-7H,0), 4.7 mM As(IIl) (as NaAsO,)
and 0.02% (w/v) yeast extract. [Fe(Il)]in/[As(Ill)]ini molar ratio was set to 2.0.
Bioscorodite or chemical scorodite were fed at 0.15% (w/v) as seed crystals. Flasks
were incubated at 70°C, shaken at 100 rpm. Samples were regularly taken to monitor
cell density, pH, Eh vs SHE, and concentrations of total Fe, total As, Fe(II) and As(III).
Precipitates were regularly taken and washed once by pure water. After freeze-drying,
precipitates were embedded in resin and polished to observe SEM cross-section views

(ULTRASS, ZEISS).
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5.2.3 Zeta-potential measurement

Zeta-potentials of Ac. brierleyi cells (5.0 x 107 cells/ml) and resultant
precursors and bioscorodite particles (0.2% (w/v); recovered at day 3, 8, 9, 14) were
measured in 10~ M KCI solution using Zetasizer Nano ZS (Malvern) at pH values
ranging from 2.0 to 5.0 (adjusted with HCl and KOH). Zeta-potential of the mixture of
the two was measured as follows: Ac. brierleyi cells (5.0 x 107 cells/ml) were mixed
with resultant particles (0.2% (w/v)) in 20 ml of 10° M KCI (in 100 ml flasks) at pH
values ranging from 2.0 to 5.0. Prior to the zeta-potential measurement, the flasks were
incubated shaken at 70°C, 150 rpm for 1 hour. Measurements were conducted at least

in triplicate.

5.3 Results and Discussion
5.3.1 Characterization of scorodite seeds (bioscorodite vs chemical scorodite)
Scorodite seed crystals were prepared by either biological or chemical
methods and identified by XRD (Figure 5.1a). According to TG-DTA analysis, weight
losses (at 125-250°C, accompanied with DTA curve changes) of bioscorodite and
chemical scorodite seeds were 15.0% and 12.5%, respectively (Figure 5.1c),
suggesting that their structural water contents were FeAsO4 1.91H,O and
FeAsO4-1.55H,0, respectively (cf. the theoretical structural water content is 15.6% for
scorodite (FeAsO4-2H,0)). A gradual and continuous weight loss observed with
bioscorodite (but not with chemical scorodite) was likely resulted from decomposition
of organic matters deriving from cells, as was faintly detected by FT-IR (Figure 5.1b).
Different XRD peak sharpness between bioscorodite and chemical scorodite seeds
(Figure 5.1a) may therefore reflect difference in their crystallinity due to encrustation

of cells within bioscorodite particles (Figure 5.1b) as well as in their structural water
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content (Figure 5.1c¢).

The specific surface areas and mesopore diameter were calculated based on
N, adsorption/desorption isotherms (Figure 5.2a, b). The curves of N, adsorption/
desorption isotherms were classified as type III defined by IUPAC (International Union
of Pure and Applied Chemistry), which indicates non-porous or macro-porous features
(Sing et al., 1985). The pore diameter of bioscorodite seeds widely distributed from 1
nm to 100 nm and the peak top located in the region of 2—-5 nm (Figure 5.2c), while the
chemical scorodite seeds have the larger pores (1050 nm) as well as micro or
mesopore (2—5 nm) (Figure 5.2d).

Morphological differences were clearly seen by SEM observation: Chemical
scorodite seeds were aggregates of orthorhombic crystals (Figure 5.3b;, by), with the
average particle size and specific surface area of 98 pm and 0.7 mz/g, respectively
(Table 5.1). Meanwhile, bioscorodite seeds were found as spherical aggregates (Figure
5.3a,, a,) with the average particle size and specific surface area of 36 um and 2.0 m*/g,
respectively (Table 5.1). There was a significant difference in crystal surface roughness
and small almond shaped grains covered the bioscorodite surface (Figure 5.3a,). SEM
cross-section views found hollow bioscorodite particles (Figure 5.3a;3) whereas
chemical scorodite particles were completely filled (Figure 5.3bs). Other than the
presence/absence of cells, this morphology difference may be partly attributed to Fe
and As ionic species available during the scorodite crystallization process: In the
chemical process, As(V) is initially fed where Fe(Ill) is gradually provided from Fe(II)
oxidation by dissolved oxygen. In the biological process, on the other hand, microbial
Fe(Il) oxidation to Fe(Ill) is rapidly completed, after which As(V) is gradually

provided by microbial As(III) oxidation.
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Figure 5.1 Characterization of bioscorodite and chemical scorodite by XRD (a), FT-IR
(b), and TG-DTA (c) analyses. (a) The symbol e is assigned to scorodite (JCPDS
37-0468). (b) Dotted lines at 417 and 824 cm ' can be assigned to AsO4”~ stretching
vibration (436 and 825 cm™'; Ondrus et al. 1999) and those at 3523 and 3517 cm ' to
OH stretching vibration (3511 cm™'; Baghurst et al. 1996). Two peaks at 1541 and
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1653 cm ' are attributed to cell proteins (1545 and 1654 cm™'; Legal et al. 1991). (c)

The structural water content was calculated based on the weight loss at 125-250°C of

bioscorodite (broken line) and chemical scorodite (solid line).
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Figure 5.2 N, adsorption/desorption isotherms (a,b) and mesopore size distribution

(BJH plot) (c,d) of bioscorodite seeds (a,c) and chemical scorodite seeds (b,d).

Table 5.1 Particle size and specific surface area of bioscorodite and chemical scorodite

seed crystals.

Particle size (um)

Specific surface

Average  Median Mode area (m?/ g)
Bioscorodite seeds 36 35 36 2.0
Chemical scorodite seeds 98 91 90 0.7
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Figure 5.3 SEM images of (a) bioscorodite and (b) chemical scorodite seed crystals at
2,000x (aj; by) or 20,000% (a; by) magnification. Cross-section views are shown at

3,000 magnification (az; bs).
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5.3.2 Effect of seed crystals morphology

Although microbial oxidation speed of As(II) and Fe(Il) was not affected in
all cases, a clear difference in As and Fe precipitation behaviors was found at pH 1.5
(Figure 5.4). The 1st-stage As removal observed at day 0-2 (brown-colored amorphous
precursor formation; Okibe et al. 2017) was an almost common phenomenon, but the
2nd-stage As removal observed at day 14-21 (whitish green-colored scorodite
formation; Okibe et al. 2017) was promoted on bioscorodite seeds, resulting in 98% As
removal at day 21 (Figure 5.4). However, the reaction speed became slower by feeding
with chemical scorodite seeds. Clear color change of precipitates into whitish green
was observed at day 30~ (Figure 5.4).

The supersaturation of scorodite was evaluated based on the IAP (Figure 5.4a)
calculated from Fe(Ill) and As(V) ion activities (Figure 5.5b, c). The log K, for
scorodite was reported to be —25.8 (Langmuir et al. 2006). Microbiological
crystallization can keep the metastable oversaturation for crystal growth (Weijma et al.,
2017), and metastable range was also kept in this study (saturation index was
bioscorodite seeds: 4.8 and chemical scorodite seeds: 4.5) (Figure 5.5). The greater
Ist-stage As-removal on bioscorodite seeds (than on chemical scorodite seeds; Figure
5.4a) lead to the lower and stable supersaturation level during day 2-14 (Figure 5.5a),

before a sudden 2nd-stage As removal was triggered to produce crystalline scorodite.
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[Total As], [As(III)] (mM)

[Total Fe], [Fe(Il)] (mM)

Time (day)
Figure 5.4 Changes in concentrations of total As (solid lines), As(III) (broken lines) (a),
and total Fe (solid lines), Fe(Il) (broken lines) (b) in Ac. brierleyi cultures fed with

bioscorodite seeds (e®o) or chemical scorodite (mo) seeds at 0.15% (w/v). Initial

condition; [As(IIT) iy = 4.7 mM, [Fe(Il)Jin; = 9.5 mM, pH 1.5.
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Figure 5.5 Ion activity products of bioscorodite (a), As(V) ion activity (b) and Fe(III)

ion activity (c) in Ac. brierleyi cultures fed with bioscorodite seeds (®) or chemical
scorodite (m) seeds at 0.15% (w/v). Initial condition; [As(IIl)]iy; = 4.7 mM, [Fe(ID)]in; =
9.5 mM, pH L.5.
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SEM cross section views revealed contrasting bioscorodite crystallization
patterns on bioscorodite seeds (Figure 5.6a) and on chemical scorodite seeds (Figure
5.6b): Hollow bioscorodite seed particles were found increasingly filled with newly
formed scorodite (Figure 5.6a;—ac), whilst solid chemical seeds induced their surface to
be thoroughly coated with new scorodite precipitates (Figure 5.6b;—bg).

Other abiotic, atmospheric studies using As(V) and Fe(III) as starting species
have also reported a positive effect of seeds with high specific surface area (SSA): e.g.,
the better scorodite precipitation kinetics were observed by using finer seeds such as
hematite and hydrothermal scorodite (Singhania et al. 2005). Caetano et al. (2009)
reported that a SSA higher than 270 m?*/g was required to achieve 85% As removal.
The fact that the SSA of bioscorodite (2.0 m*/g; Table 5.1) was nearly three times
greater than that of chemical scorodite (0.7 m%g; Table 5.1) likely allowed the former

to show better seeding effect.
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Chemical scorodite seeds
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Figure 5.6 SEM cross-section images depicting bioscorodite crystallization process
(from day 0 to day 30) on bioscorodite seeds (from a; to as) or chemical scorodite
seeds (from b; to bs), respectively. SEM whole view images of the resultant particles
(day30) on bioscorodite seeds (ag) or chemical scorodite seeds (bg) are also shown.
Solid and dotted arrows (as, as, bs, bg) indicate locations of seed crystals and fresh

scorodite precipitates, respectively.
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5.3.3 Other seed substances

As other seed substances, the effect of hematite (Fe,O;) and perlite (major
contains: Si0O, and Al,Os3) were investigated on bioscorodite crystallization. Feeding
hematite seeds led to a rapid and linear decrement of total As and Fe concentrations
without induction period which is characteristic phenomenon in bioscorodite
crystallization, and 95% of As was immobilized by day 6, while second As removal
was observed in the cultures fed with bioscorodite or perlite seeds and 98% of As
removal was achieved by day 10 (Figure 5.7). Positive effect of hematite seeds on the
efficiency of atmospheric scorodite synthesis were investigated in chemically synthesis
method for high As(V) concentrations (10 g/I; Singhania et al., 2005) due to finer
property of hematite particles (1-10 um). Although hematite was also proposed to act
not only as seed crystals but also as the source of Fe(Ill) in chemical scorodite
synthesis (from 50 g/l As(V); Shibata et al., 2015), its detailed mechanism is still
unclear.

In contrast, perlite was expected to have high surface area due to porous
surface (Figure 5.8c;). However, the reaction speed was as same as fed with
bioscorodite seeds (Figure 5.7). Fine bioscorodite particles were crystallized in bulk
solution rather than on the surface of perlite seeds (Figure 5.8¢c), whereas hematite and
bioscorodite seeds were covered with newly formed bioscorodite (Figure 5.8a, b). This

indicated that perlite surface did not act as a support of bioscorodite crystal growth.

-96 -



Chapter 5

(a)

W

[Total Fe], [Fe(Il)] (mM)

p—
S

)}

[Total As], [As(IIT)] (mM)

O

n
0 2 4 6 8 10 12 14

Time (day)

Figure 5.7 Changes in concentrations of total soluble Fe (solid lines), Fe(Il) (broken
lines) (a), and total soluble As (solid lines), As(IIl) (broken lines) (b) in Ac. brierleyi
cultures by feeding different seed crystals. Bioscorodite (4), hematite (m) and perlite
(A) were fed at 0.5% (w/v). Initial condition was [As(III) ]y = 13 mM, [Fe(I)]i,; = 18
mM.
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Figure 5.8 SEM images of seed crystals at day 0 (a;—c;) and final products at day 14

(a—c3). Bioscorodite (a), hematite (b) and perlite (c) were fed at 0.5% (w/v). Initial
condition; [As(IIT) i, = 13 mM, [Fe(I)]i,i = 18 mM, pH 1.5.
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5.3.4 Effect of surface charge of seed crystals

As an effect of feeding seed crystals, microbial cells attachment on the seed
surface can be expected for cell growth and bioscorodite crystallization. To elucidate
the role of seed crystals, zeta-potentials of Ac. brierleyi cells, precursors (day3, 8, 9),
bioscorodite (day 14), hematite and perlite were measured in 10> M KCI solution.
Zeta-potentials of scorodite precursors gradually increased from +25 mV (day 3, 8) to
+34 mV (day 9) and finally +50 mV (day 14; Figure 5.9d;), when the amorphous
precursors transformed into crystalline bioscorodite. Since Ac. brierleyi cells were
charged slightly positive at high acidic pH (+ 5 mV at pH 2.0) (Figure 5.9), the large
difference of electrostatic potential between cells and bioscorodite seeds caused cells to
readily attach on the bioscorodite surface. This attachment was demonstrated as
emergence of a new peak at +30 mV in zeta-potential distribution of the mixture of
cells and bioscorodite seeds (Figure 5.9d,). On the other hand, since the surface of
precursors at day 3 and 8 charged less positive, cells did not attached on the precursors,
which were also displayed in zeta-potential distribution of the mixture of the two
(Figure 5.9a;, by). These results elucidated that bioscorodite crystallization without
seed crystals become less effective because precursors was impossible to work as seed
crystals. Overall, feeding bioscorodite seeds attributed the cell attachment on the seed
surface, and played roles of cell growth and providing the reaction area of bioscorodite

crystallization.
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Figure 5.9 Zeta-potentials as a function of pH (a;—d;) and zeta-potential distribution at
pH 2.0 (ay—dy) of Ac. brierleyi cells (A, dash-dotted lines), precursors (day 3 (a), 8 (b),
9 (¢))/bioscorodite (day 14, d) particles (m, dotted lines), and the mixture of the two (e,
solid lines) (Okibe at al., 2017).
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mV at pH 2) under high acidic conditions due to the protonation of hydroxyl group on
the surface (Giménez et al., 2007; Mamindy-Pajany et al., 2009), while perlite surface
was negatively charged (—41 mV at pH 2.0) (Figure 5.10). Anionic As(V) (H>AsOys )
adsorption on hematite surface was reported by Mamindy-Pajany et al., 2009. Since
hematite seeds attracted the anionic As(V) ions near the surface, precipitation with

Fe(III) as scorodite may readily occur. That is, highly positive charged particles such as

In

case of other substances, hematite was charged most highly positive (+60

hematite and bioscorodite possibly utilized as seed crystals.

Zeta potential (mV)

Figure 5.10 Zeta-potential of seed crystals in 10~ M KCI solutions. Bioscorodite (#),
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5.3.5 Stability of final bioscorodite products

TCLP tests were conducted for original scorodite seeds as well as for the
resultant bioscorodite products (Table 5.2).

Original seed crystals: Despite of their smaller particle size and larger specific
surface area (Table 5.1), bioscorodite seeds showed greater stability (As; 0.33 £ 0.08
mg/l; Table 5.2) compared to chemical scorodite seeds (As; 5.49 + 0.03 mg/l; Table
5.2) by the TCLP test. Both TCLP and JLT46 tests demonstrated the leached As
concentrations of bioscorodite seeds were below the regulatory limit for landfill (5
mg/l for TCLP and 0.3 mg/l for JLT46; Table 5.2). Although Fe/As molar ratio of all
scorodite seeds and products were 1.0-1.1 and 1.3-1.4, respectively, the amount of Fe
leached generally remained only below one-tenth of that of As (Table 5.2), due to
selective re-precipitation of Fe(IIl) at pH 4.9. Other chemical scorodite studies reported
TCLP leachabilities ranging 0.1-13.6 As-mg/l (Singhania et al. 2006; Fujita et al.
2009a; Caetano et al. 2009; Table 5.3), generally often higher than those of
bioscorodite (this study and Gonzalez-Contreras et al., 2012a, b). Such stability
difference between bioscorodite seeds and chemical seeds may be attributed to factors
such as involvement of cell encrustation, structural water content and morphological
difference, and crystal maturity (speed of crystallization), but exact reasons remains to
be unclear.

Final bioscorodite products: Stability of final bioscorodite products was
improved (As; from 5.49 + 0.03 to 1.86 = 0.05 mg/l; Table 5.2) when chemical seed
surface became coated with fresh bioscorodite precipitates, whilst As leachability
remained at a low level both before (As; 0.33 £ 0.08 mg/l) and after (As; 0.59 + 0.08
mg/l) the bioscorodite crystallization reaction when biological seeds were used (Table

5.2). Use of lower pH of 1.2 for bioscorodite crystallization reaction on bioscorodite
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seeds slightly improved the product stability (As; 0.20 £ 0.01 mg/l), compared to that
of pH1.5 (As; 0.59 £ 0.20 mg/l; Table 5.2), although the final As removal was lower at

pH 1.2 (Figure 4.5a in chapter 4).
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Table 5.2 TCLP test results for seed scorodite crystals and final bioscorodite products.

Conditions used for Original seed crystals®
bioscorodite crystallization — — ] — —
reaction: TCLP leachability: JLT46 leachability: Chemical composition (weight in 50 mg sample; mg):
) o Fe/As
Seed crystals fed: Initial pH [As] (mg/1) [Fe] (mg/1) [As] (mg/1) [Fe] (mg/) Fe As molar ratio
1.5
Bioscorodite > 0.33+0.08 <0.004 0.28 £0.01 3.23+0.02 11.7 (0.21 mmol)  14.1 (0.19 mmol) 1.1
Chemical scorodite 1.5 5.49+£0.03 0.11+0.01 20.8 +0.38 45.4+£0.54 9.12 (0.16 mmol)  12.2 (0.16 mmol) 1.0
Conditions used for Final bioscorodite products”
bioscorodite crystallization . . . . C
reaction: TCLP leachability: JLT46 leachability: Chemical composition (weight in 50 mg sample; mg):
. Fe/As
Seed crystals fed: Initial pH [As] (mg/l) [Fe] (mg/1) [As] (mg/1) [Fe] (mg/1) Fe As molar ratio
1.5 0.59+0.20 <0.004 - - 12.1 (0.22 mmol)  12.0 (0.16 mmol) 1.4
Bioscorodite
1.2 0.20£0.01 0.11£0.03 - - 11.5(0.21 mmol)  11.8 (0.16 mmol) 1.3
Chemical scorodite 1.5 1.86 £ 0.05 0.005 - - 10.5 (0.19 mmol)  11.2 (0.15 mmol) 1.3

* Bioscorodite seeds were produced at [As(II)]i; = 13 mM and [Fe(I)]in; = 18 mM (Fe(Il)/As(III) = 1.4), whereas chemical scorodite
seeds at [As(V)]ini = 267 mM and [Fe(ID)]ini = 358 mM (Fe(Il)/As(V) = 1.3).

® Final bioscorodite products were produced at [As(IID)]in = 4.7 mM and [Fe(I)]in = 9.5 mM (Fe(II)/As(III) = 2.0) using either bio- or

chemical scorodite seeds.
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Table 5.3 Review of TCLP test results (revised from Gonzalez-Contreras et al. 2012b)

Nature of crystals gilzstal %Esflll,i:el:gcphﬁnsg Other test conditions
Mineral
) 0.32 mg/L pH 2.43, 14
Scorodite (Krause and Ettel 1988) d (H,SO,)
) ) 1.49 mg/L pH 2.05, 14
d (H,S0,)
Biogenic crystals
Bioscorodite 72°C <lcm 0.I1mg/L,1d -
(Gonzalez-Contreras et al. 2012a) 0.5mg/L, 100d
(Gonzalez-Contreras et al. 2012b) 175 pm 1.9 mg/L, 60 d -
Chemical synthesized crystals (70-95°C)
Nanocrystalline scorodite 70°C 50 nm 0.58 mg/L, 13d 20.8 mg/LpH 1,13d
(Paktunc and Bruggeman 2010) 0.56 mg/LpH2,13d
538 mg/LpH7,13d
Amorphous ferric arsenate 70°C 50-100nm 60 mg/L, 13d 90 mg/LpH2,13d
(Paktunc and Bruggeman 2010) 30 mg/LpH 3, 13d
50 mg/LpH4,13d
Scorodite 70°C (Fujita et al. 2012) 0.77 um 513mg/L, 7h 2.69 mg/L pH 3.00, 7 h
1.01 mg/L pH 5.74,7 h
Scorodite 95°C (Caetano et al. 2009) 1.6 pm 13.6 mg/L, 18 h -
5.3 pm 0.1 mg/L, 18 h
Scorodite 95°C (Fujita et al. 2009a) 16 um 0.37 mg/L, 6 h -
Scorodite 95°C (Fujita et al. 2009b) 17 pm 0.18 mg/L, 35d 04 mg/LpH3,35d
3.1mg/LpH7,35d
351 mg/LpH9,35d
Scorodite 95°C (Harvey et al. 2006) - 0.3mg/L,4h 0.45 mg/LpH 6,4 h
Scorodite 95°C (Singhania et al. 2005)* 10 pm 4.8 mg/L,20h -
Chemical synthesized crystals (150-175°C)
Scorodite 150°C (Caetano et al. 2009) 1.5 pm 13 mg/L, 8 h -
2.5 pm 5mg/L, 8 h
Scorodite 160°C - 0.35mg/L,460d  0.61 mg/L pH 6,460 d
(Bluteau and Demopoulos 2007) 5.89 mg/L pH 7,460 d
Scorodite 160°C (Bluteau et al. 2009) 0.3 um 0.35mg/L,460d  5.89 mg/L pH7, 460 d
386 mg/L pH 9, 460 d
Scorodite 160°C (Singhania et al. 2005)* 5 pm 0.8 mg/L, 20 h -
Scorodite 160°C 2.5 um ) 0.2 mg/L pH 5.57, 14 d
(Krause and Ettel 1988) (H,SOy)
0.19 mg/L pH 3.45, 14
d (H,SO,)
0.33 mg/L pH 2.85, 14
d (H,S04)
Scorodite 175°C (Gomez et al. 2008) - 0.1 mg/L, 20 h -

* amended from the original Table by Gonzalez-Contreras et al. (2012b)
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5.4 Conclusions

Morphological and structural characteristics of bioscorodite and chemical
scorodite seed crystals were compared; bioscorodite (FeAsO4-1.55H,0; spherical
aggregates; 36 pm; 2.0 m?/g), chemical scorodite (FeAsO4 1.91H,0; orthorhombic
crystals; 98 um; 0.7 m?/g). Bioscorodite seeds showed greater stability than the latter
by TCLP test. Feeding bioscorodite seeds enabled effective As removal from dilute
As(IlT) solution (98% final As removal at day 21). Contrasting bioscorodite
crystallization process on bioscorodite and chemical scorodite seeds were found:
Hollow bioscorodite seed particles became increasingly filled with newly formed
scorodite, whilst solid chemical seeds induced their surface to be thoroughly coated
with new scorodite precipitates. TCLP leachabilities of final bioscorodite products
formed on bioscorodite and chemical scorodite seeds were 0.59 + 0.08 mg/l and 1.86 +
0.05 mg/1, respectively, which were lower than the regulatory limit of As by TCLP test.

Utilization of hematite seed crystals displayed fastest As immobilization due
to not only fine particles (large surface area) but also electrostatic features. Since
hematite and scorodite (bio/chem) surface was charged highly positive, they performed
as absorbent of As(V) and Ac. brierleyi cells. As a result, bioscorodite crystallization

readily progressed.

Data shown in this chapter were partially included in the paper accepted as:

Tanaka, M. and Okibe, N., 2018. Factors to enable crystallization of
environmentally-stable bioscorodite from dilute As(III)-contaminated waters. Minerals,
8(1): 23.
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Chapter 6

Effect of SO, ions on amorphous precursor formation

and transformation into crystalline scorodite
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6.1 Introduction

Metal refinery wastewater generally contains high concentrations of sulfate
(SO4%) ions due to extremely low pH and dissolution of sulfide minerals. The effects
of SO4* ions on chemical scorodite syntheses have been reported: e.g., Demopoulos et
al. (1995) reported an inhibitory effect of SO4* ions (100 mM) in scorodite yield in 2
g/l (27 mM) As(V)-Fe*"-HCl solution. Substitution of SO,*~ with AsO,>~ in scorodite
was observed using 25 g/L (334 mM) As(V)- Fe’-HNO; medium by addition of ~2 M
Li,SO; in hydrothermal synthesis (Dutrizac and Jambor, 1988). Incorporation of SO4*
in scorodite was also suggested by excess addition of SO4* (1-2 M) in 10 g/L (133
mM) As(V)-Fe**-H,SO, solution in atmospheric synthesis (Singhania et al., 2006).
Gomez et al., (2011a) displayed the higher initial Fe(III)/As(V) molar ratio resulted in
formation of basic ferric arsenate sulfate (BFAS; Fe(AsO4)1.4(SO4)(OH), (1-x)H,0)
rather than scorodite (in this case, trace SO, ions were substituted in scorodite
structure) under hydrothermal method. That study utilized ferric sulfate
(Fea(SO4)3:xH,0) as iron sources, that is, high Fe(Ill)/As(V) molar ratio condition
contains high concentrations of SO,* ions. In our experiments, much higher
concentrations of SO4> ions (65 mM at pH 1.5) exist in microbial media compared to
As(lll) (13 mM) and Fe(ll) (18 mM) for microbial growth. It may affect the
bioscorodite crystallization even at low As(III) concentrations.

Incidentally, bioscorodite crystallization progresses through second As
concentration decrease (1st-stage As-removal at ~ day 4; 2nd-stage As-removal at day
10~) as shown in chapter 4. At the 1st-stage As-removal, brown-colored amorphous
precipitates (precursors) formed, and then it was transformed into scorodite at
2nd-stage As-removal. However, this transformation mechanism is still unclear..

Therefore, this chapter focused on the effect of SO4* ions on bioscorodite
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crystallization process. Characterization of amorphous precursors and final
bioscorodite were conducted from chemical compositions of Fe(Ill), As(V) and SO4%,
FT-IR spectra, TG-DTA analysis and XAFS measurement. In this chapter, precursor
formation was conducted at [As(IlI)]ini = 13 mM and [Fe(Il)]ini/[ As(III)]ini molar ratio

of 1.4.

6.2 Materials and Methods
6.2.1 Precursors and bioscorodite crystallization experiment

Ac. brierleyi cells were inoculated (final cell density; 1.0 x 107 cells/ml) in
500 ml Erlenmeyer flasks containing 200 ml of HBS medium (pH 1.5 with H,SO,)
with 18 mM Fe(I) (as FeSO4-7H,0), 13 mM As(IIl) (as NaAsO;) and 0.02% (w/v)
yeast extract. [Fe(Il)]ini/[ As(III)]ini molar ratio was set to 1.4. Flasks were incubated at
70°C, shaken at 100 rpm. Precipitates were regularly taken and washed once by pure
water. After freeze-drying, 50 mg of samples were digested in 35% HCI to determine
the chemical composition by measuring total Fe, As and S concentrations. Precipitates
were analyzed by FT-IR, TG-DTA and XAFS. The F ¢’* (20 mM FeCls-6H,0; pH 1.5
with HCI), SOs* (20 mM NaSO4; pH 1.5 with HCl) and AsOs (1 M
Na,HAsO47H,0; pH 6.0 with HCI) were examined using the attenuated total
reflection Fourier Transform infrared spectroscopy (ATR-FTIR) using ZnSe crystal.
Overlapped peaks were determined by the curve-fitting program PeakFit ver. 4.12
(Systat Software) with the mixed Gaussian and Lorentzian function (Maddams, 1980).
Particles size distribution of precipitates at each day point was measured by LA-950

(Horiba).

6.2.2 Chemically scorodite crystallization test with/without sulfuric acid

Scorodite crystallization with or without H,SO, were conducted by chemical
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method in order to confirm the uptake of SO4* ions. Five hundred milliliter
Erlenmeyer flasks containing 18 mM Fe(IIl) and 13 mM As(V) (as Na,HAsO4-7H,0)
in 200 ml of ultrapure water were incubated shaken at 70°C and 150 rpm. Ferric sulfate
(Fez(SO4)3;'nH,0), ferric chloride (FeCl;-6H,0) and ferric nitrate (Fe(NO;3);-9H,0)
were utilized as Fe(IIl) reagents in response to acid conditions. Initial pH was adjusted

to 1.5 using 1M H,SO4, HC1 and HNOs, respectively.

6.2.3 Bioscorodite crystallization experiment at high sulfate concentrations

Ac. brierleyi cells were inoculated (final cell density; 1.0 x 107 cells/ml) in
500 ml Erlenmeyer flasks containing 200 ml of HBS medium (pH 1.5 with H,SO,)
with 18 mM Fe(I) (as FeSO4-7H,0), 13 mM As(IIl) (as NaAsO;) and 0.02% (w/v)
yeast extract. [Fe(Il)]in/[As(Ill)]ini molar ratio was set to 1.4. Initial SO4*
concentrations were set to 60 (original concentration), 100, 150 and 200 mM by adding
H,SO,4 and pH was adjusted to 1.5 using granular NaOH. Flasks were incubated at

70°C, shaken at 100 rpm.

6.2.4 Zeta-potential measurement of bioscorodite particles in arsenate and sulfate
solutions

In order to evaluate the adsorption of arsenate and sulfate on bioscorodite seed
crystals, zeta-potentials of bioscorodite particles at pH values ranging from 2.0 to 5.0
(adjusted with HCI and NaOH) were measured. Bioscorodite particles (0.2% (w/v);
recovered at day 14) were suspended into 100 ml Erlenmeyer flasks containing 20 ml
of 107> M NaCl solution with 0.2 mM As(V) (as KH,AsOy) or 0.2 mM SO,* (as
Na,SO,). Flasks were incubated at 70°C, shaken at 150 rpm for 1 hour, followed by

zeta-potential measurement using Zetasizer Nano ZS (Malvern). Measurements were
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conducted at least in triplicate.

6.3 Results and Discussion
6.3.1 Precursor formation in the presence of sulfate ions

In order to observe the roles of SO42_ ions on bioscorodite crystallization,
brown amorphous precursors formed at each day point were collected. From liquid
analysis, soluble SO,*~ concentrations decreased from 67.0 mM to 64.5 mM (Figure
6.1c), together with the decrease of total Fe and As concentrations (Figure 6.1ab),
followed by the formation of brown amorphous precursors. To observe the behavior of
Fe’*, AsO4~ and SO,* ions in solid, amorphous precipitates were digested in 35%
HCI (Figure 6.2). The results showed that SO,” ion was one of the constituents of
precursors. The measured [AsOy]in/[Felim molar ratio at day 5 was smaller (0.78) than
the theoretical value of scorodite (1.0), while [AsO4+SOu]in/[Felim Was 0.94. At the end
of reaction, [SO4]in/[Fe]im decreased from 0.16 to 0.08 as [AsOg]in/[Fe]im increased to
0.94 (Figure 6.2). This indicates that excess Fe was precipitated due to incorporation of
SO427 ions instead of AsO437 ions. In order to confirm the uptake of SO427 ions,
chemical scorodite synthesis was attempted with or without use of H,SO,4. When other
acids such as HCl and HNO; were used instead of H,SO4, no precipitates were
obtained in 1 week (Figure 6.3 and 6.4b, c). In contrast, yellowish precipitates readily
formed within 1 hour when H,SO, was used (Figure 6.4a;), and were transformed into
scorodite at day 7 (Figures 6.3 and 6.4a,). Although inhibitory effects of SO4*~ ions on
chemical scorodite synthesis have been reported for As(V) solutions (Demopoulos et
al., 1995), uptake of SO,* ion was shown to be the key for precursor formation for

dilute As(III) solutions (e.g., ~13 mM).
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Figure 6.1 Changes in concentrations of total soluble As (solid line), As(IIl) (broken
line) (a), total soluble Fe (solid line), Fe(Il) (broken line) (b), and soluble SO4* (c) in
Ac. brierleyi cultures. Initial conditions; [As(II)]ini = 13 mM, [Fe(ID]ini = 18 mM, pH
1.5 with H,SOs.
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Figure 6.2 Changes in [AsO4]in/[Felim and [SOu4]in/[Felim molar ratio in precipitates

0.2 H

[AsO,]/[Fe], [SO,]/[Fe] molar ratio

formed in Ac. brierleyi cultures described in Figure 5.1.
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Figure 6.3 Changes in concentrations of total soluble As (a), total soluble Fe (b) and
SO4* ions (c) in chemical scorodite crystallization under H,SO, (o), HCI (m) and
HNO; (A) conditions. Initial condition; [As(V)]ini = 13 mM, [Fe(III)];ni = 18 mM.
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(a,) H,SO, media (day 2) (a,) H,SO, media (day 7)

Figure 6.4 Solution color changes in chemical scorodite crystallization experiment in
H,SO4 media (a) (day 2; a; and day7; a;), HCl media at day 7 (b) and HNO; media at

day 7 (c).

- 115 -



Chapter 6

6.3.2 Behavior of sulfate ions in precipitates

Figure 6.5 showed the changes in FT-IR spectra of precipitates during
bioscorodite crystallization. Distinct SO4>~ peaks (1060 and 1121 cm™") originally
present in precursors disappeared after day 9, corresponding to the clear color change
to pale-green. This was accompanied by the emergence of OH peaks deriving from
water molecules (sharp 3525 cm ', broad 2976 cm ') (Figure 6.5), which indicates
occurrence of H-bond cleavage (Gomez et al., 2010). In the region of 700-1000 cm ',
the shape of stretching AsO4 peaks (day 3-8) transformed to sharp (day 10~),
indicating the cleavage of Fe-OH (Ruan et al, 2002). SO,” ions were once
incorporated in the precursor structure by weak H-bonding, and then released to form
final scorodite products. The shape of broad OH stretching peaks in the region of
2500-3600 cm ' gradually changed from day 3-8 to 14, which became similar to the
typical FT-IR spectra of scorodite (Figures 6.5).

For further understandings, the above mentioned broad bands (2500-3650
cm ') from samples (day 5, 9 and 14) and standards (FeAsO,2H,0O and
Fe,(SO4);:nH,0) were subjected to peak separation (Figure 6.6). The peaks at 3182,
3337 and 3465 cm ' (day 5; Figure 6.6a), representing H,O coordinated with
Fe’*-S0,%~ compounds, progressively disappeared towards the completion of
crystallization. Instead, a clear peak at 3523 cm ™' (day 14; Figure 6.6¢) (corresponding
to the Fe’"-H,0 band in crystalline scorodite) became visible by day 14. At the same
time, the peak at 2984 cm ' (deriving from H,O coordinated with crystalline scorodite)

emerged to represent the top of the broad peak (day 14; Figure 6.6c¢).
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Figure 6.5 Changes in FT-IR spectra and color of precipitates recovered at day 3, 5, 8,
9, 10, 11 and 14 and related compounds (chemical scorodite, ferric sulfate, dried Ac.
brierleyi cells, aqueous Fe’™ and SO,%").. The spectra of solid samples were obtained

by KBr pellet method, and liquid samples were obtained using ATR-FTIR.
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Figure 6.6 Curve fitted FT-IR spectra of 2500-3700 cm ' region for As precipitates (a,
day 5; b, day 9; c, day 14) and the standards (d, FeAsO4-2H,0; e, Fe;(SO4)3-nH,0).

- 118 -



Chapter 6

In order to elucidate the detailed mechanism of precursor formation, XANES
spectra analysis was conducted. First, it was found that precursors were formed as
Fe(II)-As(V) complex (Figure 6.7). From &*-weighted As and Fe K-edge EXAFS data,
although the peaks of amorphous precursors at day 3—8 transformed into that of typical
scorodite at day 10-14 (Figure 6.8a;, b;) as well as the FT-IR spectra, it displayed the
differences compared to pure scorodite in the regions of 8.0-9.2 A™', 10.0-11.4 A™
(As; Figure 6.8a;, a3) and 5.0-5.8 Aﬁl, 6.8-8.0 A’ (Fe; Figure 6.8b,, bs). That
indicated that bioscorodite contains impurities in crystal structure, which are
considered as SO427 ions and organic substances derived from Ac. brierleyi cells.
Fourier transforms of As K-edge EXAFS spectra displayed the first coordination shell
about As was oxygen at a distance of 1.29 A (AsOj tetrahedra) (Figure 6.9a;)
(Kitahama et al., 1975; Hawthorne, 1976; Sherman and Randall, 2003). While the
As-O bond were observed in all samples, the peak at 2.91 A were gradually emerged
from the precipitates recovered at day 9 to day 14 (Figure 6.9a,). These peaks were
identified as As-Fe distance and indicated single corner linkages between AsOq
tetrahedra and FeOg octahedra (Sherman and Randall, 2003). No peaks describing
As-Fe distance at day 3—8 came from amorphous structure. These results proved that
the crystal structure of amorphous ferric arsenate transformed into crystalline phase. In
contrast, broad peaks were observed in the range of 2.5-3.4 A from Fourier transforms
of Fe K-edge EXAFS spectra results (Figure 6.9b,). Precursors at day 3-8 displayed
two peaks, and then the magnitude gradually increased through the crystallization as
well as As. These two peaks showed the Fe-S bond and Fe-As bond, respectively
(Chen et al., 2009, Kato and Miura 1977, Paktunc and Dutrizac 2003, Savage et al.,
2005 as jarosite). Since As-S bond was not observed in As K-edge EXAFS spectra,

AsO4”" and SO,* ions were independently precipitated with Fe*', rather than Fe—
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AsO4—SO4 compounds.

Overall, transformation process of amorphous precursors to crystalline
bioscorodite involved the disappearance of SO,° and Fe-OH bands while retaining
AsO4” bands. Therefore, it can be considered that the amorphous precursors formed
during the first As-removal stage consist of at least two types of precipitates (Fe—SO4
compounds and Fe-AsO, compounds), most likely in this case, basic ferric sulfate
(MFe,(SO4),(OH),; M" = K', Na’, NH;) and amorphous ferric arsenate
(FeAsOy4-(2+n)H,0; Le Berre et al., 2008). Microbial jarosite formation during Fe(II)
oxidation has been reported (e.g., Thiobacillus ferrooxidans, Ivarson, 1973; Sasaki and
Konn, 2000; Acidithiobacillus ferrooxidans, Daoud and Karamanev, 2006; mixed
culture of Sulfolobales species, Gonzalez-Contreras et al., 2012a) In biological
scorodite crystallization, Weijma et al., 2017 reported the formation of jarosite
nano-precipitates on the cell surface together with scorodite at 72°C, pH 1.2. In
chemical scorodite synthesis under nitrate or chloride medium conditions, the initial
formation of brownish amorphous precursor phase partly containing scorodite was
reported, which was made up of poorly crystalline ferric arsenate (FeAsO4-(2+x)H,0;
80%) and ferrihydrite (20%) (nitrate solution: 80°C, [As(V)]ii = 100 mM; Le Berre et
al., 2008), B-goethite (chloride solution: 95°C, [As(V)]ini = 26.7 mM; Demopoulos et
al., 1995). In the presence of SO,*” ions and monovalent cations (e.g., Na', K, NH4+)
in basal salts medium, the precipitation of ferrihydrite and goethite is possibly
substituted for basic ferric sulfate formation. Therefore, brown-colored amorphous
precursors are considered as the mixture of amorphous ferric arsenate and basic ferric

sulfate.
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Figure 6.7 Normalized XANES spectra at the As (a) and Fe K-edge (b) of precipitates
recovered at day 3, 5, 8,9, 10, 11 and 14.
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Figure 6.8 k’-weighted As (a) and Fe (b) K-edge EXAFS spectra of precipitates
recovered at day 3, 5, 8, 9, 11 and 14. Solid lines indicate the precipitates formed in Ac.

brierleyi cultures, and broken line indicates pure scorodite.
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Figure 6.9 Fourier transforms of &’-weighted EXAFS spectra of precipitates recovered
at day 3, 5, 8, 9, 10, 11 and 14, yielding radial distribution from As (a) and Fe (b)
atoms in the range of 04 A (a;, b;) and 2.4-3.4 A (ay, by).
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6.3.3 Transformation of amorphous precursors into crystalline bioscorodite

From TG curves of precursors at day 1 and 5, the continuous weight loss was
observed from 100 to 700°C which was attributed to water vaporization of OH groups
(solid lines; Figure 6.10a, b). Since the gentle TG curve was similar to previously
reported basic ferric arsenate sulfate (BFAS; Fe(AsO4).(SO4)«(OH),-wH,0)
(hydrothermally synthesized at 225°C, [As(V)]imi = 160 mM; Gomez et al., 2011) and
poorly-crystalline ferric arsenate (Fe; g7AsO4-3.06H,0) (atmospheric synthesis at room
temperature, [As(V)]i = 100 mM; Le Berre et al., 2007) it was possibly caused by the
contamination of SO, ions and hydration in precipitates. DTA curve at day 1 (early
stage in precipitation of Fe’") displayed two endothermic peaks at 590 and 680°C
(broken line; Figure 6.10a), which showed the two types of water in different bonding
state exist in precipitates. Interestingly, weight loss of precursors gradually decreased
from day 5 to day 8 at 550°C (21.4%, day 5; 20.3%, day 6; 19.7%, day 7; 18.9%, day8)
(Figure 6.11). These results indicated that dehydration of precursors derived from the
changes of binding energy distribution continuously proceeded during induction period.
From day 9, weight loss derived from crystalline water was observed at 125-200°C

and transformed into the typical scorodite TG curve at day 14 (Figure 6.11).
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Figure 6.10 TG-DTA analyses of precursor at day 1 (a), day 5 (b) and bioscorodite at
day 14 (c). The structural water contents were calculated based on the weight loss at
550°C (precursor) and 125-250°C (bioscorodite). Solid lines indicate TG curves and

broken lines indicate DTA curves, respectively.
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Figure 6.11 Changes in TG curves of amorphous precursors at day 5 (dashed line), day
7 (dashed dotted line), day 8 (dashed double-dotted line), day 9 (dotted line) and
bioscorodite at day 14 (solid line). The structural water contents were calculated based

on the weight loss at 550°C (precursors) and 125-250°C (bioscorodite).
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SEM images displayed that fine rhombohedral particles (0.5-1 pm;
jarosite-like particles) formed and aggregated at day 1, and then each particle grew in
round shape (2—5 um) at day 2-5 (Figure 6.12). Particle size of amorphous precursor at
day 3 and 7 widely distributed from 4 to 200 um (aggregated due to low zeta-potentials
of 25 mV; chapter 5), and then it changed in narrow range at day 10 and 14 (Figure
6.14) via second-time precipitation on the surface of precipitates (Figure 6.12, day 8—
11). The dense particles of amorphous precursors began to dissolve from day 8 and
crystalline scorodite formed as passivation layer (Figure 6.13). Finally bioscorodite
particles displayed the hollow structure (Figure 6.13). At 2nd-stage As-removal
generally observed in bioscorodite crystallization process (chapter 4), excess As is
removed (Fe/As = 0.4-0.6) compared to theoretical scorodite (Fe/As = 1) (e.g., the
decrement of total Fe concentration is 2 mM, while 5 mM of As is removed at
[As(IIl)];ni = 13 mM). This behavior indicated that dissolved ferric compounds were

consumed as Fe source for the 2nd-stage As-removal.
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Figure 6.12 SEM observation of precipitates recovered at day 1, 2, 3, 5, 8,9, 10 and 11.
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Figure 6.13 SEM cross-section views of precipitates recovered at day 3, 7, 8 and 14.
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Figure 6.14 Particle size distribution of precursors (day 3 and 7), mixture of precursor
and bioscorodite (day 10) and bioscorodite (day 14) formed in Ac. brierleyi cultures.
Initial conditions; [As(IIl)]i, = 13 mM, [Fe(I)]i,; = 18 mM, 0.02% (w/v) yeast extract,
pH L.5.
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Solution pH was maintained low (pH 1.35) during induction period at day 3—8
(Figure 6.15a). Since jarosite is more likely to dissolve at extremely acidic pH (Baron
and Palmer, 1995; Smith et al., 2006; Welch et al., 2008), amorphous ferric arsenate
and basic ferric sulfate was gradually dissolved. This was also supposed that log IAP
values increased to —20.5 and maintained —21.3 throughout 1st-stage As-removal and
induction period (day 5-8) (Figure 6.15b), which is over the range of solubility
products (log K,) value of amorphous ferric arsenate (—23.0; Langmuir et al., 2006).
Dissolution of amorphous ferric arsenate and transformation into crystalline scorodite
proceeded which accompanied with the decrease of log IAP value to —22.6 during the
2nd-stage As-removal process (Figure 6.15b). In crystallization process, a phase with
higher solubility precipitates initially according to Stranski’s rule. The order of initial
precipitation rates Ro>Rp>R¢ follow the order of solubilities S(A)>S(B)>S(C), and
these are dissolved depending on the soluble metal concentrations (Blesa and Matijevic,
1989; Demopoulos, 2009). The log K, values of amorphous ferric arsenate (—23.0) and
basic ferric sulfate (e.g., jarosite, —11.0; Baron and Palmer, 1996) are higher than
crystalline scorodite (—25.8; Langmuir et al.,, 2006). The long dissolution-
recrystallization kinetic was caused by the milder conditions (low As concentrations,
70°C, pH 1.5) than other chemical methodologies (95-120°C, pH~1). Hence, about
one fifth of the AsO,’~ locus was occupied by SO,*~ ions at the early stage, which were
then released from precursors to form final product (Fe(AsO4)o.04(SO4)0.0s°1.81H,0;
calculated from TG curve; Figure 6.10c) with a chemical formula close to theoretical

scorodite (FeAsO4 2H,0).
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Figure 6.15 Changes in solution pH (a) and ion activity products (b) in Ac. brierleyi
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6.3.4 Proposed mechanism of precursor formation and transformation into
crystalline bioscorodite via sulfate ion release

Proposed mechanism of precursor formation and transformation into
crystalline bioscorodite was described in Figure 6.16a. First, microbial Fe(Il) and

As(IIT) oxidation proceeds by Ac. brierleyi described as Egs. 6.1 and 6.2.

4Fe*" + 0, +4H = Fe*" + 2H,0 (biological) (Eq. 6.1)

2H3;As™05 + 0, =2H,As"0O, +2H"  (biological) (Eq. 6.2)

As a result, amorphous basic ferric sulfate (Eq. 6.3) and ferric arsenate (Eq. 6.4) are

precipitated as precursors in SO4” -bearing solutions (1st-stage As-removal).

M+ xFe’ ™+ yHSO, + zH,0 = MFe(SO4),(OH); (amorphous) + (-2)H™ (Eq. 6.3)
(M"=K",Na", NH;")

F€3+ + HzASO47 + (2+H)H20 = FeASO4'(2+n)H20(amorphous) + 2H+ (Eq 64)

Under steady-state condition, dehydration, dissolution and recrystallization of
amorphous precursors with higher solubility proceeded (induction period). When the
surface energy per mass unit becomes lower energy state, amorphous ferric arsenate
and hydroxysulfate were readily dissolved. Released Fe(Ill) and dissolved As(V) in
medium were precipitated for the coarsening of ferric arsenate particles, followed by

scorodite crystallization (Eq. 6.5 and 6.6) (2nd-stage As-removal).

FeASO4‘(2+H)H20(amorph0u5) = FeASO4’2HZO(crystalline) + l’lH20 (Eq 65)

Fe'" + H,AsO4 + 2H,0 = FeAsOy-2HyO erystatiine) + 2H (Eq. 6.6)
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Incidentally, high [Fe(II)]ini/[As(III)]in; molar ratio (>2.0) (i.e. high initial
Fe(Ill) and SO,* concentrations) resulted in formation of jarosite as described in
chapter 4. To search the effect of high SO4* concentrations, bioscorodite
crystallization test at higher SO4* concentrations (100, 150 and 200 mM) was
conducted. Although high initial SO,* concentration did not affect the final As
removal, the amount of As-removal in 1st-stage decreased (Figure 6.17a). That
indicates the formation of basic ferric sulfate and ferric arsenate competed for Fe(III)
ions. Hence, it was proved that SO4* ions was the key for precursor (basic ferric
sulfate) formation and high [Fe(Il)]ini/[As(IIl)];ni molar ratio (>2.0) resulted in

formation of jarosite due to higher concentrations of Fe(III) and SO4”. (Figure 6.16b)

6.3.5 Proposed mechanism of bioscorodite crystallization at lower pH 1.2

Direct bioscorodite crystallization without formation of precursors was
observed at pH 1.2 as shown in chapter 4. At extremely acidic pH, jarosite is more
likely to dissolve (Baron and Palmer, 1995; Smith et al., 2006; Welch et al., 2008).
Indeed, we have observed the dissolution of jarosite in pure water at pH 1.2, 70°C
(data not shown). Since low pH enabled to dissolve faster even in case of jarosite-like
basic ferric sulfate, the reaction time for bioscorodite crystallization became shorter
than pH 1.5, rather than the formation of precursors (Figure 6.16¢). Although the
formation of basic ferric sulfate triggered the amorphous ferric arsenate, basic ferric
sulfate is dissolved faster at pH 1.2. Therefore, lower initial pH resulted in the

decrement of final As removal.
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6.3.6 Proposed mechanism of faster crystallization fed with seed crystals

As an effect of seed feeding, SO,* ions adsorption on the surface of hematite
hydroxyl groups has been reported (Watanabe et al., 1994) as well as As(V) (H,AsOy4 )
adsorption (Mamindy-Pajany et al., 2009). The same is equally true of bioscorodite
particles. Zeta-potential values of bioscorodite decreased from +43 mV (raw
bioscorodite) to +28 mV (in As(V) solution) and +35 mV (in SO,*~ solution) caused by
adsorption of H;AsO, and SO427 on bioscorodite surface (Figure 6.18). That
indicated that As(V) and SO4> ions were locally concentrated in the vicinity of the
bioscorodite surface. Hence, the amorphous ferric arsenate sulfate tended to precipitate
rather than in absence of bioscorodite seeds. Simultaneously, concentration gradient of
SO4* ions possibly occurred due to adsorption on seed crystals, followed by faster
transformation of precursor into scorodite (Figure 6.16d). Indeed, when bioscorodite
crystallization readily proceeded (in the cultures at pH 1.2 in chapter 4 and fed with
hematite seeds in chapter 5), [SO4]/[Fe] molar ratio in precipitates displayed lower
value (0.01-0.13) (Table 6.1) than that in conventional precursors (0.16—-0.20). Overall,
highly positive charged particles such as hematite and bioscorodite possibly utilized as

seed crystals on bioscorodite crystallization at dilute As(IlI) concentrations.
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Figure 6.16 Schematic illustration of amorphous precursor formation and transformation into crystalline scorodite using Ac. brierleyi from

dilute As(II) solutions at pH 1.5 (a), under the conditions of high [Fe(II)]i,/[ As(IIl)]in; molar ratio at pH 1.5 (b), pH 1.2 (c¢) and fed with

seed crystals at pH 1.5 (d).
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Figure 6.17 Changes in concentrations of total soluble As (solid line), As(III) (broken
line) (a), and total soluble Fe (solid line), Fe(Il) (broken line) (b) in Ac. brierleyi
cultures containing initial SO4> concentrations of 60 (#<>), 100 (mx), 150 (A A), and
200 mM (e0). Initial conditions; [As(III)]in; = 13 mM, [Fe(I)]ini = 18 mM, pH 1.5 with
H,SOq.
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Figure 6.18 Zeta-potentials of raw bioscorodite (@), bioscorodite incubated with 0.2
mM As(V) (m) and bioscorodite incubated with 0.2 mM SO4* (A) in 10> M NaCl

solutions.

Table 6.1 Chemical compositions of precipitates fed with hematite seeds 0.15% (w/v)
at pH 1.5 (in chapter 5) and bioscorodite seeds 0.15% (w/v) at pH 1.2 (in chapter 4).

Seed crystals fed: Ion contents in solid (mmol/g) Molar ratio
[Fe] [As] [S] [As]/[Fe]  [S}/[Fe]
Hematite Day 2 0.04 0.05 0.01 1.15 0.28
(pH 1.5) Day 4 0.07 0.05 0.01 0.76 0.13
Day 6 0.07 0.05 0.01 0.73 0.10
Day 8 0.06 0.05 0.01 0.83 0.09
Day 11 0.07 0.06 0.01 0.88 0.10
Day 14 0.06 0.04 0.005 0.64 0.08
Bioscorodite Day 3 1.90 1.00 0.23 0.52 0.12
(pH 1.2) Day 7 2.32 1.43 0.21 0.62 0.09
Day 30 2.27 1.28 0.02 0.56 0.01
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6.4 Conclusions

Bioscorodite crystallization progresses through second As concentration
decrease (1st-stage As-removal at ~ day 4; 2nd-stage As-removal at day 10~). At the
Ist-stage As-removal, brown-colored amorphous precursors formed by precipitation of
basic ferric sulfate (MFe«(SO4),(OH).) and ferric arsenate (FeAsO4-(2+n)H,0O). These
precipitates have high solubility and they were gradually dissolved under extremely
acidic conditions (1.35). Under steady-state condition, dehydration, dissolution and
recrystallization of precursors and incrementally finer particles are consumed
(induction period). When the surface energy per mass unit becomes lower energy state,
amorphous ferric arsenate and hydroxysulfate were readily dissolved. Released Fe(III)
and dissolved As(V) in medium were precipitated as a passivation layer on the surface
of precursor particles, followed by bioscorodite crystallization (2nd-stage As-removal).
Since the formation of ferric arsenate and scorodite were occurred only in the presence
of SO4* ions at dilute As concentrations, effective As removal was triggered by the
formation of basic ferric sulfate. Although the uptake of SO4* ions displayed the
inhibitory effect on chemical scorodite synthesis at high temperature and high As(V)
concentrations, it was shown to be the key for precursor formation and effective
bioscorodite crystallization for dilute As(IlI) solutions (e.g., ~13 mM).

Taking the above into account, the effects of high [Fe(II)]ini/[ As(I)]in molar
ratio, low initial pH, and seed-feeding are accountable for the formation of basic ferric
sulfate. High [Fe(Il)]ini/[As(III)]in molar ratio (>2.0) resulted in formation of jarosite
rather than the formation of basic ferric sulfate due to high concentrations of Fe(III)
and SO4>". Since low pH enabled to dissolve basic ferric sulfate readily, the reaction
time for bioscorodite crystallization became shorter than pH 1.5, but resulted in the

decrement of final As removal owing to the lack of basic ferric sulfate which triggered

- 140 -



Chapter 6

the amorphous ferric arsenate precipitation.

Additionally, highly positive charged seed crystals (hematite and bioscorodite)
played an important role to shorten the reaction time. Anionic As(V) and SO4* ions
were locally concentrated in the vicinity of the positively charged bioscorodite surface.
Hence, ferric arsenate and bioscorodite tended to precipitate rather than in absence of
bioscorodite seeds. Simultaneously, since Fe(Ill) was readily consumed for the ferric
arsenate, the formation of basic ferric sulfate was partly prevented, followed by faster

transformation of precursor into scorodite.
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Chapter 7

As(IIT) oxidation and bioscorodite crystallization by
thermo-acidophilic, iron- and sulfur-oxidizing archaeon,

Metallosphaera sedula strain TH2
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7.1 Introduction

Bioscorodite crystallization using Ac. brierleyi was performed in the solution
containing 3—20 mM As(III) at pH 1.2—1.5 described in chapter 3—5. To enhance the
applicable range of As(Ill)-bearing metal refinery wastewaters such as low pH, high
As(II) concentration and containing some inhibitory metals, utilization of other
microorganisms will be required. However, archaea strains which possess high
As(IlT)-resistance and oxidation ability as well as Ac. brierleyi has not been found yet.
Just for trace As concentrations, As(II) oxidation ability of S. acidocaldarius strain BC
(renamed S. metallicus) was reported (~1 mM As(IIl); Sehlin and Lindstrom, 1992).
Additionally, S. tokodaii possesses homologs of arsenite oxidase (molybdopterin
subunit and Rieske subunit; Lebrun et al., 2003). In our group study, it is suggested that
Metallosphaera sedula strain TH2 possesses As(III) oxidation ability (Morishita, 2015).
Therefore, four kinds of thermophilic acidophilic archaea strains were tested,
Fe(Il)-oxidizers: Sulfolobus tokodaii strain 7, Sulfolobus acidocaldarius strain 98-3,
Sulfolobus metallicus strain Kra23, and sulfur- and Fe(Il)-oxidizer Metallosphaera
sedula strain TH2. Since these archaea strains are close relative to Ac. brierleyi, As(III)
oxidation can be expected (Figure 7.1).

First, As(I1I)-resistance of these four archaea strains were enhanced by regular
addition of low concentration of As(IIl) (0.65 mM; 50 ppm). Next, the strain which
displayed As(IIl) oxidation potential were utilized in bioscorodite crystallization
experiment at [As(III)]i,y = 6.5 mM, [Fe(Il)]ini = 9 mM, 0.1% (w/v) elemental sulfur
and 0.02% (w/v) yeast extract at pH 1.5. Finally, As(Ill) oxidation mechanism in
microbial culture was elucidated in the presence/absence of yeast extract, elemental

sulfur and Fe(II).
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Figure 7.1 Phylogenetic trees reconstructed with the neighbor-joining method based on

16S rRNA gene sequences (modified from Peng et al., 2015).

7.2 Materials and Methods
7.2.1 Enhancing As(II)- resistance of four thermophiles

Four thermophiles; S. metallicus strain Kra23, S. tokodaii strain 7, S.
acidocaldarius strain 98-3 and M. sedula strain TH2 were maintained in 500 ml
Erlenmeyer flask containing 200 ml of heterotrophic basal salts medium (pH 1.5 with
H,S04) with 18 mM Fe(Il), 0.1% (w/v) elemental sulfur and 0.02% (w/v) yeast extract.
As(IIT) was regularly added at 0.65 mM. Flasks were incubated at 70°C, shaken at 100
rpm. Samples were taken at day 30 to measure As(IIl) concentrations. Precipitates

formed in microbial cultures were identified by XRD patterns.
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7.2.2 Bioscorodite crystallization experiment using M. sedula TH2

Pregrown M. sedula TH2 cells were inoculated (final cell density; 1.0 x 10’
cells/ml) in 500 ml Erlenmeyer flasks containing 200 ml of heterotrophic basal salts
medium (pH 1.5 with H,SO4) with 9 mM Fe(Il) (as FeSO4-7H,0), 6.5 mM As(II) (as
NaAsO;), 0.1% (w/v) elemental sulfur and 0.02% (w/v) yeast extract.
[Fe(ID)]ini/[ As(ITI) J;n; molar ratio was set to 1.4. Flasks were incubated at 70°C, shaken
at 100 rpm. Samples were regularly withdrawn to monitor pH, Eh, cell density, and
concentrations of total soluble Fe, As, Fe(I) and As(III). Precipitation was filtrated and
freeze-dried at the end of the experiment. For analyzing the chemical composition of
the resultant bioscorodite, a 50 mg bioscorodite was dissolved in 10 ml of 35% HCI.

The leachate was then analyzed by ICP-OES.

7.2.3 As(III) oxidation experiment

Pregrown M. sedula TH2 cells were recovered by centrifugation and washed
by pure water (pH 1.5 with H,SO,) to be inoculated (final cell density; 1.0 x 10’
cells/ml) in 500 ml Erlenmeyer flasks containing 200 ml of heterotrophic basal salts
medium (pH 1.5 with H,SO4) with 0.65 or 6.5 mM As(Ill) (as NaAsO;). Where
indicated, 0.1% (w/v) elemental sulfur and 0.02% (w/v) yeast extract were added into
the media. Flasks were incubated at 70°C, shaken at 100 rpm. Samples were regularly
taken to monitor cell density, pH, Eh vs SHE, and As(Ill) concentrations. All

experiments were carried out in duplicate.
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7.3 Results and Discussion
7.3.1 As(III) oxidation during enhancing As(I1I)-resistance

As-resistance of all tested thermophiles enhanced up to 6.5 mM (500 ppm) by
continuous addition of 0.65 mM (50 ppm) As(lll) during cultivation. As(III)
concentrations were measured when total added-As(IIl) concentration reached 500
ppm. As(IIT) oxidation results were shown in Table 7.1 As(III) oxidation ability of S.
acidocaldarius strain BC (renamed S. metallicus) was reported (~1 mM As(III); Sehlin
and Lindstrom et al., 1992), and S. tokodaii possesses homologs of arsenite oxidase
(molybdopterin subunit and Rieske subunit; Lebrun et al., 2003). However, As(III)
oxidation was not observed in the cultures of three Sulfolobus strains (Table 7.1),
whilst cell growth were observed by ready Fe(Il) oxidation. In contrast, As(III)
concentration decreased from 500 ppm to 258 ppm, that is, 48% of As(Ill) was
oxidized during incubation in M. sedula TH2 culture as well as 500 ppm Fe(Il)
oxidation (Table 7.1). Color change of brown precipitates into white was observed in
M. sedula TH2 culture and it was detected as scorodite from XRD (data not shown).
From the phylogenetic tree as shown in Figure 7.1, M. sedula TH2 located relatively
closer to Ac. brierleyi compared to other Sulfolobus strains used in this study. Although
As(IIT) oxidation by M. sedula has not been reported, this implied that M. sedula TH2

possesses As(II) oxidation ability.
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Table 7.1 As(Ill) oxidation ability of four thermophiles during As(IIl) resistance

enhancement cultivation.

Strains Totally As(IIT) As(V)
added As(IIT) concentrations concentrations
concentrations at day 30 at day 30

(ppm) (ppm) (ppm)

S. metallicus’ Kra23 512 0 (0%)

S. tokodaii* 7 00 536 0 (0%)

S. acidocaldarius’ 98-3 500 0 (0%)

M. sedula” TH2 258 242 (48%)

7.3.2 Bioscorodite crystallization using M. sedula TH2 at [As(III)]ini = 6.5 mM fed
with elemental sulfur

During cultivation in As(Ill)-bearing growth media, bioscorodite was
crystallized only in M. sedula culture. In order to confirm the effective conditions,
bioscorodite crystallization test were conducted at [As(Il)]i = 6.5 mM
([Fe(IDini/[As(IIT)]ini molar ratio of 1.4) fed with 0.1% (w/v) elemental sulfur. The
results were described in Figures 7.2, 7.3 and 7.4. Although M. sedula TH2 cells
usually grow up to 1x10° cells/ml within 7 days in the absence of As(III), the cell
density did not increase (Figure 7.2a) due to possible two reasons; cells growth were
inhibited by 6.5 mM As(III), or cells were adsorbed on the surface of elemental sulfur.
Nevertheless, Fe(Il) was readily oxidized within 2 days (Figure 7.3b). Slower As(III)
oxidation than in Ac. brierleyi cultures (~day 4) was observed in M. sedula culture and
it was completely oxidized by day 18 (Figure 7.3a). During the As(III) oxidation, total
soluble As continuously decreased without typical 1st-stage As-removal, whereas
second As removal was observed in Ac. brierleyi cultures. This behavior was possibly
derived from the continuous pH decrement up to 1.2 via sulfur oxidation and formation

of brownish amorphous precipitates (Figure 7.3b). The color of precipitates turned into
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pale-green from day 18 as well as Ac. brierleyi cultures, and eventually resulted in 93%
of As removal within day 23. Precipitates were identified as scorodite from XRD
results (Figure 7.5). Elemental sulfur was not detected in XRD patterns and SEM
observation (Figures 7.5 and 7.6by), which indicated that M. sedula TH2 completely
consumed as an energy source. Table 7.2 showed the chemical composition of final
bioscorodite products. [Fe]in/[ As]im molar ratio formed in M. sedula culture resulted in
1.0 as well as theoretical scorodite molar ratio. Since lower and stable supersaturation
level was maintained during day 1-14 (as shown in log IAP value of over —21.5;
Figure 7.4a), slower reaction allowed the formation of matured bioscorodite.
Eventually, bioscorodite crystallization proceeded in M. sedula TH2 culture. Oxidation
of elemental sulfur lowered the pH, and resulted in the crystallization of pure

bioscorodite.
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Figure 7.2 Changes in cell density (a), pH (b), and Eh vs SHE (c) in M. sedula TH2

cultures (@) and sterile control cultures ().
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Figure 7.3 Changes in concentrations of total soluble As (solid lines), As(IIl) (broken
lines) (a), and total soluble Fe (solid lines), Fe(Il) (broken lines) (b) in M. sedula TH2
cultures (®) and sterile control cultures (X). Initial condition; [As(IIl)]i = 6.5 mM,

[Fe(ID)]ini = 9 mM, 0.1% (w/v) elemental sulfur.
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Figure 7.4 Ton activity product (a), As(V) ion activity (b) and Fe(Ill) ion activity of

bioscorodite in M. sedula TH2 cultures (®) and sterile control cultures (%).
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Figure 7.5 XRD patterns of precipitates formed in M. sedula TH2 cultures (a), and
sterile control cultures (b). The symbols are assigned to scorodite (e; JCPDS 37-0468)
and elemental sulfur (o; JCPDS 01-0478).

Figure 7.6 SEM images of elemental sulfur (a) and resultant bioscorodite formed in M.
sedula TH2 cultures (b).
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Table 7.2 Chemical composition of the resultant bioscorodite formed in M. sedula TH2

cultures.
Weight in 50 mg bioscorodite sample (mg) Fe/As
Sample )
Fe As molar ratio
Bioscorodite formed in
10.0 (0.18 mmol) 13.4 (0.18 mmol) 1.00

M. sedula TH2 cultures

7.3.3 As(III) oxidation mechanism
7.3.3.1 As(I1T) oxidation with/without yeast extract

Utilization of M. sedula TH2 enable to crystallize bioscorodite from
As(IIT)-bearing solutions through the Fe(Il) and As(IIl) oxidation. Although microbial
As(IIT) oxidation by Ac. brierleyi was previously reported that As(IIl) oxidation was
induced in the presence of yeast extract and high initial As(IIl) concentrations (Okibe
et al., 2014), microbial As(Ill) oxidation features by M. sedula is still unclear. Since
Dinkla et al. (2013) reported As(IIT) oxidation in mixed culture of thermopacidophiles
including Acidianus sp. in the presence of yeast extract, addition of yeast extract
possibly affect the microbial As(IIl) oxidation ability of thermoacidophiles. In order to
elucidate the mechanism of As(IIl) oxidation in M. sedula TH2 culture, As(III)
oxidation test were performed at different initial As(II) concentrations with or without
yeast extract in the absence of Fe(Il) and elemental sulfur. As shown in Figure 7.7a,
cell density did not increased without yeast extract at [As(IIl)]i,; = 0.65 and 6.5 mM
owing to lack of energy source. In the presence of yeast extract, cell growth was
observed at [As(IIl)]ixi = 0.65 mM, except at 6.5 mM (Figure 7.7a), which indicated M.
sedula TH2 activity was inhibited at high As(III) concentrations. However, As(III)
oxidation did not proceeded under the all tested conditions (Figure 7.8). From this

result, it was revealed that As(III) did not support the growth of M. sedula TH2 cells as
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well as Ac. brierleyi which oxidize As(III) for detoxification (Okibe et al., 2014).
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Figure 7.7 Changes in cell density (a), pH (b), and Eh vs SHE (c) in M. sedula TH2
cultures with (solid lines) or without (broken lines) 0.02% (w/v) yeast extract, in the
absence of Fe(Il) and elemental sulfur. Initial As(II) concentrations were; 0 mM (-),
0.65 mM (e0) and 6.5 mM (mn). Sterile control cultures (x) were conducted at As(III)

concentrations of 0.65 mM with 0.02% (w/v) yeast extract.
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Figure 7.8 Changes in As(IIl) concentrations in M. sedula TH2 cultures with (solid
lines) or without (broken lines) 0.02% (w/v) yeast extract, in the absence of Fe(Il) and
elemental sulfur. Initial As(IIl) concentrations were; 0.65 mM (e0) and 6.5 mM (mD).
Sterile control cultures (x) were conducted at As(IIl) concentrations of 0.65 mM with

0.02% (w/v) yeast extract.

7.3.3.2 As(III) oxidation fed with elemental sulfur

M. sedula TH2 oxidizes elemental sulfur and reduced inorganic sulfur
compounds as energy source. In bioscorodite crystallization experiment, sulfur
oxidation was observed with the description of pH decrease. This implies that As(III)
oxidation by M. sedula TH2 possibly progresses when energy is obtained via sulfur
oxidation. Due to this expectation, As(IIl) oxidation test fed with elemental sulfur were
performed at different initial As(II) concentrations with or without yeast extract in the
absence of Fe(Il). The results described in Figures 7.9 and 7.10 showed that M. sedula
TH2 unable to utilize elemental sulfur at [As(IIl)]i,; = 6.5 mM no matter whether yeast
extract was fed or not. That was described as no cell growth and no pH value change

(Figure 7.9a, b). Sulfur oxidizing ability of M. sedula TH2 was completely inhibited by
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high As(Ill) concentrations. Taking the above into account, it was suggested that
As(IIT) oxidation in M. sedula TH2 culture enable to proceed only in the presence of
Fe(II). Possible mechanisms include coupling reaction between As(III) oxidation to

As(V) and Fe(III) reduction to Fe(Il). These reactions were described as follows;

2Fe’ + H3As™0; + H,O — 2Fe¢”" + H3As"O, + 2H" (Eq. 7.1)
Fe’ +e¢ — Fe*™ (Ey =771 mV) (Eq. 7.2)
H3;As"O4 + 2H' + 2¢” — H3;As”0; + H,0  (Ep = 560 mV) (Eq. 7.3)

This coupling reaction is reported to occur in the presence of electron mediator such as
pyrite in metallurgical operations (Barrett et al., 1993; Wiertz et al., 2006). We have
also observed it during biooxidation of arsenopyrite concentrates containing pyrite
(Tanaka et al., 2015). In the absence of particles, this reaction is proposed to progress
within EPS (Extracellular Polymeric Substances) of microorganisms (Okibe et al.,
2013, 2014). It was reported that S. tokodaii and S. acidocaldarius form biofilm
(Koerdt et al., 2010). However, As(IIl) oxidation was not observed in S. tokodaii 7 and
S. acidocaldarius 98-3 cultures during enhancing As(IIl)-resistance test (in section
7.3.1) even though Fe(I) was microbially oxidized. This implied that the reaction did
not occur even in M. sedula TH2 cultures as the coupling reaction kinetics is very slow.
Hence, As(Ill) might be oxidized microbially by M. sedula TH2 induced by the

presence of Fe(Il) or Fe(Il) oxidation.
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Figure 7.9 Changes in cell density (a), pH (b), and Eh vs SHE (c) in M. sedula TH2
cultures (®0) and sterile control cultures (x) with (solid lines) or without (broken lines)
0.02% (w/v) yeast extract fed with 0.1% (w/v) elemental sulfur, in the absence of
Fe(II). Initial As(IIT) concentrations were 6.5 mM.
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Figure 7.10 Changes in As(Ill) concentrations in M. sedula TH2 cultures (®0) and
sterile control cultures (x) with (solid lines) or without (broken lines) 0.02% (w/v)

yeast extract fed with 0.1% (w/v) elemental sulfur, in the absence of Fe(Il). Initial

As(IIT) concentrations were 6.5 mM.

7.4 Conclusions

This chapter investigated the alternative archaea for bioscorodite
crystallization. From the screening of four thermo acidophilic Fe(Il)- and
sulfur-oxidizing archaea, partial As(IIl) oxidation was observed in M. sedula TH2
culture in the presence of Fe(Il) and elemental sulfur. Bioscorodite was successfully
crystallized in M. sedula culture containing 6.5 mM As(Ill), 9 mM Fe(Il) and 0.1%
(w/v) elemental sulfur at pH 1.5. Although the reaction speed was slower (23 days)
than in Ac. brierleyi cultures (10-11 days), pure bioscorodite was crystallized
([Felin/[As]im molar ratio of 1.0 as well as theoretical scorodite molar ratio). In absence
of Fe(I), microbial As(IIl) oxidation was not observed regardless of presence/absence
of elemental sulfur and yeast extract. This result implied that the presence of Fe(II)

induced microbial As(IIT) oxidation ability of M. sedula TH2.
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Chapter 8

Conclusions
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Arsenic contamination is a growing problem in metallurgical operations due
to the increasing metal demand that necessitates processing of even As-bearing
low-grade copper sulfide ores. As one of the approaches to immobilize soluble As
species from wastewaters, scorodite (Fe’’As"04-2H,0) synthesis has been researched
under hydrothermal and atmospheric conditions. There are also cases that dilute As(III)
solutions are produced in metallurgical operations, wherein chemical scorodite
synthesis turns ineffective. In order to realize effective scorodite formation even from
dilute As solutions, our studies enabled simultaneous microbial As(III) and Fe(II)
oxidation using the thermophilic archaeon Acidianus brieleyi (70°C), which for the
first time realized one-step bioscorodite crystallization from original wastewater
solutes of As(IIl) and Fe(II), without necessitating any As(Ill) oxidation pretreatments
or chemical oxidants. Whilst scorodite crystallization becomes further difficult at more
dilute As concentrations under milder temperature condition, exploiting factors to
enable such reaction is of great importance to broaden the applicability of scorodite
method for a wide range of As(IIl)-contaminated waters. Hence, this thesis investigated
the factors that enable effective bioscorodite crystallization from dilute As(III)-bearing
acidic solutions (3.3-20 mM); (1) [Fe(II)]in/[ As(IIT)]ini molar ratios, (i1) initial pH, (iii)
seed-feeding, (iv) SO4*~ ions. Moreover, in order to enhance the applicable range of
As(Ill)-bearing metal refinery wastewaters, utilization of other thermo-acidophilic
Fe(Il)- and sulfur-oxidizing archaea strains were tested for bioscorodite crystallization.

In chapter 3, the effectiveness of different pure and mixed cultures of three
moderately thermophilic bacterial strains were investigated for biooxidation of
As-bearing highly refractory polymetallic Au-ore concentrates. Despite of the complex
mineralogy and the presence of a mixture of potentially inhibitory metals and

metalloids, the concentrates were readily dissolved in defined mixed cultures including
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both Fe(Il)- and S-oxidizers, releasing as much as 80% of soluble Fe and 61% of
soluble As at 45°C. Partial As was immobilized as amorphous ferric arsenate, but not
as crystalline scorodite. Applying the biooxidation pretreatment improved the recovery
of both Au (from 1.1% to 86%) and Ag (from 3.2% to 87%), which was shown to be
one of the most effective options compared with other abiotic pretreatment approaches.

In chapter 4, a range of As(Ill) solutions (3.3-26 mM) with varying
[Fe(IT) Jini/[As(II]) ]in; molar ratios was tested to grasp the overall applicability of the
bioscorodite method. Bioscorodite was crystallized in the [Fe(Il)]in/[ As(IIT)]i; molar
ratio range of 0.8-2.0 from dilute As(III) solutions. Especially, 94-99% As was
successfully removed as crystalline bioscorodite by setting an slight excess of
[Fe(IT) Jini/[ As(II1) ]in; molar ratio at 1.4—2.0. Higher molar ratio enable to increase As
removal, but required longer reaction time. Molar ratio of over 2.5 resulted in the
formation of amorphous ferric arsenate or jarosite. Lowering the initial pH from 1.5 to
1.2 using bioscorodite seeds lead to a steady and continuous formation of bioscorodite
particles, but As removal remained relatively incomplete at pH 1.2 (91%), compared to
at pH 1.5 (98%). Amorphous precursors formation at pH 1.5 played an important role
to achieve maximum As removal from dilute As(Ill) solutions by inducing two-stage
As and Fe precipitation.

In chapter 5, the effect of seed-feeding on bioscorodite crystallization from
dilute 4.7 mM As(III) solution were investigated such as morphological and structural
characteristics of bioscorodite (low-density, fine particles) and chemical scorodite
(high-density, coarse particles) seed crystals. Feeding bioscorodite seeds enabled
effective As removal from dilute As(II) solution (98% final As removal at day 21). As
the differences of bioscorodite crystallization process, hollow bioscorodite seed

particles became increasingly filled with newly formed scorodite, whilst solid chemical
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seeds induced their surface to be thoroughly coated with new scorodite precipitates.
TCLP leachabilities of final bioscorodite products formed on bioscorodite and
chemical scorodite seeds were 0.59 + 0.08 mg/l and 1.86 = 0.05 mg/l, respectively,
which were lower than the regulatory limit of As by TCLP test. Utilization of highly
positive such as hematite (+ 60 mV) and bioscorodite (+ 50 mV) displayed immediate
bioscorodite crystallization due to the characteristic as absorbent of anionic As(V)
(H2AsOy4 ) and Ac. brierleyi cells (+ 5 mV).

In chapter 6, behavior of SO427 during bioscorodite formation was
investigated by liquid/solid characterization analyses, and the mechanism of
bioscorodite crystallization process (precursor formation and transformation into
crystalline scorodite) was elucidated. At the 1st-stage As-removal, brown-colored
amorphous precursors formed by precipitation of the mixture of basic ferric sulfate
(MFey(SO4),(OH).) and ferric arsenate (FeAsO4(2+n)H,0), which have high solubility.
Under steady-state condition, dehydration, dissolution and recrystallization of
precursors and incrementally finer particles are consumed (induction period). When the
surface energy per mass unit becomes lower energy state, amorphous ferric arsenate
and hydroxysulfate were readily dissolved. Released Fe(Ill) and dissolved As(V) in
medium were precipitated for the coarsening of ferric arsenate particles, followed by
scorodite crystallization (2nd-stage As-removal). Since the formation of ferric arsenate
and scorodite were occurred only in the presence of SO, ions at dilute As
concentrations, effective As removal was triggered by the formation of basic ferric
sulfate. Therefore, the uptake of SO4* was shown to be the key for precursor
formation and effective bioscorodite crystallization for dilute As(IIl) solutions. The
effects of high [Fe(Il)]in/[As(IIl)]iny molar ratio, low initial pH (chapter 4), and

seed-feeding (chapter 5) are also accountable for the formation of basic ferric sulfate.
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High [Fe(ID)]in/[As(IIT)]ini molar ratio (>2.0) resulted in formation of jarosite rather
than the formation of basic ferric sulfate due to high concentrations of Fe(IIl) and
SO4*". Since low pH enabled to dissolve basic ferric sulfate and ferric arsenate readily,
the reaction time for bioscorodite crystallization became shorter than pH 1.5, but
resulted in the decrement of final As removal owing to the lack of basic ferric sulfate
which triggered the amorphous ferric arsenate precipitation (described in chapter 4).
Highly positive charged seed crystals acts as adsorbent of anionic As(V) and SO,>
ions, which were locally concentrated in the vicinity of the seed surface. Hence, ferric
arsenate and bioscorodite tended to precipitate rather than the formation of basic ferric
sulfate (described in chapter 5).

In chapter 7, the alternative archaea for bioscorodite crystallization were
investigated for enhancing the applicable range of As(Ill)-bearing metal refinery
wastewaters; S. metallicus Kra23, S. tokodaii 7, S. acidocaldarius 98-3 and M. sedula
TH2. Partial As(IIl) oxidation was observed only in M. sedula TH2 culture in the
presence of Fe(Il) and elemental sulfur. Bioscorodite was successfully crystallized in M.
sedula culture containing 6.5 mM As(Ill), 9 mM Fe(Il) and 0.1% (w/v) elemental
sulfur at pH 1.5 at 23 days. In absence of Fe(Il), microbial As(IIl) oxidation was not
observed regardless of presence/absence of elemental sulfur and yeast extract. This
result implied that the presence of Fe(Il) induced microbial As(IIl) oxidation ability of
M. sedula TH2.

From the findings obtained in the batch tests of bioscorodite crystallization,
proposed practical application using the continuous processes was described in Figure
8.1. It is supposedly composed of an aeration tank followed by a settling tank.
Microbiologically active bioscorodite sludge separated in a settling tank are recycled in

an aeration tank, and they could maintain both high cell density and seed pulp density
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to support steady As(Ill) and Fe(II) oxidation and the resultant scorodite crystallization

(Figure 8.1).

Acidic refinery Cell growth
wastewaters tank
= [As(lll)], ;= 3.3-20 mM = .
[Fe(IN], /[As(lIN]. . < 2.0 sl Air 9
U= &)

Fe(ll), H,SO,

Seed pulp density
2 0.15% (w/v)

Settling tank

» Neutralization

@ Air

y
%000 '||
le——
<

. — Reuse for leaching
Aeration tank or refinery process

(pH 1.2-1.5, 70°C)

Bioscorodite sludge

Figure 8.1 Proposed flowsheet of continuous process for As(IlI)-removal as

bioscorodite from acidic metal refinery wastewaters.

Overall, this study demonstrated the bioscorodite crystallization at low As(III)
concentrations by arranging the conditions such as initial [Fe(II)]ini/[ As(III)]in; molar
ratio, initial pH and addition of seed crystals. Moreover, the mechanism of bioscorodite
crystallization was revealed and the formation of basic ferric sulfate and its dissolution
was the key for maximize the As immobilization efficiency and reaction speed for
dilute As(IIl)-bearing solutions. This study will enable to further develop the biological
As immobilization techniques for not only hydrometallurgical operations but also
environmental remediation such as much lower As(III) concentrations and milder

temperature.
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