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Chapter 1. General introduction

1.1. Industrial wastewater and ground water pollution
1.1.1 Environmental water and effluent standards

Currently, human beings produce various structural and functional materials by
mining a lot of natural mineral resources. These manufacturing processes discharge a
large amount of industrial wastes, which contains harmful elements against human
body. Especially, the emission of industrial wastewater containing harmful elements
is one of the serious problems, because there is a possibility that they diffuse into the
environment and their bioaccumulation will occur through series of food chain. In
addition, these harmful elements are generally concentrated in certain area in the world
and poisoning due to an overdose of these harmful elements into rainwater and well
water is a serious problem. Therefore, fundamental law in order to inhibit water
pollution is enacted as the environmental water and effluent quality standard. There
are twenty-six environmental water standards, which are set relevant to human health
in Japan [1]. These standards were set for the elements or chemical compounds, the
toxicity of which had been confirmed against humankind or the environment. WHO
also enacted the guideline for some elements and compounds and in drinking water [2].
On the other hand, the effluent standards of harmful compounds and elements
discharged from industrial activities are set independently in each country. Generally,
the values of effluent standards are enacted at ten times higher value than that of the
environmental standard. Table 1-1 shows the Japanese national environmental and
effluent standards of inorganic chemicals. These elements have high toxicity against
human beings. For example, excess intake of boron causes abnormalities of
generative organ, and arsenic causes abnormalities of sensation and cancers.

Therefore, the detoxification treatment of wastewater or ground/underground water is a



fundamental approach for environmental conservation. Among these harmful
elements, boron, fluorine, arsenic and antimony are especially remarked because of
their difficulty to remove toxicity from aqueous media. The effluent standard of
antimony has not been set, but the reference value of effluent is set at 0.02 mg/dm3 and
that of drinking water is set at 0.002 mg/dm’ because of its toxicity. Thus,

detoxification of antimony is also investigated in the present work.

Table 1-1. National environmental and effluent standards in Japan

Environmental water Effluent standard
standard (mg/dm3) (mg/dm3)

Cd 0.01 0.1
CN 0.1 1
P 0.1 1

Pb 0.01 0.1

Cr(VD 0.05 0.5

As 0.01 0.1

Se 0.01 0.1

B 1 10
F 0.8 8

1.1.2. Industrial wastewater pollution by boron, arsenic and antimony

Boric acid is used by the various industrial manufacturers such as in
semiconductors, ceramics and glasses. Aqueous solution of boric acid shows
excellent buffer capacity so that it is widely used in plating industries as buffer solution.
Thus, the wastewater containing very high concentrations of boron with several

hundreds to thousands mg/dm3 is generated in these industrial processes. In addition,



the contamination of boron in wastewater occurs also by combustion of coal.
Therefore, contaminated wastewater by boric acid is generated from thermal power
plants. Co-existence of boric and fluoride ions forms tetrafluoroboric ion by the
reaction between boric and fluoride ions. This ion in aqueous media cannot be
removed by the conventional method because of its high stability [3].

The wastewater containing arsenic is exhausted from advanced material
manufacturing factories such as GaAs and thermal power plants. The arsenic
concentration in the wastewater discharged from these industries is not so high, but it
has very high toxicity for human being. Thus, detoxification treatment is necessary
even when the concentration of arsenic is very low [4-6].

Recently, other element, for example, antimony has received a growing concern
over the adverse effect on human health due to its high toxicity and increasing
industrial use. Antimony has been used in large quantities as fire retardants, ceramics

and other industrial use [7-9].

1.1.3.  Ground water pollution

Ground water pollution by boron and arsenic were reported in several countries.
The largest boron resource in the world exists in Turkey, where the contamination of
water by boric mines is a common environmental problem [10, 11]. The, existing
conformation of borate mineral in Turkey is borax, which is soluble into water (see
1.2.1). Arsenic pollution problems in groundwater emerge mainly in Asian countries
in such as Bangladesh, India, and China [12-18], where the concentration of arsenic
more than hundred to thousand times higher than that of the standard of environmental
water is detected. Besides, the contamination by arsenic species in ground water
emerges in Japan from hot spring and mine effluent in such as Toyohira River [19].

Therefore, the system construction for removing these elements from ground water is



strongly desired.

1.2. Mineralogy and chemistry
1.2.1. Mineralogy and chemistry of boron

Boron is found in a variety of similar minerals, which are related to borax, sodium
tetra borate (Na,B4O7-10H,O) [11]. It is a relatively rare element in the earth’s crust,
representing only 1 x 107 % as Clark number. Borax is buried in large amounts in
Turkey, United States and South Africa. The production of boron trioxide is the
initial processes in the synthesis of all boron compounds. The most common mineral
for industrial use for producing boron trioxide is borax, because it is easily soluble in
water. However, there are other borate minerals utilized actually. One of the
minerals exploited for industrial boron trioxide production is ulexite,
CaB4O7:NaBO,-8H,;0. The others are colemanite (Ca;B,0Os) and parasibirskite
(Ca;B,05-H,0), which are calcium borate minerals formed by alteration of ulexite.
The boron trioxide production from these minerals is carried out by the treatment with

H,SOy4 to produce boric acid and evaporating, which is the same process as from borax.

The electron configuration of boron is 1s* 252 2p'. Tt has only three electrons to
work with, so the ion is unpolarizable, and does not hydrate. For this reason, boron is
not eager to donate electrons in an electrovalent bond, and can also not accept them
easily. Therefore, most of its bonds are covalent, and even forms half-bonds in which
only one electron is shared covalently. This gives boron an apparent valence of +3.
The first ionization potential is 8.30 V, which is not unusually high and it classified as
metalloid. The commonly used boron compounds are ortho boric acid, or simply
boric acid, H3BOs, and boron trioxide, B,Os;. The formula for boric acid can be

written B(OH)3, as boron hydroxide.



In aqueous solution, boric acid is a very weak acid. Its first ionization constant is
6.4 x 10" (pKa = 9.14). Figure 1-1 shows the variation of conformation of boric
acid by changing pH of solution [20]. Boric acid in the neutral solution does not have
any charge. At lower pH, it can be shown as H3;BOj; and at higher pH, H,BOs".
Thus, aqueous solution containing high concentration of boric acid shows fabulous
buffer capacity. In addition, boron shows various types of ions depending on its
concentration or composition. Figure 1-2 shows the circularity composition of borax
(Figure 1-2-(a)) and the other typical compositions of borates. Tetrafluoroboric ion is
formed with co-existence of boric and fluoride ions. Fluoride ion is frequently
contained together with boric acid in the wastewater discharged from plating industries
and thermal power plant together with boric acid. In this case, certain boric acid form
tetrafluoroboric ion by the reaction with fluoride ion. Tetrafluoroboric ion exists not
only in the wastewater discharged from plating industry, but also it is used for counter
anion to cationic component in the ionic liquid, e.g., (BMI)BEF,; (BML:
butyl-methyl-imidazolium). However, the removal or recovery method of
tetrafluoroboric ion is not reported elsewhere because of its very high stability in

aqueous media.
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Figure 1-1. Distribution of H3;BO3;/H,BO3; as a function of pH. Solid line:

distribution of H3BOs3 and broken line: H,BO3;. Temperature: 25 °C.
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1.2.2.  Mineralogy and chemistry of arsenic

Abundance of arsenic in the earth’s crust is estimated as 5 x 10™ %, not much more
than that of rare earth metal, and only four times more than that of platinum. Thus,
minerals are not mined specifically for arsenic. Arsenic is very frequently
accompanied with ore of gold, silver, lead and copper. It is produced as a by-product
of refining process of these minerals. It is known that there are some minerals
containing arsenic such as sulfide (As,S; or As,S3) and arsenopyrite (FeAsS) [13, 14,
21-23]. However, these minerals are not used as industrial resources for production
because of their very low concentration in earth’s crust. However, chronic arseniasis
in some Asian countries as described in 1.1.3 is caused by contamination of arsenic due

to the dissolution of these minerals into ground and underground water.



Arsenic has the atomic number 33, so it has 33 electrons in the configuration 1s?
2s* 2p6 3s? 3p2 3d' 4¢7 4p3 . The same outer shell s2p3 is shared by N, P, Sb and Bi.
Thus, the general properties of arsenic are similar to phosphorus and antimony. The
outer shell suggests the valences of 3 and 5 for arsenic, and indeed these are observed.
The first ionization potential of As is 10.5 V, which is quite high for a metal, but rather
low for a nonmetal. Therefore, arsenic is also classified as metalloid. Arsenic has
the valence +3 in the trioxide As203, while in the pentaoxide As,;Os the valence is +5.
When these oxides are dissolved in water, they attract H" and OH ions, and may
rearrange their structures. In the case of As;Os, we find that

As;0s5 + 3H,O0 — 2H3As0q4
The molecule formed by this reaction is ortho arsenic acid, which dissociates to release
H" ions to form an acidic solution. This ion has similar properties to the ortho
phosphoric acid, H3POs. Here, arsenic behaves as a nonmetal and can form some
salts with metals called arsenates. Similarly, As;O3 hydrolyzes to H3AsOs;, arsenite
acid, whose salts are called as the arsenites. These arsenic oxo ions such as H3AsO;
and H3AsQy, the oxidation number, the number of hydrogen and charge of each ion are
varied by changing pH and the redox potential of solution. Figure 1-3 shows the
redox potential versus pH diagram for inorganic arsenic species. Arsenate ion has
negative charge at pH range of 2.5 to 14. On the other hand, arsenite ion has not
charge at pH values lower than 10. In the groundwater, which is under relatively
oxidative conditions, arsenic exists as arsenate ion and it has negative charge.
However, under groundwater, which is under relatively reductive conditions, it exists
as arsenite ion and it has no charge. Difference in such properties is the cause of

difficulty of arsenite ion to remove from aqueous media.
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Figure 1-3. The redox potential versus pH diagram for inorganic arsenic species.

Temperature: 25 °C.

1.2.3.  Mineralogy and chemistry of antimony

The industrial production process of antimonic resources is the same as that of
arsenic, i.e., it is by-product of gold, silver and platinum [13, 14, 23]. Thus, the
specific mineral for antimony is not mined. Properties of antimony are similar to
arsenic because it possesses sharing the same outer shell szp3 as arsenic. In trioxide
Sb,03, Sb has the valence +3, while in the pentaoxide Sb,Os the valence state or +5.
In aqueous solution, they form H3SbOs; or H3SbO, at each valence of +3 and +5
respectively. The first ionization potential of Sb is 8.64 V, and it is classified as
metalloid. Figure 1-4 shows the redox potential versus pH diagram for antimonic
species[24]. The pentavalent antimonic ion has negative charge in all range of pH.

On the other hand, trivalence antimonic ion has no charge at lower pH values than 11.
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1.3. Conventional detoxification methods of polluted water

The difficulty of removal of these toxic elements from aqueous media is
responsible for formation of very stable oxoanions. These ions have various
conformations depending on their concentration and pH values. Furthermore, As, Se
and Sb take multiple oxidation numbers by changing pH and redox potential of the
solution. Therefore, the traditional precipitation methods of transition metals from
aqueous media by changing pH values or by addition of anions (e.g., CO3>) cannot be
applied to such oxoanions as H3zSbO4, H3AsO4 and H3;BOs, because they exist as
anions with high stability in aqueous media. Hence, alternative methods for
removing these ions from aqueous media were investigated in the present work.
Co-precipitation, ion exchange, and membrane methods are well known as
detoxification methods for aqueous media containing these harmful oxoanions. The
features of these methods are described in the following section. However, they have

problems such as low removal yield and narrow applicable concentration range of ions.



Additionally, these methods are not developed for resource recovery, but for only
detoxification of polluted water. Thus, the establishment of the system for removing
and recovering mineral resources such as boron, arsenic and antimony from
wastewater will be one of the world-important issues, because the natural mineral
resources are finite, and poor especially in Japan. Therefore, the development of new

treatment method of wastewater is strongly desired.

1.3.1. Co-precipitation and adsorption method

This treatment is one of the adsorption methods by precipitating various kinds of
fine particles of metal oxide or hydroxide in aqueous solution [25, 26]. The important
aspects of the adsorbing reagent, such as aluminum hydroxide, iron hydroxide, etc., are
their strong interaction with treated matter and high specific surface area. Generally,
this treatment method can be applied to removal of almost all harmful oxoanions by
choosing the best adsorbent. Advantages of the treatment consist in low cost and
effectiveness for the heavily polluted water. However, the removal rate of oxoanions
is so low compared with the added amount of adsorbent, especially in case of treating
electrically uncharged species like H3AsOs.  On the other hand, generation of a large
amount of polluted adsorbent, which contains very low concentration of hazardous
elements, caused the secondary environmental pollution problem. Thus, the disposal
treatment for the polluted adsorbent is required followed by the detoxification

treatment for polluted water.

1.3.2.  Ion exchange and solvent extraction method
Ion exchange method is effective for specific ions and the polluted water with low
concentration of pollutants [27, 28]. Shortage of this method is relatively narrow

concentration range for the applicable pollutants. It cannot be applied to heavily

10



polluted water, because high running const was required for the exchange resin due to
very short period of re-generation process. Moreover, the dissolution of solvents and

resins into the treated-water arouses another serious environmental pollution problem.

1.3.3.  Membrane filtration method

Recently, membrane method for detoxifying polluted water is actively investigated
[29, 30]. Especially, removing boric acid from seawater by reverse osmosis and
ultrafilteration is remarked for desalination. Advantage of this treatment is that the
concentrated hazardous waste can be reused as commercially available resources.
But, very high pressure (several MPa) is necessary to concentrate pollutants as
molecular level, so that this method is actually used only in specific fields. Therefore,
modification methods by using surfactants are investigated in order to reduce required
pressure for treating arsenic species. However, this method is inefficient in treating
trivalent arsenic, because, the modification by using surfactants can be applied only for

electrically charged ions.

1.4. Hydrothermal mineralization

It is expected that the recovery of hazardous ions as reusable precipitate from
aqueous media is effective for resource circulation and prevention of environmental
pollution. However, as mentioned in 1.3, there is no report for precipitation method
of boron, arsenic and antimony species. This is attributed to high stability of each
oxoanion in aqueous media. Meanwhile, there are a lot of insoluble or hardly soluble
compounds or minerals containing high concentration of born, arsenic and antimony in
nature e.g., CaB,0s, Cas(AsO4)3(OH), etc. Humans have obtained industrial
resources from these minerals by a variety of resource production methods as

described in 1.2. This fact implies us that there is some mechanism to form these

11



insoluble minerals in earth’s crust. It is well known that the natural mechanism to

form minerals from aqueous solution depends on the precipitation of minerals in water

at high temperatures and pressure waters (in hydrothermal water). A majority of
natural minerals exhibit negative water solubility curve with an increase of temperature

[31]. On account of these conditions, hydrothermal mineralization treatment for

detoxifying polluted water and recovering resources was investigated in present work

by imitating natural mineral forming mechanism. The prospective advantages of this
treatment are:

(1) By a theoretical sense, the concentrations of each ion are independent of the initial
concentration. The concentration of hazardous ions in treated-water would be
dependent on only the solubility of formed minerals.

(2) Formed precipitates by hydrothermal mineralization treatment would be easily
reused by the common resource production process, because, recovered precipitate
is natural mineral commonly used as industrial resources. Thus, secondary
environmental pollution can be solved by reusing recovered precipitate.

Therefore, it is expected that the establishment of hydrothermal mineralization

treatment of polluted water would help to solve the problems of conventional

detoxification methods, such as narrow concentration range for application, the

secondary environmental pollution, etc.

1.5. Purpose of this study

As mentioned above, boric, arsenic, and antimonic oxoanions cannot be effectively
removed from polluted water by the conventional methods. Accordingly, the
recovery methods of respective resources from water polluted by these oxoanions
should be developed in order to achieve resource circulation and solve the problems of

conventional methods. The purpose of this study is to establish the hydrothermal

12



mineralization treatment to recover oxoanion in aqueous media as precipitate of
minerals and detoxify the polluted water. Target materials are boric, arsenic,
antimonic ions and the conjugated ions such as tetrafluoroboric ion formed in
co-existence of boric and fluoride ions, contained in aqueous media. The
detoxification of aqueous media containing ionic liquid, which contains some
organic-inorganic harmful ions, is also investigated in order to confirm the availability
of hydrothermal mineralization treatment for some organic-inorganic harmful element
containing solvents. In Chapter 2 and 3, the precipitation recovery of boric ion and
tetrafluoroboric ion by using hydrothermal mineralization with Ca(OH), mineralizer
was described. Then, in-situ solid/liquid separation effect for treating boric and
tetrafluoroboric ions is investigated in order to enhance the treatment efficiency, which
is shown in Chapter 4. The hydrothermal mineralization treatments for
arsenate/arsenite ions and antimonic ion are described in Chapter 5 and 6 to extend the
applicable pollutant by hydrothermal mineralization. The detoxification treatments of
water containing ionic liquids by using combination of photocatalytic oxidation and
hydrothermal mineralization are described in Chapter 7. Finally, Chapter 8 described
thermodynamic explanation of hydrothermal mineralization and conclusions the results

of each chapter.
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Chapter 2 Removal and recovery of boron from aqueous media

containing boric ion by hydrothermal mineralization

2.1. Introduction

Boron distributes widely in the environment mainly as boric acid, and it is one of
important micronutrients for plants, animals and humans. However, the excess intake
of boron has a much greater impact on plants, animals and human bodies. For
example, the tolerable limit of boron for citrus and some agricultural crops is 2 or 3
mg/dm’.  Thus, its recommended content for drinking water is 0.3 mg/dm’ in
European Union [1-3]. Recently, the quality standard of discharged water with boron
from manufacturing plants has been set at 10 mg/dm’ in Japan. On the other hand,
boric acid is an important industrial resource and is widely used in many kinds of the
manufacturing processes, such as in semiconductor and ceramic industries. Thus, the
wastewater with several hundred to thousand mg/dm’ of boron generates in these
industrial processes day after day, and an effective removal technique is strongly
desired [4].

Some removal methods have been already proposed in the following ways, even
though most of them are too difficult to utilize as practical techniques because of some
disadvantages. Co-precipitation and adsorption method using metal hydroxide is an
inefficient and uneconomical process due to the fatal reasons, i.e. (1) the removal rate is
low (2) a large amount of metal hydroxide is required and (3) large amount of
unrecyclable wastes are discharged [5-11]. Secondly, evaporation—crystallization
process is effective only in the streams with very high boron concentrations more than
several thousand mg/dm’.  Thirdly, in the solvent extraction processes, some
expensive extractants should be used. Removal of boron from water by this process is

easy, but most of extractants are toxic [12, 13]. The fourth ion exchange method is
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rather effective in removing boron compounds from wastewater containing several
hundred to thousand mg/dm3 of boron [2, 14-17]. However, the selective ion
exchange resins are so expensive and the regeneration process is required so frequently
that only small amount of wastewater can be treated [17]. Fifth, removal processes
using membrane filter such as the reverse osmosis and polymer enhanced ultrafiltration
have been developed [3, 8, 14, 16, 18-24]. However, these techniques are used for
desalination process of sea water because, these techniques require high cost for the
manufacturing and maintenance. And the other methods such as electro-coagulation
method are also investigated [25, 26].

These removal methods, which are solvent extraction, ion exchange and membrane
filtration, can be applied only to the wastewater with low boron concentration between
several dozen and hundred mg/dm3. Therefore, the above mentioned removal
techniques cannot recover boron element as recyclable compounds, i.e., an appropriate
waste treatment will not be available without landfill disposal. Therefore, it is desired
to establish the environmentally friendly removal/recovery method of boron from
wastewater at lower cost and higher efficiency, especially for boron containing several
hundred to thousand mg/dm3 .

In the present study, the recovery method of boron from wastewater containing
boric acid was developed to produce reusable borate ore by the hydrothermal treatment,

which was analogous to the formation process of borate ore in nature.

2.2. Experimental procedure

Model synthetic wastewaters with 500 or 3000 mg/dm3 of boron were prepared by
dissolving B,03; (Wako Pure Chemical Industries, Ltd.) in distilled and deionized water.
These model wastewaters (30 ml) were sealed in a pressure vessel lined with

fluorocarbon resin together with reagents. Mineralizer such as Ca(OH), or Mg(OH),
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was added into the vessel and in some cases, H3PO, was added in order to prevent
re-dissolution of borate ore in the cooling process. Hydrothermal treatments were
carried out by leaving the vessel in a dry oven for 2 - 24h at 100 - 200°C. After the
hydrothermal treatment, the vessels were cooled down in atmospheric air for 1 hour or
in ice water for 5 minutes. Precipitates obtained by the hydrothermal treatment were
filtered and collected.

The precipitates were identified by X-ray diffraction (XRD: RIGAKU Rint-2500)
using CuKoa radiation. The microstructural observation and qualitative elements
analysis of the precipitates were performed by scanning electron microscopy (SEM:
JEOL JSM-T20) equipped with energy dispersive X-ray spectrometry (EDS:
JED-2140). Quantitative elements analysis of the solvent obtained after hydrothermal
treatment was carried out by the inductively couple plasma-atomic emission

spectrometry (ICP-AES: Perkin-Elmer Optima3300DV).

2.3. Results and discussions
2.3.1. Hydrothermal mineralization of boron in boron containing wastewater

Almost all borate ores were mined as alkali- and/or alkaline earth borates, such as
ascharite (Mg;B,0s-H,0), colemanite (Ca;BsO;;-5H,0) and ulexite (NaCaBsOy-8H,0).
The hydrothermal treatments of model wastewater with boron (500 mg/dm®) and
calcium or magnesium hydroxide were carried out at 150°C for 14 hours. As a result,
it was found that the boron concentration of model wastewater decreased only in the
case when using calcium hydroxide as additives. Figure 2-1 shows the SEM
photographs of the precipitates obtained by the hydrothermal treatment of model
wastewater added with 1.5 g of Ca(OH), at 150°C for 14 hours. The mixture of both
needle-like crystals with diameter of 1 - 2um and plate-like crystals with 10 - 100 pm of

grain size was found in the micrographs.
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Figure 2-1. SEM photographs of precipitates obtained by the hydrothermal treatment

at 150°C for 14 hours (Ca(OH),: 2.0g, B: 500 mg/dm3 ).

Figure 2-2. SEM photographs of precipitates obtained by the hydrothermal treatment
at 150°C for 14 hours (Ca(OH),: 2.0g, B: 3000 mg/dm3).

The needle-like crystals were observed only on the surface of the plate-like crystals.
This fact suggests that the plate-like crystal would be required for precipitation of the
needle-like crystals. In case of the hydrothermal treatment of model wastewater with
3000 mg/dm3 of boron, the amount of needle-like crystals in the precipitate increased
significantly with increasing boron concentration and they aggregated to form bundles
of finer needle crystals (cf. Figure 2-2). EDS elemental qualitative analysis of these

precipitates showed that the needle-like crystals contained Ca, O and B and plate-like
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crystals contained Ca and O. Figure 2-3 shows the XRD pattern of the precipitate
obtained from model wastewater with 3000 mg/dm3 of boron where the diffraction
peaks for both Ca;B,0s5-H,O and Ca(OH), were identified. Thus, these results
indicate that the needle crystals observed in Figure 2-1 and 2-2 are Ca;B,0s-H,O
formed by the hydrothermal treatment, and the plate-like crystals are mineralizer
Ca(OH),. This suggests also that Ca;B;0s-H,O crystals would be formed by the
heterogeneous nucleation on the undissolved Ca(OH), crystalline surface. Therefore,
the hydrothermal mineralization treatment in the presence of calcium hydroxide could
be available method for removal and collection of borate ore from the wastewater

containing boric acid.

O
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Figure 2-3.  XRD pattern of the precipitate obtained by the hydrothermal treatment at

150°C for 14 hours (Ca(OH),: 2.0g, B: 3000 mg/dm3). [(J: Ca(OH), and @:

C32B205' HZO.

2.3.2.  Optimization of hydrothermal conditions
The boron concentration in the wastewater treated at 150 °C for 14 hours is plotted

against the added amount of Ca(OH); in Figure 2-4. The residual concentration of

20



boron decreased with an increase in the amount of added Ca(OH),, and was constant at
ca. 80 mg/dm3 for the added amount more than 3.0g. This verifies that 3.0 g of added
Ca(OH); is enough to precipitate the dissolved boron as the calcium borate. Figure
2-5 shows the treatment time dependence of the dissolved boron concentration after the
hydrothermal treatment in the solvent added with 3.0g of Ca(OH), at 150°C.
Residual boron concentration decreased rapidly with an increase in the treatment time
and the recovery yield became constant after 6 hours. More than 80 % of dissolved
boron was collected as Ca;B,05-H,O by the hydrothermal treatment at 150 °C for 6
hours under the optimal conditions in the presence of calcium hydroxide. However,
the boron concentration in the model wastewater was still above 10 mg/dm3, which is
the quality standard value of discharged water in Japan. However, the boron
concentration decreased from 80 to 60 mg/dm3 by rapid cooling of the treated
wastewater in the ice bath after hydrothermal treatment. This result indicates the
solubility of the Ca;B,0s-H,O under hydrothermal condition is lower than ordinary
temperature and pressure. In this study, batch type pressure vessels were cooled
down at room temperature for 1 h after the treatment. During this cooling process,
re-dissolution of Ca;B,05-H,O would be occurred and B concentration increased. On
the other hand, rapid cooling prevented re-dissolution of Ca;B,0s-H,O by shorter
cooling process (typically 10 min). Decrease of B concentration achieved separation
of reaction solution from precipitate before re-dissolving large amount of
Ca,B,0s5-H,0 into treated-water. From this consideration, all of B concentration after
the treatment shown in this study would be higher than that of under hydrothermal
condition. Therefore, system construction to prevent re-dissolution would improve
efficiency of removal and recovering B by hydrothermal mineralization treatment. In

this chapter, re-dissolution preventation method by adding additives to form insoluble
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compounds on the surface of precipitate and inhibit contact formed mineral with HO

during cooling process was introduced.
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Figure 2-5. Dependence of concentration of boron in the treated water after

hydrothermal treatment at 150°C on treatment time (Ca(OH); 3.0g, B: 500 mg/dm3 ).

2.3.3. Effect of additives on hydrothermal mineralization of dissolved boron
In natural environment, it is well known that calcium borate ore coexists with

various calcium salts, which play as reagent for preventing dissolution of calcium
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borate ore in aqueous media. The effect of various additives on the hydrothermal
mineralization of boron was investigated in the presence of Ca(OH), mineralizer for
further reduction of boron concentration less than 10 mg/dm3. As a result of the
hydrothermal treatment with calcium hydroxide in the presence of various additives,
such as H;SO4, (COOH),, H3PO,4, and Mg(OH),, all additives prevented the
re-dissolution of calcium borate and reduced the residual boron concentration
contained in model wastewater. Detailed investigation to increase the yield was
performed using Ca(OH), as mineralizer and H3PO, as additive, since H3PO, was the
most effective reagent among the above additives. XRD patterns of the precipitates
obtained before and after the hydrothermal treatment at 130 °C for 14 hours with 3.0g
of Ca(OH); and 1.5g of H3sPO,4 are shown in Figure 2-6. The diffraction peaks of
Ca(OH); and CaHPO4-2H,0 crystals were observed before the hydrothermal treatment
(cf. Figure 2-6-b), while the diffraction peaks of CaHPO,4-2H,0 crystals disappeared
after the hydrothermal treatment, and the new peaks originated from Ca;o(PO4)¢-5H,O
(hydroxyl apatite) appeared after the hydrothermal treatment (cf. Figure 2-6-a). This
XRD pattern predicted that CaHPO4-2H,O formed by addition of H3PO, into the
synthetic wastewater containing Ca(OH), before hydrothermal treatment, and then,
CaHPO4-2H,0O converted to hydroxy apatite during the hydrothermal treatment.
Thus, the improvement of removal rate of boron from model wastewater could be
achieved by the formation of hydroxy apatite. SEM photograph of the precipitate is
shown in Figure 2-7. The needle-like crystals wrapped with a number of
microcrystals can be observed. Such microcrystals were not observed on the surface
of needle-like crystals obtained by the hydrothermal treatment using only Ca(OH), (cf.
Figure 2-1). The microcrystals on the needle-like crystal might be synthesized by the
addition of H3PO,4. Result of EDS analysis of the microcrystals demonstrated that

they consisted of Ca and P, while the needle-like crystals contained Ca and B in case of
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the hydrothermal treatment with only Ca(OH),. Therefore, it is concluded that a thick
film of Ca;o(PO4)s:-SH,O precipitated on the surface of needle-like calcium borate
crystal. As a result, the removal rate of the boron from model wastewater increased,
because the re-dissolution of calcium borate crystals was prevented by the overlayer of

Ca;o(PO4)6- 5H,0O microcrystals.
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Figure 2-6. XRD patterns of precipitates (a) after hydrothermal treatment at 130°C

for 14 hours and (b) before the treatment (Ca(OH),: 3.0g, H3PO4: 1.5g, B: 500
mg/dm3). O: CaHPO4 2H,0, [: Ca(OH),, and M: Ca;o(PO4)s(OH), (Hydroxy

apatite).

Figure 2-7. SEM photograph of precipitate obtained by the hydrothermal treatment at

130°C for 14 hours (Ca(OH),: 3.0g, H;PO4:1.5g, B: 500 mg/dm3).
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2.3.4. Optimization of hydrothermal conditions in the presence of both calcium
hydroxide and phosphoric acid

Figure 2-8 shows the residual boron concentration in the model wastewater
plotted against the added amounts of H;PO4 and Ca(OH),. A concave curve was
drawn as a function of H3PO, added amount at any Ca(OH), addition. It is also
noticed that the optimal amount of the H;PO, addition is dependent on the amount of
Ca(OH), addition. The decrease of boron concentration in the low range of the
phosphoric acid concentration on the left side in Figure 2-8 was caused by inhibition of
re-dissolution of calcium borate due to the formation of the hydroxy apatite
microcrystals. On the other hands, the increase in boron concentration on the right
side of the figure can be explained by equilibrium relationship shown in Scheme 2-1.
This means that the probability of collision between boron and Ca(OH), decreases by
the consumption of Ca(OH), before the treatment.  Moreover, the minimal
concentration of residual boron decreased with an increase in the added amounts of
Ca(OH),, and then, became a constant value of ca. 6 mg/dm3 at more than 3.0g of
Ca(OH),. Therefore, it is found that the optimal amounts of added Ca(OH), and
Hs;PO4 are 3.0g and 1.5g, respectively. At this optimal condition, the residual
concentration of boron in the model wastewater could be less than the quality standard
value of discharged water in Japan (10 mg/dm?).

Ca(OH), ¢> Ca™ +20H

Ca’* + HPO,” + 2H,0 — CaHPO,-2H,0

Scheme 2-1. Chemical reactions in the sample solution before hydrothermal treatment.

The treatment time dependence of the residual boron concentration in the treated
water obtained by the hydrothermal treatment under the optimal Ca(OH), and H;PO4

conditions at 130 °C is shown in Figure 2-9. The residual boron concentration
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decreased exponentially with an increase in the treatment time and became a constant

value of ca. 6 mg/dm3 after 12 hours. Then, the optimal treatment time was

Figure 2-8. Dependence of the concentration of boron in the treated water after the
hydrothermal treatment at 130°C for 14 hours on the added H3;PO, and Ca(OH), (B:

500mg/dm”).

determined to be 12 hours.

The treatment temperature dependence of the residual boron concentration in the
model wastewater hydrothermally treated under the optimal Ca(OH), and H;PO4
conditions for 14 hours is shown in Figure 2-10. The optimum treatment temperature
was found at 130°C, when the boron concentration in the model wastewater attained
the smallest value. The XRD patterns of the precipitates obtained by the
hydrothermal treatment at various treatment temperatures were examined to clarify the
reason for this treatment temperature dependence of the residual boron concentration,
as shown in Figure 2-11. The precipitate obtained at lower temperature (90 - 110°C)

gave the diffraction peaks of Ca(OH),, CaHPO,, and Ca;o(PO4)¢-5SH,0. In contrast,
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the peaks for CaHPO, could not be observed in the XRD patterns of precipitates
obtained at higher temperatures (130 — 150°C). From these results, crystallization of
Ca;9(PO4)e-5H,0, which plays a role of re-dissolution suppressor of calcium borate,
will require the hydrothermal treatment at more than 130°C in the present system.
Therefore, in the case of the model wastewater with 500 mg/dm3 of boron, the optimal
hydrothermal condition for reducing residual boron concentration less than 10 mg/dm?

is summarized as shown in Table 2-1.
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Figure 2-9. Dependence of the concentration of boron in the treated water after the
hydrothermal treatment at 130°C on the treatment time (Ca(OH),: 3.0g, H3POy: 1.5g,

B: 500 mg/dm”).

Table 2-1. Optimal hydrothermal conditions

Temperature/°C Time/h Ca(OH),/g H;PO./g

130 12 3.0 1.5
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2.3.5.

Figure 2-10. Dependence of the concentration of boron in the treated water after the

hydrothermal treatment for 14 hours on the treatment temperature (Ca(OH),: 3.0g,
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Figure 2-11.

150°C, (b): 130°C, (c): 110°C and (d): 90°C for 14 hours (Ca(OH),: 3.0g, H;POy: 1.5¢,
B: 500 mg/dm?).

(Hydroxy apatite).

To clarify the crystallization mechanism of calcium phosphate, the variation of

diffraction patterns during hydrothermal treatment was examined (cf. Figure 2-12).
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Mechanism of hydrothermal mineralization
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Diffraction peaks of CaHPO4 H,O observed before the treatment (Figure 2-12(c))
gradually disappeared with an increase in the treatment time. New diffraction peaks
of both CaHPO, and Ca;¢(PO.)s- SH,O appeared after the hydrothermal treatment for 6
hours (Figure 2-12(b)). The diffraction pattern of the only Ca;o(PO4)s:5SH,O was
observed, when treatment time became longer more than 12 hours (Figure 2-12(a)).
These results reveal that the CaHPO,4-H,O contained in the precipitate before the
treatment convert into Ca;o(PO4)e: SH,O via CaHPO,4 by the hydrothermal treatment
with longer time, which is analogous to the facts reported in other papers, even though
the boric acid coexists in this solution[27-30]. On the other hands, the required
treatment time to crystallize the Ca;B,0s-H,O from boron contained in the model
wastewater by hydrothermal treatment using only Ca(OH), was 6 hours (cf. Figure
2-5), which is shorter than that for the formation of Ca;o(PO4)¢-SH,O. Thus, the
mechanism of mineralization of calcium borate and the re-dissolution inhabitation of
calcium borate could be explained as illustrated in Figure 2-13.

(D Ca;B,05-H,O is formed by the dehydration reaction between
B(OH),4 anion in the model wastewater and Ca(OH), on the surface of the Ca(OH),
plate-like crystal.

2) CaHPO4-H,0O is converted to CaHPO4 due to the hydrothermal
dehydration together with step (1).

3) Part of CaHPO, produced in (2) is steadily converted to

Ca;o(PO4)6- 5H,0, which will be formed on the surface of Ca;B,0s-H,0 precipitates.
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Figure 2-12. XRD patterns of calcium phosphate obtained by hydrothermal treatment
at 130°C for (a): 12 hours, (b): 6 hours and (c): before treatment (Ca(OH),: 3.0g,
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PO,
O © '
O O Ca0(PO4)s-5SH,O
o O |
HO OHi-
N OO N O RGN
A ] > — BB — BB
Hd on oH_on 0 o P
(Ija éa Cflsl éa Cga éa

Figure 2-13. A schematic reaction mechanism on Ca(OH), surface during the

hydrothermal treatment.

24. Conclusions

We succeeded in the development of a novel technique for removing boron
species from wastewater by hydrothermal mineralization. The present technique
makes it possible not only to remove the dissolved boron species from wastewater, but

also to recover the calcium borate mineral by the addition of Ca(OH), and/or H3POy to
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wastewater, where Ca(OH), and H;PO, are mineralizer and redissolution suppressor of
the calcium borate mineral, respectively. More than 99% of boron dissolved in the
model wastewater (boron concentration: 500 mg/dm3) was recovered as the precipitate
of Ca;B,0s5-H,0 by the hydrothermal treatment at 130 °C for 14 hours with 3.0g of
Ca(OH); and 1.5g of H3PO,.

The recovered Ca;B,0s-H,O precipitate in the present treatment is not calcium
borate ore (colemanite) that has been found in nature. However, this precipitate can
be used in the borax production process along with the natural ore of boron, because
this compound has a similar crystal structure to colemanite. Therefore, this technique
will be effective on the cost and environmental aspects compared with the

conventional removal techniques of boron.
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Chapter 3 Removal and recovery of boron and fluorine from

aqueous media containing tetrafluoroboric ion

3.1. Introduction

Fluoride and boric ions can be found in wastewaters derived from plating,
semiconductor production, metal processing and glass-manufacturing industries.
Discharge of such wastewater into the surface water would lead to the contamination of
groundwater. Excess intake of these elements results in great impact on plants,
animals and human bodies [1, 2]. In chapter 2, it was found that the hydrothermal
mineralization using Ca(OH), as a mineralizer could collect boron from wastewater as
precipitate of boron containing mineral [3]. However, it is often the case that actual
wastewater contains other ions, especially, fluoride ion. An acceptable limit of
fluoride ion in potable water is 1.5 ml/L according to the WHO standard [4, 5].
Several defluorination methods for wastewater have been intensively investigated,
which are known as adsorption [5-9], chemical precipitation [10, 11], ion exchange,
membrane [2, 6, 12-16] and electrochemical method [11, 17-20]. Lime precipitation
method is commonly used to remove fluorine in the wastewater. However, this
technique cannot reduce the fluorine concentration in wastewater less than
approximately 20 mg/dm’, because the theoretical solubility of fluorite in water is 17
mg/dm3 at 25 °C [21-23]. Furthermore, tetrafluoroboric ion, which generates in
coexistence with boric ion and fluoride ion in aqueous solution, cannot be removed by
general chemical precipitation method because of its extremely high stability.
Consequently, there is no effective method to remove or recover both boron and
fluorine from wastewater containing fluoride or tetrafluoroboric ions. Therefore, a
new technique to recover boron and fluorine concurrently from wastewater containing

tetrafluoroboric acid is desired.
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The first objective of this study is to develop a new method to collect fluoride
ion contained in wastewater by a novel hydrothermal mineralization technique. The
second objective is to establish the precipitation method of boron and fluorine from

aqueous media containing tetrafluoroboric acid.

3.2. Experimental procedure
3.2.1. Hydrothermal mineralization treatment
Model wastewaters were prepared by diluting hydrofluoric acid (48 wtpercent,

Wako Pure Chemical Industries, Ltd.), fluoroboric acid (48 wtpercent, Wako Pure
Chemical Industries, Ltd.) into distilled and deionized water. Each of the model
wastewaters contain fluoride ion (368 mmol/L, F; 7000 mg/L) or fluoroboric ion (92
mmol/L, B; 1000 mg/L, F; 7000 mg/L). Thirty milliliters of these model wastewaters,
which contain 11.0 mmol of fluoride ions or 2.76 mmol of fluoroboric ions, were
sealed in a pressure vessel lined with a fluorocarbon resin along with 0.5 - 1.0 g of
Ca(OH); (6.41 — 12.8 mmol). Hydrothermal treatment was carried out by placing the
vessel in a dry oven controlled over a temperature range of 100 — 200 °C for 2 — 48 h.
After the hydrothermal treatment, the vessel was cooled in air for 1 h. The
precipitates obtained by hydrothermal treatment were collected by using membrane
filter (0.2 pm) and dried at 50 °C for 24 h.
3.2.2. Analytical methods

The precipitates were identified by using X-ray diffraction (XRD: RIGAKU
RINT-2500) using CuKa radiation. The microstructural observation and qualitative
elemental analysis of the precipitates were performed by using scanning electron
microscopy (SEM: JEOL, JSM-T20) equipped with energy dispersive X-ray
spectrometry (EDS: JED-2140). Quantitative elemental analysis of boron in the

solvent, obtained after hydrothermal treatment, was carried out by using the
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inductively coupled plasma-atomic emission spectrometry (ICP-AES: Perkin-Elmer,
Optima3300DV). Concentration of fluoride ion remaining in the treated-water was
measured by using ion chromatograph (Shimadzu, CTO-10AC. Mobile phase; Bis-Tris
0.067 wt % and p-Hydroxybenzoic acid 0.11 wt % aqueous solution, Column;

Shim-Pack IC-A3) with conductivity detector (Shimadzu, CDD-10A).

3.3. Results and discussions
3.3.1. Recovery of fluorine from wastewater containing fluoride ion

Figure 3-1 shows the ion chromatograms of the model wastewater before and after
the hydrothermal treatment. The concentration of fluoride ion in the wastewater
before the treatment was 18 mg/dm’. On the other hand, no chromatogram peak of
fluoride ion was observed in the wastewater after the treatment. This suggested that
the fluoride ion in the wastewater was completely consumed to form precipitates under
the hydrothermal conditions using Ca(OH), mineralizer. XRD patterns of the
precipitates before and after the treatment shown in Figure 3-2 exhibited that they
consisted of CaF,. It was considered that all fluoride ions in the model wastewater
were precipitated as solid CaF, with its low solubility under hydrothermal conditions.
Additionally, crystallinity and crystal radius of CaF, increased, because the peaks are
changed sharpen by the hydrothermal treatment. Figure 3-3 shows SEM photographs
of the precipitates obtained before and after the hydrothermal treatment. This result
shows that the crystallinity and crystal radius of CaF, increased dramatically by the
hydrothermal treatment. This result consists with the result of XRD measurement.
Thus, the recovery of fluorine from wastewater was achieved by decreasing dissolution
rate of CaF, at room temperature because of increase of crystallinity and crystal radius.
Therefore, the present hydrothermal mineralizing treatment can recover fluorine

completely from wastewater using the minimum amount of Ca(OH), required to form
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Figure 3-1. Ion chromatograms of the wastewater before and after the

hydrothermal treatment. a; before the treatment, b; after the treatment (F-; 7000

mg/dm3 , Ca(OH),; 0.5g, 200°C, 4 hours).

Intensity / a.u.

I N Y

A 1 L 1 L 1 (a)

20 30 40 50 60
CuKao 20 / deg

Figure 3-2. XRD patterns of the precipitates before and after the hydrothermal
treatment. a; before treatment, b; 4 hours (F: 7000 mg/dm3, Ca(OH),: 0.5 g).

All peaks were derived from fluorite.

37



Figure 3-3. SEM photographs of the precipitates obtained by (a) before and (b)
after the hydrothermal treatment (F-; 7000 mg/dm3, Ca(OH),; 0.5g, 200°C, 4

hours).

3.3.2. Recovery of boron and fluorine from wastewater containing tetrafluoroboric
acid

Figure 3-4 shows the XRD patterns of precipitates before and after hydrothermal
treatment of tetrafluoroboric acid containing solution. Only the diffraction peaks of
Ca(OH), were observed before the treatment (Figure 3-4-a). On the other hand, the
diffraction peaks of CaF, and Ca;B,0s-H,O were observed after the treatment (Figure
3-4-b, ¢, d) and the intensities of diffraction peaks of Ca;B,0s-H,0 increased up to 24
hours. Figure 3-5 shows the treatment time dependence of the residual B and F
concentrations in the wastewater treated at 200 °C. The significant enhancement of
recovery yield of fluorine was observed at 2 hours and it was completed by 4 hours.
On the other hand, the recovery yield of boron was only 30 % at 2 hours and it
gradually increased. It is expected that the removal of F and B would be achieved by
forming CaF, and Ca;B,0s5-H,O in the same manner as the case of wastewater
containing fluoride or boric ion only, according to the precipitation reaction between
Ca2+, and F / B(OH)4 generated in the thermal decomposition of BF, at the initial

stage of treatment. The decomposition of BF, would be completed by 4 hours, after

38



which the mineralization of boron and fluorine could be accomplished.
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Figure 3-4. XRD patterns of the precipitates before and after the hydrothermal
treatment. a; before treatment, b; 2 hours, c; 10hours, d; 24 hours (BF,: 8000

mg/dm3, Ca(OH),: 1.0g). O: Ca(OH),, [J: CaF,, ACa;B,0s-H0.
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Figure 3-5. Dependence of recovery yield of B and F in the treated-water on

treatment time at 150 °C (BF4": 8000 mg/dm3, Ca(OH),: 1.0g). O:B, :F

Figure 3-6 shows the B and F concentrations in the treated-water plotted against
the treatment time in the temperature range of 100 to 200 °C. Treatment time

required to remove B and F decreased greatly with an increase in treatment
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temperature. The optimal conditions to recover both F and B from model wastewater
containing 8000 mg/dm’ tetrafluoroboric ion were at 200°C for 36 hours, when the
concentrations of F and B were 0.3 mg/dm® and 20 mg/dm’, respectively. Chapter 2
described that Ca;B,0s5-H,O generated by the hydrothermal mineralization was
redissolved in aqueous solution at the cooling process, so that the boron concentration
in the treated-water was approximately 100 mg/dm’®. Thus, the HsPO4 was added in
this model wastewater to prevent the re-dissolution of Ca;B,0s-H,O by coating the
precipitate with hydroxy apatite formed in the previous hydrothermal treatment
conditions. However, the boron concentration in the present study reduced down to

20 mg/dm’ without adding the re-dissolution inhibition reagent.
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Figure 3-6. Dependence of concentration of B (a) and F (b) in the treated-water
on treatment time (BF,: 8000 mg/dm3 , Ca(OH),: 1.0g). H: 100°C, @: 150°C,
L]: 200°C.

3.3.3. Behavior of tetrafluoroboric ion under hydrothermal condition

SEM photographs of precipitates obtained by the hydrothermal treatment were
shown in Figure 3-7. Three layers were observed in the overview photograph (Figure
3-7-a). By the results of EDS and XRD analyses, the first layer (Figure 3-7-b) was
CakF,, the second layer (Figure 3-7-c) was the mixture of CaF, and Ca;B,0s-H,0, and
the third layer (Figure 3-7-d) was the mixture of Ca;B,0s-H,O and residual Ca(OH),.
Very fine particles were observed as suspended particulates in model wastewater after

hydrothermal treatment at 200°C for more than 4 hours. Then, the amount of

41



particulates seemed gradually to decrease after 8 hours with an increase in the
treatment time and completely settled down for 20 hours. XRD pattern shown in
Figure 3-8 indicated that these particles were CaF,. Figure 3-9 shows the schematic
diagram of the mechanism to recover boron and fluorine by the hydrothermal
mineralization treatment. The decomposition of BF, completed for ca. 4 hours,
subsequently the fine particles of CaF, formed and grown in the model wastewater
(Figure 3-9-(a) and (b)). Finally, they settled down slowly up to 20 hours (Figure
3-9-(e)). Chapter 2 described that the formation of Ca,;B,0s-H,O from B(OH)4
completed for 6 hours. The formation of Ca,;B,0s-H,0O in this study would have
started at 2 — 4 hours after and completed by 8 — 10 hours (Figure 3-9-(c)).  After
that, Ca;B,0s-H,O were wrapped with suspended particles. Figure 3-10 shows the
SEM photographs of CaF, particle obtained by the hydrothermal treatment at 200 °C
for 8 and 30 hours. Precipitates obtained at 200°C for 30 hours formed very dense
layer (Figure 3-10-b) compared with those for 8 hours (Figure 3-10-a). Possibly this
dense layer would play a role to inhibit the re-dissolution of Ca;B,0s-H,O into
aqueous media by wrapping the precipitate surface. Therefore, the resource recovery
of boron and fluorine was attained by collecting them as CaF, and Ca,;B,0s*H,0,
respectively from fluoroboroic acid solution by the hydrothermal mineralization
method, which needed no addition of precipitation agents such as phosphoric acid.
However, B concentration after the treatment was not stabilized (see Figure 3-6) than
re-dissolution preventation by using H3PO4 shown in Chapter 2. The cause of this
tendency is difference of re-dissolution preventation mechanism. Re-dissolution
preventation mechanism by formation of CaF, is not encapsulation of the precipitate,
but only settle down. Therefore, it cannot completely inhibit contact of H,O to

precipitate.
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Figure 3-7. SEM photographs of the precipitates obtained by the hydrothermal

treatment. a; over view of precipitate, b; first layer, c; second layer, d; third layer.
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Figure 3-8. XRD patterns of the precipitates before and after the hydrothermal
treatment for 4 hours (BE,: 8000 mg/dm’, Ca(OH),: 1.0 g). O: Ca(OH),, [:

Can.
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Figure 3-9. Schematic diagram of the hydrothermal mineralization treatment for

aqueous media containing BF, .

Figure 3-10. SEM photographs of the CaF, particles obtained by hydrothermal

treatment at 200 °C. a; 8 hours, b; 30 hours.

3.4. Conclusions

Fluoride ion included in the model wastewater was collected completely by
hydrothermal treatment with Ca(OH), at 150 °C for 4 hours. The amount of added
Ca(OH), was much lower than the conventional lime precipitation method. Recovery
of boron and fluorine from model wastewater containing tetrafluoroboric ion was
successfully accomplished by hydrothermal mineralization at 150 °C for more than 36
hours. Formation of fine particles of CaF, by decomposition of BF, had an effect for
inhibiting re-dissolution of borate mineral by settling down and forming dense layer on

the surface of precipitate. The recovery yield of fluorine and boron was 99.9 % and
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98 %, respectively.
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Chapter 4 In situ solid/liquid separation effect for high yield
recovery of boron and fluorine from aqueous media containing boric

or tetrafluoroboric ions.

4.1. Introduction

Boron distributes widely in the environment mainly as boric acid. The largest boron
sources in the world exist in Turkey, and so, boron contamination to water is a
common environmental problem [1]. Recently, the quality standard of discharged
water with boron from manufacturing plants has been set at 10 mg/dm3 in Japan. On
the other hand, boric acid is an important industrial resource and is widely used in
many kinds of the manufacturing processes, such as in semiconductor, ceramic and
plating industries. Thus, the wastewater containing several hundred to thousand
mg/dm3 of boron generates in these industrial processes. Additionally, it is often the
case that wastewater containing boron discharged from several industries often
includes fluoride ions, and tetrafluoroboric ion are produced by the reaction of boric
and fluoride ions. This ion is very stable in the aqueous solution. The conventional
detoxification methods, i.e. co-precipitation or lime precipitation method cannot apply
to such wastewater. Furthermore, there is an acceptable limit of fluorine in water by
its toxicity (Japanese standard of discharged water is 8 mg/dm’, WHO standard of
potable water is 1.5 mg/dm’) [2].

Chapter 2 and 3 described that the precipitation recovery of boric and
tetrafluoroboric ions as reusable natural mineral and detoxification of solution
containing boric and tetrafluoroboric ions by hydrothermal mineralization method [3,
4]. As aresult, it was found that the boric acid in aqueous media was precipitated as
parasibirskite (Ca,B,0s-H,0) treated at 130 - 150 °C by using ordinary batch type

treatment vessel (Figure 4-1-(a)). However, the boron concentration in the
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treated-water was ca. 100 mg/dm’. The cause of this result attributed to
re-dissolution of parasibirskite during the cooling process to room temperature. Thus,
H;PO4 was added to prevent the re-dissolution of parasibirskite by coating the surface
of precipitates with calcium hydroxyapatite and to intercept the contact of
Ca,B,05-H,0O with H,O. As a result, boron concentration reduced down to ca. 4
mg/dm’ after 12 h treatment. But, contamination of phosphorous compound such as
hydroxyapatite in the precipitate would be an inhibitation factor to reuse the formed
mineral as reusable industrial resource. Additionally, the optimum treatment time to
reduce boron concentration to less than the standard of discharged water was so long
(12 h) that it was difficult to apply this ordinary batch type treatment to practical
industries. It is expected from above results that the solubility of parasibirskite under
hydrothermal condition was lower than that at room temperature. Therefore,
separation of the precipitates from reacted solution in augsi-equilibrium with
hydrothermal conditions would be effective to reduce boron concentration in the
treated-water.

In this study, in situ solid/liquid separation effect of the hydrothermally
mineralized products from reacted solution by using a sampling-type autocrave (Figure
4-1-(b)) was demonstrated, in order to prevent the re-dissolution of borate mineral
precipitated under hydrothermal conditions during cooling process. When
hydrothermal mineralization treatment is carried out by using the ordinary pressure
vessel shown in Figure 4-1-(a) (in this paper, this vessel is described as apparatus A),
cooling process more than 1 h is necessary to separate precipitate from reacted aqueous
solution because of its high temperature and pressure. On the other hand, the
sampling-type hydrothermal treatment apparatus shown in Figure 4-1-(b) (apparatus B)
can separate precipitate form solution in quasi-equilibrium state of the hydrothermal

condition. The suspended product is led into the sampling tube by its own vapor
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pressure, and the precipitates are then separated from suspension by a metal filter with
0.5 um mesh. After that, the samples were immidiately cooled down to room
temperature in cooling condenser. Thus, the collection of reacted solution at
equilibrium state under hydrothermal condition can be accomplished by this apparatus
B.

(@) (b)

Filter (0.5 um)

Stopcock Sampling tube

\\\

Cooling condenser

Heater

Pressure vessel
Pressure vessel

Figure 4-1. Schematic diagram of the ordinary (a; apparatus A) and sampling-type

(b; apparatus B) hydrothermal treatment apparatus.

4.2. Experimental
4.2.1. Preparation of samples

The model wastewaters were prepared by dissolving B,O3 or diluting hydrofluoric
acid (Wako Pure Chemical Industries, Ltd.) into distilled and deionized water. Model
wastewater of boric acid solution contains 45.5 — 273 mmol/dm’® (500 - 3000 mg/dm3)
of boron and that of tetrafluoroboric acid solution contains 45.5 mmol/dm’ (500

mg/de) of boron and 182 mmol/dm’ (3500 mg/de) of fluorine.

4.2.2. Sampling-type hydrothermal treatment
Model wastewaters of 60 mL were sealed in a pressure vessel with 2.0 or 6.0 g (27

or 81 mmol, respectively) of Ca(OH), mineralizer. Thermal adjustment was carried
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out by temperature controller (CHINO Corporation, DZ1000).

4.2.3. Ordinary batch-type hydrothermal treatment

Model wastewaters of 30 mL were sealed in a pressure vessel lined with a
fluorocarbon resin along with 1.0 or 3.0 g (13 or 40 mmol, respectively) of Ca(OH),.
Hydrothermal treatment was carried out by placing the vessel in a dry oven controlled
at 150 °C for 2 — 6 h. After the hydrothermal treatment, the vessel was cooled in air
for 1 h. The precipitates and solvents obtained by hydrothermal treatment were

collected by using membrane filter (0.2 um).

4.2.4. Analytical method

Quantitative elemental analysis of boron in the solvent, which was obtained after
hydrothermal treatment, was carried out by using the inductively coupled
plasma-atomic emission spectrometry (ICP-AES: Perkin-Elmer, Optima3300DV).
Concentration of fluoride ion and tetrafluoroboric ion remaining in the treated-water
was measured by using ion chromatograph (Shimadzu, CTO-20AC. Mobile phase;
NaHCO; 0.1008 wt % and Na,CO; 0.0064 wt % aqueous solution, Column;
Shim-Pack IC-SA2) with suppressor (Shimadzu, HIC-10Asp, type 312) and

conductivity detector (Shimadzu, CDD-6A).

4.3. Results and Discussions

Firstly, we examined the solubility of Ca(OH), under hydrothermal conditions. It
is well known that it decreases with an increase in temperature under atmospheric
pressure.  However, there is no report on the solubility of Ca(OH), under
hydrothermal conditions. Figure 4-2 shows the variation of Ca(OH), solubility in the

autoclave in a temperature range of 25 to 175 °C, which was measured by using the
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apparatus B.  Solubility of Ca(OH), decreased gradually with an increase in
temperature, and the concentration of Ca®* was lower than 20 mg/dm3 at temperatures
more than 125 °C. Thus, it is found that this appratus B can separate reacted solution

and precipitate under hydrothermal conditions.
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Figure 4-2. Dependence of the Ca(OH), solubility on the temperature of the aqueous

solution.

Figure 4-3 shows the result of hydrothermal mineralization treatment for the
model wastewater containing 500 or 3000 mg/dm’ of boric acid with Ca(OH),
mineralizer at 150 °C by using the apparatus A and B. The boron concentration
decreased and parasibirskite (Ca;B,Os-H,O) was simultaneously formed by the
treatment. XRD pattern of the precipitate obtained by this treatment using the
apparatus B was shown in Figure 4-4. As a results of our previous study,
parasibirskite formed by heterogeneous nucleation on the surface of Ca(OH), [5].
However, boron concentration after the treatment by using the apparatus A was more

than 100 mg/dm’ for longer treatment time. This result was caused by re-dissolution
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of borate mineral (Ca;B,0s-H,0) during cooling process for 1 h [5]. On the other
hand, residual boron concentration in the water treated by the apparatus B was lower
than 4 mg/dm’. This result is one of the evidences that the solubility of borate

mineral under hydrothermal condition is lower than that at ordinary temperature and

puressure.
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Figure 4-3. Dependence of the boron concentration on the treatment time. 0: treated for

aqueous media containing 500 mg/dm’, O: 3000 mg/dm’, @: 500 mg/dm’ by using batch

type apparatus, H: temperature of the apparatus. All treatments were carried out with 6.0 g

Ca(OH),.
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Figure 4-4. XRD pattern of the precipitate obtained by the treatment for 3 h with
1.0 g of Ca(OH), mineralizer at 150 °C using quasi-flow type apparatus. All

diffraction peaks are derived from Ca;B,0s-H,O.

Furthermore, boron concentration after the treatment is not influenced by varing
the initial concentration of boron. Detailed initial concentration dependence are
shown in Figure 4-5. Thus, the boron concentration in the treated-water is
independent of the initial concentration, i.e, it depend only on the solubility of
Ca;B,05-H,O under hydrothermal condition. This boron concentration in
treated-water is lower than the standard of discharged water of Japan. Therefore, the
separation of precipitate from solvent under hydrothermal condition enables effective

recovery of boron and simultaneous detoxification of polluted water.
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Figure 4-5. Initial concentration dependence of the boron concentration in the
treated-water. Sample: 60 ml, Ca(OH),: 6.0 g, Treatment temperature: 150 °C,

Treatment time: 4 h.

In addition, the total treatment time required for the reduction of boron
concentration down to less than 10 mg/dm’ shortened by using the apparatus B for 1 —
2 h compared with the apparatus A, which needed treatment time more than 12 h.
This result suggests the detoxification and resource recovery are accomplished
immediately when the treatment temperature of the treatment vessel for apparatus B
reaches 150 °C. On the other hand, boron concentration by treating the apparatus A
gradually decreased for more than 2 h (see Figure 4-3). It is expected that decrease of
boron concentration for longer treatment time by using the apparatus A would cause
the crystal and/or grain growth of borate mineral. Thus, the difference of treatment
time between the apparatus A and B is responsible for that the re-dissolution rate of
borate mineral must be controlled by the grain and/or crystal size in the high pressure
vessel. Therefore, the improvement of yield recovery in the case of apparatus A with
longer treatment time would be attained by the separation of the formed mineral from

aqueous media before approaching the equilibrium state in the solution because the
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re-dissolution rate of borate mineral is slow due to crystal and/or grain growth. In
contrast, the crystal and/or grain growth of precipitate will not be required in case of
the apparatus B, because this apparatus can invalidate the crystal and/or grain growth
of precipitate of borate mineral by separation of the precipitate from the reacted
suspension under hydrothermal condition. Therefore, it will be concluded that the
separation of precipitate from reactive aqueous solution is effective for a prompt
detoxification of wastewater polluted by boric acid and the recovery of boron as
recyclable resource.

Results of the hydrothermal mineralization treatments by using the apparatus
B in aqueous solutions containing 4000 mg/dm’ of tetrafluoroboric acid (B: 500, F:
3500 mg/dm®) with Ca(OH), at 150 °C are shown in Figure 4-6 and Figure 4-7. A
steady state of the residual concentrations of boron and fluorine was attained after the
treatment time of 2 h and both boron and fluorine concentrations were ca. 4 mg/dm3.
Thus, this treatment is also applicable to the tetrafluoroboric ion. Residual
concentration of tetrafluoroboric ion drastically decreased from the beginning of
treatment and it was not detected after 2 h. Boric and fluoride ions were detected
along with the decrease of tetrafluoroboric ion concentration. It is expected that the
tetrafluoroboric ion would decompose under alkali, high temperature and pressure
conditions and complete for 2 h. Thus, the slow decreasing rate of residual boron
concentration as shown in Figure 4-7 depends on the decomposition rate of
tetrafluoroboric acid. After that, the formation of borate mineral would occur on the
surface of Ca(OH), and the precipitation reaction completed at 2 h. In addition, 20 —
30 mg/dm3 of fluoride ion was observed, which is higher than the value calculated
from the solubility of CaF, at 25 °C at the treatment time range of 0.5 — 1 h (Figuire
4-6). Fluoride ion concentration increased from 0.5 to 1 h. The solubility of CaF,

. . . . . 17
was found to decrease with an increase in temperature in our previous study . Thus,
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it was anticipated that the precipitation of fluoride ion would occur as soon as the
tetrafluoroboric ion was decomposed.  Excess amount of F generated by
decomposition of tetrafluoroboric ion in a short time range of treatment in contrast to
the Ca** (ca. 15 mg/dm3) as shown shown in Figure 4-2. It is expected that the rate
controlling factor to form CaF, is not the reaction between Ca** and F, but the
dissolution process of Ca(OH), by solution equilibrium and diffusion of dissolved Ca**.

Therefore, F concentration increased at the treatment time between 0.5and 1 h .
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Figure 4-6. Dependence of the fluoride and tetrafluoroboric ion concentration on the

treatment time. (a): Concentration of F* ([J) and BF, (O). Treatment temperature:

150 °C, Ca(OH),: 2.0 g, BF,: 4000 mg/dm3.
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4.4. Conclusions

In conclusion, the detoxification of polluted water containing boric or
tetrafluoroboric ions and the resource recovery by using the sampling-type
hydrothermal mineralization treatment was investigated. As a result, effective
recovery of boron and fluorine was successfully achieved at shorter treatment time
throu in situ solid/liquid separation under quasi-equilibrium hydrothermal condtion.
We obtained important information on decomposition of tetrafluoroboric ion and
formation of fluorite by measuring solubility of Ca(OH), under hydrothermal condition.
Therefore, the hydrothermal mineralization treatment by using the flow-type apparatus
would be effective method to detoxify the wastewater and ground water containing
these ions and recoverions as recyclable mineral. These results suggest that large
amount of wastewater containing boron and fluorine could be treated more effectively

for shorter time by using the flowing-type hydrothermal apparatus.
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Chapter S Removal and recovery of arsenic from aqueous media

containing arsenite and arsenate ions by hydrothermal mineralization

5.1 Introduction

Arsenic is one of the important resources for advanced electronic material
production, and chemical species containing arsenic ions are contained in water
discharged from petroleum refining plant or thermal power plant [1-5]. However,
they have extremely high toxicity against human health and the environment especially
in the case of trivalent arsenite ion (ASHIO33 ). Thus, the national effluent standard of
Japan (NESJ) was set at 0.1 mg/dm’, which is the same as WHO guideline (the
standard for environmental water is 0.01 mg/dm®). An appropriate treatment should
be employed for such wastewater to attain the environmental standard. Furthermore,
serious environmental problems by arsenic pollution of groundwater have emerged in
Asian countries, such as Bangladesh, India and China [6-13]. On the other hand,
arsenic ore is less produced in Japan, where arsenic is expected to be recycled.
Therefore, the establishment of the system for removing and recycling arsenic species
from wastewater will be one of the world-important issues, also in Japan that is poor in
natural minerals.

Several techniques to remove arsenic from aqueous media have been developed, for
example, by adsorption, electro-coagulation [8, 14], membrane permeation [15, 16]
and biological methods [10, 17, 18]. Especially, the adsorption methods using iron
hydroxide and zero-valent irons were actively investigated [19-26]. However, these
have the following problems. (1) Arsenic in aqueous media cannot be reused as
resources. (2) The applicable concentration range is narrow. (3) Removal yield is
low, especially, for arsenite ion (AsHIO33'). Thus, some oxidation techniques to

remove arsenite ion from aqueous media are investigated [1, 27-32]. However, used
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adsorbent or collected residues must be properly treated again as hazardous wastes.
In order to solve these problems, it is expected that the formation method of insoluble
and reusable precipitate containing As from aqueous media containing arsenite and
arsenate ions is effective. But, it is difficult to form precipitate with low solubility in
water because of high stability of arsenic oxoanins in aqueous media. Thus, it is
much expected to develop a new technique to recover arsenic species as solid
precipitates from aqueous media regardless of its concentration, oxidation number and
ionic species.

Compounds that contain high arsenic concentrations and are insoluble in water, are
frequently found in natural minerals, for example, Haidinglite (Ca(AsOs;OH)-(H,0))
and Johnbaumite (Cas(AsO4)3(OH)). This fact suggests that the earth has an ability to
produce insoluble minerals containing arsenic under certain conditions in nature.
Previous chapters described that the precipitation technique of boron and fluorine from
aqueous media containing borate, fluoride and fluoroborate ions by imitating natural
mechanism to form some minerals in hydrothermal water (by so-called “hydrothermal
mineralization” technique) [33-35]. In this study, we investigated the precipitation
recovery of arsenic from model wastewater containing arsenite ion (As"'O3>) by using
hydrothermal mineralization treatment, which was derived from earth-mimetic mineral

precipitation phenomena caused by the activity of magma in the presence of water.

5.2. Experimental
5.2.1. Hydrothermal treatment

Model wastewaters with 1 - 2000 mg/dm3 (0.013 — 26.7 mmol/dm”) of arsenite and
arsenate ions were prepared by dissolving As;Os in 0.5 N NaOH solution, and
neutralized by HCI or by dissolving Na,HAsOy in distilled and deionized water (Wako

Pure Chemical Industries, Ltd.), respectively. These model wastewaters (30 ml) were
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sealed in a pressure vessel lined with fluorocarbon resin together with mineralizer
Ca(OH); and in some cases, with HO, added as oxidizer. Hydrothermal treatments
were carried out by leaving the vessel in a dry oven for 2 — 96 h at a given temperature
in the range of 100 — 200 °C. After the hydrothermal treatment, the vessels were
cooled down in atmospheric air for 1 h. Precipitates obtained by the hydrothermal

treatment were filtered and collected.

5.2.2.  Sampling-type hydrothermal treatment
Model wastewater of 90 mL which containing 2000 mg/dm® (26.7 mmol/dm®) As
were sealed in a pressure vessel with 1.0 g of Ca(OH), mineralizer. Thermal

adjustment was carried out by temperature controller (CHINO Corporation, DZ1000).

5.2.3. Analytical method

The precipitates were identified by X-ray diffraction (XRD: RIGAKU Rint-2500)
using CuKa radiation. The microstructural observation and qualitative elements
analysis of the precipitates were performed by scanning electron microscopy (SEM:
JEOL JSM-T20) equipped with energy dispersive X-ray spectrometry (EDS:
JED-2140).  Thermometric analyses of the precipitates were carried out by
thermogravimetric and deferential thermal analyzers (TG-DTA: RIGAKU Thermo plus,
TG-8120). Quantitative analysis of the arsenate ion in the solvent obtained after the
hydrothermal treatment was carried out by molybdenum blue method [36]. In order
to determine the total arsenic content in the solvent, oxidation by hydrothermal
treatment in a solvent with concentrated HNO;3 (0.2 ml/10 ml of treated-water) was

carried out at 200 °C for 12 h.
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5.3. Results and Discussions
5.3.1. Hydrothermal mineralization treatment for arsenate ion (As¥O4) with
Ca(OH); mineralizer

Figure 5-1 shows the treatment time dependence of the arsenic concentration
against the treatment time, when the initial concentration of As" is 2000 mg / dm® with
the mineralizer of 0.18 g Ca(OH),, and the treatment temperatures are 100 and 150 °C.
The arsenic concentration reduced down to 1.8 mg / dm’ only by addition of Ca(OH),
to the model wastewater, i.e., before the hydrothermal mineralization treatment.
Figure 5-2 shows the XRD patterns of the precipitates obtained before and after the
treatment at 100 °C. Diffraction peaks derived from arsenic compound was not
observed before the treatment (Figure 5-2-(a)). Thus, it is supposed that decrease of
arsenic concentration only by addition of Ca(OH), will be caused by the adsorption of
the arsenate ion (As'O4”) to the hydroxyl group on the surface of Ca(OH),. But, the
residual arsenic concentration before the hydrothermal mineralization is still higher
than the value of NESJ. On the other hand, the arsenic content after hydrothermal
mineralization treatment for more than 16 h was 0.02 mg / dm3, which is lower than
the NESJ value. The diffraction peaks of arsenate apatite (Cas(AsO4)3(OH)) were
observed after the treatment (Figure 5-2-(b) or (c)). Therefore, the formation of
arsenate apatite enables an effective recovery of arsenic because of its very low
solubility in water (less than 0.2 mg As / 100 dm3) [37, 38]. However, the residual
arsenic concentration was lower than the above value in equilibrium with water at
normal conditions. Thus, the solubility of arsenate apatite under hydrothermal
conditions will be lower than that at room temperature and pressure, which promotes
the crystal growth of the arsenate apatite. It was considered that the lower arsenic
concentration was maintained even during the cooling process because large crystal

sizes of arsenate apatite prevented re-dissolution into water.
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5.3.2.  Hydrothermal mineralization treatment for arsenate ion (As™05%) with
Ca(OH); mineralizer

Treatment time dependence of the As concentration in the model wastewater (As™:
2000 mg/dm3) treated at 100 °C with Ca(OH), is shown in Figure 5-3. The arsenic
content decreased only by adding Ca(OH), mineralizer to the model wastewater, and it
was reduced down to 4 mg/dm’ (even before the hydrothermal mineralization
treatment). This decrease in As concentration is derived from formation of arsenic
calcium compound as described later. However, this concentration does not meet
NESJ (0.1 mg/dm’). By performing the hydrothermal mineralization in the model
wastewater added with Ca(OH),, As concentration draws concave curves against
treatment time, i.e., a proper treatment time exists for decreasing As concentration.
The increase of As concentration at longer treatment-time might be caused by the

nature of As compound formed during the treatment. At the optimal treatment

condition, the As concentration reduced down to ca. 0.4 mg/dm3, which is one tenth of
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As concentration before the hydrothermal treatment, but is still higher than the NESJ.
It is apparent leastwise that the precipitate containing As can be formed by this

hydrothermal treatment.
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Figure 5-4. XRD patterns of the precipitates obtained before and after the treatment at
100 °C with 0.18 g of Ca(OH),. As(III): 2000 mg/dm3, (a): before the treatment, (b): 4

h, (c): 12 h, (d): 16 h, O: Ca(OH),. Other peaks were unassignable.

Figure 5-4 shows the XRD patterns of the precipitates before and after the
treatments for arsenite ion containing model wastewater at 100 °C with Ca(OH),
mineralizer. Unassignable peaks were observed in the patterns before and after the
treatments together with the diffraction peaks of Ca(OH),. According to the results of
XPS, TG-DTA and SEM-EDS analyses, the chemical formula of this unassingable
compound was estimated as Ca5(AsHIO3)3(OH)-4H20. Scheme 5-1 shows possible
reactions in the hydrothermal mineralization treatment. The formation of
Cas(ASIHO3)3(OH)'4H20 would accomplish by the reaction Scheme 5-1-(e). Figure
5-5 shows the XRD patterns of the precipitates after the treatment at 200 °C and single
phase crystals contained in the treated precipitates. Each precipitates in Figure 5-5

were prepared under the following conditions. Figure 5-5-(a): the precipitate before
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the treatment. Figure 5-5-(b): Cas(AsOs3);(OH) prepared by heat treatment of the
precipitate before the treatment at 200 °C for 4 h in order to eliminate crystal water.
Figure 5-5-(c): Arsenate apatite (Ca5(AsVO4)3(OH)) formed by hydrothermal
mineralization treatment of arsenate ion (ASVO43 ) with Ca(OH), mineralizer at 200 °C
for 24 h. Figure 5-5-(d): Precipitate after the hydrothermal treatment for the model
wastewater containing arsenite ion (AsHIO33') at 200 °C for 8 h. These results
indicate that the precipitate after the treatment is a mixture of Cas(As™O3)3(OH) and
Cas(AsVO4)3(OH). Thus, crystal water of Cas(AsO3)3(OH)-4H,0 would be removed
during the hydrothermal mineralization treatment according to Scheme 5-1-(f). After
that, As(III) in the precipitate were oxidized and formed Cas(AsO4);(OH). Figure 5-6
shows the XPS spectra of the precipitates obtained at the treatment temperature of
200 °C. Oxidation of As(Ill) progressed during the treatment and the ratio of trivalent
and pentavalent As was ca. 1 : 0.9 after long term treatment (at 200 °C for 96 h). Gas
analysis by GC-TCD suggested that the oxidizer was H,O, because generation of
hydrogen was confirmed. Thus, the oxidation of As(IIl) was accomplished by the
reaction of AsOf' and H,O shown in Scheme 5-1-(j). After that, the formation of
Cas(As"04)3(OH) would occur by the reaction of AsO,” and precipitate of Ca(OH),
(Scheme 5-1-(k)). Additionally, the solubility of Cas(AsO3);(OH)-4H,O and
Cas(As0Os3)3(OH) in water, which was measured by a simple solubility test, was 13.79
mg As/100 dm’ and 29.10 mg As/100 dm’, respectively. Therefore, the concave
tendency in Figure 5-3 would be caused by the removal of crystal water from
Cas(AsO3)3(OH)-4H,O and the formation of Cas(AsO3)3(OH), which has higher
solubility in water with an increase of treatment time. In contrast, the solubility of
Ca5(AsVO4)3(OH) was less than 0.2 mg As/100 dm?’ that was very low compared with
the above trivalent arsenic compounds. It is expected, therefore, that intentional

oxidation of arsenite ion to form Cas(AsO4)3(OH) would be effective for precipitation
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of arsenic species.
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Figure 5-5. XRD patterns of the precipitates. (a): before the treatment
(Cas(As03)3(OH)-4H,0), (b): Cas(As03)3(OH), (c): Cas(AsOy4)3;(OH), (d): treated at

200 °C with 0.18g of Ca(OH), for 8 h (As: 2000 mg/dm”).

(a) Ca(OH), + H,0, — Ca0, + 2H,0
(b) 2Ca0, + 2H,0 — 2Ca(OH), + O,

(c) H,0, — H,0 + 0,

(d) CaO + H,O — Ca(OH),

(e) 3As05> + 5Ca(OH), + 4H,0 — Cas(AsOs3)3(OH)-4H,0 + 9OH
(f) Cas(AsO3)3(OH)-4H,0 — Cas(AsOs3)3(OH) + 4H,0

(g) Cas(AsO3)3(OH)-4H,0 + 10H,0, — 5Ca0, + 3As05” + 110H
(h) AsO;> + Ca0, — AsO,> + CaO

(i) AsOs” + H,0, — AsO4” + H,0

() AsOs> + H,O0 — AsO,> + H,

(k) 3As0,” + 5Ca(OH), — Cas(AsO4)3(OH) + 9OH

Scheme 5-1. Possible reactions in the hydrothermal mineralization treatment.
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Figure 5-6. XPS spectra of As3d (a): before and (b) after the treatment, treated at
200 °C with 0.18g of Ca(OH), for 96 h (As: 2000 mg/dm3). Vertical lines of left side

and right side mean the binding energies of As(IIl) and As(V), respectively.

5.3.3. Treatment for model wastewater containing arsenite ion (AsmO43') with
Ca(OH); mineralizer and H,O, oxidizer

The effect of H,O, addition on oxidation of arsenite ions and precipitation of
Cas(As'04)3(OH) was investigated. Figure 5-7 shows the dependence of
concentration of As(IIl) on treatment time under the hydrothermal conditions for 0 —
16 h at 100 or 150 °C with the addition of 0.18 g Ca(OH), and 3 % H,0,. This
indicates that the residual concentration of As is 0.15 mg/dm? at the optimum treatment
time of 12 h. Figure 5-8 shows the XRD patterns of the precipitates formed under the
above hydrothermal conditions. Diffraction peaks of CaO, are observed at short
treatment times (0 h to 8 h) and then the diffraction peaks of Ca(OH), appear with
decreasing the intensities of CaO, peaks. This result shows that the oxidation of
Ca(OH), occurred at the beginning of treatment (Scheme 5-1-(a)), after which it

gradually reacts with H,O to form Ca(OH), (Scheme 5-1-(b)). High values of As
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concentrations before the treatment (compared with the case of no H,O, addition in
Figure 5-3) would be caused by decomposition of Cas(AsO3)3;(OH)-4H,O (Scheme
5-1-(g)) and CaO;. On the other hand, only the diffraction peaks of Ca5(AsVO4)3(OH)
was observed after the hydrothermal treatment. Therefore, the minimum value of As
concentration at the optimum treatment time is attributed to the result of oxidation of
arsenite (As(II)) to arsenate (As(V)) by H;O, or CaO,, and formation of
Cas(AsOq4)3(OH) (Scheme5-1-(h), (1), (j), (k)). However, a concave curve tendency is
still observed in Fig. 5-7 against the treatment time and the NESJ could not be
overcome. Oxidation of arsenite ion would be insufficient, because arsenite ion still

existed mainly in treated-water by detailed analysis shown in Table 5-1.
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Figure 5-7. Dependence of As concentration on treatment time with 0.18 g of Ca(OH),

and 3 % H,0,. As(Il): 2000 mg/dm’.  O: 100 °C, [: 150 °C.
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Figure 5-8. XRD patterns of the precipitates obtained by hydrothermal mineralization
treatment with 0.18 g of Ca(OH), and 3 % H,0; at 100 °C, (a): before the treatment, (b):

4 h,(c): 8h,and (d): 16 h. O: Ca(OH),, [1: Cas(AsO4);(OH), A: CaO,.

Table 5-1. As(II) and As(V) concentrations in the treated-water with 3 % H,O,

As(IIl) / mg/dm’ As(V) / mg/dm’ As / mg/dm’
100 °C for 12 h 0.106 0.031 0.137
100 °C for 16 h 0.504 0.004 0.508
150 °C for 12 h 0.164 0.008 0.172
150 °C for 16 h 0.302 0.003 0.305

Figure 5-9 shows similar concave curves against treatment time in case of 5 % H»O,
addition at 100 °C and 150 °C, which means that arsenite ion also exists in the water.
However, the As concentration was less than the value of NESJ, 0.1 mg/dm3 at the
optimum treatment conditions attained at 5 % H,0, addition at 150 °C for 4-12 h.
This result indicates that oxidation of 2000 mg/dm’ of arsenite ion and the formation of
Cas(AsVO4)3(OH) were mostly accomplished by the hydrothermal treatment with H,O,

addition. Obviously, the optimum amount of H,O, addition depends on the initial

70



concentration of arsenite ion, which needs at least 5 % H,O, in this case to oxidize

2000 mg/dm’ of arsenite ion to arsenate.
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Figure 5-9. Dependence of the concentration of As in the treated-water on the

treatment time with 0.18 g of Ca(OH), and 5 % H,0,. As(Ill): 2000 mg/dm3. O:
100 °C, [J: 150 °C.

Oxidative conditions of arsenite to arsenate were investigated in order to search for
more effective recovery of arsenite ion. Table 5-2 shows the As concentration
dependence after the treatment as a function of initial concentration of As (1-2000
mg/dm3 ) and the amount of H,0O, addition against 1 mmol of As. This result
demonstrates that more than 50-66 times mole of H,O, against the trivalent Arsenic are
required to oxidize arsenite ion. The formation of CaO,, the decomposition of CaO,
to Ca(OH); by reaction with H,O and the decomposition of H,O, to H,O and O, would

occur as shown in Scheme 5-1-(a), (b), (c), respectively.
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Table 5-2. Dependence of As concentration in the treated-water on the initial As concentration

and the amount of H,O, addition

Initial Amount of Amount of HbO, Content of H,O, As concentration
concentration of Ca(OH), addition addition (%) (mmol/1 mmol in the treated
As (mg/dm3) (g/30ml sample) As) water
1 0.36 3.0 66000 0.06
10 0.36 3.0 6600 0.04
100 0.36 3.0 660 0.05
1000 0.36 3.0 66 0.06
2000 0.36 3.0 33 0.51
2000 0.36 5.0 55 0.04

5.3.4. Initial arsenate ion concentration dependence

Figure 5-10 shows the initial arsenate ion concentration dependence of the As
concentration in the treated-water with Ca(OH), mineralizer and 3 % H,0O, oxidizer.
Dependence of As concentration was not observed on the initial concentration of
arsenate ion. It is expected that the As concentration in the treated-water depends on
only the solubility of formed mineral. Therefore, this hydrothermal mineralization
treatment could be applied for various kind of contaminated water, e.g., industrial

wastewater, leachate from disposal site, and contaminated ground water.
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treated-water treated for model wastewater containing arsenate ion at 150 °C with 3 %

H,0; oxidizer and 0.36 g Ca(OH), mineralizer.

5.3.5. Initial arsenite ion concentration dependence

Initial arsenite ion concentration dependence of the As concentration in the
treated-water is shown in Figure 5-11 with Ca(OH); mineralizer and 3 % H,O, oxidizer.
Initial arsenite ion concentration dependence was not observed at concentration range
0.1 — 1000 mg/dm3 . On the other hand, As concentration treated for aqueous media
containing 2000 mg/dm3 of As was higher than that of the other conditions. However,
As concentration of the treated-water obtained by the treatment for aqueous solution
containing 2000 mg/dm” treated with 5 % H,0, oxidizer was 0.02 mg/dm’ (see Figure
5-9) which was same value with the other initial arsenite ion concentrations shown in
Figure 5-11. This result verifies that the hydrothermal mineralization treatment is
independent of the initial concentration of arsenite ion when the enough amount of
H,0; is added, because the residual As concentration in the treated-water depends only
on the solubility of Cas(AsO4);(OH). Therefore, it is concluded that the hydrothermal

mineralization treatment is effective precipitation technique for arsenic recovery from
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wastewater containing arsenite ion.
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Figure 5-11. Initial concentration dependence of the As concentration in the
treated-water treated for model wastewater containing arsenite ion at 150 °C with 3 %

H,0; oxidizer and 0.36 g Ca(OH); mineralizer.

5.3.6. Treatment for model wastewater containing arsenate (AsVO43') and arsenite
ions (As"'05”) with Ca(OH), mineralizer

The result of hydrothermal mineralization treatment against model wastewater is
shown in Figure 5-12, where a mixed aqueous solution of arsenate (AsV0,>: 1000 mg /
dm®) and arsenite ion (As™O3>: 1000 mg / dm?) is treated at 100 °C with Ca(OH),.
The arsenic content decreased before the treatment (only by addition of Ca(OH),),
though it was higher than that of model wastewater containing arsenate ion only.
Additionally, majority of arsenic species in the model wastewater before the
hydrothermal treatment was found arsenate ion by detailed analysis. The formation
of Cas(AsIHO3)3(OH)-4H20 occurred only by addition of Ca(OH),, as described in
5.3.2. Thus, adsorption site of arsenate ion would be decreased due to the formation
of Ca5(AsIHO3)3(OH)-4H20 and the consumption of Ca(OH),. In contrast, the arsenic

species in the model wastewater after the treatment were arsenite ion. By performing
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the hydrothermal treatment, arsenic concentration draws a concave curve against the
treatment time and the minimum value of arsenic was 0.3 mg / dm’ when treated for 12
h. The tendency of the variation of arsenic concentration in treated-water is same as
the treatment for the model wastewater containing arsenite ion only, as shown in our
previous study . XRD patterns of the precipitates after the treatment showed
diffraction peaks derived from arsenic compounds of Ca5(AsVO4)3(OH) and
Ca5(AsIHOg)3(OH)-4H20. Thus, arsenate ions were precipitated as arsenate apatite by
hydrothermal mineralization treatment as shown above. But, partial arsenite ions
were still in the water because of the nature of precipitate (Ca5(ASIHO3)3(OH)'4H20)
formed by this treatment. The solubilities of Cas(As™03)3(OH)-4H,0 and
Cas(As™03)3(OH) in water, were 13.79 mg As/100 dm’ and 29.10 mg As/100 dm’,
respectively, according to a simple solubility test. These values are higher than that
of arsenate apatite. As we already reported, the crystal water of
(Ca5(AsHIO3)3(OH)'4HzO) was eliminated by a prolonged hydrothermal treatment.
Therefore, the increase in residual As at more than 12 h in Figure 5-12 would be
caused by the removal of crystal water from Cas(AsO3)3;(OH)-4H,0 and the formation
of Cas(AsO3)3(OH) which has higher solubility in water than Cas(AsO3)3(OH)-4H,0.
Therefore, it is expected that oxidation treatment of arsenite ion enables effective

recovery of arsenic species finally to form Cas(AsO,);(OH).
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Figure 5-12. Dependence of concentration of As in the treated-water on the treatment

time. As(III): 1000 mg/dm’>, As(V): 1000 mg/dm’, Ca(OH),: 0.36g, 100 °C.

5.3.7. Treatment for model wastewater containing arsenate (AsVO43') and arsenite
ions (AsIHOg3') with Ca(OH), mineralizer and H,O, oxidizer

Figure 5-13 shows the result of the hydrothermal treatment with Ca(OH), and 3 %
H,0, against the model wastewater containing 2000 mg/dm” of arsenate ion. Arsenic
concentration before the treatment was much higher than that without H;O,. XRD
analysis of the precipitate before the treatment exhibited the existence of CaO, shown
in Figure 5-16-(a). Thus, the formation of CaO, from Ca(OH), would bring about the
desorption of arsenate ion that adsorbed on the surface of Ca(OH),. On the other
hand, arsenic concentration in the treated-water treated for more than 12 h was very
low (0.02 mg/dm3) which was the same value of the treatment without H,O,.
Therefore, the addition of H,O, is no interfering factor to form arsenate apatite from
aqueous media containing arsenate ion. The treatment time dependence of arsenic
treated for the mixed aqueous solution of arsenite (1000 mg/dm3) and arsenate (1000
mg/dm3) ions on the treatment time with Ca(OH), and 3 % H,0, is shown in Figure

5-14. Arsenic concentration decreased with an increase of treatment time and it was
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0.02 mg/dm’ at optimum treatment time (12 — 16 h). Thus, it was found that the
hydrothermal mineralization treatment with Ca(OH), and H,0O, enabled effective
recovery of arsenic regardless of the model wastewater containing both arsenite and
arsenate ions. Figure 5-15 shows the XPS spectra of As 3d orbital and Figure 5-16
shows XRD patterns of the precipitates before and after the treatment. The data
indicate that the valence state change of arsenic species from three to five occurs at 4 —
12 h and the precipitate of the treatment after 12 h is a single-phase of arsenate apatite.
Thus, the treatment with oxidizer H,O, immediately oxidizes arsenite ion to arsenate
ion and forms arsenate apatite. The low solubility of arsenate apatite was found to

cause effective recovery of arsenic species from model wastewater.
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Figure 5-13. Dependence of concentration of As in the treated-water on the treatment

time. As(V): 2000 mg/dm’, Ca(OH),: 0.36g, H,O,: 3% 100 °C.
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Figure 5-14. Dependence of concentration of As in the treated-water on the treatment
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Figure 5-15. XPS spectra (vertical lines of left side and right side mean the binding
energies of As(II) and As(V), respectively.) of the precipitates before (a) and after the
treatment for 4 h (b) and 12 h (¢). As(III): 1000 mg/dm3, As(V): 1000 mg/dm3,
Ca(OH),: 0.36g, H>O,: 3% 100 °C.
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Figure 5-16. XRD patterns of the precipitates before (a) and after the treatment for 4 h (b)
and 12 h (c). As(II): 1000 mg/dm’, As(V): 1000 mg/dm’, Ca(OH),: 0.36g, H,Oy: 3%
100 °C. [J: Ca(OH),, O: Cas(AsO4);(OH), @; Cas(AsO3)3(OH) -4H,0.
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Figure 5-17. Dependence of concentration of As in the treated-water on the initial
concentration of As.  As(IlI): 1000 mg/dm’, As(V): 1000 mg/dm?, H,O, 3 %, 100 °C for
12 h.

Figure 5-17 shows the initial arsenic concentration dependence on the final arsenic
concentration after the treatment time of 12 h with added Ca(OH), and H,O,. Initial

arsenic concentration dependence was not observed even when the treatment was
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carried out for the arsenate and arsenite ions mixed aqueous solution. This result
indicates that the arsenic concentration below NESJ value is attained regardless of the
initial concentration of arsenic species, because the final concentration is responsible

for only the solubility of formed minerals.

5.3.8. Effects of pH and added amount of Ca(OH), mineralizer

The pH of the treated-water was 13 at any treatment condition, because it is
saturated with Ca(OH),. The dependence of pH was investigated in the range of 6 —
12, controlled by addition of HCI to the model wastewater containing 2000 mg/dm3 of
arsenate ion. Arsenic concentration in the treated-water increased with a decrease of
pH. Especially, in the treatment at pH 6, arsenic content in treated-water was 2000
mg/dm3 , which was the same value before the treatment. This result suggests that the
existence of precipitated Ca(OH), is essential in order to mineralize arsenic species
under hydrothermal conditions. Figure 5-18 shows the As concentration dependence
on the amount of Ca(OH), added for 30 ml of model wastewater containing 1000
mg/dm’ of arsenite and 1000 mg/dm’ of arsenate ions along with 3 % H,0,. More
than 0.36 g addition is required in order to meat the NESJ value. This amount of
Ca(OH), added is higher than the stoichiometric amount to form Cas(AsO4)3;(OH).
Moreover, the concentration of Ca** in the solution and pH does not change at any
amount of Ca(OH), in Figure 5-18, because the solubility of Ca(OH); is low (0.056 g/
30 dm® H,O at 0 °C, 0.023 g / 30 dm’ at 100 °C). These results suggest that the
formation of arsenate apatite occurs by heterogeneous nucleation on the surface of
Ca(OH); under the hydrothermal conditions. Therefore, the increase of the amount of
added Ca(OH), means the increase of surface area of Ca(OH), precipitates, i.e., the

accommodation sites for deposition of Cas(AsQO4)3(OH) microcrystals.
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h.

5.3.9. Hydrothermal mineralization treatment for model wastewater containing
arsenate ion (As'O,”) by using sampling-type apparatus

Hydrothermal mineralization treatments by using the sampling-type apparatus,
which is shown in Figure 5-19, were carried out in order to prevent re-dissolution of
arsenate mineral precipitated under hydrothermal conditions in order to enhance
treatment efficiency. During the hydrothermal treatment, the reactive suspension is
led into the sampling tube by its own vapor pressure, and precipitates are separated
from reaction suspension by 0.5 wm metal filter. After that, the samples were
immediately cooled down at room temperature by cooling condenser. Thus, the
collection of reaction solution during the hydrothermal treatment can be accomplished
by the present sampling-type apparatus. The details of this hydrothermal treatment

apparatus are described in Chapter 4.
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Figure 5-19. Schematic diagram of the sampling-type hydrothermal treatment apparatus.

Figure 5-20 shows the result of hydrothermal mineralization treatment by using
ordinary batch type and sampling-type treatment apparatus. As a result, As
concentration after the treatment for 3 h was c.a. 0.016 mg/dm’. This result indicates
that the separation of reaction solution from precipitate under hydrothermal condition
brings not only improve yield recovery, but also shorten optimal treatment time. This
shift of optimal treatment time is caused that crystal and/or grain growth of formed
mineral is not necessary to decrease As concentration in the treated-water. The rate of
re-dissolution of formed mineral comes under the influence of crystallinity and crystal
radius. Therefore, it is expected that the decrease of As concentration at longer
treatment time by using ordinary batch type hydrothermal apparatus (e.g. Figure 5-1)
would be accomplished by crystal growth of Cas(AsO4)3(OH). Larger crystal and/or
grain size brings separation of solution from precipitate before dissolving great deal of
Cas(AsOy4)3(OH) by its slow re-dissolution rate during the cooling process. On the
other hand, crystal growth has not an effect for the As concentration in treated-water,
when solutions are separated from precipitate under hydrothermal condition, because
this treatment can completely prevent re-dissolution of formed minerals without crystal
growth. Therefore, optimal treatment time to reduce As concentration was shortened

by using sampling-type hydrothermal treatment apparatus.
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5.4. Conclusions

Precipitation recovery of arsenic and detoxification of model wastewater
containing arsenate, arsenite and mixture of each ions were investigated. In order to
recover AsIHO33', simultaneous oxidation and mineralization of arsenite were effective
to precipitate arsenic as Cas(AsO4)3(OH) mineral with high yield. The amount of
H,0, addition depends on the initial concentration of arsenite ion. The optimum
treatment conditions were at 150 °C for 12 h with 5 % of H,O, for the model
wastewater, which contains 2000 mg/dm’ of arsenite ion. The hydrothermal
mineralization treatment with Ca(OH), precipitates arsenate ions effectively as
reusable arsenate apatite mineral (Cas(AsO4)3(OH)). The arsenic concentration of the
treated-water was approximately 0.02 mg/dm3 regardless of its initial concentration,
but it depended on only the solubility of Cas(AsO4)3(OH) and amount of added H,0O,.
As a result, arsenite ions were precipitated completely and the As concentration in

treated-water was lower than the NESJ, 0.1 mg/dm3. On the other hand, arsenate ion
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was easily recovered as arsenate apatite (Cas(AsO4);(OH) by hydrothermal
mineralization treatment. The arsenic concentration in the treated-water was 0.02
mg/dm3 treated for the model wastewater containing 1 — 2000 mg/dm3 of arsenate ion.
In order to precipitate arsenic from mixed solution of arsenate and arsenite ions,
simultaneous treatment with mineralization and oxidation by using H,O, oxidizer was
found effective. Formation of arsenate apatite was carried out by heterogeneous
nucleation. Therefore, the precipitation of Ca(OH), was essential to recover arsenic
compounds from aqueous media by hydrothermal mineralization treatment.

The separation of aqueous solution from precipitate under hydrothermal condition
could completely prevent re-dissolution of formed arsenate apatite. Additionally, it
could avoid the treatment time to increase crystallinity and/or grain growth. As a
result, yield recovery of As was increased and optimal treatment time was shortened.
Therefore, the hydrothermal mineralization treatment would be more effective to
precipitate arsenic species from aqueous media by constructing flow-type

hydrothermal treatment apparatus.
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Chapter 6 Hydrothermal mineralization treatment for

removing/recovering antimonic ion in water

6.1. Introduction

There has been a growing concern over the adverse effect of antimony on human
health due to its toxicity and increase in industrial use [1]. Antimony has been used
in large quantities for fire retardants, ceramics and the other advanced material
manufacturing. The World Health Organization (WHO) allows 5 pg/dm’ for
antimony by the guideline [2]. National drinking water contaminant standard of the
United States is set at 6 ug /dm® and J apan is 2 ug/dm3 [3]. Generally, the standard
for effluent is set at ten times higher than that of drinking water ex. 20 ug/dm3 in Japan.
Therefore, establishment of the detoxification treatment for wastewater containing Sb

is strongly desired.

It is well known that the dominant oxidation state of antimony in most oxygenated
environmental water is Sb(V) from the examination to determine the type of antimony
for estimation of health risk [4]. Various removal treatments for Sb from polluted
water were investigated e.g. by adsorption [5-10], electro-coagulation [11], solvent
extraction [12], and membrane methods [4, 13]. However, these methods have less
removal ability, especially for treating heavily contaminated water. Additionally,
chemical species collected by these methods cannot be reused as resources for
production. In previous Chapters, we investigated the recovery of As from
AsVO43'/AsHIO33', or B from B(OH),/BF; contained in aqueous media as natural
mineral by hydrothermal mineralization [14-16]. Properties of SbYO,” resemble to
the same group elements in the periodic table, such as phosphoric acid (PY0,>) and

arsenate (AsVO43') acid. Thus, it is expected that the hydrothermal mineralization
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treatment can be applied to the contaminated water by Sb'0,” for recovering Sb as

precipitate and detoxify the polluted water.

6.2. Experimental

Model wastewaters containing 90 mg/dm3 (0.74 mmol/dm’®) of pentavalent
antimony (dissolved as Sb'0,”) were prepared by dissolving Sb,Os in distilled and
deionized water. Then, 30 dm® of the model wastewater was sealed in a pressure
vessel lined with fluorocarbon resin together with mineralizer Ca(OH),.
Hydrothermal mineralization treatments were carried out by leaving the vessel in a dry
oven for 2 — 12 h at 150 — 230 °C. After the treatment, the vessel was cooled down in
room temperature for 1 h or in ice water for 10 min. Determination of Sb
concentration and the analysis of the precipitates before and after the treatment were
carried out by inductively coupled plasma mass spectrometry (ICP-MS) and X-ray

diffraction (XRD) respectively.

6.3. Results and Discussions

Figure 6-1 shows the treatment time dependence of the Sb concentration in the
water treated at 150 — 230 °C with 0.05 — 0.3 g of Ca(OH), mineralizer. Sb
concentration only by addition of Ca(OH), (i.e. before the hydrothermal treatment) did
not reduce. However, it decreased drastically by applying the hydrothermal
mineralization treatment. Residual Sb concentrations were decreased with an
increase of treatment temperature and it was 0.06 mg/dm’ at 230 °C for 12 h with 0.3 g
of Ca(OH),. Therefore, the hydrothermal mineralization treatment is definitely
effective for reducing Sb in aqueous media. Figure 6-2 shows the XRD pattern of the

precipitate obtained by the treatment with 0.05 g Ca(OH), at 200 °C for 12 h. The
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precipitate formed by the treatment was Ca,Sb,07, which has the structure similar to
Monimolite ((Pb,Ca),Sb,07). The recovered Ca,Sb,0O; would be easily reused by the
conventional resource manufacturing process. Although, residual Sb concentration
did not vary drastically by changing the added Ca(OH), amount in the range of 0.1 —
0.3 g, it was gradually decreased. As the solubility of Ca(OH), into water is constant
at a given hydrothermal condition, Ca®* concentration in solution does not vary by
changing the added amount of Ca(OH),, even when the added amount of Ca(OH), is
0.05 g which showed low recovery rate of Sb (Figure 6-1-(b)). Thus, it is expected
that the formation reaction of the Ca,Sb,O; may occur between Sb043' and the
precipitate of Ca(OH), mineralizer. Improvement of yield recovery of Sb would be
attained by increasing the surface area of Ca(OH), precipitate used for the formation
reaction of Ca,Sb,0O;. Furthermore, residual concentration decreased to 0.05 mg/dm3
by rapid cooling in ice water (see in Figure 6-1-(b)) which is lower than the Sb
concentration treated with 0.3 g of Ca(OH), at 230 °C. This result indicates that the
solubility of Ca,Sb,07 under hydrothermal condition is lower than that under ordinary
temperature and pressure. In this study, a batch type of pressure vessel was cooled
down to room temperature for 1 h after the treatment. During this process,
re-dissolution of Ca,Sb,O7; would occur and Sb concentration increase. On the other
hand, a rapid cooling of the vessel prevented the re-dissolution of Ca,Sb,07 in shorter
cooling process (typically for 10 min). Decrease of Sb concentration was achieved
through the separation of the solvent from precipitate before re-dissolving a large
amount of Ca,Sb,O; into treated-water. This result suggests that every Sb
concentration after the treatment in this study would be higher than that in-situ under
hydrothermal condition. Therefore, the system construction to separate reaction
solution from precipitate in-situ under hydrothermal condition would improve the

efficiency to remove and recover Sb by hydrothermal mineralization.
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Figure 6-1. Dependence of the Sb on the treatment time with V/; 0.05 g, O; 0.1 g,
A\;0.2¢g, [0 and ¥¢; 0.3 g Ca(OH), mineralizer. (a); 150 °C, (b); 200 °C, (¢); 230 °C.

Y<: rapidly cooled down by ice water for 5 min.
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From this consideration, all of Sb concentration after the treatment shown in this study
would be higher than that of under hydrothermal condition. Therefore, system
construction to separate reaction solution from precipitate under hydrothermal
condition would improve efficiency of removal and recovering Sb by hydrothermal

mineralization treatment.
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Figure 6-2. XRD pattern of the precipitate obtained by hydrothermal treatment at

200 °C for 24 h with 0.05 g of Ca(OH),. O: Ca,Sb,07, [1: Ca(OH),.

6.4. Conclusions

It is concluded that the hydrothermal mineralization treatment is effective for
recovering SbO4” from aqueous media. The recovered mineral was Ca,Sb,O7, which
had a structure similar to Monimolite. Thus, reuse of the formed precipitate would
become possible by incorporating this process into the traditional resource
manufacturing process. Rapid cooling test showed that the solubility of Ca,Sb,0O
under hydrothermal condition was lower than that under room temperature and
pressure. Therefore, it is expected that the separation of reaction solution and
precipitate in-situ under hydrothermal condition bring about the improvement of higher

yield recovery of Sb.
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Chapter 7 Detoxification of wastewater containing ionic liquid by
combination of hydrothermal mineralization and photocatalytic

decomposition

7.1. Introduction

Ionic liquids (ILs), which exist in a stable liquid phase at room temperature, have
been increasingly studied recently as environmentally benign, or “green” solvents [1,
2]. They are generally composed of organic cations (e.g., ammonium, imidazolium,
phosphonium or pyridinium ions) and inorganic or organic anions (e.g., CI', BE4, PFg
or TFSI ions). Figure 7-1 shows the chemical structures of imidazolium cation, PFg
and TFSI anions. The nature of ILs are largely determined, in particular, on
microscopic nature of the mixture with water. For instance, ILs based on hydrophilic
counter-anions, like CI' or BFs, are soluble into water, but ILs with hydrophobic
counter-anions like PFs or TFSI' anions are hardly soluble. The most commonly
used ILs are made up of a dialkylimidazolium cation and hydrophobic anions such as
PFs. The feature can be exploited for liquid-liquid-separation, the efficiency of
which is generally superior to the traditional organic liquids because of their physical

properties such as non-volatility, chemical stability and easy tunability [3-8].
H;C R
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Bis(trifluoromethylsulfonyl)imide
EMF R= C2H5

1-ethyl-3-methyl-imidazolium (EMI)
Figure 7-1. The BMI', EMI", PFs and TFSI ions.
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Therefore, one of the most important factors for the actual application of ILs consists
in their high stability. However, these physical properties of ILs have a negative
aspect for decomposition treatment of ILs in order to prevent their emission into the
environment. Dissolution of ILs into water would be slightly possible when they are
subject to liquid-liquid extraction. Thus, it is anticipated to be effluent in the
environment. The environmental risk of commercially available ILs and
detoxification of aqueous solutions containing ILs have been discussed recently [3, 9].
However, these reports focus entirely on only the decomposition of organic cations, but
do not refer the detoxification of inorganic anion parts. ILs have anion parts
containing P, B, F and the other elements, which are inhibited to discharge owing to the
environmental and effluent water quality standards. Therefore, the detoxification
treatment for both organic cations and inorganic anions is required, when wastewater

containing these ILs is discharged to the environment.

In Chapter 3 is described that the hydrothermal mineralization treatment is
effective to remove and recover BF4 anion from aqueous media. Thus, it is expected
that the hydrothermal mineralization treatment would be a capable method for
removing these counter anions such as PFg and BF, in ILs On the other hand, the
decomposition of organic cation parts in ILs would be so difficult under subcritical
hydrothermal conditions that we focused on the photocatalytic oxidation and
decomposition treatment for organic parts. Therefore, we investigated in this chapter
the detoxification of aqueous media containing various kinds of ILs ((EMI)PFg,
(BMDBF,, (EMI)Br and (EMI)TFSI) by applying hydrothermal mineralization for
recovering inorganic anion part, and photocatalytic oxidation for decomposing organic

cation part.
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7.2. Experimental
7.2.1. Hydrothermal treatment

Model wastewater with 200 mg/dm3 of each ionic liquid (Nippon gousei Co. Ltd.)
was prepared by dissolving each IL in distilled and deionized water. Each model
wastewater (30 ml) was sealed in a pressure vessel lined with fluorocarbon resin
together with mineralizer Ca(OH), and oxidizer H;O,. Hydrothermal treatment was
carried out by leaving the vessel in a dry oven for 2 — 24 h at 150 - 200 °C. After the
hydrothermal treatment, the vessel was cooled down in atmospheric air for 1 h.

Precipitates obtained by the hydrothermal treatment were filtered and collected.

7.2.2. Photocatalytic oxidation

TiO, (JRC-TIO-8, anatase type, 338 ng'l) was supplied from the Catalyst Society
of Japan, and Pt/TiO, (335 ng'l) was prepared from the TiO;, and an aqueous H,PtClg
solution with 50% methanol by photodeposition method [10]. Photodecomposition
reaction was carried out by irradiating the UV light from 300 W Xe lamp to the quartz
reactor set in a closed photocatalytic reaction system. Model wastewaters with 20
mg/dm3 of ILs were prepared by dissolving them in distilled and deionized water.

The TiO, or Pt/TiO, was suspended in model wastewater under O, atmosphere, stirred

and photoirradiated at room temperature.

7.2.3. Analytical method

The precipitates were identified by X-ray diffraction (XRD: RIGAKU Rint-2500)
using CuKa radiation. Quantitative elemental analysis of phosphorous and boron in
the solvent, which was obtained after the hydrothermal treatment, was carried out by
using the inductively coupled plasma-atomic emission spectrometry (ICP-AES:

Perkin-Elmer, Optima3300DV). Ion chromatograph analysis with suppressor (CSRS
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ULTRA II 4-mm Auto Suppression External Water Mode) and conductivity detector
were performed before and after the treatment for measurements of the concentrations
of EMI" and BMI" (Column: Dionex IonPac CSI12A + CG12A, Mobile phase 30
mmol/dm® Methanesulfonic acid / 15 (v/v)% Acetonitrile aq), and PFs’, BF, and TFST
(Column: Dionex IonPac AS12A + AGI12A, 1.35 mmol/dm’ Na,COs; / 50 (v/iv)%
Acetonitrile aq).  Quantitative and qualitative measurements of the organic
compounds formed after the treatment, were carried out by GC-MS (Shimadzu,

GCMS-QP5050A).

7.3. Results and Discussion
7.3.1.  Hydrothermal mineralization treatment

NaBF, contained in aqueous solution was effectively decomposed and removed as
precipitate by hydrothermal mineralization treatment with Ca(OH), mineralizer as
described in Chapter 3. Thus, we examined firstly the precipitation removal of NaPFg
from aqueous media by hydrothermal mineralization treatment, because PFs counter
anion is included in commonly used ILs. Table 7-1 shows the removal yield of
phosphorous by the treatment at 150 or 200 °C for 8 h with Ca(OH), mineralizer and
H,0O; oxidizer. More than 99.9 % of phosphorous was removed by the treatment at
200 °C regardless of the addition of H,O,. At the early stage of the treatment,
decomposition of PFs would occur by alkali, high temperature and high pressure
conditions to form PO4> and F. The precipitation removal of F and PO, by using
hydrothermal mineralization treatment at lower treatment temperature, e.g., at 150 °C
was already mentioned in Chapters 2 and 3. Thus, low removal yield of phosphorous
treated at 150 °C would cause the low decomposition rate of PFs by the treatment.
Therefore, higher temperature treatment would be required in order to decompose PFg .

Figure 7-2 shows the removal yield of phosphorous by hydrothermal mineralization
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treatment of the aqueous solution containing 200 mg/dm3 of (BMI)PFs with Ca(OH),
oxidizer at 150 or 200 °C. Removal yield of phosphorous from (BMI)PFs showed the
same behavior as the treatment of NaPFg aqueous solution. Figure 7-3 shows the
XRD pattern of the precipitate after the treatment of the solution containing
(BMDPFs with Ca(OH), mineralizer at 200 °C. Diffraction peaks of CaF, and
Cas(PO4)3(OH) were observed. As shown in Chapters 2 and 3, these compounds
were formed by the reaction of Ca(OH), and HPO42'/F' under hydrothermal conditions.
This result is one of the evidences that decomposition reaction of PFs in (BMI)PFg
contained in the (BMI)PFs would occur by this treatment and form F and PO43' ions
formed. Therefore, the essential step for decomposition is not to dissociate the anion
part PF¢ from (BMI)PFg, but to decompose directly PFs and generate PO43' and F to
form precipitate. CaCO;3 observed in Figure 7-3 would be formed by the reaction of
Ca(OH), with CO3* which generated by decomposition of organic part in (BMI)PFg.
However, decomposition yield of imidazolium cation part was not enough to detoxify
model wastewater completely (36.1 %) even when the hydrothermal mineralization
treatment time was 24 h (see Table 7-2). Thus, we investigated the photocatalytic

oxidation in order to decompose cation part by using Pt/TiO, and TiO,.
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Table 7-1.

Phosphorous removal yield by hydrothermal mineralization treatment of

aqueous media containing PFs~  (Initial concentration of PFg was 200 mg/dm3 )

Temperature / °C H->0, addition / % Treatment time / h P removal / %
25 0 0 0.6
25 3 0 13.8
150 0 8 27.5
150 3 8 30
200 0 8 99.9
200 1 8 99.9
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Figure 7-2. Removal yield of phosphorous by hydrothermal mineralization treatment

of the model wastewater containing 200 mg/dm3 of (BMI)PFs with Ca(OH),

mineralizer.

@: 150 °C with 3 % H,O,, B: 200 °C with 3 % H,O, and [J: 200 °C

without H,O,.
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Figure 7-3. XRD pattern of the precipitate obtained by the hydrothermal mineralization
treatment at 200 °C for 12 h for the model wastewater containing 200 mg/dm3 of (BMI)PF¢

with Ca(OH),. @: Cas(PO4);(OH), B: CaF,, O: Ca(OH), and [1: CaCOs.

7.3.2. Photocatalytic Decomposition

The photocatalytic oxidation was performed in order to decompose cation part
completely by using the photocatalysts Pt/TiO, and TiO,. Table 7-2 shows the
decomposition rate and removal rate of anion and cation parts of ILs treated by 24 h
UV irradiation with TiO; or Pt/TiO, and/or hydrothermal mineralization treatment for
aqueous solutions containing 20 mg/dm3 of ILs. As a result, cation parts of all ILs
were effectively decomposed by the photocatalytic oxidation. The anion part of PFg
cannot be decomposed by photocatalytic oxidation, while BF4 contained in (BMI)BF,
was decomposed mostly by photocatalytic treatment. As shown in the removal rate
after the photocatalytic treatment only, however, boron and fluorine still exist in
aqueous solution as H3BO4, and F. In order to remove the cation part, the
photocatalytic decomposition was followed by hydrothermal mineralization treatment
at 200 °C for 24 h in the aqueous solution containing 20 mg/dm3 (EMI)PFs. As a

result, all of chemicals composing ILs were mostly decomposed and removed. Thus,

101



detoxification treatment of aqueous media containing (EMI)PFs was finally achieved.
This result indicates that the aqueous media containing (BMI)BF, would be detoxified
by the combination treatment of hydrothermal mineralization and photocatalytic
oxidation, because both cation and anion parts are already removed or decomposed by
each treatment (see Table 7-2 and Chapter 3). On the other hand, the decomposition
of TFSI by using both photocatalytic decomposition and hydrothermal mineralization
treatment cannot be accomplished even by using both photocatalytic decomposition
and hydrothermal mineralization treatments (Table 7-2). Therefore, the other
decomposition or removal treatment is necessary for treating (BMI) or (EMI)-TFSIL.
Table 7-3 shows the inversion rate to CO, and carbon balance treated in aqueous
solution containing 20 mg/dm3 (EMID)Br with Pt/TiO, for 24 h UV irradiation.
Approximately 70 % of carbon was discharged as CO; into gas phase and the residual
carbon was detected as ethyl-amine in the treated-water. The carbon balance derived
from generated CO, and residual ethyl-amine was 97.8 % (see Table 7-3), so that
ethyl-methyl-imidazolium cation in the model wastewater was considered to

decompose to CO; via ethyl-amine intermediate compound.
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Table 7-2. Decomposition rate of anion and cation parts of each ILs, and removal rate

of anion part treated by hydrothermal treatment and/or photocatalytic decomposition

Decomposition  Removal rate  Decomposition

Treatment
ILs rate of anion of anion part rate of cation
method
part/ % ! % part / %
(EMDBr Pt/TiO, - 0 87.8
Pt/TiO, 20.5 0 99.9
TiO, 24 0 99.9
Hydrothermal
99.8 99.8 36.1
(EMI)PFq treatment
Pt/Ti0O, after
hydrothermal 99.8 99.8 99.9
treatment
Pt/TiO, 99.9 0 99.9
(BMI)BFE,4 Hydrothermal
99.9 99.9 36.3
treatment
Pt/TiO, 21.3 0 99.9
(EMI)TFSI Hydrothermal
0 0 25.1

treatment

(Irradiated light intensity was 19 mW/cm® (220-300 nm), 71 mW/cm? (310-400 nm)

and 175 mW/cm?® (360-470 nm). Treatment time was 24 h.)
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Table 7-3.  Amount of CO; generated, inversion rate and carbon balance

(EMI)Br Inversion rate of
Amount of CO, / 1 mol Carbon balance / %
concentration CO,/ %
20 mg/dm’ 38.8 69 97.8

(Irradiated light intensities were 19 mW/cm? (220-300 nm), 71 mW/cm? (310-400 nm)

and 175 mW/cm?® (360-470 nm). Treatment time: 24 h.)

7.4. Conclusions

Detoxification method of aqueous media containing ionic liquids (ILs) by the
combination of the hydrothermal mineralization and the photocatalytic decomposition
was investigated. Anions contained in the ILs such as PFs, BF; were effectively
removed by the hydrothermal mineralization treatment with Ca(OH), mineralizer. On
the other hand, photocatalytic oxidation by using TiO, or Pt/TiO, decomposed organic
cation parts completely. Therefore, the detoxification of aqueous solutions containing
PFs and BF, anions was accomplished. = However, both hydrothermal and
photocatalytic treatments could not remove and/or decompose TFSI'. Thus, further
investigation for decomposing TFSI' and removing fluorine contained in the TFSIT

would be required in order to meet the standard for discharged water of fluorine.
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Chapter 8 Summary and perspective

This thesis deals with the research on feasibility of detoxification method of
polluted water and resource recovery by hydrothermal mineralization treatment. As a
result, hydrothermal mineralization treatment enables not only the detoxification of
wastewater polluted by various oxoanions that have no effective removal method for
removal, but also the precipitation recovery of resources in the wastewater as natural
minerals. This treatment method is independent of the initial concentration of
pollutants and the kind of ionic species. It is effective for treating various kinds of
wastewaters. Furthermore, in situ solid/liquid separation enabled to improve yield
recovery and to shorten optimal treatment time. These results expected that the
establishment of a flow-type apparatus for hydrothermal mineralization treatment
would contribute to achieve an effective resource circulation and to avoid
environmental pollution problems.

The theoretical treatment of hydrothermal mineralization for the polluted water, in
other ward, the precipitation mechanism of minerals under hydrothermal conditions
could be thermodynamically described as follows. All the minerals formed in this
work have negative solubility curves against the increase of temperature. The
property of these formed minerals is essential to precipitate harmful oxoanions from
polluted water by hydrothermal mineralization. The equation to derive temperature

dependence of equilibrium constant is shown in Equation 8-1.

Krs = KTleXp( AsolH (T2 — Tl)j

RT\T> (8-1)

where 7, and 7> are the temperatures of solution, R is the gas constant, A,,/H°is the
enthalpy change of dissolution, and K7; and K7, is the equilibrium constants of the

temperatures at 7; and 7>, respectively.
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This equation indicates that the compound which has negative standard dissolution
enthalpy change shows negative solubility curve against the increase in temperature.
All the oxoanions treated in this work had negative enthalpy change due to the
stabilization by hydration. This consideration suggests that the other compounds,
which have negative enthalpy, would also precipitate by the hydrothermal
mineralization treatment. For example, oxoanions such as chromate and selenate
have negative standard dissolution enthalpy change. This fact means that the
hydrothermal mineralization treatment has the potential to be applied to all kind of
precipitation of dissolved oxoanions in water. Table 8-1 shows such compounds
which have negative standard dissolution enthalpy change [1]. These data indicate
that the hydrothermal mineralization treatment would be effective to precipitate
carbonate and nitrate. Therefore, this treatment can be applied not only to wastewater
treatment, but also to immobilization of the carbon dioxide and/or nitrogen oxide.
However, the solubility of compounds into water is generally determined by standard
dissolution enthalpy and entropy change. Thus, the investigation on such data is
important to choose cationic species to form minerals. Equation 8-2 shows the
equilibrium constant derived from its standard dissolution enthalpy and entropy

change.

AwoiG°=—=RTInK = AsuH ® — TAw0iS$ (8-2)

where A,,G° is the free energy for dissolution, R is the gas constant, 7 is

temperature, A,,H°is the standard enthalpy change of dissolution, and A,,S°is the
standard entropy change of dissolution.

The equation indicates that the standard dissolution entropy change should be

negative to achieve low solubility of the formed mineral into water. The amount of
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standard dissolution entropy change directly affects the recovery yield and the
concentration of hazardous elements contained in the treated-water. Thus, the
investigation of cationic species to accomplish the lowest standard dissolution entropy
change is necessary in order to form hardly soluble or insoluble minerals. Therefore,
the hydrothermal mineralization treatment would be effective treatment method for

aqueous media containing various chemicals by further investigations.

Table 8-1. Standard dissolution enthalpy change

Compound AsolH° / kJ mol™ Compound AsolH® / kJ mol™
Ca(NOs3), -19.16 Cas(PO4)3;(OH) -75.7
CaCOs3 -13.08 Na,COs -26.7
CaSOq4 -26.9 Na;SO4 -2.43
CaHPO, -20.59 Na,HPO4 -24.06

The experimental results and discussion obtained in this thesis are summarized as
follows according to the conclusions of each chapter.

Chapter 1 described the general introduction about the research background on
treatments of wastewater and environmental water. The mineralogy and chemistry of
elements, which are related to this work are also described. Subsequently, the
purposes of the present study were stated followed by description of hydrothermal
mineralization treatment and its advantage for treating industrial wastewater.

Chapter 2 described the development of a novel technique for removing boron
species from wastewater by hydrothermal mineralization. The present technique
made it possible not only to remove the dissolved boron species from wastewater, but
also to recover the calcium borate mineral (Ca,;B,0s-H,0) by the addition of Ca(OH),

and/or H;PO, to wastewater, where Ca(OH), and H3;PO, were mineralizer and
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re-dissolution suppressor of the calcium borate mineral, respectively. More than 99%
of boron dissolved into the model wastewater (boron concentration: 500 mg/dm3) was
recovered as the precipitate of Ca,B,0s-H,O by the hydrothermal treatment at 130 °C
for 14 h with 3.0g of Ca(OH), and 1.5g of H3PO4. The recovered Ca,;B,05-H,O
precipitate in the present treatment could be used in the borax production process along
with the natural ore of boron, because this compound has a similar crystal structure to
colemanite which is natural mineral used for resource manufacturing.

Chapter 3 described the treatment of aqueous media containing fluoride and
tetrafluoroboric ions. Fluoride ion included in the model wastewater was collected
completely by hydrothermal treatment with Ca(OH), at 150 °C for 4 hours. The
amount of added Ca(OH), was much lower than the conventional lime precipitation
method. Recovery of boron and fluorine from model wastewater containing
tetrafluoroboric ion was successfully accomplished by hydrothermal mineralization at
150 °C for more than 36 h. Formation of fine particles of CaF, by decomposition of
BF, had an excellent effect on inhibiting re-dissolution of borate mineral by settling
down the particles and forming dense layer on the surface of precipitate. The
recovery yield of fluorine and boron was 99.9 % and 98 %, respectively.

Chapter 4 described the detoxification of polluted water containing boric or
tetrafluoroboric ions and the resource recovery by in situ solid/liquid separation
hydrothermal mineralization treatment. As a result, effective recovery of boron and
fluorine was achieved at shorter treatment time (2 h) than ordinary batch-type
treatment (12 h) from aqueous solution containing in either case boric or
tetrafluoroboric ions. Both boron and fluorine concentrations after the treatment were
4 mg/dm’ for any model wastewater containing 5 - 3000 mg/dm’ of boric ion or 8000
mg/dm’ of tetrafluoroboric ion. Some information was obtained on the

decomposition of tetrafluoroboric ion and the formation of fluorite (CaF,) by
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measuring solubility of Ca(OH), under hydrothermal condition. The results of this
chapter’s experiments suggested that the hydrothermal mineralization treatment by
using a flow-type apparatus would be effective for treating wastewater and ground
water containing these ions.

In chapter 5, the precipitation recovery was investigated for arsenic detoxification
by using model wastewaters containing arsenate, arsenite and the mixture of these ions.
In order to recover ASHIO33 ", simultaneous oxidation and mineralization treatments of
arsenite were effective to precipitate arsenic as Cas(AsO4)3(OH) mineral with high
yield. The amount of H,O, addition, which is added as oxidant for arsenite ion,
depended on the initial concentration of arsenite ion. The optimum treatment
conditions were at 150 °C for 12 h with 5 % of H,O, for the model wastewater, which
contains 2000 mg/dm® of arsenite ion. The arsenic concentration of the treated-water
was approximately 0.02 mg/dm’ regardless of its initial concentration, but it depended
on the solubility of Cas(AsO4);(OH) and the amount of added H,O,. On the other
hand, arsenate ion was easily recovered as arsenate apatite (Cas(AsO4)3(OH) by
hydrothermal mineralization treatment. The arsenic concentration in the
treated-water was 0.02 mg/dm’ for the model wastewaters containing 1 - 2000 mg/dm’
of arsenate ion. In order to precipitate arsenic from mixed solution of arsenate and
arsenite ions, simultaneous treatment with mineralization and oxidation by using H,O,
oxidizer was found effective. In situ solid/liquid separation effect under
hydrothermal condition was also investigated, which resulted in that the yield recovery
of As was increased and optimal treatment time was shortened. Therefore, it was
found that the hydrothermal mineralization treatment is effective to precipitate arsenic
species.

Chapter 6 described the results of the hydrothermal mineralization treatment for

antimonic ion. This ion (SbO4") in aqueous media was effectively precipitated as
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Ca,Sb,0O7, which had similar structure to Monimolite. Thus, the reuse of the formed
precipitate would be easily attained by incorporating traditional resource
manufacturing process.

Chapter 7 described the detoxification treatment for aqueous media containing
various kinds of ionic liquids (ILs) by using both hydrothermal mineralization and
photocatalytic decomposition. Cation parts of ILs investigated in this study consisted
of butyl methyl or ethyl methyl imidazolium, while the anion parts were PF¢, BF4, Br
and TFESI. A series of experiments verified that anions contained in ILs such as PFg,
BF,, etc. were effectively removed by the hydrothermal mineralization treatment with
Ca(OH); mineralizer. On the other hand, the organic cation parts were found to be
decomposed by the photocatalytic oxidation of TiO,. Therefore, the detoxification of

aqueous solution containing ILs was accomplished.
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