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Investigation of arsenic behavior in agueous solution by means of hydride

generation from arsenite and arsenate

ABSTRACT

Worldwide arsenic occurrence to groundwater and its toxic effect on human health
is a serious environmental problem. It is released into the environment from a variety of
natural and anthropogenic sources. Chemically, there are two types of arsenic
compounds: inorganic and organic. Inorganic arsenic is more toxic than organic arsenic.
Arsenite is considered 60 times more toxic than arsenate and binds to sulphydryl (-SH)
group which impairs function of many proteins. Chronic ingestion of inorganic arsenic
causes cancer of the skin, bladder, and lung, as well as neurological and cardiovascular
problems. The most severely groundwater contaminated countries including Bangladesh,
West Benga (India), Taiwan, Vietnam, Cambodia It has become a challenge to
researchers, reasons of arsenic leaching to groundwater and simpler removal technique
obtaining safe drinking water. In the present research, | have investigated the behavior of
hydride generation from arsenite and arsenate applied to monitoring arsenic removal, to
investigate arsenic leaching from sediments, and development field instrument based on

liquid-reagent-free hydride generation-chemiluminescence detection for water analysis.

Arsenic removal

To obtain safe drinking water removal of arsenic is very important. Metal base
adsorbents, including aluminum, iron, titanium, zirconium, and manganese, have been
extensively studied to remove arsenic from water. Many oxidants like ozone, chlorine,
hydrogen peroxide use to oxidize As(l11) to As(V) and finally arsenic is removed by
adsorption process. To monitoring arsenic concentration of water treatment technologies
many laboratory base analytical methods used to measure total arsenic. Speciation
measurement is very important because arsenite is much more toxic than arsenate. An
automated arsenic measurement system developed based on complete vaporization of
arsenite and arsenate at pH O and vaporization of arsenite at pH 7 by a sequentia
procedure and collection/preconcentration of the vaporized arsine, which was



subsequently measured by a flow analysis. Interference from the heavy metals was less
because arsine was generated more effectively by mild and long vaporization. The
method was applied to monitoring As(I11) and As(V) concentrations for arsenic removal
in batch wise. Arsenic removal was effective by coprecipitation when hypochlorite
(oxidant) was added at a tap water to oxidize As(l11) to As(V). A small amount of
steel wool isvery effectivein arsenic removal, adsorbing As quantitatively within 2 h,

L eaching of arsenic from sediments

Leaching of arsenic poses a potential risk to groundwater quality. Various industrial
and mining wastes remained |eft in the nearby area after manufacturing which contained
extremely high concentration of arsenic from where soil is polluted, possible mobilization
and subsequent leaching into groundwater or surface water or enter the human food chain
through various chemical and biological reactions. Sequential hydride generation flow
analysis (SHGFA) was applied to water analysis and leaching investigation from the
contaminated sediments near an arsenic mine river. The SHGFA system showed the
excellent performance for leaching behavior of arsenic analysis by discriminating As(l11)
and As(V). It was observed that rate of As(lIl) leaching was faster than As(V) while
As(V) leached more in amount compared to As(111).

Arsenate is a phosphate analog and both have the similar electron configuration and
form triprotic acids with similar dissociation constants. Phosphate plays an important role
to groundwater arsenic contamination leaching from soil/sediments. Application of
phosphate fertilizer in agricultural activities to soil surfaces, released arsenic ions sorbed
to aquifer minerals by competitive ion exchange with phosphate ion that migrates into
aquifer. Simultaneously monitoring arsenite and arsenate by SHGFA was applied to
investigate arsenic leaching from contaminated sediment by the effect of phosphate ion.
Leaching of arsenate was significantly evaluated by the phosphate ion, as phosphate ion

has more charge density than arsenate resulting replaced from sediment minerals surface.

Field Instrument Development
A manually hydride generation chemiluminescence instrument developed for on-

site arsenic measurement in the agueous sample. A hydride generation method based on



liquid-reagent-free by avoiding concentrated inorganic acid because transportation and
handling of inorganic acids for field measurements is difficult and dangerous for the
users without any formal chemistry training. In addition, in the arsenic affected areas it
can be difficult to obtain pure water for reagents preparation. The optimized system was
evauated for analysis of natural water samples, and obtained data agreed well with those
from ICP-MS and SHGFA. The sample throughput was 60 times h™* and the limit of
detection was 0.4 pg L™. The measurable arsenic concentration was up to 1 mg L™ for 2
mL samples. The instrument is small and light with low power consumption, and could

measure g L™ concentrations of arsenic in a short time.

Vi
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CHAPTER ONE

Introduction

1.1. Chemistry of arsenic

Arsenic is a ubiquitous and naturally occurring element widely distributed in the
atmosphere, rocks, soils, natural waters and all living organisms. Average concentration
of arsenic in the earth’s crust reported range from 1.5 to 5 mg kg™* [1]. It releases into the
environment from a variety of natural and anthropogenic sources and mainly associated
with sulfide minerals. The presence of arsenic into groundwater poses a serious health
concern to the population where groundwater is the main source for drinking and
irrigation. Many countries of the world including Bangladesh, Nepal, West Bengal
(India), Vietnam, Cambodia, Taiwan, groundwater is highly contaminated with arsenic.

OH OH
HO—As—OH HO—As—OH
Arsenite Arsenate

Inorganic arsenic

OH CHj;
H3;C—As—OH H;C—As—OH
O O
Monomethyl arsonic acid Dimethyl arsinic acid

Organic arsenic

Fig. 1-1. Common inorganic and organic arsenic in the groundwater

Elementary arsenic is fairly insoluble whereas arsenic compounds may readily
dissolve. Chemically, there are two types of arsenic compounds. inorganic and organic.
In the environment, inorganic arsenic is typically present in either trivalent or pentavalent
form. Trivalent arsenite is generally more toxic to humans and four to ten times more

soluble in water than pentavalent arsenate [2-4]. The trivalent arsenite is 60 times more



toxic than pentavalent arsenate [5]. Organic arsenic species are abundant in seafood, and
include such forms as monomethyl arsonic acid (MMAA), dimethyl arsinic acid
(DMAA), and arseno-sugars. In the Fig. 1-1 shows some common inorganic and organic
arsenic is found in the groundwater. Hydrogen atoms in both inorganic species dissociate

leading to the formation of various anions.

Table 1-1. Dissociation constant for arsenate, arsenite and phosphate [6]

pK values Dominating solutions species

Anions PK a1 pPK 22 PKas pH 4 pH 7 pH 9

Arsenate  2.20 6.97 1153  H,AsO;,  H,AsO,  HASOs
HASO,*

Arsenite 9.22 12.13 1340  HsASO®  HsAsOs®  HsAsO

HoASOs

Phosphate  2.15 7.20 12.38  H,PO, H,PO, HPO,*
HPO,*

Arsenic perhaps unique among the heavy metalloids and oxyanion-forming
elements (e.g. Se, Sh, Mo, V, Cr, U, Re) inits sensitivity to mobilization at the pH values
typicaly found in the groundwater (pH 6.5 - 8.5) under oxidizing and reducing
conditions [7]. The valency and species of inorganic arsenic are dependent on the redox
conditions and the pH of the water. Generally, trivalent arsenite is formed in the reduced
condition and normally found in the groundwater. On the other hand, pentavalent
arsenate is formed in the oxidized condition and found in the surface water. This rule
does not always hold true for groundwater.

Redox potential (Eh) and pH are the most important factors controlling the arsenic
speciation is shown in Fig. 1-2. Under oxidizing condition, H,AsO, is dominant at low
pH (less than 7) whilst at higher pH, HAsO,*> becomes dominant. The unchanged
HsAsO,’ and AsO,* may be present in extremely acidic and akaline conditions,
respectively. Under reducing conditions at pH less than about pH 9.2, the uncharged
arsenite species HsAsOs° will predominate [8]. The distributions of the species as a

function of pH are shownin Fig. 1-3.
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Fig. 1-2. Eh-pH diagram for agqueous arsenic (As) species in the system As-O,-H,0 at
25°C and 1 bar total pressure[7].
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1.2. Origin of arsenicin the environment
Arsenic is released into environment from a variety of natural and anthropogenic
sources. It can be released into groundwater or surface water through erosion, dissolution



and weathering. Geothermal water and high evaporation rates also are associated with
arsenic concentration into groundwater and surface water particularly in the Western
United State [9]. Natura dominating processes are volcanic eruptions, weathering and
may be transported over long distance as suspended particulates, through air and water.
Emission of arsenic from the industrial activity also accounts for widespread
contamination of soil and groundwater environment. Arsenic once introduced into the
atmosphere it may circulate in the natural ecosystem for a long time depending on the

prevailing geochemical environments|[1].

1.2.1. Natural sources

Arsenic occurs naturally in all minerals and rocks, although its distribution within
them varies widely. In the environment arsenic is mainly associated with sulfide minerals.
The most important minerals are arsenopyrite (FEASS), orpiment (As,S;), realgar (AsS),
arsenian pyrite [Fe(S,As);] [9]. High concentration of arsenic are also found in many
oxides minerals and hydrous metals oxides, either as a part of minera structure or

adsorbed to the surfaces.

1.2.2. Anthropogenic sources

Arsenic isintroduced in the environment through the various anthropogenic sources.
Apart from the mining activities and combustion of fossil fuels which involve
redistribution of increasing arsenic in the environment through the manufacturing and
uses of arsenical compounds such as pesticides, herbicides, crop desiccants and additives
in the livestock feed particularly for poultry. Arsenic also released from other heavy
industrial process including smelting, pulp and paper production, glass manufacturing,
cement manufacturing and waste products. Also released from the agricultural and

industrial activities; mining waste and leaching from the cattle dip sites, cemeteries[10].

1.3. Mechanism of ar senic mobilization into groundwater
Occurrences of dissolved arsenic in surface and ground waters and its adverse
effects on human heath have emphasized the need for better understanding of reactions

that govern arsenic mobility in the environment [11]. The mobility of arsenic in the



groundwater governs by the geochemical and hydro-geological characteristics as well as
the source of arsenic in the sediments depends on the geology of the source of terrain [12].
The retention or mobility of arsenic under varying redox condition depends on the
interaction of the agueous phase with mineral phases of the sediments. The mechanism of
arsenic releases and mobilization into groundwater has been a subject of considerable
controversy. There are three contrasting hypotheses for mobilization of arsenic in the
groundwater [13-15].

e Oxidation of arsenopyrite

* Reductive dissolution of iron hydroxide

= Anion exchange of sorbed arsenic with phosphate from fertilizers.

According to the oxidation theory, arsenic is released from the sulfide minerals
(arsenopyrite) in the shallow aquifer due to oxidation. The lowering of water table owing
to over exploitation of groundwater for irrigation, as a results atmospheric oxygen enter
into aquifers where it reacts with arsenopyrite which influenced to release the arsenic into
groundwater. The extensive extraction of groundwater has caused quick diffusion of
oxygen within the pore spaces of sediments as well as an increase to dissolve oxygen in
the upper part of groundwater. The newly introduced oxygen oxidizes the arsenopyrite
and forms hydrated mixture of arsenate and sulfate compound known as pitticite in
presence of water. This mixture is very soft and water-soluble compound. The light
pressures of tube-well water break the pitticite layer into fine particles and make it readily
solublein water.

Based on reductive dissolution theory, arsenic is derived by desorption from ferric
hydroxide minerals under reducing conditions. In the presence of iron, inorganic arsenic
species are predominantly retained in the solid phase under oxidizing conditions through
interaction with iron oxy-hydroxide coatings on soil particles by different types of
interactions e.g., adsorption on amorphous iron hydroxide [16], adsorption on ferrihydrite
[17], and co-precipitation [18] of As(I11) and As(V) with iron hydroxides. In the reducing
conditions the dissolution of iron-hydroxide coatings, resulting to release of iron(ll),
As(l11) and As(V) present on such coatings. Of course, pH is strongly influenced for
adsorption of As(V) and A(l11) by iron-hydroxide. Higher the pH causing desorption of
As(V) sometimes As(I11) from iron oxy-hydroxide surface [19].



The application of fertilizers has caused mobilization of phosphate from the
fertilizers down to shallow aquifers, which resulting the mobilization of arsenic due to
anion exchange onto the reactive minera surfaces. Since phosphate is bound strongly

onto these surfaces, arsenate can be mobilized into groundwater [20].

1.4. Conclusions

There is a need for integrated research to understand the sources, mechanisms of
arsenic leaching from sediments/soils into groundwater. Numerous factors which affect
the mobility of arsenic into groundwater and it is not easy to predict how it will change
under well defined conditions. Investigations have been carried out to have useful
information for leaching of arsenic from the contaminated sediments under various
conditions. Leachates arsenic was monitored as arsenite and arsenate by sequentially
hydride generation flow analysis (SHGFA).
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CHAPTER TWO

M easurement of arsenic by sequential hydride generation flow analysis

2.1. Introduction

Groundwater and surface water contamination with arsenic is a serous
environmental problem for human beings as well as for all living organisms. Worldwide
in 20 countries groundwater is contaminated with arsenic [1] and the most severely
affected countries including Bangladesh, West Bengal (India), Taiwan, Vietnam,
Cambodia, Argentina. While WHO guideline value arsenic in drinking water 10 pg L™
[2] but in those countries groundwater arsenic concentration beyond the permissible level
and sometimes the level is several thousand pg L. The sources of waterborne arsenic is
largely natural and being derived from the oxidation of arsenopyrite and under reducing
condition desorption from ferric hydroxide minerals in aguifer sediments [3]. In the
natural water, arsenic is primarily present in inorganic forms and exists as arsenite and
arsenate. Arsenite is 60 times more toxic than arsenate [4] and more difficult to remove
from the water than arsenate. Speciation measurement of arsenite and arsenate is very
important to know the arsenic concentration in the water sample as well as leaching of
arsenic from the various environmental samples like contaminated sediments, soils,
industrial wastage etc. In the conventional methods hydride generation-atomic adsorption
spectrometry (HG-AAS) [5], hydride generation-inductively coupled plasma atomic
emission spectrometry (HG-ICP-AES) [6] and liquid chromatography-inductively
coupled plasma mass spectrometry (LC-ICP-MS) [5] can determine arsenic. But to
generate hydride and subsequently measure with AAS and ICP-AES, As(V) has to be
reduced to Ag(lIl) prior to the experiment and there is a large interferences from the
heavy metals. On the other hand LC-ICP-MS can differentiate the arsenite and arsenate
but very difficult for iron rich sample.

In our laboratory developed a novel method which can measure arsenic by
discriminating arsenite and arsenate [7]. To investigate the mechanism of arsenic
leaching from the sediments sequential hydride generation flow analysis (SHGFA) was
applied. This is based on the perfect vaporization of both arsenite and arsenate at pH 0

and perfect vaporization of arsenite at pH 7, and subsequent analysis of arsenic with



molybdenum blue (MB) chemistry. Differences from the conventional arsenic analysis
methods based on hydride generation, in this method, arsenic is completely vaporized so
that interference from heavy metals is very little. In the next stage, hydride generation
was automated with the sequential hydride generation flow analysis (SHGFA) and was
applied to investigate the behavior of arsenite and arsenate in their removal processes|[8].
Determination of arsenic with SHGFA by discriminating As(I11) and As(V) offers many
advantages including high sensitivity, large linear range, low detection limit,
interferences from the heavy metals is very little, inexpensive and easy. On the other
hand in the conventional methods require comparatively expensive equipments, require
high degree of trained operators, high operating cost and finally they are not readily

amenable to portable instrumentation.

2.2. Experimental

2.2.1. Sequential hydride generation flow analysis (SHGFA)

Sequential hydride generation flow analysis is based on perfect vaporization of
arsenite and arsenate at pH O and vaporization of arsenite at pH 7 by a sequentia
procedure. A flow diagram is shown in the Fig. 2-1. All reagents solutions are derived by
using a 10 mL syringe pump (Versa pump 6 48K, 54021 Kloehn) equipped with a 12-port
selected valves (V6 rotary valve, 24105, Kloehn). Once the programme sequence created
on PC, the pump can carry out the operations for the entire analytical cycle without
further need of the PC. Each step of the program is summarized in Table A-1.

The generated arsine (AsHj3) is introduced into an annular diffusion scrubber where
the collected AsH3 is trapped in the absorbing solution (15 mM KMnO,4+ 0.01 M NaOH)
as arsenate. Arsenate reacts with ammonium molybdate to form hetero poly compound.
Finally, the compound is reduced by the ascorbic acid and form blue color and
absorbance measure at 870 nm with a flow through detector (UV-1570, Jasco)
Absorbing solution of potassium permanganate and the molybdenum blue were pumped
with peristaltic pump (Gilson Minipuls 3, France) at the flow rate of 0.2 mL min™. In the
absorbing solution line, two three-way solenoid valves (EXAK-3 12V dc, Takasago
Electric, Nagoya, Japan) were allowed; solution normally flow through the central porous

membrane channel of the diffusion scrubber is shown in the Fig. 2-2. During arsine
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generation valves were turned on and absorbing solution by-passed so that absorbing
solution contained in the diffusion scrubber unit remained stationery.

RC (20m| ©CC (0.3 m] BP (1.0 m)

wWasie

Mo blus  ajkaline

™ KhnO4
Ascarlsc acld

waler

ECTA

AsHI HCI
Generalar

pH T buifer

Reactor
10 mL sample
Syringe

Fig. 2-1. Flow diagram for leaching analysis of arsenic. SV: three-way solenoid valves,
DS. miniature diffusion scrubber, RC: reaction coil, CC: cooling coil, D: absorbance
detector, BP: back pressure coil, MT: mist trap, FM: air flow meter, AP: miniature air

pump

2.2.2. Measuring procedure

For determination of As(l11), sample 2.0 mL was taken in 10 mL syringe, then
added 0.5 mL of 0.05M EDTA, 1.0 mL of 1 M phosphate buffer total 3.5 mL aspirate to
the arsine generator from the bottom. Then gradually, 10 mL 0.33 M NaBH, (Nacaai)
added to the arsine generator through the glass frit air inlet from the bottom for 8 min.
Total arsenic was measured in the same way but AsHs was generated with 9 M HCI
(Nacalai) for 4 min instead of the phosphate buffer for 8 min. Arsenate was determined
by subtraction of the arsenite concentration from the total arsenic. Generation of AsH3
from arsenite and total arsenic were repeated every 17 min automatically with the syringe
pump, and measurement of collected arsenic was performed with the continuous flow
system.

11



2.2.3. Diffusion scrubber

The diffusion scrubber unit is composed of 50-cm long porous polypropylene (pPP)
membrane tubes (0.5 mm i.d., 0.9 mm o.d., 0.2 um pore size, Accurel PP, Membrana,
Wuppertal, Germany). A 10 cm length AWG30 teflon tube about 1 cm is passed through
the membrane from one side and sealed with seal tape. Opposite side of the tube also
installed the same way. After that, pPP membrane tube inserted in a 3.0 mm i.d.
polytetrafluoroethylene (PTFE) jacket tube and set the tee both sides of the jacket tube.
The teflon tubes of AWG14, AWG18 and AWG22 were piled up in that tee; as a result
the teflon tube AWG30 was fasten up inside the tee and was air tightness. The pPP
membrane tube diffusion scrubber has the effective absorption liquid volumeis 100 pL.

Gas in

Y Seal AWG22/18/14
AWGH tape tee

Liquid
out

Gas out

Fig. 2-2. Miniature diffusion scrubber

2.3. Results and discussion

2.3.1. Arsine generation at selective pH

In Fig. 2-3 shows the behavior of the arsenite and arsenate at the present system to
generate arsine as a function of solution pH. At pH 7 only arsenite vaporize to arsine
completely and at pH O arsenite and arsenate vaporize to arsine. If generation time is
allowed for a long time all As(l11) converted to arsine at pH 7. After 8 min all Ag(l11)
converted to arsine but at pH O after 4 min all As(V) converted to arsine. Addition of
NaBH, is very important factor to generate arsine. If the NaBH, is added at once as the
conventiona hydride generation, AsH3 (and Hy) generation rate is initialy high. But the
efficiency of AsHj collection by diffusion scrubber (DS) depends on the flow rate pass
through the DS unit and decreases with increasing the gas flow rate as the Gormley-

Kennedy’s equation [9]. At the present system, the NaBH, is introduced directly on the
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top through glass frit of the air bubbler and is distributed immediately by the aspirated air,
resulting in rapid mixing throughout the solution.
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o

Fig. 2-3. Generation of arsine from As(l11) 50 pg L™ at pH 7and As(V) 50 pg L™ at pH 0.

2.3.2. Collection of AsH3 by absor bing solution

AsHj3 is collected by porous membrane diffusion scrubber filled with absorbing
solution (15 mM KMnO,4 + 10 mM NaOH). Collection efficiency of AsH3 is dependent
on the gas flow rate. In Fig. 2-4 shows the effect of purged gas flow rate on AsH3
generation/collection and optimized purge gas flow rateis 50 mL min™.
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Fig. 2-4. Effect of purged gas flow rate on AsHs generation/collection. 50 pg L™ As(l11)
isfor pH O and pH 7. Arsine generation/collection time was 5 min.
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2.3.3. Measurement of collected arsenic by MB chemistry

The formed arsine (AsH3) is collected as arsenate and flowed to be mixed with
molybdenum blue reagent solution which passes through the heating coil (60°C).
Absorbance of the reaction product was measured at 870 nm with an UV-VIS
spectrophotometer (UV-1570 obtained from JASCO). In Fig. 2-5 shows the response
signal during measuring the arsenic standard by SHGFA at different concentrations 0,
100, 200, 400 and 500 pg L™ total ASAs(I11)+As(V)]. Calibration curves were linear
with R?=0.9989 for As(I11) and RP=0.9997 for total As. Repeatability was calculated after
3 consecutive measurement of the same standard solution at the same condition with the
relative standard deviations and both were 1% for As(Il1) and total As for 4 different
concentrations. The concentration of AsS(V) was determined by subtracting the
concentration of As(l11) from total arsenic concentration. The limits of detection (LODSs)
was estimated from three times standard deviation of blank sample signals were 0.02 and
0.03 ug L™ for As(I11) and total As, respectively.

500 pg L™

60 min 400 |_ Total As
/

-

200 200

100 100

Bk | ULLUUULLL@LL

Abs. 0.1

Fig. 2-5. Response signals obtained of the SHGFA system during measuring the arsenic
standard solutions of As(I11) and total AJAS(111)+As(V)] at different concentrations.

2.3.4. Effect of EDTA toretain oxidation state of arsenite and ar senate

In the groundwater and surface water arsenic is predominantly present arsenite [As(111)]

and arsenate [As(V)] and used for drinking and irrigation water supplies. Arsenite is the
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most toxic inorganic than arsenate [10]. The distribution of arsenite and arsenate in the
drinking water source is the main root of arsenic to enter human body and causes health
effect. On-site arsenic monitoring is important to distinguish the oxidation state because
oxidation state changes during transporting and storage due to precipitation by metals
oxyhydroxide (e.g. Fe, Mn), As(l1l) can be oxidation to As(V) photolytically produced
free radicals in the many sample matrices [11, 12]. In Fig. 2-6 shows that the oxidation
state changed dramatically in the storage while the concentrations of As(l11) and As(V)
were constant for afew days when EDTA was added into the natural water samples even
for such low concentrations. On the contrary, when the water was not treated with EDTA,
AS(111) was oxidized to As(V) probably due to dissolved oxygen, and then the formed
As(V) was gradually converted back to As(l11) after 3 days with being anaerobic. Finally

the all arsenic was three-vaent in two weeks.
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Fig. 2-6. Change in oxidation state of arsenic during storage with EDTA, phosphoric acid

and without the stabilizer. Examination was performed using natural water with addition

of Asto be 1 pg L™ and kept at room temperature.

According to the above results, water samples were collected from fifteen points
into plastic bottles and EDTA was added to adjust the concentration at 1.25 mM to
eliminate the changes oxidation state. Samples were filtrated through the 0.45 pum
cellulose acetate filters and kept in the dark place at 4°C. In the next day arsenite and
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arsenate were determined with sequential hydride generation flow analysis. The water

sampling points and arsenic measurements data are shown in Fig. 2-7.
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Fig. 2-7. Sampling points of water and sediments. Water samples were collected at 15
points shown as red circles. Numbers for the points indicate their altitudes. Size of circles
in the right is proportional to the total arsenic concentration. Ratio of As(I11) and As(V) is

shown in the circle. Arsenic content in the sediment is shown after washing.
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Upstream of the mining at two points, the total arsenic concentrations were around 2 g
L%, On the other hand, total arsenic concentration was 66.9 ug L™ at the point just next to
the mining, which water was flowing out from the mouth of mining (sample No. 3). The
ratio of As(l11)/total Asin water sample No. 3 was 3.%. With going downstream from the
mining, arsenic level was almost same (65-74 pg L™ at No. 3-6). At the sample No. 7,
arsenic level became high and it was 2.9 pg L™ Ag(lll) and 87.6 pg L™ As(V),
respectively. Thisis because; sample No. 7 was small place where water was not moving,
there might be anaerobic condition and biological activity eluted arsenic from the
sediments. Downstream from the sample No. 7, arsenic level decreases went down to
30.8 pg L™ at sample No. 13. Dissolved arsenic might deposit to the river sediments and
the contaminated water was diluted with water from the branches of the river. However,
the arsenic concentrations again increased and were 43.8 ug L™ and 36.6 ug L™ at No. 14
and No. 15, respectively. Those two points water were not moving and supposed to be
under anaerobic, might be enhanced to elute arsenic from the sediments again here. In the
last four point (No. 12-15) the ratio of As(l11)/total Aswas higher (7-13%) whereas other
points were (3-6% at No. 3-11). Sampling point No. 13 was dam and water stream on the
deposited sands. Probably, arsenic was leached from the deposited sands. To investigate
the leaching experiment, sediments were collected from three points along the river and
brought back to the laboratory. The sediments were washed before leaching experiment
with flowing water sieving on an 80-mesh. Arsenic content in the sediments were 218-
476 mg kg and downed to 102-450 mg kg* with washing is shown in the Fig. 2-7. The
decreased amount of arsenic in sediment was corresponding to adsorb arsenic and fine
particles which contained high concentration of arsenic.

2.3.5. Interferences

Interferences from the coexisting species are not large as shown previously [7]
and the effects from heavy metals ions can be reduced by the addition of EDTA. In case
of iron and copper ions species required attention of interference and the common ions
phosphate, silicate, carbonate, sulfate, cyanide, magnesium, calcium, ammonium, nickel
ions did not interfere to generate arsine as well as measurement.
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2.4. Conclusions

As described the SHGFA system has very little interference with heavy metals and
without pretreatment it can measure arsenic by discriminating arsenite and arsenate
simultaneously. The system was applied for the arsenic removal as well as leaching of
arsenic from the contaminated sediments by speciation automatically and results are

described in the respective chapters.
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CHAPTER THREE

Investigation of leaching of arsenite and ar senate from contaminated

sediments

3.1. Introduction

Widespread the occurrence of arsenic, distribution and its mobilization have
received increasing significant attention in the recent years due to its high toxicity. It is
distributed throughout the rocks, soil, natural waters and is present in trace amountsin all
living matter. In spite of a large number of researches, still it is not clear the mechanism
of geochemical occurrence of arsenic in the groundwater different part of the world [1].
Elevated levels of arsenic occur in the environment from the various anthropogenic
processes such as agricultural applications, mining activities and mineral processes as
well as natural geochemical processes [2, 3]. Due to increasing the industrialization, to
dispose the mine tailings [4, 5], metallurgical slags [6] and municipal sewage sludge [7]
also increased. In the many countries of the world from the mine spoils, slag dumps,
tailings that remained left in the area of manufacturing after industrial process which
contained extremely high concentration of arsenic [8]. In those disposing, soil is polluted
from where possible mobilization and subsequent leaching of arsenic into groundwater or
surface water or enter the human food chain through various chemical and biological
reactions. The forms of arsenic present in the soils depend on the type and amounts of
sorbing compounds. Soil pH and redox potential is very closely related the adsorbed
arsenate fraction but it varies with soil type under the same pH conditions [9)].

According to the currently available information on geochemistry of arsenic, it is
commonly found in the sulfidic minerals and which is released from the solids through
the various process called dissolution, redox reactions, adsorption-desorption. The
solubility, mobility, toxicity and bioavailability of arsenic depend on the parent minerals
form, oxidation state and mobilization mechanisms[10, 11].

The mobility of arsenic in the environment depends on its interactions with metal
oxides (Fe, Al, Mn) that exists as a disperse phases (e.g. as a coatings). The binding

mechanism of arsenic on the metal oxides is impacted by pH and redox potential of the

20



environment [12]. Arsenate binds more strongly with metals oxides as compared to
arsenite [13]. Arsenate retention on ferrihydrite is usually at low pH compared to the
arsenite retention at higher pH values [14]. Arsenic mobility tends to increase due to
mineral dissolution, proton competition of surface binding sites and increase the surface
potential. Onset of reducing conditions in such environments can lead to the dissolution
of iron oxy-hydroxides coating, resulting to release of arsenic into the groundwater [15-
17]. Due to the application of phosphate fertilizer in the agricultural activities to the soil
surface the releasing of arsenic ions sorbed to the aquifer minerals by the competitive ion
exchange with phosphate ions which migrates into aquifer [18]. As mentioned, the
mobilization of arsenic under reduced condition iron plays an important role in many
subsurface environments. The pH is another major factor to release the arsenic into
groundwater.

In the past years various fractionation protocols have been developed for heavy
metals. Leaching of heavy metals from the environmental solids samples, a variety of
leaching reagents have been proposed to characterize the physiochemical behavior of
metals e.g. water-soluble, reducible/oxidizable and complex bound fractions [19]. In the
leaching of heavy metals oxidation state don’t consider but on the other hand leaching of
arsenic from the environmental samples oxidation state has to be consider due to the
toxicity variation. Arsenite is 60 times more toxic than arsenate [20].

Many researchers have investigated the potential release of arsenic from the solid
wastage by the leaching test in the different ways by monitoring many factors like pHSs,
redox condition, differences in the leaching fluid, liquid-to-solid ratio and long agitation
time. The majority of these investigations have been based on to measure the total arsenic
from the various environmental samples by the effect of pHs [21], from the natural rock
under oxidizing condition [22], from the subsurface sediment sample by the effect of
bicarbonate [23], from the soils and wastes using the chelating agent [24] and from the
various rocks by controlling the geochemical conditions [25]. The main purpose of their
substantial effort was to give rationalization of the mechanism of arsenic leaching from
the environmental samples. Most of the leaching process used the conventional
techniques which are often expensive and mostly they measure total arsenic. However,
the mechanism of arsenic leaching from the contaminated sediments as well as solid
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wastage is not well monitored. An investigation has been carried out to have useful
information of the mechanisms of arsenic from the contaminated sediments.

Severa reports have been presented for automated arsenic determination such as
Australian group, Sakchai et al., proposed highly sensitive (limit of detection 0.3 ug L™)
and rapid (150 h™) flow analysis based on chemiluminescence emission in the reaction
with permanganate [26], and Hungary’s group, Stefanka et al., developed flow injection
method coupled with ICP-TOFMS [27]. Most of arsenic flow analyses recently reported
is based on hydride generation with AAS [28-30] and atomic fluorescence spectroscopy
[31] or with chromatographic separation [32, 33].

The flow system especially sequential hydride generation flow analysis is used to
investigate the leaching of arsenic from the contaminated sediments a) under aerobic and
anaerobic b) effect of phosphate to leach arsenic under anaerobic and c) arsenic leached
from the sediment by stepwise addition of ions. Leachates arsenic was monitored by
discriminatively arsenite and arsenate in near-real time. The purposes of the studies were
to investigate the mechanisms of arsenic leaching and/or behavior of arsenic leaching

mechanism from the contaminated sediments.

3.2. Experimental

3.2.1. Sediment samples collection

Sediment and water samples were collected from the river near an old mine (N
32°77", E 31°36") which was developed in the world war two for chemical warfare
development. The water came out from the mining mouth and formed a river stream.
Along the river, sediments were sampled at three points is shown in Fig. 2-7. (Chapter
two). The first sediment sample was taken just downstream of the closed mining (No. 4)
and the second and third were 300 m (No. 7) and 3.5 km (No. 13) downstream,
respectively. The sediment samples are shown in the Fig. 3-1. The color of the sediment
isyellowish brown to gray. Physical characterization of sedimentsisinserted in the Table
3-1

Arsenic content in the sediments were determined by acid digestion followed by the
standard method [34]. The each sediment sample (4 g) was digested with 15 mL HNO;
and 15 mL doubly diluted H,SO,4. Occasionally 10 mL of HNO3; was added and finally 5
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mL of HNO;3; and 3 mL of HCIO, was added and heated until the liquid volume became 5
mL. After cooling at room temperature, 50 mL deionized water (DIW) was added and
heated for 60 min again. The resulting suspensions were filtered with 5B filter paper and
made up to be 100 mL. Arsenic content in the digested samples were determined by
SHGFA.

With wash
Fig. 3-1. Sediment samples without wash a) and with wash sieving on 80-mesh b).

Table 3-1. Physical characterization of sediments

Sediment As(mg kg™ Specific surface
No. Without wash With wash area (m?gh)*

4 (coarse) 422 102 4.29

7 (middle) 476 450 357

13 (fine) 218 142 5.19

*Specific surface area for sediments with washed.

3.2.2. L eaching examinations

Before leaching examination, the sediment samples were washed with water on an
80-mesh sieve to remove fine particles. Then, the sediments were dried at 135°C for 3 h
to remove adsorbed water in air for aerobic experiments or with introducing N, gas at a
flow rate of 500 mL min™ for anaerobic experiments. Thus treated sediment sample (100
g) was added into 800 mL of synthetic groundwater which contained Ca®* 100 mg L,
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bicarbonate 100 mg L™, silicate 20 mg L™, nitrate 2 mg L™, and phosphate 3 mg L™, and
pH was adjusted to be 9.0 by the addition of 0.1 M Na&COs. Air or N, was purged
through the synthetic groundwater at the flow rate of 20 mL min™* since 3 h before the
addition of sediment to make the water condition aerobic or anaerobic. Thus, the
sediment and water were treated with air and N, beforehand for aerobic and anaerobic
experiments, respectively. Leached arsenite and total arsenic were measured by SHGFA
(Chapter two Fig. 2-1). Dissolved oxygen, redox potentia and pH of the water was
monitored concurrently with DO meter and ion meter (OM-14 and F-53, both from
Horiba, Kyoto, Japan).

3.2.3. Compar ative measur ement

For comparison measurement, 10 water samples were collected at the same time
during leaching with SHGFA and filtered through 0.45 um cellul ose acetate filter. Water
sample 5 mL was taken into volumetric flask and made up to 50 mL after addition of 0.5
mL nitric acid and 100 pL of 0.5 mg L™ yttrium as an interna standard. Arsenic was
measured by ICP-MS (Element, Thermo Fisher Scientific) to compare with SHGFA

results.

3.2.4. Leaching test with phosphate ions

To investigate the effect of phosphate ions to leach arsenic, sediment No. 7 treated
with different concentrations of phosphate ions. Prior to the leaching test, sediment was
washed with water on an 80-mesh sieve to remove fine particles. Then, air dried at room
temperature and finally at 135°C for 3 h to remove adsorbed water with purging N; gas at
a flow rate of 500 mL min™. Thus treated 50 g sediment sample was added into each
containing 400 mL of five different concentration of 0 (no addition), 3, 10, 15, and 20 mg
L™ phosphate (Na,HPO,.12H,0, Nacalai) solutions. Nitrogen gas was purged at the flow
rate of 20 mL min™ since 3 h before to add the sediment through the solution to make it
anaerobic. Every 30 minutes arsenite and arsenate was monitored with SHGFA for 3 h. In
sequence, arsenite and arsenate were monitored at 24, 48, and 72 h. The experiment was
conducted for 72 h under anaerobic. The pH of the solutions was monitored with ion
meter (F-53, Horiba, Japan) and was near neutral.
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3.2.5. Leaching test with stepwise ions addition

To investigate the effect of stepwise ions addition, 110 g air dried sediment No.7
(with washed) was added into 1000 mL deionized water (DIW) and monitored the
leached arsenic. To make the solution aerobic or anaerobic air or N, was purged through
the solution at the flow rate of 20 mL min™ since 3 h before the addition of sediment.
Gradually, stepwise added the synthetic groundwater compositions (calcium 100 mg L™,
bicarbonate 100 mg L™, silicate 20 mg L™, nitrate 2 mg L™, and phosphate 3 mg L™) and
arsenite and arsenate were monitored. Additional amount of phosphate was added into
two steps (7 mg L™ and 20 mg L™) and arsenite and arsenate were monitored. Initially,
pH of the deionized water (DIW) was 6.68 and stepwise addition of ions pH gradually
increased and finally it was above 9. The experiment was conducted for 5 h under aerobic

and anaerobic condition.

3.2.6. Leaching test with synthetic As-containing ferric oxide

To investigate the effect of pH effect to leach arsenic, 1 g (7138 mg kg™) arsenic
containing ferric oxide was added each containing 200 mL synthetic groundwater at
different pH 3, 5, 7 and 9. The pH of the solutions were adjusted by the addition of 10
mM HCl and 10 mM sodium carbonate and the leachates arsenic were monitored by

discriminating arsenite and arsenate for several days.

3.3. Results and discussion

3.3.1. Leaching test with SHGFA

Leaching characteristics of the sediments sampled along the mining river were
examined by SHGFA. Examples of raw data are shown in Fig. 3-2. The top panel (a)
shows responses for standard solutions containing 0, 1, 5 and 10 pg L™ of As(l11) and
As(V). The data for low concentrations of arsenic indicate that the SHGFA system had
enough ability to measure arsenic level of sample waters with distinguishing As(l11) and
As(V). For the same sample, the first peak was corresponding to As(I11) and the second
peak was for total As (As(I11) +As(V)). Limits of detection (LODs) obtained from three
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times standard deviation of blank signals were 0.02 and 0.03 ug L™ for As(l11) and total
As, respectively. Calibration curve was straight from 1 pg L to 0.5 mg L™,

(a) For standards 10pug L™
Total As
5.9 L™ L

B As(Ill)
lpglL .
Blank LL\JUL . 60min

(b) Leaching test

Abs. 0.01

Sediment
addition

UL LALLM

Fig. 3-2. Response signals of the SHGFA system for standard solutions of O, 1, 5 and 10
ug L As(I11) + As(V) (a) and for monitoring of leached arsenic from sediment No. 7 in

aerobic condition (b).

The panel (b) shows real signals obtained during the leaching test where sediment
was added into water and As(I11) and As(V) were monitored before and after the
sediment addition. After the sediment addition, peaks appeared and their intensities
gradually increased with the time. Peaks for As(l11) were saturated in a short period of
time and concentrations did not increase much while peak for total As continued
increasing. Interferences from coexisting species are not large as investigated previously
and effects from heavy metal ions can be reduced by addition of EDTA [35, 36]. In case
of iron and copper ions species needed attention of interference, and phosphate, silicate,

carbonate, sulfate, cyanide, magnesium, calcium, ammonium, nickel ionsdidn’t interfere.
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To make sure that there are few effects from these ions, iron, copper and sulfide
ions contained in leaching sample solutions was analyzed by AAS, and they were below
limits of detection of AAS (0.1 mg L™). These metals do not exist as free ions in neutral
solution due to large formation constants for hydroxide complex. The iron content in the
leachates was not high enough to interfere the arsenic analysis. Sulfide could not be
detected by the fluorometric method using fluorescence mercuric acetate [37].

50
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Fig. 3-3. Calculated concentrations of leached As(I11) and As(V) obtained by repeating

four experiments for sediment No. 7 in aerobic condition.

Plot of As(I11) and As(V) concentrations against the leaching time obtained with the
sediment No. 7 in aerobic condition is shown in the Fig. 3-3. The measurement was
repeated four times and the each run was performed for 4.5 h. It can be seen that
repeatability of the leaching examination was good and this method was suitable to
investigate leaching property of sediments. Concentration of As(l11) reached constant in
30 min to be ~5 pg L™ in those experiments. On the other hand, As(V) concentration
continued increasing and the As(V) level reached ~40 pg L™ at the end of experiments. It
may suggest that leaching of As(l11) was faster and most of As(lll) contained in the
sediment consumed in a short period of time. It was probably due to As(l11) is5-10 times
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more soluble than As(V) [38]. In this way interesting results for As(l11) and As(V) with
relatively good time resolution while so far only total As was monitored in hours or days
[39].

The pH of sample solution was adjusted to be 9 by the addition of 0.1 M NaCOs.
Effect of pH was tested and it was found that leaching was higher in weekly akaline
solution compared to neutral or dlightly acidic solution. The adsorption affinity of

arsenate is higher at low pH and for arsenite at higher pH values [40].

3.3.2. Compar ative measur ement

The comparison measurement data with this method and ICP-MS in pg L™ was
expressed as.
SHGFA data= 0.840 ICP-MS data + 0.002 (R = 0.973) for total As.
Particularly, agreements were obtained for comparison analysis (n = 10), as the value of
the slope being 0.840 approaching unity and it can be said that the present method was
reliable in the leaching anaysis. ICP-MS showed dightly larger data compared to
SHGFA data probably due to solid small particles contained in leaching samples.

3.3.3. Kinetic consider ation of the leaching

In the leaching experiments different sediments and synthetic groundwater (pH 9)
were used as an extraction fluid. Arsenic concentration in the leachates increased until
reach at equilibrium subsequently decreased. It suggests that the kinetics of arsenic
desorption from the sediments may be dissolution of minerals or limited by diffusion is
the main side reactions, pH changes was negligible and were approximately constant
throughout the experiment.

It assumed that the leaching was pseudo first order reaction from the sediment with
the rate constant k. Accordingly, the rate of leaching namely decreasing rate of arsenic
concentration of sediment —(dCsd / dt) can be expressed as eg. (1).

The term Csyq is leachable arsenic concentration in sediment in pg kg*, Cey is leached

arsenic concentration in solution in pug L™, Wis weight of sediment in kg and V is volume
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of solution in L. Eq. (1) can be changed to Eq. (2) with using initial sediment
concentrationC2,, . The Cxy iS expressed as subtraction of leached amount of arsenic from
theinitial arsenic concentration inC2,, and Eq. (1) can be changed to Eq. (2).

ool Y j(cl, —C —
at Vv (Cax 9°'v) . (2

Both sides are divided by W/V and we obtain Eq. (3).

dC,, o V
_so:k C __C

Eq. (3) shows the rate of increase in solution concentration, which can be measured in the

leaching experiments. Eqg. (3) can be converted in integrated form. First, Coa(V /W) can

be rewritten as C, and we obtain Eq. (4).

dC

—— Kkt
Coal =Ca . ()
Integrated form:
In(Cg, —Cg,) =InCZ, —kt (5)
or it can be expressed as:
|nCS°;wC$' = —kt
Col ... (6)

The term C, can be estimated from the C_, — t curve obtained in leaching examination.

The concentrations of As(I11) and As(V) were ailmost constant from 24 to 72 h as shown
in Fig. 3-4, and 24 h data was taken as C_, value. Log scale plot is shown in the bottom
panel of Fig. 3-4: In{(CZ, —C,)/CZ} was plotted against time (t). Good linearity was
observed in thefirst 1 h for both As(l11) and As(V).

From the first 1 h data of the four runs (Fig. 3-3), the rate constant k was obtained
as 0.740 = 0.166 for As(l11) and 0.116 £ 0.007 for As(V). It can be said that leaching of
AS(111) was six times faster than that of As(V). However, basically the leaching amount
of Ag(l11) was much smaller than that of As(V). It can be said that the leachable As(V) is

dominant in the sediment compared to As(l11) content.
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Fig. 3-4. Long term change in leached As(l11) and As(V) (top) and log scale plot of the

leached arsenic (bottom) obtained with sample No. 7 in aerobic condition.

3.3.4. Leaching characteristics with different sediments and different conditions
Arsenic leaching was investigated with different sediments sampled along the river
is shown in the Fig. A-1. Anaerobic and aerobic conditions were tested for the leaching
and solution concentration at 4.5 h leaching and kinetic constants obtained as shown in
Table 3-2. Among the samples, sediment sample No. 7, which contained higher amount
of arsenic (450 mg kg™), arsenic leached as 5.1 pg L™ As(I11) and 39.5 pg L™ As(V),
respectively under aerobic condition. Under aerobic from the sediment sample No. 4,
desorption of arsenic was low because sediment physical properties was amost pebble-
stone and adsorbed less amount of arsenic, as a result the minerals dissolution and
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desorption of arsenic was also low. In case of sediment sample No. 13, which was in
reduced condition in the sampling situation, desorption of As(Il11) was significant
compared to the other sediments. From the sediment sample No. 4 arsenic was leached as
1.0 pg L™ As(I11) and 20.6 pg L™ As(V) whereas from the sediment sample No. 13
arsenic was leached as 19.8 pg L™ As(I11) and 26.2 pg L™ As(V), respectively. The finer
sediment sample was in anaerobic condition released inorganic arsenic significantly in
the leaching examination compared to the other sediment samples. In any cases, leached
arsenic in 4.5 h was ~3% of sediment arsenic. With this investigation it can be said that

most of arsenic wasto be in insoluble form.

Table 3-2. Leaching results obtained in aerobic and anaerobic

Aerobic Anaerobic
Sediment AS(l11) As(V) A1) As(V)
No. mgkg® Elution* k Elution k Elution k Elution k
ug L-l h-l Hg L-l h-l ug L-l h-l Hg L-l h-l
4 102 0.83 0.554 20.6 0.118 0.77 0.964 16.3 0.157
7 450 5.09 0.740 39.5 0.116 8.71 0.497 494 0.153
13 142 19.8 1.15 26.2 0117 181 0.402 45.1 0.142

*Elutions are concentrations at 4.5 h leaching.

The leaching of arsenic concentration in anaerobic is more than leached in aerobic

condition. In anaerobic condition, reductive dissolution of metal (Fe, Al, Mn) oxides are

more which combine with arsenic, therefore leaching of arsenic a'so more than in aerobic.

This indicates that anaerobic condition enhances the leaching of arsenic from the
sediments. Both in aerobic and anaerobic condition the same sediment samples were used
for the leaching experiments. Under anaerobic condition from the sediment sample No. 7,
8.71 ug L As(l11) and 49.4 pg L™ As(V) were obtained, and their levels were more than
leached under aerobic condition (5.09 pg L™ As(I11) and 39.5 pg L™ As(V)). Sediment
sample No. 13 sample was in reduced condition may be As(Ill) and As(V)
coprecipitated/adsorbed with metals oxides. This is why in the both conditions As(l11)

was leached from the sediment sample No. 13 more than other two sediment samples.
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While amounts of elution of As(V) were higher than those of As(Ill), kinetic
constants for As(V) were lower than As(I1l). Desorbable As(l1l) leached quickly
compared to As(V).

3.3.5. Arsenic leached by the effect of phosphateions

Leaching behaviors of arsenic leached from the sediment No. 7 was examined by
the SHGFA system and obtained response chart is shown in the Fig. 3-5. The response
signals obtained during the leaching test where sediment was added into solution and
leachate arsenics were monitored before and after the addition of sediment. After addition
of the sediment, peaks appeared as well as intensities gradually increased with the elapse
of time.

30 min

Leaching test (20 mg L'l)

Total As
8
Sediment S
addition AS(”I) 8
<
Blank

Fig. 3-5. Response signals during leaching test for first 3 h by the effect of 20 mg L™
phosphate under anaerobic. The first peak correspond to As(I11) and the second peak
correspond to the total As.

The amount of arsenic leached from the sediment is evidently dependent on the
phosphate concentration is shown in the Fig. 3-6. Leaching amount of arsenic gradually
increased for As(I11) and As(V) until 24 h and 48 h, respectively then decreased. Possibly
re-adsorption or co-precipitation may happen with the metal oxides. It should be stated
that pH of the solutions were relatively constant during the leaching test and it was near
neutral. As(l11) and As(V) were equilibrated at different time, because A(I11) is normally
less strongly adsorbed by metal oxides than As(V) under near neutral pH. At the
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equilibrium (24 h), As(l11) was dmost 10 pg L™ for without/with phosphate. Conversely,
leaching amount of As(V) was significantly increased with respect to the phosphate
concentration and elapse of time. Leached amount of arsenate was very steep for 20 mg
L™ phosphate until reach at equilibrium (48 h) and arsenic was leached as As(l11) 2.5 ug
L and As(V) 311.4 pug L™, respectively.
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Fig. 3-6. Effect of phosphate concentrations to leach arsenic upper panel first 3 h (a) and
successively monitored at 24, 48, and 72 h under anaerobic condition (b). Lower panel
only shows leached A(111).

In the al leaching experiment As(V) was dominant in the aqueous phase. As

phosphate is smaller in size and has higher charge density [40] as aresult, with increasing
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the phosphate concentration in the suspension leached amount of arsenate also increased.
A good relationship was obtained between the phosphate concentration and leached
amount of arsenate in the agueous phase is shown in the Fig. 3-7, while leached amount
of arsenite was same without/with phosphate. It is reported that competitive sorption of
arsenate (AsO,>) and phosphate (PO,%) can be affected some properties [41], and the
binding energy is not the major controlling factor for the competitive effect of phosphate
on arsenate sorption on soil and the effect of phosphate was more with less arsenic

sorption capacity [42].
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Fig. 3-7. Effect of phosphate concentration to extracts As(l1l) and As(V) from the

sediment sample No. 7 under anaerobic.

Application of phosphate fertilizers for agricultural activities have caused the
mobilization of phosphate from the fertilizers down to shallow aquifers, which enhances
the mobilization of arsenic due to anion exchange onto the reactive minerals surfaces to
increase the groundwater arsenic concentration like India, Bangladesh. It is well known
that phosphate promotes growth of sediment biota and it may plays as an eluent for
arsenic from the sediment [43]. Thus, phosphate is considered to be one of the most

important factors to mobilize arsenic to groundwater from the contaminated sediments.



In Table 3-3 shows the kinetic studies data for arsenic leaching from the sediment
by the effect of phosphate ions. In the Fig. 3-8 shows the leaching of arsenic from the

sediment was found pseudo first order reaction.

Table 3-3. Leaching results obtained under anaerobic by the effect of phosphate ions

Sediment Phosphate  *Conc. (ug L™) k-value (h™) Re-value
(mgkg®) (mgL™) As(ll)  AsV) Aslll) AsV) Asill) AsV)
0 1.7 52.6 0.330 0.226 0.913 0.659
3 104 78.1 0.269 0.494 0.896 0.912
450 10 9.9 168.8 0.166 0.187 0.842 0.890
15 11.3 235.2 0.450 0.197 0.828 0.928
20 9.5 3114 0.601 0.387 0.918 0.996

*Conc. at equilibrium for As(I11) 24 h and As(V) 48 h.

3 mg L™ phosphate

As(lll)

00 05 10 15 20 25 30
Time (h)
Fig. 3-8. Pseudo first order kinetic for arsenite and arsenate. Data presented for 3mg L™

phosphate.

In the section 3.3.4, it was found that |eaching rate for As(l11) was faster than As(V)
where extraction fluid was the synthetic groundwater [44]. In case of phosphate effect, it
found that leaching rate of As(ll) is faster without phosphate effect. As expected,
leaching rate for As(V) will be faster than AS(111) and obtained that As(V) was faster than
As(I11) by the effect of 3 and 10 mg L™ phosphate, respectively. In case of 15 and 20 mg
L™ phosphate, leaching rate for As(I11) was faster than As(V). There may be another
reason but not clear. However, with increasing the phosphate concentration leaching
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amount of As(V) was increased. In brief, it is obvious that phosphate ion possesses to
leach As(V) effectively from the sediment mineral surfaces.

3.3.6. Arsenic leached by the stepwise ions addition

In the Fig. 3-9 shows the arsenic leached by the effect of stepwise ions addition

under aerobic and anaerobic. Initially, sediment (No. 7) was added into deionized water

(DIW), in both cases the leaching amount of arsenic as As(l11) and As(V) was very low.

Subsequently, stepwise addition of ions (calcium 100 mg L™ + bicarbonate 100 mg L™)

and then (silicate 20 mg L™ + nitrate 2 mg L™ + phosphate 3 mg L™) leaching of arsenic

also gradually increased. Stepwise addition of synthetic groundwater compositions, at
2.55 h under aerobic, arsenic leached as 2.7 pg L™ As(I11) and 12.9 pg L™ As(V),
respectively. Whereas, at the same time under anaerobic arsenic leached as 2.6 pg L™
As(l11) and 16.6 ug L™ As(V), respectively.
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Fig. 3-9. Arsenic leached by the effect of step-wise ions addition under aerobic @) and

arsenic leached under anaerobic b). lons added: (calcium 100 mg L™ + bicarbonate 100

mg L ™), (silicate 20 mg L™ + nitrate 2 mg L™ + phosphate 3 mg L), (phosphate 7 mg L
1, and (phosphate 20 mg L ™).

The suspension pH also increased after addition of (calcium 100 mg L™ +

bicarbonate 100 mg L ™) as well as (20 mg L silicate + 2 mg L™ nitrate + 3mg L™) and

it was above 9. By the addition of additional amount of phosphate ions in two steps, 7
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mg L™ and 20 mg L™ pH was constant but in both conditions leaching of As(V) was
very steep and leaching of As(l11) also increased. In case of anaerobic, leaching amount
of arsenic was more than aerobic condition. Of course, pH is an important factor to
leach arsenic from the sediment surface, as the adsorption affinity of As(V) is higher at
low pH and As(l11) at higher pH values [10]. Therefore, at higher the pH the adsorbed
arsenic from the sediment surface can be easily desorbed because to increase the
suspension pH decreases positive surface charge of the metals oxides as a result
increasing the pH aiding the desorption of As oxyanions [45]. Arsenic leached at 5 h,
under aerobic as 5.1 ug L As(I11) and 44.2 pg L™ As(V), respectively. Conversely, at
the same time under anaerobic, arsenic leached as 9.5 pg L™ As(l11) and 61.9 pg L™
As(V), respectively. It seems that anaerobic condition enhances to leach arsenic more
than leached under aerobic from the sediment minerals surfaces. It is obvious that
leaching of arsenic from the sediment not only leached as As(V) but also Ag(111) by the
effect of stepwise ions addition. Increasing the phosphate concentration in the
suspension desorption of As(l11) and As(V) also increased sufficiently although As(V)

was dominant in the agueous phase.

3.3.7. Arsenic leached from As-containing ferric oxide

In the Table 3-4 shows the arsenic leached from the arsenic containing ferric oxide
at different pH. Leaching of arsenics was monitored several days. On 6" day leaching of
arsenic was significant and afterwards decreased. The amount of arsenic was leached
from the As-containing ferric oxide at the lower pH value was low than leached at higher

pH value.

Table 3-4. Leaching results for As-containing ferric oxide

Solution As-containing ferric  Leached As (ug L™
(mL)  pH oxide (mg kg™ As(I11) As(V)

200 3.0 1.7 20.3
200 5.0 7138 0.0 21.2
200 7.0 1.3 18.7
200 9.0 2.5 41.5
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Leaching amount of total arsenic was from the As-containing ferric oxide at the pH
3.0,5.0and 7.0were 22.0 ug L™, 21.2 pg L™ and 20.0 pg L™, respectively. The leaching
amounts of arsenics at those pHs were almost same. Whereas at higher pH (9.0) total
amount of arsenic was leached 44.0 ug L™ which was amost 2-fold than leached at the
lower pHs. The adsorption affinity of As(V) is higher at low pH and for As(l11) at higher
pH value. At higher the pH vales (8.5-9.5) arsenic is bound less strongly to ferric oxides
than at lower pH values [39] as a result desoprtion of arsenic at pH 9.0 was higher than

those of acidic to neutral pHs.

3.4. Conclusions

The sequentia hydride generation flow analysis is useful tool to analysis leached
arsenic by discriminating arsenite and arsenate. Leaching rate for As(l11) was faster than
As(V) where extraction fluid was synthetic groundwater. In case of phosphate effect for 3
and 10 mg L™ leaching rate of As(V) was faster than As(l11). On the other hand, by effect
of 15 and 20 mg L™ phosphate leaching rate of As(I11) was faster than As(V). However,
phosphate ion effectively leached arsenic from the sediment surface especialy As(V).
The amount of leached arsenic as As(V) strongly depended on the phosphate
concentration. However, in the all leaching experiments arsenic leached as As(l11) and
As(V) but mostly was As(V).
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CHAPTER FOUR

Investigation of arsenic removal in batch wise water treatments

4.1. Introduction

Nowadays, arsenic groundwater pollution is a serious problem around the world [ 1-
3]. In Bangladesh and West Bengal in India, Kolshi filters are commonly used and
consist of multiple earthenware pots containing sands and nails as adsorbents [4]. The
removal by the Kolshi filtersis based on coagulation with ferric hydroxide and filtration.
This removal mechanism has been well studied [5-7]. Arsenic is mainly released
from arsenopyrite and ferric hydroxide [8-10]. Most arsenic in ground water is
inorganic, and it is well know that As(l11) is much more toxic than As(V) [11, 12].
The valence composition changes with time. Most investigations on arsenic removal
have monitored total arsenic. Water treatment should reduce the arsenic level to below
10 ug L™ or at least to below 50 pg L ™. However, there is no regulation for individual
valence arsenics. In particular, the concentration of As(l11) needs to be reduced. High
concentrations of arsenic in water usually exist with high levels of iron and other heavy
metals. These metals present as cations underground and precipitate by coming into
contact with air after the water is taken from the tube well. In the precipitations,
arsenic is supposed to co-precipitate to the bottom with the metal hydroxides. Thus,
arsenic should be able to be removed by simply standing water for several hours after
the water has been taken from the ground. In this work, the behaviors of As(I11) and
As(V) in artificial groundwater were individually monitored during standing.

Previoudly, the authors have proposed a highly sensitive arsenic measurement
method based on the vaporization and collection of arsenic [13] and applied it as an field
affordable instrument to determine As(I11) and As(V) at microgram and sub-microgram
per liter levels contained in natural waters [14]. In the method, arsenic from the
sample water is completely vaporized as AsHz and collected/preconcentrated by a
miniature diffusion scrubber. The collected arsenic is determined by flow-based
analysis with molybdenum blue (MB) chemistry. Interference from heavy metals, which
has been noted as a problem in hydride generation [15] is made negligible by

optimizing the conditions. However, manual preparation is required in the setup of the
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AsHsz generator in such systems. Idowu et al. [16], including one of the authors of the
present study, used sequential analysis to make the system fully automatic. The
detection method was replaced with ozone induced chemiluminescence (CL) analysis
from the MB wet chemistry.

In this work, sequential analysis and the previous vaporization/collection with
detection by MB chemistry were combined because the interference from the heavy
metals can be eliminated more effectively by mild and long vaporization. This method
enabled investigation of the variation in individual inorganic arsenics at pg L™ levels
during batch process water treatment with good time resolution. The possibility of
arsenic removal by simple overnight standing was investigated by the monitoring

process.

4.2. Methodology

4.2.1. Reactor

The reactor was made with a 2-L polyethylene plastic bottle containing 1.5 L of
artificial groundwater. The composition of the water sample was set as typical
groundwater in Bangladesh in accordance with reported data [6, 17, 18]; 100 mg L™
Ca?*, 5, 20 or 100 mg L™ Fe(I1) or Fe(I11), 0 or 3 mg L™ phosphate, and the pH was
adjusted to be 7 with the addition of bicarbonate (100 mg L™). Arsenic was added to be
500 pug Lt (250 pg L™ As(l11) and 250 pg L™ As(V)) and the change in each arsenic
concentration was monitored. Dissolved oxygen (DO) and redox potential were
monitored by a DO meter (OM-14, Horiba) and a Pt wire coupled with an Ag/AgCl

reference electrode.

4.2.2. Arsenic monitoring

Arsenic contained in the reactor solution was monitored by flow analysis coupled
with preconcentration by sequential vaporization and collection of the arsenic. The
sequential hydride generation flow analysis (SHGFA) system was designed for this
investigation. The flow systemis shown in Fig. 2-1 (Chapter two).



4.2.3. Batch test

Artificial groundwater (1.5 L) containing 250 ug L™ As(l11) and 250 pg L™ As(V)
was placed in the reactor. The solution was made anaerobic or aerobic prior to the iron
precipitation by bubbling nitrogen or air through the solution at a rate of 0.2 L min™.
The original pH was below 4 because Fe and As stock solutions were acidic. The
reactor pH was adjusted to be 7 by the addition of bicarbonate, and then the iron
precipitation commenced. The As concentration decreased with the precipitation and it
was monitored by the SHGFA. All data including DO and redox potentia were
monitored by a data logger (8420, Hioki).

Oxidants to accelerate the removal were tested. Hydrogen peroxide was added to
be 0.3, 3 and 30 mg L™, and NaClO was added to be 0.1, 0.5, 1 and 5 mg L™ in the
sample water. In addition, O3 was bubbled through the sample water at a flow rate of 0.2
L min. Ozone was prepared from air using an arch discharge electrode (1100 N)
powered by a pulse supplier (LHV09, both from Logy Electric). The O3 concentration was
3500 ppmv. Steel wool used as zero valent iron was steel scour (Three Ace, Y amazaki

Sangyo), and 8.8 g of the steel wool was spread over the reactor walls.

4.3. Results and discussion

4.3.1. Sequential measurement of As(I11) and As(V)

The authors have developed afield affordable high sensitivity analysis system for
discriminative determination of As(l11) and As(V) [14]. The principle of the method
used in the current work is the same as that used previously, but changes in As(l11)
and As(V) concentrations were monitored automatically with the help of sequential
hydride generation. The AsH3z formations from total As and from only As(l11) can be
controlled by the pH of the generators [19, 20]. In the conventional arsenic analysis
with hydride generation, the measurement is sometimes affected by heavy metals. To
overcome this problem in the current work, the hydride generation was performed over
a much longer time at a slower rate. Addition of EDTA also helped reduce the effects
on the measurements. As a result, the effect of heavy metals can be minimized to
within 2% in most natural water conditions [14]. In the previous system, the

generation time was 5 min. This was sufficient at pH O for tota As, but the
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gasifying/collection efficiency at pH 7 for As(I11) was 77%. The above generation time
was preferred in that it saved analysis time. On the other hand, in the current work, a fast
measurement was not important and perfect As generation was considered ideal. Fig. 4-
1 shows the signal intensity against generation time for As(I11 + V) at pH 0 and As(l11)
at pH 7. From the data, it was decided to set the generation time at 4 and 8 min for
As(I11 + V) and As(111), respectively. Each generation time was set by the sequential

program.
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Fig. 4-1. AsH3 generation as a function of generation time. The signals were obtained for
50 pg L™ As(111) and As(V) at pH values of 7 and O, respectively.

In this condition, samples containing 0-250 pg L™ of As(l11) and As(V) with 20 mg
L™ of Fe(lll) and 3 mg L™ of phosphate were successfully determined by SHGFA.
Recoveries of As(I11) and As(V) in these typical sample conditions were 96-101%. Thus
the proposed method has the potential to individualy analyze As(l1l) and As(V)
contained in the water samples. Detailed validation is described in previous papers
for the manual hydride generation flow analysis [13, 14] and the sequential hydride
generation-chemiluminescence detection [16]. The method of SHGFA proposed
here is the combination of those methods.
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4.3.2. Trends of arsenic removal from anaerobic water samples

The natural removal of arsenic would be very convenient for people taking
contaminated water from family wells. First, the change in As level during water
standing was examined, starting with an anaerobic condition because groundwater is
usually insulated from air and not supposed to contain much oxygen. Oxygen in the
experimental water was removed by nitrogen bubbling, and the pH was adjusted to
be neutral. The precipitation of ferric hydroxide then commenced. The water color
became light green then changed to yellowish after several hours. After half a day,
the colored precipitation was only in the bottom of the reactor. Changes in the water
color are shown inthe Fig. 4-2 and Fig. 4-3 under anaerobic and aerobic conditions.

Fe(11): 5 mg/L (without phosphate)

addition adjustmemt
S L > iy il |

. Ee(l) | pH
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Fe(ll)
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Fig. 4-2. Changes in the water color with/without phosphate and Fe(l1) under anaerobic.
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Fig. 4-3. Changes in the water color with/without phosphate and Fe(111) under aerobic.

The changes in As(I1l) and As(V) concentrations are shown in Fig. 4-4. The
tests were examined without and with (3 mg L™*) phosphate and with 5 and 20 mg L™
Fe(11). When there was no phosphate, the ratio of As(V)/As(111) did not change with
the addition of Fe(Il) while the pH was 4.9. After adjusting the pH to be neutral, it was
interesting that only the As(I11) concentration decreased while the As(V) concentration
was almost constant. The decrease in As(l11) concentration stopped after a few hours,
and the As(V) concentration began decreasing 3-5 h after neutralization. Here, the
delay in the start of As(V) removal is referred to as “the dead time”. The dead time
was longer with lower concentrations of Fe(ll). In addition, the dead time became longer



with the presence of phosphate. Since the As(V) concentrations were constant,
decreases in As(l11) concentrations during the dead times were unlikely to be caused by
oxidation. Leupin and Hug [21] suggested As(I11) can be oxidized with Fe(l11) during the
oxidation of iron with dissolved oxygen. From our results, however, it is reasonable to
believe only the As(lll) concentration decreases in the beginning of anaerobic
experiments, and this decrease is slow. To the best of our knowledge, this is rare work
showing that the removal occurs preferably for As(l1l) over As(V). This phenomenon
suggests there might be an interaction between Fe(l1) and As(I11). After the dead time,
coprecipitation of As(V) started probably due to the formation of Fe(l11) from Fe(l1)
by oxygen naturally and slowly dissolving from the water/air interface. The start of
ferric hydroxide precipitation could be seen from the change in color of the water

sample. Further investigations are needed to make this clear in future.
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Fig. 4-4. Changes in Ag(lIl) and As(V) concentrations in the standing water under

reducing condition. Left and right panels are the data without and with phosphate. Iron
was added as Fe(l1); 5 (upper panel) and 20 mg/L (lower panel).

The rate of decrease in the As(V) concentration after the dead time was higher with

richer Fe content. For both Fe(11) contents, As(V) was almost completely removed from
the top clear water. On the other hand, toxic As(l1l) remained in the water after over-
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As concentration (el

night standing. The final As(I11) level, 110 pg L™, with lower Fe content (5 mg L™) was
higher than that of As(I11), ~70 pg L™, with 20 mg L™ Fe. When phosphate coexisted

in the normal groundwater, the rate at which As(I11) decreased was much slower in the

beginning of coprecipitation than was the case for groundwater without phosphate.

Some arsenic was removed simply by overnight standing. Water taken from a
tube well should be able to be refined by storage in a tall bottle. However, the extent
of the removal is dependent on the Fe and phosphate contents. Arsenic removal profile

with aeration

4.3.3. Arsenic removal profile with aeration
Behaviors of As(l1l) and As(V) were examined in the treatment with aeration,

which was performed for acceleration of the removal. The results are shown in Fig. 4-
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added as Fe(I11); 5, 20 and 100 mg L™
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As for the anaerobic examinations, bubbling was performed before the pH adjustment,
but with air instead of nitrogen. An increase in the As(V)/AS(l11) ratio was observed
during the air bubbling in contrast to the nitrogen bubbling in the anaerobic
experiments. The aeration converted As(111)-As(V) but this oxidation was obviously
dependent on the Fe(lll) concentration. There was no oxidation of As(l11) without
Fe(l11) even with air bubbling in our preliminary experiments. Hence, it can be said
that Fe(I11) had an important role in the oxidation of As(l11).

There was no dead time in aerobic conditions, whereas dead time was observed
in anaerobic conditions. When the Fe(l11) concentration was low (5 mg/l), only 60—-70%
of As was removed after the overnight standing. However, there was good removal of
As with higher Fe concentrations. Commonly, arsenic exists high in groundwater with a
high concentration of Fe. The higher Fe(I11) concentration of 20 mg L™ removed As
reasonably well, and As was removed quickly and completely with 100 mg L™ Fe(I11).
It is noted As(V) is coordinated by ferric hydroxide sites before crystallite growth and
coagulation processes can proceed [22, 23]. The presence of phosphate interfered
with the As removal in aerobic conditions as well as in anaerobic conditions. The
oxidation rates of As(l11) decreased to one third to one fifth with the addition of
phosphate. The final concentration of Aswas still not sufficiently low even with20 mg L
! Fe(I11) when phosphate coexisted. There is a concern relating to the combined effects
of anions on As remova by iron hydroxides, as noted by Meng et al. [24, 25].

However, the removal was obviously improved by the aeration.

4.3.4. Addition of oxidizing agent

As in previous experiments, removal of As(Ill) with Fe precipitation was
sometimes difficult, and only As(V) was effectively removed in the standing
processes. As(I11) was oxidized with coexisting Fe(l11), but the Fe content may be
different in water samples. Furthermore, addition of Fe(Il1) is not suitable as a drinking
water treatment due to its bad taste. The addition of oxidants is another option to be
considered. Here, the As oxidation profiles for simple and common processes were
examined, with H,O, [26] hypochlorite and ozone being tested. These oxidants are not
stable and would disappear upon standing.
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Fig. 4-6. Changes in concentrations of iron and arsenic ions in batch treatment with
hydrogen peroxide.
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neutral with Na,COs, and at the same time, each oxidant was added. In the case of Os, the
gas was continuously bubbled through the sample.
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Water containing 3 mg L™ phosphate and 5 mg L™ Fe(I1) was used. The oxidants were
added at the same time as the pH adjustment was made. When H,0, was added to the
sample water, al Fe(Il) and 70% of As(l11) oxidized within a minute, and the decrease in
As(V) was synchronized with the decrease in ionic Fe(lll) as shown in Fig. 4-6.
Nishimura and Umetsu [27] succeeded in preparing an oxidative arsenic precipitation
with Oz. However, oxidation of As(I11) by Oz was relatively slow as shown in Fig. 4-7,
and in our experimental conditions, it took a few hours.

On the other hand, oxidations by H,O, and hypochlorite were much faster. In
particular, hypochlorite works at low concentrations. Japan Water Works and the World
Health Organization recommend the hypochlorite concentration of tap water to be
more than 1 mg L™ and 5 mg L™, respectively. These hypochlorite concentrations in
tap water would be sufficient for As(I11) oxidation. The removal of arsenic by standing

would be made effective by the addition of hypochlorite at a tap water level.

4.3.5. Arsenic removal with zero valent

Recently, attention has been paid to As removal by zero valent Fe as an effective
and low cost method for the treatment of As contaminated water [28-33]. Zero vaent iron
is used in column treatments and Kolshi filters. In the current work, As removal was
examined for the simple placement of metal iron in a water sample in a batch wise
treatment.

Initially, an iron mesh (58 g) was placed in a 1.5 L water sample but this method
did not work effectively. Secondly, the use of steel wool was examined. Only 8.8 g of
steel wool was pasted on the reactor walls. The water samples contained 3 mg L™
phosphate, 250 pug L™ As(I11) and 250 pg L™ As(V). As shown in Fig. 4-8, both As(l11)
and As(V) were quickly removed from the water with the steel wool and aeration. The
As(I11) and As(V) concentrations decreased to only 6.9 and 2.4 ug L™, respectively, in
2 h. It can be seen that As(l1l) was removed faster than As(V), which is similar to the
trend found in the standing of anaerobic water samples. Fe(0) forms Fe(l1) from the
reaction with dissolved oxygen [34, 24, 25]. The formed Fe(ll) becomes Fe(lll) and
Fe(OH)3 in the aerobic condition. As(l11) may be trapped with Fe(ll) as suggested in our
anaerobic experiments or oxidation from As(lll) to As(V) may occur faster than the

53



remova of AS(V). Therefore, the As(l11) concentration decreased faster than did that of
AgV).

When aeration was not performed, there was no effective decrease in arsenic
concentration. A fast decrease was observed, as for aeration, when nitrogen was bubbled
through the reactor instead of air. Therefore, the aeration worked mainly through agita-
tion rather than through the supply of oxygen. Other agitation methods could be used
instead of aeration such as employing a stirrer bar or propeller mixer, yet aeration is one
of the easiest ways to agitate a sample water.
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Fig. 4-8. Batch wise removal of As with steel wool. The same steel wool (8.8 g) was
repeatedly used four times. The decreases in As concentration in the first use of the steel
wool to the fourth use are shown in the panels 1- 4.

It has been found that high concentrations of arsenic can be removed with a cheap
material in a short time. After four water treatments, the steel wool weight decreased
12%, the wool surface became brown with the formation of ferric oxide, and the
elimination rate decreased. However, the same steel wool could be used repeatedly.
Batch wise treatment with steel wool and agitation was found to be an effective
water treatment.

4.4. Conclusions

Trends for As(IIl) and As(V) concentrations were investigated in the batch

treatments of artificial groundwater. Reductions from harmful concentrations to safe



concentrations for drinking were successfully monitored by a hydride
generation/collection hybrid flow analysis, SHGFA, developed for this investigation.
When the Fe concentration was relatively high (arsenic is often present with high Fe
concentrations), the arsenic was removed from the water smply by standing overnight.
In this study, it was clearly demonstrated that oxidation of As(IIl) was necessary in
arsenic removal water treatment. However, dead time (two to five hours) was observed
at the beginning of anaerobic experiments where the As(l1) concentration decreased
gradualy yet the As(V) concentration was constant. The removal was interfered with
phosphate. The addition of oxidant was effective in ensuring removal. In particular,
hypochlorite at a tap water concentration oxidized As(l11) to As(V) so that it is
removed effectively by coprecipitation. A small amount of steel wool is very effective
in As removal, adsorbing As quantitatively within 2 h. The batch process is easily

carried out, requiring only awater container such as a plastic soft drink bottle.
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CHAPTER FIVE

High sensitivity arsenic analyzer based on liquid-reagent-free hydride

generation and chemiluminescence detection for on-site water analysis

5.1. Introduction

Arsenic occurrence in the water and its toxic effect on human health through by
drinking and agricultural practices is a serious environmental problem throughout the
world. Human may be exposed to arsenic through food, air, water, or through skin
contact. Drinking water contamination with arsenic is the most common cause of arsenic
poisoning in human. Chemically, there are two types of arsenic compounds: inorganic
and organic. Inorganic arsenic is typicaly present in either trivalent or pentavalent form
and tends to be more toxic than organic arsenic. Arsenite binds to sulfhydryl (-SH)
groups and has broad toxicity [1], which impairs the function of many proteins[2]. In the
case of organic arsenic, increasing the degree of methylation acute toxicity generally
decreases only exception the tetramethylarsonium (TeMA) ion [3]. The International
Agency for Research on Cancer (IARC) and the United States Environmental Protection
Agency (USEPA) is classified arsenic as a group ‘A’ known as human carcinogen [4].
Chronic ingestion of inorganic arsenic causes cancer of the skin, bladder, and lungs, as
well as neurological and cardiovascular problems [5]. The presence of arsenic in water
and its toxic effect on humans through drinking and agricultural practices is a serious
global environmental problem.

Generally arsenic concentration in surface and groundwater ranges from 1 to 10 ug
L™ but the elevated levels of arsenic accounted into groundwater in China [6], India and
Bangladesh [7] is 100-5000 pg L™?, in Vietnam is 1-3500 pg L™ [8]. The WHO
provisional guideline value for arsenic in drinking water is 10 pg L™ [9] and has been
adopted as a national standard by the most countries including Japan, Laos, Mongolia, the
USA, Jordan and by the European Union (EU). On the other hand, to implement the new
guideline is not currently feasible for a number of countries strongly affected including
Bangladesh, India, and Vietnam. Those countries retained their national standard 50 pg
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L. But most of the arsenic affected areas where people consume drinking water with
arsenic content over 50 pg L™.

In the past decades, many technologies have been developed to remove arsenic
from the water based on metal base adsorbents, including aluminum, iron, titanium,
zirconium, and manganese, have been extensively studied. Many oxidants like ozone,
chlorine, hydrogen peroxide use to oxidize As(lll) to As(V) and finaly arsenic is
removed by adsorption process. Removal of arsenite and arsenate from the drinking
water adsorption on hydrous ferric oxide is simple and cost-effective [10].

Many analytical methods have been developed to measure arsenic in water samples,
including electrospray ionization mass spectrometry [11], ion chromatography-hydride
generation-atomic fluorescence spectrometry [12], and automated hydride generation
interfaced to ICP-MS [13]. Although these methods are highly sensitive, unfortunately
they cannot be used in villages because they are time consuming and expensive. Nearly
all of the water treatment utilities do not have such expensive instruments and they have
to send the samples state to laboratory for off-site analysis. Off-site analysisis expensive,
time consuming between sample collections and obtaining the test results. As a result it
makes difficult to monitor those treatment utilizes to optimize the arsenic removal.

As simpler methods, flow analysis and sequential anaysis were applied to
determine trace arsenic with arsine vapor generation and applied to field analysis [14, 15],
investigation of arsenic removal [16], and leaching of arsenic from the contaminated
sediments [17]. Generated arsine vapor can also be analyzed by chemiluminescence (CL)
detection. [18, 19]. Arsine vapor has been generated electrochemically, which eliminates
the need for a chemical reducing agent [20]. For on-site analysis of arsenic, severa
approaches have been reported such as electrochemical micro determinations [21, 22]
colorimetric assay using nanoparticle formation [23], and selective co-precipitation with
BaSO, [24]. A popular conventional field analysis kit is based on separation of arsenic
from possible interferences by generation of volatile arsine by reduction using metallic
zinc or sodium borohydride (NaBH,) in an acidic medium. The arsine gas is passed
through a mercuric bromide impregnated paper strip, which changes color to yellow if
arsenic is present in the sample. Generally, users compare the color with areference color

chart to quantify the level of arsenic present in the tested sample. Color sensitivity of the
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human eye, color degradation in sunlight, and arsine generation with zinc sometimes
produce false results with this method [25]. Another weakness of this approach is the use
of highly concentrated hydrochloric acid to acidify the sample. Transportation and
handling of inorganic acids for field measurements is difficult and dangerous for users
without any formal chemistry training. In addition, in arsenic-affected areas it can be
difficult to obtain pure water for reagents preparation.

A simple, fast, inexpensive and low operating cost method is developed based on
manually hydride generation and chemiluminescence detection (HG-CL). Arsine is
generated manually with solid reagents to avoid using the high concentrated inorganic
acid. Purge gas is not required for arsine generation or delivery. Besides, in the filed
measurement for blank test, we developed an adsorbents base technique to get arsenic
free water relatively in short time. To develop this method, a variety of organic acids
were tested for arsine generation, different photodetectors were investigated and finally
the most favorable procedures were combined into one method. The interferences of
various diverse ions and possibilities for their removal as reagent were investigated. The
method then tested to measure natural water samples and validated with accepted
anaytical method ICP-MS.

5.2. Experimental

5.2.1. Reagents

Standard stock solutions of 100 mg L™ As(lI) and As(V) were prepared using
sodium metaarsenite (Wako Pure Chemica Industries, Osaka, Japan) and disodium
hydrogen arsenate heptahydrate (Nacalai Tesgque, Kyoto, Japan), respectively, along with
0.18 mol L™ H,S0,. For arsenic measurements, the acid and reductant were introduced in
solid form. For one analysis, a pellet of tartaric acid (0.3 g) mixed with ethylenediamine
tetra-acetate disodium salt (EDTA2Na) (10 mg) prepared by compression; EDTA2Na
was for elimination of interference from heavy metal ions. Sodium borohydride (NaBHa,
25 mg) powder was wrapped in a sheet of oblate (BOC oblate, Takikawa Oblate Co.,
Shinshiro, Japan), which is a starch-based wrapping usually used for powdered medicines.
The pellet and oblate-covered reductant were stored in plastic film canisters with a silica

gel pack. To prepare arsenic free samples in the field, the following two types of material
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were tested: a cerium hydroxide based arsenic removal agent (READ-As, Nihonkaisui,
Tokyo, Japan) and a porous ceramic-rare earth compound (ADCERA, Nippon Sheet
Glass, Tokyo, Japan).

5.2.2. Instrumental system

The HG-CL system is illustrated in Fig. 5-1. The system included an arsine
generator and a gas phase CL detector. The arsine generator was made of a50 mL plastic
sample tube. The cap of the sample tube was connected to a CL cell via a stopcock
(AP13SCL2XFCL, Ark-Plas Products®, Flippin, AR), a diaphragm check valve
(CV3030VP, AsOne, Tokyo, Japan) and a 1/16" tee connector (P727, UpChurch
Scientific, Oak Habor, WA), which had the holes enlarged to 2 mm using a drill bit. The
stopcock and check valve were connected by 1/16” polytetrafluoroethylene (PTFE) tube
(1/16” o.d. x 0.33 mm i.d. x 30 cm). The CL cell was made in the laboratory from a
cylindrical glass tube (22 mm i.d. x 202 mm). The outside of the glass tube was coated
with chromium film by RF sputtering to make the cell inside mirror-like, and then
covered with black spray paint to protect the metal layer and to make the cell opague.
During the metal-film coating and painting, an 11 mm x 11 mm area on the flat bottom of
the glass tube was masked with tape to make an optical window on which a small
photomultiplier tube (PMT) module (H5784, Hamamatsu Photonics, Hamamatsu, Japan)
was placed. High performance photodiodes OPT301 (Texas Instruments, Dallas, TX) and
S9270 (Hamamatsu Photonics) were also tested for miniaturizing the detection device.
Ozone gas was introduced via the 1/16” plastic tee connector, and arsine gas and ozone
were introduced into the cell via the tube-in-tube insert. The formed arsine gas and
introduced ozone were mixed 80 mm far away in front of the optical window. A small air
pump (CM-15-12, Enomoto Micro Pump, Tokyo, Japan) was used to supply air at 100
mL min™ for ozone formation. After the air passed through a silicagel column (¢ 15 mm
x 110 mm) and flow restriction tube (PTFE, 0.3 mm i.d. x 460 mm), ozone was formed
by an ozone generator that used a corona discharge-cylindrical tube (Cylindrica A,
1000BT-12 (300 mg h*), Enaly, Shanghai, China). Other ozone generators tested were
Cylindrical B (OZX-300AT (200 mg h™), Enaly), Cylindrica C (OZX-300U (200-300
mg h%), Enaly), Cylindrical D (0ZS-0230, Nomura Electronics, Osaka, Japan), a planar
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discharge electrode (1100N/LHV09K-12, Logy Electric, Tokyo, Japan) and a UV-lamp
(SP-5-2H/PE-5D, Sen Lights, Toyonaka, Japan) placed in a stainless stedl tube air flow
line.

PVC cap ' 1D
~ /rr
} a1
PVC pipe \l /:/ GCe
I I _cL
b e
: I
: /g/DT
] I
I [
I I
PT_ | B/:/SP
:
oG I “'3' """ : CC EO A
I ST
FT : I_cv

Sample
Acid, NaBH,

Arsine generation
Fig. 5-1. The HG-CL system. mAP: miniature air pump; SG: silicagel column; FT: flow
restricting tube for O3 air flow; OG: ozone generator; PT: polyether ether ketone tee
connector; R: reactor for AsHs generation; CR: cap for reactor; SP: silicone plug; SC:
stopcock; RT: restrictor tube for AsH3 introduction; ST: silicone tube; CV: check valve;
DT: double tubes for AsH3/Os; introduction (tube-in-tube); GCC:. glass
chemiluminescence cell; CL: chemiluminescence; D: photo detector; CC: charcoal

column; EO: exhaust outlet; PV C pipe and cap: pipe and cap made of polyvinyl chloride.
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The waste from the CL cell was treated with a small charcoal column to remove
ozone. The PMT module and CL cell were placed in a polyvinylchloride (PVC) tube
(30.9 mmi.d. x 38.3 mm o.d. x 307 mm) to protect the cell and stabilize the signal. The
control voltage for the PMT module was 0.6 V, and the signal was amplified one hundred
times and recorded by a data logger (8421, Hioki, Ueda, Japan). The whole instrument
comprised of a chemiluminescence cell unit (¢ 38 mm x 307 mm, 0.4 kg), an arsine
generator (50 mL sample tube) and an ozone generator (200 mm x 210 mm x 110 mm,
2.6 kg, including the air pump, air dryer tube) and was operated by 12 V dc or 100V ac.

5.2.3. Measurement procedure

First, the instrument was turned on and ozone was introduced to the CL cell
continuously. The tartaric acid/EDTA2Na pellet (or powder mixture) was placed in the
bottom of a 50-mL reactor tube and 2 mL of the water sample was introduced using a 2.5
mL disposable plastic syringe. After shaking well, 25 mg of oblate-wrapped NaBH, was
added, and a silicone cap was placed on the tube immediately. The tube was shaken for
20-30 s to generate H, and AsH3, and then the stopcock was opened to introduce AsH3
into the CL cell. The AsH3 reacted with O3 in the cell and CL was detected with the
photodetector. The response peak appeared in the CL signal within aminute. After closed
the stopcock, the sample tube containing acid and reductant was exchanged for the next
measurement. To obtain ablank signal in the field, 15 mL of water was shaken with 2.5 g
of READ-As and 2.5 g of ADCERA in a 50-mL plastic sample tube for 5 min, and the
upper clear layer was taken as the blank sample. If interference from reduced sulfur
compounds was of concern, such as in cases where the water had an odor, air was
bubbled through the acidified water sample before addition of NaBHa.

5.2.4. Compar ative sample measur ements

For comparison of data with other methods, fifteen river water samples were
collected from a river near a closed mine, and five groundwater samples were collected
from fixed-point observation wells in Kumamoto city, Japan. The samples were
preserved in a refrigerator until analysis. Before analysis, the samples were filtered

through 0.45 um cellulose acetate filters and then analyzed by ICP-MS, by the



“Arsenator” commercia field kit (Digital Arsenic Test Kit, WAG-WEI0500, Wagtech,
Tyne and Wear, UK) [26], by sequential hydride generation flow analysis (SHGFA) and
by the HG-CL method devel oped in the present research.

In the ICP-MS analysis, arsenic was measured by high-resolution ICP-MS (Element,
Thermo Fisher Scientific) at m/z 74.884-74.959 with 1300 W RF power, 16.7 L min™ of
total argon flow, and a resolution of 8000. Yttrium was added to be 1 pg L™ in each
sample as an internal standard. Sample and standard solutions were introduced into the
nebulizer at 0.1 mL min™.

For analysis by the Arsenator kit, 50 mL of sample water was treated with two
types of reagent and left to stand for 20 min to alow AsHj3 to vaporize. After 20 min of
AsH3 generation, the color formed on a paper strip placed above the AsH3 generator was
measured with an equipped digital meter to display the arsenic concentration in pg L™
The measurement range of the kit was from 2 to 100 ug L™ with aresolution of 1 pg L™,

Arsenic analysis by SHGFA was performed as described previoudly in the chapter
two. Detection is based on slow generation of AsH3, collection of all the generated AsHs,
and subsequent flow based analysis with molybdenum blue chemistry. AsH3

generation/collection and measurement was carried out automatically.

5.3. Results and discussion

5.3.1. Optimization of reagents

The aim of this work was to develop an instrument that could be used in the field
for arsenic analysis. In the rural areas of developing countries, it is difficult to obtain pure
water, which makes it difficult to prepare reagent solutions. Therefore, initialy tried was
to develop a procedure that did not require pure water or reagent solutions.

Solid organic acids were tested as well as liquid inorganic acids. Baghel et al. used
oxalic acid with magnesium as the reductant and it took 10 min to obtain a limit of
detection of 10 pg L™ [27]. The results for 100 pg L™ As(l11) and As(V) with the acids
tested are summarized in Table 5-1. All acids were added at 3 eq L™. Some of the acids
did not produce similar signal intensities for As(I11) and As(V), especialy citric acid,
maleic acid, malonic acid, and ascorbic acid. Hydride generation from As(V) requires
two step reductions (As(V) > Ag(lIl) - AsH3) and under more severe conditions

65



compared to those for As(lIl). The first reduction step, As(V) to As(lll), proceeds
smoothly from fully protonated form of arsenate (pKa = 2.3) [28]. Citric, malonic, and
ascorbic acids did not make pH low enough for arsenate protonation. Tartaric acid (final
pH 1.43), on the other hand, gave the same signal intensities for As(I11) and As(V).
Though the pH with maleic acid was low enough (pH 1.25), the signal intensities for
Ag(111) and As(V) were not the same. Probably this was because proton addition reaction
at the double bonds of maleic acid molecules might consume NaBH, to inhibit the
reduction of arsenate. Among the acids tested, tartaric acid was the best so the effect of
tartaric acid concentration was examined. More than 2 mol L™ of the acid made the arsine
generation worse especially from As(V) probably due to high ionic strength. When 0.5 to
2.0 M tartaric acid was used, the response signals for As(l11) and As(V) were almost
constant and equivalent to each other is shown in the Fig. 5-2. From these results, 1.0 mol
L tartaric acid (0.3 g) was used for each 2 mL sample for arsine generation without pre-
reduction of As(V).

Table 5-1. Response of the HG-CL method with various acids for 100 pg L™ arsenic

Acid  Concentration/ Relative peak height ° Ratio
M As(I11) As(V) AS(V)IAS(IT)
Inorganic acid
HCI 3.0 0.01 1.098+0.015 1.089+ 0.007 0.992
H3PO, 10 150 0.709+0.002 0.526 = 0.022 0.742
H,SO, 15 043 0.836+£0.012 0.753+0.004 0.901
Organic acid
Citric 1.0 185 0.982+0.041 0.428+0.002 0.436
Tartaric 15 143 1.000+0.030 0.977+0.021 0.977
Malic 15 190 0.913+0.010 0.805=*0.001 0.882
Maleic 15 125 0.639+0.004 0.536%0.017 0.839
Malonic 15 198 0.668+0.002 0.546 = 0.003 0.817
Ascorbic 15 341 0513+£0.020 0.087 +0.009 0.170

®pH after AsHs generation

P Data are presented as the average + standard deviation after normalization with 1.5
M tartaric acid data.
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Fig. 5-2. Effect of tartaric acid concentration to signal intensity for HG-CL system, arsine

was generated from 100 pg L™ each containing standard solution of As(l11) and As(V).

Tartaric acid was tested in powder and pellet forms:. the form of the reagent did not
affect the signal. Solid EDTA2Na was mixed with the solid acid to mask heavy metal
ions, and both solid reagents dissolved in water quickly and were convenient for field use.
NaBH,4 was added as a reducing agent. Immediately after NaBH, addition, H, gas formed,
which may lead to leaking of the analyte AsH; from the reactor tube with H, before
capping. To overcome this problem, we wrapped NaBH, in a sheet of oblate. This
wrapping was beneficial for field use because the required mass of NaBH,4 could be
weighed into a convenient pack for use in the field. Furthermore, the wrapping delayed
the start of reaction of NaBH, after its introduction into the reactor tube. The mass of
NaBH, required for one analysis was only 25 mg, which was sufficient to convert the
arsenic to arsine gas completely [16]. Too much NaBH, (e.g. 40 mg) caused headspace
gas to leak from the generator. With 25 mg of NaBH,, about 50 mL of H, was generated
because of reactions 1 and 2 as follows [29]:

AS(OH); + 3BH4 + 3H" — AsHz + 3BH3 + 3H,0 (1)

BH3 + 3H;0 —» H3BOs+ 3 H, (2)

The estimated final pressure in the generator was 2 atm (0.2 MPa). Thus, after the
stopcock was opened, half of the headspace gas was introduced to the CL cell.
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Preparation of arsenic-free water was investigated for the blank test. In the polluted
field test areas, the available water might be contaminated and not suitable for use as a
blank test. In the Fig. 5-3 shows two arsenic adsorbents were tested for arsenic removal
from the water samples. READ-As and ADCERA. READ-As and ADCERA acted as
good adsorbents for As(111) and As(V), respectively.

a) READ-As (b) ADCE

e

Fig. 5-3. Arsenic adsorbent READ-As (cerium hydroxide) @) and ADCERA (porous

ceramic-rare earth compounds) b)

When 100 pg L™ AS(lI) and As(V) solutions were passed separately through a
column packed with 10 g of READ-As, the As(l1l) and As(V) concentrations in the
eluent were 1.5 and 5.9 pg L™, respectively. When the column was packed with
ADCERA, the Ag(l11) and As(V) concentrations in the eluent were 14.8 and 0.5 ng L™,
respectively. Consequently, a mixture of both adsorbents (1:1) was used in the devel oped
method to remove both As(ll) and As(V) effectively. Batch treatment is easier to
perform than column treatment in the field. Therefore, a batch test was conducted with 5
g of the adsorbent mixture and 15 mL of arsenic-spiked water (100 pug L™ As(II1) +
As(V)), which was shaken for >5 min and left to stand for 25 min. This resulted in atotal

arsenic removal rate of >99%.

5.3.2. Investigation of CL cell
Arsine reacts with O3 to produce CL [30] asfollows:
AsHs + O3 > HASO* k=5 x 10" cm® molecule™ s* (3)
HASO* > H,ASO, + hv Amex = 450 nm (4)
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Severa attempts to measure AsH3/O3; CL have been reported. However, there are few
reports of CL cells for this reaction. In the present study, several types of CL cell (Fig. 5-
4) made of different materials were tested, including cells made of stainless steel (Fig. 5-
4(a)), polypropylene (Fig. 5-4(b)) and glass (Figs. 5-4(c)—(€)). The cell made of stainless
steel was the same as that used in our previous studies for sulfur gases [31, 32] and

isoprene [33, 34].
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Fig. 5-4. Testing of CL cells and their performance. Response signals shown were
obtained for 100 pg L™ As(I11). AsH3 gas was generated as reported previously [16]. The
cell in Fig. (e) was tested with the following photodetectors: small PMT module H5784,
miniature photodiode integrated with amplification circuit OPT301, and large sensitive
area photodiode S9270. WD means the working distance between the end of the gas inlet

tube and the optical window.
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AsH3; and O3 were introduced to the cell by different inlets. Although relatively
good responses were obtained for the 100 pg L™ arsenic solution, the intensities
decreased gradually because of corrosion of the cell during AsH3 detection. Consequently,
other materials that were inexpensive and corrosion resistant were considered for the CL
cell. The outside surfaces of polypropylene and glass cells were coated with a thin layer
of wet deposited silver or sputtered chromium, respectively. This layer was used to
reflect CL inside the cell and thus enhance the CL signal. AsH3 and O3z were introduced
to the cells through PTFE tubes arranged in tube-in-tube configuration. The working
distance, which is the distance between the end of the tubes and the optical window, and
the O3 flow rate were optimized for each cell. Among the cells tested, the glass cell in Fig.
5-4(e) gave the highest reflection and longest residence time. By comparison, the
stainless stedl and plastic cells produced lower reflection. The response signals were
strongly affected by the gas phase reaction time (residence time) of AsH3z and Os. The Os-
reaction rate of AsHs, 5 x 10*® cm® molecule™ s* [35, 36] is five orders of magnitude
smaller than that of NO (2 x 102 cm® molecule™ s [37], and even smaller than that of
isoprene (1.4 x 10" cm® molecule™ s) [38]. Consequently, a long residence time is
required for the reaction and a large cell is better for this. The sample gas (50 mL, mostly
H,) was introduced in a short time, and if the cell was smaller than the sample gas
volume it could not hold all the introduced AsH;. For these reasons, the long glass cell
(cell volume 73 mL) coated with chromium was adopted as the cell for subsequent
experiments.

Different photodetectors were tested to obtain high sensitivity and better
compactness of the detector with low cost. The tested photodetectors included a high
performance photodiode with an integrated amplification circuit (OPT301, 2.29 mm x
2.29 mm optical area), which is used for fluorescence detection in micro gas analysis
systems [39], alarge optical area photodiode (S9270, Hamamatsu, 10 mm x 10 mm), and
a smal PMT module (H5784, Hamamatsu, ¢8 mm). The optical sensitivity
specifications of OPT301, S9270 and H5784 were 0.10, 0.62 and 6 V nW ™, respectively
at 450 nm. The relative signal-to-noise ratios for a 100 pug L™ arsenic solution with
OPT301, S9270 and H5784 were 0.00050, 0.20, and 1.0, respectively. Unfortunately,
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neither of the photodiodes showed enough sensitivity (Fig. 5-4(e), right). Consequently,
the small PMT module was adopted for subsequent use.

5.3.3. Effect of check valve on signal intensity

In the instrumental system (section 5.2.2.) mentioned that during AsH3 generation
stopcock used to keep close and no purge air/gas is used for arsine generation or for
delivery. Outlet of the arsine delivery tube from the reactor is connected to the diaphragm
check valve (¢ 19 x 32.7 mm) to protect the ozone that can’t reach to the reactor which
can decrease the signal intensity.

To make sure the effect of check valve on chemiluminescence signals intensity,
responses signals (Fig. 5-5) were obtained with and without check vales for blank as well
asfor 50 ug L™ As(l11), respectively.
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Fig. 5-5. Effect of check valve on chemiluminescence signalsintensity.

The peak height of the responses were (0.171 + 0.001) V and (0.168 + 0.001) V for
without and with check valve, for 50 ug L™ As(I11), respectively. It seems that there is no
effect for check valve on chemiluminescence signal intensity. However, for the safety
operation check valveisused in HG-CL system.
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5.3.4. Ozone generation and optimization of ozone air flow

O3 generation was examined with different ozonators. For the field CL detection,

high Oz concentration generated from air at low flow rate is required. In Fig. 5-6a, O3

concentrations generated by different ozonators are shown as a function of air flow rate.

The concentration was monitored with a commercial ozone monitor (Model 49i, Thermo)

after appropriate dilution with purified air. Ozone concentration depended on ozone

source air/oxygen and source flow rate. Dried air was used for the source of ozone

generation because pure oxygen is not available in the field. With these particular

ozonators at 0.1 L min™ of air flow, discharge ozone concentrations were 2000-3000

ppmv. In the case of UV-lamp, ozone concentration was only 70 ppmv at the same air

flow rate though UV-lamp was small, light and low in power consumption. Concentration

of ozone generated decreased with increasing the air flow rate.
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Fig. 5-6. Ozone concentration generated (a) and peak height for 50 ug L™ As(l11) (b) with

different ozonators at different air flow rate.

In Fig. 5-6b, effect of ozonator air flow is shown with different CL cells and

ozonators. It is obvious that lower the air flow rate through the ozonators shows the

higher signal intensity. This was why the higher ozone concentration was suitable for the

gas phase reaction of arsine and ozone. To have sufficient reaction time in the cell, lower

ozone source air flow was favorable too. It was decided to use 0.1 L min? air flow

through the ozonator.
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5.3.5. Performance of the HG-CL system

Under the optimum conditions, the responses of the HG-CL system to As(l11) and
As(V) were recorded (Fig. 5-7). No differences were observed in the response intensities
for Ag(l1l) and As(V), which indicates that the system is suitable for measurement of
total As in water samples. The peak height increased linearly with the arsenic
concentration up to 1000 pg L™

01V

50 ug L™

(1 V)
20

V)

V)

1000 pg L™
(1 V)

‘—’ (1) o V) ﬂ q e q

o5V

5 min

100

(1) V)

JUUUUL

Fig. 5-7. Response signals obtained by HG-CL for 0, 10, 20, 50, 100, 500 and 1000 pg L
! arsenic standard solutions of As(111) and As(V).

Calibration curves obtained for As(l11) and As(V) were:

Peak height (mV) = 2.11 A(I11) (ugL™) —5.65 R 0.9998 (5)

Peak height (mV) = 213 As(V) (ugL ™) —7.28  R?0.9998 (6)
The slopes of the calibration curves were the same for As(I11) and As(V). The limit of
detection obtained from three times the standard deviation of the blank signal was 0.4 g
L™

Repeatability of the method was excellent even though it was operated manually,

and the relative standard deviation for a 10 pug L™ arsenic solution was 3.0% over 30
measurements. M easurements were simple and easy, which would allow high throughpui.
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Fig. 5-8. Response signas for low concentration As solutions (a) and for 30 repeat
analyses of 5 ug L™ As(I11) + 5 ug LT As(V) (b).

In Fig. 5-8 upper panel shows the low concentration measurements were performed
for 2, 5, and 10 pg L™ arsenic mixtures (As(I11):As(V) = 1:1) and lower panel shows
continuous measurements for As(I11) + As(V) (total concentration 10 pg L™) 30 timesin
30 min, which is a throughput of 60 samples h™. The next sample was prepared in
another sample tube with solid acid/EDTA2Na during the peak signal monitoring. After
the signal returned to the baseline, oblate-covered borohydride was added to the next
sample tube and then the used tube was exchanged with the next one. Thus the
measurements could be repeated every minute. This system has sufficient sensitivity to
measure total arsenic at concentrations below World Health Organization guidelines with
good repeatability and high throughpui.

5.3.6. Interferencesfrom the diverseions

The effect of a number of ions on the arsenic measurement by HG-CL was
investigated. These results are detailed in Table 5-2. Interference from Cu®", Ni%, Fe*,
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and Fe** were found but were masked by EDTA2Na Serious interference was not
observed in the optimized condition.

Table 5-2. Effect of interference from the diverseions
Recoveries (%) for 10 ug L™ As

Diverseions Without EDTA With EDTA
lon mg L™ As(I11) As(V) As(I11) As(V)
s 2 100+ 2 100+ 2
4 115+ 2 113+ 2
PO, 20 100+ 2 94 +2
SI0” 20 98+ 2 93+2
COs* 200 98+ 2 104+ 2
SO~ 2000 102+ 2 105+ 2
Mg** 2000 91+2 102+ 2
ca’ 200 109+ 2 88+2
CN- 20 102+ 2 95+5
NH," 20 100+ 2 109+ 2
Se0,” 20 117 +2 97 +2
ClO 2 104+ 2 85+6
cu? 2 102+ 2 84+2 104+ 4 98+ 1
Ni2* 2 108+ 2 91+2 100+ 2 98+5
Fe? 10 63+2 79+2 104+ 4 108+ 1
20 68+ 2 71+2 98+ 3 102+ 4
Fe** 10 57+2 105+ 3 103+ 0
20 41+ 2 93+ 0 96+ 4

Peak intensity as As concentration (ug L™
with different reagent treatments

1 . Acid 2> Acid - bubbling
VSC mg L Simultaneous NaBH, > NaBH,
s 10 44.1 7.7 0.0
DMS 0.03 15.3 4.6 0.0
CH3SH 0.03 21.9 34 0.0

a) Acid and NaBH,were added to the sample simultaneously, added separately in
the order of acid and NaBH, or bubbling was performed between additions of
acid and NaBH,.

There were no interferences from the common anions and cations such as
phosphate, silicate, sulfate, Ca?*, Mg®*, and NH,*. The divalent Cu**and Ni?* made the
As(V) signal smaller, and Fe*" and Fe*" made the recoveries for both As(I11) and As(V)
small. These problems were solved by the addition of 10 mg of EDTA as mentioned in

experimental section. Some volatile sulfur compounds (V SCs) gave response peaks even
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for As free samples. For examples, 10 mg L™ sulfide, 0.03 mg L™ CHsSH and 0.03 mg L
! dimethyl sulfide (DMS) gave peaks corresponding to As concentrations 7.7, 4.6 and 3.4
ug L. This was because these compounds react with Os to produce chemiluminescence.
Chemiluminescence intensities increased 3~7 times when the acid and NaBH, were
added not separately but simultaneoudly. Interferences from these VSCs were only when
they exist in high concentrations and usually it is not concern. If the interference from the
VSCsis aconcern, it could be eliminated by 5 min bubbling performed after addition of
acid to remove the volatile sulfur compounds before arsenic reduction. As described
above, the HG-CL method is useful for real water analysis with small concern of

interference.

5.3.7. Analysis of natural water samples

To demonstrate the usefulness of this method, we analyzed several water samples
for arsenic by the HG-CL method and other methods, including ICP-MS, SHGFA, and
the Arsenator kit (Wagtech). These instruments have various advantages and
disadvantages, but the HG-CL (12 V) and the Arsenator kit (9 V) can be operated in the
field with a battery. The results are shown in Fig. 5-9 and Table 5-3.

100
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O SHGFA

g 80 O Arsenator
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As by HG-CL (ug L™)
Fig. 5-9. Comparison of arsenic results obtained with HG-CL, ICP-MS, SHGFA and the
Arsenator test kit. Data from the other methods are plotted against the values obtained by
HG-CL. Red lineis afitted linear line for ICP-M S data plotted against the HG-CL data.
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Measurements were repeated in triplicate. The HG-CL data agreed with that from
ICP-MS and SHGFA with correlation coefficients of 0.987 and 0.991, respectively. This
agreement showed that the developed HG-CL method was reliable for analysis of
contaminated river water and well water. The Arsenator is a well-known test kit that is
used in the field in developing countries, and is recommended by the United Nations
Children’s Fund and World Health Organization. In this study, arsenic was not detected
in samples 1, 2, 16 and 17 (Table 5-3) by the Arsenator kit although it has the critical
range 2 to 100 pg L™ while arsenic was detected by all the other methods.

Table 5-3. Results of comparative measurement.
Concentration (ug L™)

No. ICP-MS SHGFA  Arsenator HG-CL
River water

1 14+08 19+01 ND* 15+04
2 20+£00 21+03 ND 15+0.0
3 64.7+25 669+04 64 +2 645+ 0.5
4 66.5+3.0 650+0.1 57+2 66.9+ 0.3
5 705+45 736+0.6 69+2 70.4+ 0.6
6 694+13 71.7+0.3 671 63.0+ 0.5
7 87.8+19 90.6+0.0 86+ 2 87.0+0.2
8 58.0+39 588+0.2 45+ 2 57.0+0.2
9 60.6+1.8 60.4+0.7 63+3 59.2+0.7
10 439+13 422+10 49+ 2 41.1+0.8
11 29.1+£0.3 394+0.2 48+1 39.6+0.9
12 29.3+18 29.2+0.3 36+2 32.1+0.3
13 296+24 308+0.7 33+3 32.0+05
14 46.1+1.3 438%0.1 53+2 46.3+0.4
15 328+1.3 36.6+0.2 45+ 2 35.3+0.7
Well water

16 53+0.2 48+03 ND 56+05
17 46+0.1 48+04 ND 55+05
18 19.2+01 185+0.3 21+1 22.8+0.6
19 21.0+£0.1 19.1+0.0 21+1 24.0+0.2
20 58+01 49+00 4+1 6.7+04
Values with respect to HG-CL

Slope 1.033 1.061 0.946

| ntercept -1.984 -2.133 3.398

R 0.987 0.991 0.914

*ND: Not detected
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There were some differences between the Arsenator kit data and that from the other
methods, and the correlation coefficient of Arsenator kit data to the HG-CL data was
lower (0.9136) than the other correlation coefficients. The HG-CL method developed in
this study can be used in the field. Furthermore, it has a shorter measurement time (1
min) compared to the Arsenator kit (>20 min), and gives a high throughput of 60 samples
h™. In comparison to the Arsenator kit, the HG-CL method is more sensitive and reliable

with higher throughpuit.

5.4. Conclusions

A HG-CL instrument was developed for measurement of aqueous arsenic. This
instrument is small and light with low power consumption, and could measure pg L™
concentrations of arsenic in a short time. Results could be obtained almost instantly in the
field, and effective monitoring of water quality could be achieved with this instrument.
After integration with a data processor, the HG-CL instrument could be applied to
drinking water safety monitoring and surveys of water quality for drinking water

treatment systems in the future, especially in developing countries.
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CHAPTER SIX

Suggestion for futurework as on resear ch

Leaching of arsenic from the contaminated sediments has been investigated in
different conditions and leachates were successfully determined as arsenite and arsenate.
Anaerobic condition enhances the mobilization of arsenic than aerobic condition due to
dissolution of metals oxide/hydroxide. Phosphate was effectively to leach arsenic from
the sediments surface especially arsenate. In the leaching experiments arsenic was
leached as arsenite and arsenate but mostly was arsenate.

The developed system was reliable to monitor the speciation of arsenite and
arsenate. During leaching experiment only inorganic arsenic was monitored, there might
be microbiological activity and inorganic arsenic can convert to organic arsenic and
finally emit to the atmosphere. It is necessary to investigate the organic arsenics during

leaching experiment.
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Appendix

Appendix-1
Table A-1. Sequence of analysesfor Ag(l11) and Ag(l11+V)
No. ) Rate
Port name Operation Notes
(mL/9)
As(I11)
1 7 Sample Aspirate 0.6 mL Sampleline refresh
2 2 Waste Push out all
3 7 Sample Aspirate 2.0 mL Sampleintake
4 5 EDTA Aspirate 0.5 mL EDTA addition
5 6 pH7buffer Aspirate 1.0 mL Buffer addition
6 8 Generator bottom Pushoutall Transfer to generator
7 3 Water Aspirate 10.0 mL } wice Syringe cleaning
8 2 Waste Push out all l
9 11 NaBH4 Aspirate 10.0 mL
10 12 Generator top Push out dl (8 min) 0.021 AsHzgeneration
11 8 Generator bottom  Aspirateal } wice Generator cleaning
12 2 \Waste Push out all l
13 3 \Water Aspirate 10.0 mL _ !
14 8 Generator bottom  Pushout all } ice i
15 8 Generator bottom  Aspirate 10.0 mL } wice Syringe cleaning
16 2 Waste Push out all l
AS(11+V)
17 7 Sample Aspirate 2.0 mL Sampleintake
18 5 EDTA Aspirate 0.5 mL EDTA addition
19 6 HC Aspirate 1.0 mL HCI addition
20 8 Generator bottom  Pushout all Transfer to generator
21 3 \Wae Aspirate 10.0 mL _ Syringe cleaning
2 2 Waste Push out ll twice l
23 11 NaBHa4 Aspirate 6.0 mL
24 12 Generator top Push out &l (4 min) 0.025 AsHs generation
25 8 Generator bottom  Aspirateall } wice Generator cleaning
26 2 Waste Push out all l
27 3 Water Aspirate 10.0 mL wice !
28 8 Generator bottom  Pushout al l
29 8 Generator bottom  Aspirate 10.0 mL } wice Syringe cleaning
30 2 Waste Push out all l




Appendix-2: Arsenic leaching from sediments at different conditions
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