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ABSTRACT

Arsenic (As) contaminated water is often used imtBdAsia to irrigate vegetables. These
vegetables accumulate As in their edible tissuek ante ingested, increase As burden in
humans. Despite the apparent risk, the As uptakenpal of vegetable species when
irrigated with As-contaminated water is not wellfided. Most research on As-irrigated
vegetables are monitoring surveys that only desdtie As concentration levels in various
vegetable species from affected areas. Because @freat variability in As concentration of
irrigation water, soil type, vegetable species anliivars, agronomic practices and climatic
factors, As uptake potential of an individual vedpé¢ species cannot be described from the
monitoring data. Identifying vegetable species and conditions that result in high As
concentrations in the edible tissues of vegetaldegrerequisite for risk assessment and
proposing As mitigation strategies.

The objectives of this study were to (i) determihe As uptake response of common
vegetable species when irrigated with As-contareihatvater, (ii) calculate the risk to

humans upon ingestion of As-contaminated vegetseies, (iii) elucidate factors that may
increase As concentrations in vegetable species(i@npropose management strategies for

South Asian countries where As-contaminated watesed for vegetable cultivation.

In the first glasshouse experiment (Chapter 4)y fommmmon vegetables, carrdDducus
carota), radish Raphanus sativus), spinach $inacia oleracea), and tomato olanum
esculentum) were irrigated with a range of Anriched water (50 to 1000 pg)Lusing two
irrigation techniques. These irrigation techniquese (i) non-flooded, where soil moisture
was maintained to 70% field capacity (Fc) of saihd (ii) flooded, where the water was
maintained at 110% Fc initially followed by draimagnd onset of aerobic conditions until
the next irrigation event. Only the 1000 pg AS treatment showed a significant increase of
As concentration in the vegetables compared tmthlér treatments. There was a higher
concentration of As in the vegetables grown undeod irrigation relative to non-flood
irrigation. The trend of As uptake among vegetapecies was spinach > tomato > radish >
carrot. Only in spinach leaves, the As concentnatvas above the Chinese food safety
standard for inorganic As (0.05 pd dresh weight) by a factor of 1.6 to 6.4 times, whe
irrigated with 100, 200, and 1000 pg A% Lnder flood irrigation and with 1000 pg AS' L
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under non-flood irrigation. The USEPA carcinogeaitd non-carcinogenic risk parameters
for the scenario where vegetables are consumedgBfifis per day were calculated. The
USEPA Hazard Quotient (HQ) value for spinach leaa®med from 0.32 to 1.26 for adults
and 0.38 to 1.51 for adolescents while the Candgk fCR) value ranged from 1.4 x @0
5.7 x 10* for adults and 1.7 x 10to 6.8 x 10 for adolescents for treatment water
concentrations 100 pg AsLor greater. An HQ value greater than 1 represamis
unacceptable non-carcinogenic risk and a CR valteater than 10 represents an
unacceptable carcinogenic risk.

A laboratory batch experiment (Chapter 5) was cotetliusing four soils to determine their
As adsorption behavior and the soil properties toaitrol As retention in these soils. Soils
used in this study were (i) Rangitikei silt loaningtsoil which was used in glasshouse
experiment 1), (i) Rangitikei silt loam soil amettwith calcium hydroxide to raise the pH
to 7.5, to model the soil pH level of South Asiaruitries, and (iii) two New Zealand soils,
Korokoro silt loam and Tokomaru silt loam. Both emate (A%) and arsenite (A% were
investigated in the experiment because these Asiesp@re mainly present in irrigation
water. The results showed that the’ Agas adsorbed to a greater degree thah #sdefined
by high adsorption maxima, bonding energy and At coefficient values of Langmuir
and Freundlich isotherms. Adsorption of bothYAand AS' was mainly controlled by

amorphous Al, total C and Olsen P content of setksbils.

A glasshouse experiment (Chapter 6) was condudeexplore those factors which can
promote As concentration in plants. The followingctbrs which are likely to affect
horticulture in South Asia were included: two Asesiges (A¥ and A$'), four As
concentration levels of irrigation water (50 to 0Q@dg L'%), two soil pH levels (6.1 and 7.5),
and two soil amendments (biochar and cattle manurbBg control treatment for this
experiment was no As in irrigation water and nd aaiendment. Spinach was selected for
this work due to its high uptake potential desatitie the earlier glasshouse experiment
(Chapter 4). The findings of this experiment showleat the As concentration in spinach
leaves was dependent on As concentrations in waer soil amendments and was
independent of soil pH and As species under flaodation. Spinach plants grown in
biochar and cattle manure amended soils had signifiy higher As concentration in their

leaves when compared with spinach plants grown nattamendment. In both biochar and
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cattle manure amended soils, the As concentratisspinach leaves exceeded the Chinese
food safety standard (0.05 pd dresh weight) by a factor of 1.6 to 8.3 times, venéhe
concentration of As in irrigation water was 200 lifjor greater. The CR values for spinach
grown in cattle manure amended soil was greater tha critical value of 1 x Ibfor the
scenarios where vegetable consumption is 205 gaaah®r 500 grams per day. This increase
was found where the As concentration in irrigatieater was 200 pgtor greater. The HQ
value was above the critical value of 1 for thense® where the vegetable consumption is
500 grams per day. This increase was observedioach grown in cattle manure amended
soil with an As concentration in irrigation wated®pg L* or greater. Arsenic daily intake
(mg kg' body weight) associated with the ingestion of apin leaves corresponds to
proposed ATSDR (Agency for Toxic Substances aneé&3e Registry) and drinking water
daily intake values that may lead to developmdntamcer (bladder, lung and skin), skin
lesions, and intellectual impairment in childremeTAs intake through ingestion of spinach

correlates to an As concentration in drinking waltet is 10 pg ' or greater.

Overall, the results of glasshouse studies indittaethe As concentrations greater than 50
ng L* should be avoided for spinach cultivation wheoed irrigation is practiced. Addition
of cattle manure can further intensify the risk ibgreasing the As concentration in plant
tissues, therefore its usage in South Asian hdttiiis questionable. | propose that the As
concentration in vegetables should not be overld@sethey can alone be a major source of

As poisoning in humans.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Arsenic (As) is a chemical element that is natyrphesent throughout the biosphere and at
high concentrations, it is toxic to all forms ofeli Although As contamination is a global
concern, some parts of the world are more sevegcted. In Asia, serious As toxicity
symptoms in humans have been linked to the consampf As-contaminated drinking
water and food (Samat al., 2011; Tondekt al., 1999; Williamset al., 2006). The situation

is worst in South and Southeast Asian countriegrevlaround 110 million people are under
the threat of As poisoning (Brammer & Ravenscr@09). Arsenic exposure can cause
several carcinogenic (tumours of the skin, lungnany bladder and other organs) and non-
carcinogenic (gastrointestinal disturbances, skasiohs, peripheral vascular diseases,
reproductive toxicity and neurological disorderffeets in humans (Schuhmacher-Walz
al.,, 2009). Arsenic contamination also has econominsequences through increased
healthcare costs, loss of agricultural productjvitydeterioration of natural resources (water
and soil) leading to increased cost for their rditabon, and trade barriers that may prevent
the export of food products (Mahimairageal., 2005).

There has been an increased concern in recent gearshe presence of As in food crops.
Rice and vegetables contribute a substantial sbavgerall As ingestion (Alanst al., 2003;
Saha & Ali, 2010; Samadt al., 2011). Vegetables accumulate this element thrgugtving

in contaminated soils and/or in soils that aregateéd with As-contaminated water (Baig &
Kazi, 2012; Cao & Ma, 2004; Moyared al., 2009; Rahmaset al., 2004). Under conditions
of high As exposure, vegetables can continue tavgned accumulate As to a concentration
that can exceed food safety standards (Carboneth8ana et al., 1999a; Carbonell-
Barrachineet al., 1999b; Rahman & Naidu, 2009).

Despite the apparent risk, there is a lack of mfation on As uptake by vegetables irrigated
with As-contaminated water. Most reports on As @égetables are monitoring surveys where
various vegetable species, soil and water sampéesadlected from affected areas, analysed
and the As concentration is reported (Arairl., 2009; Husaingt al., 2011a; Husaingt al.,
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2011b; Saha & Ali, 2010). A few monitoring studiegve calculated daily As intake through
consumption of water and food crops including vaeblkets (Arain et al., 2009;
Roychowdhuryet al., 2003). Because of the great variability in As@amtration of irrigation
water, soil type, vegetable species and cultivagsicultural practices and climatic factors, a
general model for As uptake potential of an indinabvegetable species cannot be described.
Identifying vegetable species that accumulate Wighconcentrations in their edible tissues

when irrigated with As-contaminated water, is theme essential to safeguard human health.
1.2 THEME OF THE CURRENT RESEARCH

Some studies have been conducted using hydropomsicilonedia with various levels of As
to determine uptake potential of vegetables andczated risk (Burlcet al., 1999; Carbonell-
Barrachinaget al., 1999a; Miteva, 2002; Rahman & Naidu, 2009; Sreithl., 2009; Tlustos
et al., 2002). A central premise of this thesis is thatiigated soil studies are different to
hydroponic studies and to those where As-contamhaoil is used as a medium for plant
growth. This is because:

0] arsenic in irrigation water is initially available plants before it is adsorbed onto
soil particles,

(i) arsenic can be directly absorbed by plant leavasglthe event of irrigation, and

(i)  an excessive use of irrigation water will develaperobic conditions in soil
which will result in increased solubility and reteaof As from As-binding
minerals (Mariret al., 1993; Masscheleyet al., 1991).

Only two studies have investigated the effect ofcAstaminated water (as a treatment) for
vegetable cultivation in soil (Marcoret al., 2010; Mayorgaet al., 2013). Both studies
showed that an increase in the As concentrationrrigfation water corresponded to an
increase in the As concentration of carrot andstatlibers and caused several changes to the
radish tubers’ internal structure (black spots dterhypocotyl, and changes in the thickness
and structure of the outermost cell layer). Howetlegre are two major limitations to these
studies. Firstly, there was no risk assessmetitaget studies for the scenario where the crops
were grown. Secondly, these studies were limitedtbwv levels of As in irrigation water
(maximum 104 pg E for the radish study and 150 pg for the carrot study) in comparison

to the high As concentration in water used to atggfood crops around the world.
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The As concentration in irrigation water used awbtime world for crop cultivation ranges
from < 0.001 to 1.014 mgtfor groundwater (Bhattacharghal., 2010; Dahakt al., 2008;
Saha & Ali, 2010)and from 5.9 to nearly 100 mg*Llfor industrial effluent (Husairét al.,
2011a; Tiwariet al., 2011). These industrial effluents, generally eated, have been used for
cultivation of food crops for many years. Therefdhe potential for As uptake by food crops

in some scenarios may be many orders of magnitigiheih

The research described in this thesis has beegrdekio directly address the identified lack
of information on As uptake by vegetables as atfonoof the As concentration in irrigation
water and the risk to humans that would be asstiatith the ingestion of potentially
contaminated vegetables.

1.3 RESEARCH HYPOTHESIS

The hypothesis being tested in this work is thaetables irrigated with water containing As
at concentrations found in South Asia, will accuatellthe As in their edible tissues to a

concentration that will be risky for humans.

1.4 BRIEF DESCRIPTION OF THE OBJECTIVES OF THISRESEARCH

The research aims were to (i) determine the Askaptaehaviour of common vegetables
(carrot, radish, spinach and tomato) when irrigatéti As-laden water, (ii) calculate risk to
humans that is associated with the ingestion dflegiarts of these vegetables, (iii) elucidate
the factors which promote the As concentration @getables tissues, and (iv) propose
management strategies for South Asian countriegevtiegetables are irrigated with As-

enriched water.

1.5THESISSTRUCTURE

The research constituting this thesis is describedhree chapters, which include two
glasshouse experiments and one laboratory batcly.sku these experiments, a Rangitikei
silt loam soil was used as a growth substrate. $biswas chosen because similar light
textured soils (silt loams, sandy loams, loams)most often used for vegetables cultivation
in South Asian countries, particularly in Pakist@affri et al., 1976; Khoso, 1994), the

author’s country of origin.
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The overall structure of the thesis is briefly déssd in following paragraphs.

Chapter 2 provides a detailed overview of the available infation regarding As sources
and its dynamics in soil, water and plants. Spectaisideration is given to studies where
vegetables are irrigated with As-contaminated wated/or grown in As-contaminated

hydroponic solutions and soils.

Chapter 3 describes the methodology developed during thelystto analyse As
concentration in plants and soil. The general gilaysand chemical methods of soil analysis

used are also reported in this chapter.

Chapter 4 presents the results of a glasshouse experimenewhe As uptake response of
four common vegetables as a function of As conedptrs in irrigation water and two
irrigation techniques was investigated. Carcinogeamd non-carcinogenic risks to humans
were calculated for the vegetable species (spinatiigdh accumulated the most As in its
edible parts.

Chapter 5 presents the results of a laboratory batch expetiméere four New Zealand
soils were assessed for their abilities to adsosermte (A5) and arsenite (AY. The As
adsorption behaviour of these soils was modelled~t®undlich and Langmuir isotherms.

Soil properties which control As adsorption in sédel soils were also explored.

Chapter 6 presents the results of a glasshouse experimenewihe response of spinach (the
crop that contained the most As in its edible pariglasshouse experiment 1, Chapter 4) to a
range of factors was investigated. These factore:wks concentrations and species, two soil
pH levels, and two soil amendments (biochar antlecatanure). A risk assessment using
USEPA (United States Environmental Protection Aggn@TSDR (Agency for Toxic
Substances and Disease Registry) and drinking wiaigr intake models was calculated for
the factors which promote As concentration in spini@aves.

Chapter 7 reviews the defined objectives of this study iratiein to research conducted in
current thesis. The guidelines for vegetables\atiton with As-contaminated water in South

Asia and future research needs are also discusghbisichapter.
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CHAPTER 2

LITERATURE REVIEW
2.1 INTRODUCTION

This review compiles information regarding As s@ascand dynamics in soil, water and
plants that is relevant to the current researcle. fblous is on studies where arsenic interacts
with vegetables. The purpose of this review isdeniify knowledge gaps and future research

requirement in this area.
2.2 SOURCES OF ARSENIC

Arsenic enters the environment (soil, water anyl tarough both natural and anthropogenic
activities (Figure 2.1). Natural sources includeckso and minerals, and atmospheric
deposition (Mahimairajat al., 2005; E. Smitlet al., 1998). Sedimentary rocks contain higher
As concentrations than igneous rocks; the meanofAsentration in sedimentary rocks ranges
from 1.7 to 400 mg K§ and in igneous rocks ranges from 1.5 to 3.0 my (& Smithet al.,
1998). Parent materials and soils formed from sedtary rocks may be expected to contain
elevated As concentrations. Arsenic is a major iest of more than 245 minerals, mostly
the sulphide-containing ores of Copper (Cu), NidRé), Lead (Pb), Cobalt (Co), Zinc (Zn),
and Gold (Au) (Mahimairajat al., 2005). Volcanic activity is the next importanttunal
source of As. The total As emission through voisanis estimated to be 7.0 Giga grams (7.0
x 10° grams) per year (Wals# al., 1979).

Significant anthropogenic sources of As in the mmnent include industrial, agricultural,

mining and smelting activities (Figure 2.1). Exaewlof industrial usage include wood
preservatives, photoelectric devices, glasswareadrb batteries, cosmetics, fireworks,
electronics, paints, Cu-based alloys, and leatanihg (Kabata-Pendias, 2011; Mahimairaja
et al., 2005; Matschullat, 2000; E. Smith al., 1998). Examples of agricultural usage are
pesticides and herbicides, seed treatment, femdizand As-contaminated irrigation water
(Bhattacharyat al., 2007; Mahimairaj&t al., 2005).
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In addition to these sources, As can be rediseibut the environment by various biological
agents. Plants, animals and microbes redistribuge tlrough bioaccumulation (e.g.
biosorption), biotransformation (e.g. biomethylado and transfer (e.g. volatilization)
reactions (Mahimairaja&t al., 2005). Arsenic accumulated in these biologicalrses may

contaminate soil and water bodies and enter ireddbd chain.

> Geothermal/volcanic activities
—» | Geogenic
Weathering of rocks and minerals
_, | Pesticides, herbicides
Ly | Seed treatment
. L » | Cattle di
— | Agricultural P
—» | Fertilizers
|, | As-enriched irrigation
M Timber treatment
As - g
.| Anthropogenic ||
|, | Tannery
L | Industrial )
L, Electroplating
|, | Paints/chemicals
_, | Sewage
L, | Others |, | Mining
|, | Smelting

Figure 2.1 Major sources of arsenic in soil and aquatic estesys; adopted and modified
from Mahimairajaet al. (2005)
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2.3 ARSENIC IN SOIL
2.3.1 Arsenic concentration in soil

The As concentration in uncontaminated soils isegaty less than 10 mg Kg(Mahimairaja
et al., 2005). However, the As concentration in contateidaoils is highly variable and can
reach 250,000 mg Kgdepending on the nature and source of contamiméfiahimairajaet
al., 2005; E. Smitfet al., 1998).

Since the main focus of this review is to desctlie effect of As in irrigation water on the
soil-plant ecosystem, Table 2.1 presents the Asamration in agricultural soils as a
function of As in irrigation water. The selecteddies indicate that continuous irrigation with
As-enriched water can increase the As level incagjtiral soils above the soil limit of 20 mg
kg' (Bhattacharyat al., 2010b; NZWWA, 2003; Pizarret al., 2003). In Bangladesh, Chile,
India, Pakistan and Spain, the As concentratiomgricultural soils is two-to-three folds
higher than the acceptable critical level. Contumiase of As-contaminated water will lead to

further deterioration in soil quality and will maki@ese soils unsuitable for crop cultivation.
2.3.2 Arsenic speciation in soil

Arsenic exists in various oxidation states, andaih organic and inorganic compounds in
soils. However, the predominant form of As is offiéwmo inorganic species, arsenate (s
and arsenite (A% (Mahimairajaet al., 2005; Masscheleyet al., 1991; E. Smithet al.,
1998). These inorganic species are not stableilimsd remain subjected to various chemical
and biological reactions (oxidation-reduction, andthylation) (E. Smitlet al., 1998). As a
result of these reactions, the valence state ahAg change in soil over time (Mahimairaa
al., 2005).

The most prevalent methylated As species in sodsMMA (monomethylarsonic acid) and
DMA (Dimethylarsinic acid). These organic As spsamay change to different methyl forms
(for example mono-di-tri methylarsine) and inorgais species (demethylation process)
through the action of soil microorganisms (Mahiragiet al., 2005; E. Smitret al., 1998).
Little is known about the behaviour of organic spedn soil and therefore requires further

research.
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Table 2.1Arsenic concentration in agricultural soils asiadtion of As in irrigation water

Total As concentration in

Country soil (mg kg'l) a References
Bangladesh 1.8to 7.7 Saha and Ali (2010)
Bangladesh <0.1to42.6 Naidual. (2009)
Bangladesh 11.8to 71.5 Panauléhhl. (2009)
Bangladesh 145+0.1 Rahmetral. (2007)
Bangladesh 7.31t027.3 Detsal. (2004)
Bangladesh 3.1t0425 Meharg and Rahman (200
Bangladesh 1.3t056.7 Alam and Sattar (2000)
Chile 17.2 Pizarrcet al. (2003)

Chile 50to 70 Munoet al. (2002)
India 9.6+0.5 Tiwaret al. (2011)
India 3.3t09.7 Bhattacharghal. (2010a)
India 10.6 to 38.2 Norret al. (2005)
Nepal 6.1t016.7 Dahat al. (2008)
Nigeria 0.3t024 Agbeniet al. (2009)
Pakistan 4.3t057.3 Baig and Kazi (2012)
Pakistan 13.5+0.8 Husaietial. (2011a)
Pakistan 19.8t021.2 Husastial. (2011b)
Pakistan 8.7 t0 46.2 Aramt al. (2009)
Spain 8.0t0 36.0 Moyara al. (2009)

values are range or mean, as described by thetegtleferences; This table can be reviewed
in conjunction with Table 2.3 where the As concatidn in irrigation water used for
cultivation of food crops in most of the descrilstddies is presented.
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2.3.3 Biogeochemistry of arsenic in sall

The biogeochemistry of As in soil is controlled ¥®rious processes and factors. Two major
soil reactions, namely adsorption and redox reastiare discussed in the following

paragraphs.

2.3.3.1Adsorption reaction

Arsenic adsorption or retention in soils determints persistence, reaction, mobility,
transformation and toxicity (Mahimairagh al., 2005). Adsorption of As in soils and mineral
components involves two different reaction mechasisnamely non-specific and specific
adsorption. Non-specific adsorption refers to colb attraction between positive charges of
adsorbents and negatively charged As anions (Mahfall, 1989; Sadig, 1997). In contrast,
specific adsorption refers to the incorporationAsf species as a ligand in the coordinated
shell of mineral compounds (Manfetlal., 1989; Sadiq, 1997).

2.3.3.2 Factors affecting adsorption reaction

Adsorption of As in soail is controlled by variougilsproperties and factors including type and
amount of oxides/hydroxides and clay minerals, wigamatter content, pH, and As

competing ions (Frost & Griffin, 1977; Graf# al., 2001; Manning & Goldberg, 1996b;

Pierce & Moore, 1980; Wauchope, 1975).

Effect of mineral constituents

Among the mineral constituents, oxides/hydroxideBey Al and Mn are actively involved in
the adsorption of As (Deschamgsal., 2003; Elkhatiket al., 1984; Livesey & Huang, 1981,
Smithet al., 1999). Highly oxidic soils can retain an amouhfAs that is many times higher
than that can be held in soils containing low ant®wf oxide minerals (Smit&t al., 1999).
The surface charge of these mineral compounds islggéndent (Figure 2.2). Under acidic
conditions, these mineral compounds have positivease charge, hence significantly retain
As (Sadig, 1997). However, the positive surfacerghavaries with the type of metal
oxide/hydroxide. The surfaces of Mn, Al and Fe esithydroxides play a limited role in As
retention above soil pH 3, 5, and 8 respectiveBd{§, 1997). In alkaline conditions (mainly
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between pH 7 and 9), carbonate minerals have pesitiarge and hence play an important
role in As retention (Mahimairagt al., 2005; Sadiqg, 1997).
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Figure 2.2 Generalized charge distributions on soil colloat¥opted from Sadiq (1997)

Arsenic retention on these mineral compounds akmends on the inorganic As species
present (A% or As"). Arsenic compounds of each of these species ldrdgpendent and a
change in soil pH causes protonation or deprotonaif their neutral or charged compounds
(Equation 2.1). At neutral pH, Xsexists as negatively chargedAs0O, and HAsQ?, and
the negative potential increases as the pH of thdium increases (E. Smitt al., 1998;

Zhang & Selim, 2008). In contrast, A®xists as neutral speciess&$0;) below pH 9.2.
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Arsenic acid (Asv)

HASO, +HO <= HAsO, + HO  pK, 220
HASO, +HO = HAsO, + HO  pK, 6.97
HASO, +HO ¢=> a0+ HO'  pK, 1153
Arsenous acid (Agl)
HASO,+HO <= HAsO, + HO  pK_9.22
HASO, +HO = HAsO, + HO  pK, 1213
HASO, +HO = ASO, + HO  pK_13.40

Equation 2.1 pH dependency of Asand A8' compounds in aqueous solutions;.tands

for acid dissociation constant; adopted from E.tBrtial. (1998)

An increase in pH increases'Asdsorption in soils but decreases’ Asisorption (Smittet

al., 1999). The decrease of Asnay be attributed to two interacting factors, iijrease in
negative surface potential on the plane of adsesbemd (i) increase in the amount of'As
anions in soil solution because of deprotonationAsf compounds (BAsOs; H,AsOs,
HAsO,% Equation 2.1) (Manfukt al., 1989; Smithet al., 1999; Xuet al., 1991). Arsenate
and arsenite show a maximum adsorption at a cepididevel and drops thereafter. This
critical pH level is variable and depends on theetef adsorbent. For example, "Amaxima
was achieved around pH 5 and for'Ast pH 7 on aluminay-Al,Os (Xu et al., 1988, 1991).

In the same studies, the Aadsorption maxima was observed at pH around 6eomatite.
Pierce and Moore (1980) observed thé" Aadsorption maximum at a pH of around 7 on

amorphous iron hydroxide.

Silicate clay minerals also play an important rmleAs retention in soils (Frost & Griffin,
1977; Manning & Goldberg, 1996a; Wauchope, 1979jlsShaving a higher clay content
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adsorb more As than soils with a low clay contenth as sandy soils (Mahimairagaal.,
2005; Manning & Goldberg, 1997b). The degree obguatson also varies among various clay
minerals. For example, montmorillonite and illiteye minerals adsorb more As (Asnd
As'"") than kaolinite, possibly because of higher s@facea and the interlayer hydroxyl
aluminium polymers of the former clay minerals @& Griffin, 1977; Manning &
Goldberg, 1997a). In another study, Lin and Pul®(@ found a higher adsorption of ‘Aby
halloysite and chlorite minerals than kaolinitdifel and montmorillonite. These researchers
proposed that high Asadsorption may be because of"Agrecipitation leading to the
formation of a hydroxyl-arsenate interlayer in bgdlite, and the presence of Fe and
hydroxide interlayer constituents within chloritey minerals. Soils with higher allophanic
clays also retain more As than the soils with ldlwpdanic clays; allophanic clays has high

surface charge that increases As adsorption (Balaln, 2012).

Silicate minerals also differ in their rate of af®n of the two inorganic As species (As
and/or A8"). In general, A% is adsorbed in greater quantities thar' Asy clay minerals,
although adsorption is pH dependent (Lin & Pul)®0 Adsorption of A% increased at pH
7.5 while there was inverse response of Adsorption at this pH level (Lin & Puls, 2000).
Reported studies describe that’Aslsorption increases at low pH, peaks near pHd&teen
decreases at higher pH for montmorillonite and ikéel minerals (Frost & Griffin, 1977;
Goldberg & Glaubig, 1988). In contrast, "Asdsorption continued to rise from pH 4 to 9 on
kaolinite, but reached a peak near pH 7 on montlooite (Frost & Griffin, 1977).

Arsenic can also be adsorbed onto oxide/hydroaittk clay minerals by specific adsorption
(ligand exchange) which can occur even when thiaseiis uncharged (Bolaat al., 2012;
Pierce & Moore, 1982; Sadiq, 1997). Several stuiiesstigating A% and A4' adsorption
on mineral compounds (goethite, amorphous Fe andx#les) indicate that As ions form
inner sphere and/or outer sphere surface complexdbese minerals (Fendaetf al., 1997;
Goldberg & Johnston, 2001; Mannirg al., 1998; Sun & Doner, 1996). Adsorption-
desorption of As ions on these retention sitesffisceed by many competing ligands for
example, hydroxyl, phosphate, molybdate, carborsitiejc acid, and organic compounds
(Appelo et al., 2002; Bolanet al., 2012; Grafeet al., 2001; Manning & Goldberg, 1996b;
Quaghebeuet al., 2005; Smitret al., 2002; Waltham & Eick, 2002).
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Effect of ions competing with As

Phosphate ions, being an analogue of theids, compete with As and significantly suppress
the adsorption of As onto adsorption sites in saild mineral compounds (Livesey & Huang,
1981; Manfulet al., 1989; Royet al., 1986). Phosphate can compete witf A= both non-
specific and specific adsorption sites (Qafakual., 1999). However, there are some sites
which are uniquely specific for arsenate and phaspfLiuet al., 2001). A few other anions
(molybdate, chloride, nitrate, sulphate) also dffae adsorption of A5 but their effect is not
profound (Livesey & Huang, 1981; Manfelal., 1989; Manning & Goldberg, 1996a).

Effect of organic matter

The role of organic matter on As adsorption is clexpSome studies have found that organic
molecules compete with As for adsorption sites omtimeral compounds and thereby
diminish As retention (Grafet al., 2001; Redmaret al., 2002). However, the extent of
adsorption depends on the speciation of As, typsoofpeting organic molecules, and pH of
the media. Grafet al. (2001) reported that both peat humic and fulvicicecreased As
adsorption on goethite while citric acid had noeeff The maximum reduction of As
adsorption occurred at a pH between 6 and 9 forihvawid and at pH between 3 and 8 for
fulvic acid. Further in this study, Asadsorption was decreased by these organic aciti® in
order of citric acid > fulvic acid peat humic acid at a pH between 3 and 8. In anctoely,
Redmaret al. (2002) reported that organic compounds diminishedextent of A5 and Ag'
adsorption on hematite surfaces, however, theteffas more profound on Asthan AY. Xu

et al. (1988) reported that the adsorption of’Am alumina was greatly affected by fulvic
acid at a pH between 3 and 7.5, and fulvic acictentration of 25 mg . These researchers
proposed that the decrease in’ Aslsorption may be because of (i) fulvic acid apon onto
alumina by coulombic attraction leading to the fation of predominantly negative surface
charge, and/or (ii) direct competition of fulvicidavith As’ for adsorption sites. In contrary
to this discussion, several other studies haveritbestthe role of organic matter as an arsenic
adsorbent (Cao & Ma, 2004; Cabal., 2003; Saadat al., 2003). Humic acid amine groups
play an important role in the retention of As ontganic matter (Saadhal., 2003). The role

of organic matter in As adsorption and mobility eprs to be the subject of some degree of

conjecture, and is an area that requires furthersiigation.
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2.3.3.3Redox reactions

Arsenic is a redox-active element and its fate gpeciation depends on oxidation-reduction
reactions of natural environments. Oxidation anducgion reactions involve transfer of
electrons from one compound to another compoundgoil) As is subjected to both abiotic
and biotic redox reactions (Jorgtsl., 2012; Mahimairaja&t al., 2005). Among abiotic redox
reactions, oxides of Mn (IV) and Fe (lll) are efige oxidants and can convert 'Ado the
less toxic A% species (Adriano, 2001; Oscarsairal., 1981; Oscarsoet al., 1983a; Oscarson
et al., 1983b).

Various microorganisms (e.g. bacteria, fungi arghe) also play an important role in redox
reactions involving the oxidation of Asto As’ and/or reduction of Asto Ad' in
contaminated soils (Jonesal., 2012; Mahimairaja&t al., 2005). Recently, an Asoxidizing
bacterial strain, MM-1 has been isolated which stian ability to oxidize 500 pM of As
to As’ within 3 hours of incubation (Baharal., 2012).

2.4 ARSENIC CONCENTRATION IN WATER

Arsenic is widely distributed in waters becauséath natural and human activities, although
the chief source of As in water is the natural Wweahg of rocks and minerals. Arsenic
occurrence in natural waters is associated witinsmatary rocks of marine origin, weathered
volcanic rocks, fossil fuels, geothermal areas,ar@hdeposits, mining wastes, agricultural
use and irrigation practices (Korte & Fernando, 1)99he As concentration in water is
highly variable among various countries and waterses, ranging from 0.003 to 13,900 pg
L™ (Mahimairajaet al., 2005).

Arsenic contamination of drinking water is the masimmon source of As poisoning in
humans in many parts of the world. Human healthdess affected by As in drinking water
in Argentina, Bangladesh, Cambodia, Chile, Chinadia and Nepal (Guat al., 2001;
Hopenhayn-Riclet al., 1998; Mazumdeet al., 1998; Phart al., 2010; Shresthet al., 2003;
A. H. Smithet al., 1998; Tondeét al., 1999). The acceptable concentration of As inkdnig
water set by the WHO is 10 pg‘lwhilst some countries (Bangladesh, China, Nepailyan,
and Vietnam) follow a national guideline of 50 pg (Berget al., 2001; Cheret al., 1995;
Guoet al., 2001; Shresthet al., 2003; Smithet al., 2000). Arsenic concentration in drinking
water has a wide range in various countries, withaximum reported value of 3700 ug L
(Table 2.2).
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Table 2.2Arsenic concentration in drinking water in selecséatdies around the world

As concentration in

Country water (ug LY Water source References
Bangladesh 50 to 830 Hand tube well  Ali and Tanaf@a03)
Bangladesh < 0.7 to 640 Tube well Frisetial. (2002)
Bangladesh <1to535 Tube well Watanaba. (2001)
Bangladesh 10 to 2040 Well Tonckehl. (1999)
Cambodia 0.1to 1841 Tube well Pharal. (2010)
Chile 10 to 870 ND A. H. Smitkt al. (1998)
Chile 170 to 600 River HopenhaynRietal. (1996)
China non detectable to 1334 Well Gaial. (2001)
India up to 3700 Tube well Mandetlal. (1996)
India 3 to 560 ND Mahatet al. (2003)
India non detectable to 3400 Tube well Mazunetiet. (1998)
India 0.5t0 136 Tube well Nagj al. (1996)
India non detectable to 2000  Tube well Mazuneliet. (1988)
Japan 10 to 293 Well Konadw al. (1999)
Mexico 2110 1070 Well Gomez-Arroya al. (1997)
Nepal up to 2620 Tube well Shrestial. (2003)
New Zealand 3to 121 River, Waikatc Robinsbal. (1995)
Taiwan < 0.7 to 897 Well Cheat al. (1995)
Vietham 1 to 3050 Tube well Besyal. (2001)

ND: Not described by researchers
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Arsenic-enriched water (groundwater and wastewaigrjused for irrigation in many
countries. The cultivation of food crops using Asyaminated water and the subsequent
transfer of As to crops which can be ingested bmdms and animals intensifies the risk of As
poisoning. Table 2.3 summarises the As concentratioirrigation waters worldwide. The
concentration of As in irrigation water varies asuaction of the source of water; the As
concentration in groundwater samples used foratiog has been reported as high as 1014 ug
L, while the As concentration in industrial effluersted for irrigation has been reported near
to 100 mg L[*. This As-enriched, untreated industrial efflueastbeen used for many years
for food crops cultivation in Pakistan, and as spomse high As concentration is reflected in
food crop tissues (Husaigi al., 2011a). Arsenic exists mainly in the form of‘Amd/or A&

in irrigation water (Baig & Kazi, 2012; Nors al., 2005).

2.5 ARSENIC IN PLANTS

This section describes the interaction of As willings, with emphasis on As phytotoxicity,
plant uptake and factors controlling these proesS®me of the factors which control
toxicity and uptake are similar and linked; howeuwdrey are discussed separately here to
elaborate and to provide relevant examples.

2.5.1 Arsenic toxicity to terrestrial plants

Plants are exposed to As when grown in contaminstéd, treated with As containing agro-
chemicals and/or irrigated with As-contaminatedesalhe effect of As toxicity in plants is
variable, ranging from a negligible effect to eitlaesignificantly positive or negative impact
on their growth and yield (Carbonell-Barrachigtaal., 1998; Marinet al., 1992; Sheppard,

1992; Tu & Ma, 2002).
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Table 2.3 Arsenic concentration in irrigation water used daitivation of food crops around

the world
As concentration in
Country irrigation water References
(gL ®

Bangladesh <1.0to 267 Saha and Ali (2010)
Bangladesh > 100 Naicat al. (2009)
Bangladesh 100 to 130 Panaulifal. (2009)
Bangladesh 70 Rahmanal. (2007)
Bangladesh 70 to 420 Datsal. (2004)
Bangladesh Up to 500 Meharg and Rahman (20(
Bangladesh 10to 71 Alam and Sattar (2000)
Chile 70 to 280 Munoet al. (2002)
India 59+0.2mgL® Tiwari et al. (2011)
India 180 to 530 Bhattacharghal. (2010a)
India 519 to 782 Norret al. (2005)
Italy 19 to 104 Marconiet al. (2010)
Nepal <5t0 1014 Dahat al. (2008)
Pakistan 5.4t08.2 Baig and Kazi (2012)
Pakistan near to 100 mg'L Husainiet al. (2011a)
Pakistan 35to 157 Arait al. (2009)
Spain 20to 150 Mayorgaet al. (2013)
Spain 3810 136 Moyanai al. (2009)

2 Source of water is groundwater unless mentioedurce of water is industrial effluefit;

experiments where As-enriched water was used asrteat
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The phytotoxic symptoms exhibited by various cromsude delayed germination, depressed
tillering, chlorosis, necrosis, wilting, stuntedogith, biomass reduction and reduced yield,
and death under extreme conditions (Carbonell-Bamaet al., 1997; Jiang & Singh, 1994;
Lambkin & Alloway, 2003; Rahman & Naidu, 2009). Hever, there is a known competition
between As (A% and P for uptake in plants, and therefore it ifficdlt to differentiate
between As toxicity and P deficiency symptoms (L&imi& Alloway, 2003).

Plants adopt various strategies to tolerate Aspéded strategies include (i) avoidance i.e.
limited uptake by roots and/or limited transporstwmots or grains, (ii) internal detoxification
(subcellular compartmentalization of As or throughding of As to cell walls), and (iii)
biochemical tolerance (specialized metabolic patswvaand enzymatic adaptations)
(Carbonell-Barrachinat al., 1997; Rahman & Naidu, 2009). Plants may adogieeita
singular or integrated approach of these mechaniemwlerate As toxicity (Carbonell-
Barrachineet al., 1999a; Carbonell-Barrachimfal., 1999b).

2.5.2 Factors affecting As toxicity to plants

Arsenic toxicity to plants depends on various AsApigrowth medium factors.

Effect of Asconcentration

An increase in As concentration intensifies the tésicity to plants. Rahman and Naidu
(2009) reported that by increasing the level of Asd Ad' in nutrient solution and soil, the
fresh weight and yield of amaranth and silverbeet wdecreased. Similarly, Carbonell-
Barrachineet al. (1997) reported reduced dry matter productiont&,ostem, leaf and fruit) in

tomato and bean plants by increasing th8 Asncentration in hydroponic condition.

The critical toxicity concentration level for As s among crop species under hydroponic
and soil conditions. For example, a significantrdase in plant dry biomass relative to the
control in marsh specie§fartina alterniflora and Spartina patens) was observed at an As
level of 2.0 mg [}, regardless of the As form present in hydroponittuce (Carbonell-
Barrachineet al., 1998; Carbonektt al., 1998). In soil, severe yield reduction was obsdmn
ryegrass and barley at 50 and 250 mg A3 kgplication (Jiang & Singh, 1994). Miteva

(2002) observed a decrease in growth of vegetatineroot tissues in tomato plants at 50 and
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100 mg As k. Woolson (1973) reported that Aat a concentration of 500 mg kgaused
the death of vegetables (green beans, lima beginsch, cabbage, tomato, and radish).

An increasing concentration of As in growth mediumy also be phytotoxic to As hyper-
accumulator plant species (eRjeris vittata L.). Addition of 500 mg As kg reduced frond
and root biomass dPteris vittata by 64% and 70% respectively in comparison to contro
plants (Tu & Ma, 2002). These researchers obsdhedeath of plants at a soil concentration
of 1000 mg inorganic As kb (as KHAsO,) and at 50 mg organic As Rg(as sodium
dimethylarsonate). This discussion highlights tbrid effect of As to all plants at some
critical level of concentration in the growth mealiuFurthermore, this discussion highlights
the lack of information on the As toxicity threstialoncentration for various crop species in

soil and hydroponic conditions.
Effect of Asforms

The speciation of As in a growth media profoundfeets the phytotoxicity of As (Carbonell-
Barrachinaet al., 1998; Carbonell-Barrachinet al., 1999a; Carbonell-Barrachinet al.,
1999b). Among the inorganic species,"Ais more phytotoxic than As Rahman and Naidu
(2009) found AY five times more toxic to amaranth and silverbekings than A%
Similarly, Jiang and Singh (1994) reported that' Agenerally caused more yield reduction
than AS in ryegrass and barley crops. VandenBroeicil. (1997) reported A% to be more
phytotoxic to mung bean than Asnder hydroponic conditions, with a lethal concatiton of
As" defined as less than 10 pM. Reduced dry mattetystion and death of bean plants with
As"" application has also been reported (Carbonelléginaet al., 1997).

Interesting results have been observed when tmesganic arsenicals were compared with
organic arsenicals for various crop species. Marria. (1992) reported that Asand MMA
were phytotoxic; A% had no effect; while DMA increased total dry mafteoduction in rice.

In other studies, MMA and/or DMA were found to beone phytotoxic to various plant
species (tomato, radish, turnip, and marsh plastiep) than A% and A (Burlo et al., 1999;
Carbonell-Barrachinat al., 1998; Carbonell-Barrachina al., 1999a; Carbonell-Barrachina
et al., 1999b). Sheppard (1992) proposed that organiccesware more toxic than inorganic
sources. However, the results in many cases aifiiatiog, and the key point we can derive

from these findings is that the toxicity of a pautar As species varies with crop species.
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Crop species and cultivars

The literature provides evidence that the phytattxiof As varies among plant species and
cultivars. Carbonell-Barrachinat al. (1998) observed a significantly lower biomass
production inSpartina patens than Spartina alterniflora under similar growth conditions (As
concentrations and species). Similarly, bean plaet® found more sensitive to As (as'As
toxicity than tomato plants (Carbonell-Barrachieal., 1997). Soybeans are reported more
sensitive to As than cotton (Deuel & Swoboda, 19¥2)olson (1973) calculated the amount
of available As (A¥) causing a 50% growth reduction in selected végesa The crop
sensitivity to available As follows the order: gneleeans > lima beansspinach > radish >
tomato > cabbage. Walsat al. (1977) described the tolerance of several cropd an
categorized them as: highly tolerant (potatoeshagbé, tomatoes, carrots, tobacco, rye, Sudan
grass and grapes), moderately tolerant (strawlsecan, beets and squash), and low tolerant

(onion, cucumbers and legumes).

The effect of As toxicity is variable among planfdtovars. For example, in a comparison of
two rice varieties at the same As concentratioa, ariety Mercury yielded a significantly

lower root dry weight than Lemont (Mareb al., 1992). Similarly, in a comparison of tomato
varieties, Marmande yielded a significantly lowetat dry biomass (shoot and root) than
Muchamiel (Burloet al., 1999).

Effect of soil type

The toxic effect of As on plants could be expedtedary under various soil types. Toxicity is
generally higher in santhan in loam and clayey soils due to a lower cantérchemical
moieties (e.g. Fe and Al oxides, clay, and orgam&tter) that can adsorb the contaminant in
sandy soils (Jiang & Singh, 1994; Sheppard, 1982)olson (1973) reported a higher toxicity
of As to vegetable crops (green beans, lima begmsach, cabbage, tomato, and radish) in
Lakeland loamy sand than other soil types (Hagerstsilty clay loam and Christiana clay

loam).
Effect of competing ions

The effect of various competing ions (particulaghfiosphate) in aggravating As toxicity
should not be overlooked. Phosphate has eithem&genistic or synergistic effect on As,

and can thereby influence toxicity (Mahimairgaal., 2005). Phosphate application to soils
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can increase As toxicity by displacing the adsorBedons at adsorption sites and thereby
increase its bioavailability (Davenport & Peryea991). However, this increased
phytotoxicity of As by P addition depends on vasotactors including As and P
concentration and their ratio in soil solution. Waet al. (2002) observed phytotoxicity
symptoms inPteris vittata when P supply was low (20 pM) and“Asupply was high (416
and 2080 pM). Woolson (1973) observed more toxiece$ of As on vegetables growth in
Lakeland loamy sand than Christiana clay loam 3diese researchers attributed this effect to
the available P/As ratio of the Christiana soil ethiwas 2.5 to 4.4 times greater than
Lakeland soil. The background P concentratiorhef@hristiana and Lakeland soil was 59.4
and 10.3 mg Kd respectively.

I ndirect toxic effect of As

The toxicity of As to plants is aggravated by ttglirect effect on the deficiency of essential
macro and micro nutrients in soil. Lambkin and A&y (2003) found that as the
concentration of As increased in soil, plant yielecreased and the barley plants showed
symptoms of As toxicity and P deficiency. A reduoatior increase in P concentration in
radish, turnip and tomato plants by applicatioraxdfenicals has been reported (Buai@l .,
1999; Carbonell-Barrachingt al., 1999a; Carbonell-Barrachireh al., 1999b). Carbonekt

al. (1998) reported that both the concentration amah fof As (As', As’, MMA, and DMA)
affected macro and micro nutrients concentratio§uartina alterniflora. These researchers
attributed the high phytotoxicity of MMA to a redian in macro (P, K, Ca and Mg) and
micro (B, Cu and Fe) nutrients in plant tissuesdiidn of MMA to soil caused a reduction
of the Zn and Cu concentration in rice plant tissureanother study (Marigt al., 1993). A
possible mechanism of this effect was not described addition of As to soils may increase
the pH of soil solution by release of Offom soil surfaces by ligand exchange (Lambkin &

Alloway, 2003) which may alter rhizosphere chenyistr
Positive effects of As

In contrast to the above discussion, As has beandfdo stimulate plant growth at low
concentrations. Rahman and Naidu (2009) observeth@pase in yield of amaranth and
silverbeet at a concentration of 5 mg“As* under hydroponic conditions. A similar yield
increase for silverbeet was also observed at aecwration of 25 mg K§ under soil

conditions in the same study. Similarly, total drpomass ofSpartina alterniflora and
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Spartina patens was increased in a hydroponic experiment whehwas applied at the rate
of 0.2 and 0.8 mg t and A$' at the rate of 0.2 mgi(Carbonell-Barrachinat al., 1998).

An addition of 50 and 100 mg As kdo a sandy soil significantly increased the abowvend
biomass (frond) by 107% and 64% respectively nedattd the control foPteris vittata (Tu &

Ma, 2002). Miteva (2002) observed an increase enhgbight and weight of stem and roots of
tomato plants when grown in soil supplemented &itbw As concentrations (15 and 25 mg
As"' kg'). The possible reason for this increase in groart yield has been linked to P
nutrition. In plants, arsenate and phosphate &entap by the same uptake system; however,
the uptake carriers have much greater affinity ptwosphate than arsenate (Meharg &
Macnair, 1990). Carbonell-Barrachieaal. (1999a) suggested that although’As taken up

by the same uptake system,’As unable to carry out P’s role in energy trandfeerefore the
plants reacts as if there is a P deficiency. Assallt, the plants increase their P uptake which

ultimately increase plant growth and yield paramsete
2.5.3 Arsenic accumulation in vegetables

Arsenic is accumulated by vegetables when theygere/n in As-contaminated soil and/or
irrigated with As-contaminated water (Husaghial., 2011c; Moyanct al., 2009; Rahmaset

al., 2004; Warreret al., 2003). The scenario of As-contamination of vegles has led to
many hydroponic and soil studies that have beemwtrd to understand the As uptake
potential of various vegetable species and theespent risk that might be expected for
humans. Many researchers refer to the WHO recometendaximum permissible As
concentration (MPC) of 2.0 mg Rgfresh weight) or Australian MPC level of 1.0 mg'k
(fresh weight) to evaluate the risk from contamsdatvegetables (Burlet al., 1999;
Carbonell-Barrachinat al., 1999a; Rahman & Naidu, 2009). When expressed ainya
weight basis, this value will depend on the watantent of vegetables. For example, a fresh
weight value of 1 mg Kgwill be equivalent to 10 mg Kgdry weight if the water content of
vegetables is 90% or 20 mg kif the water content is 95% (Burk al., 1999; Carbonell-
Barrachinaet al., 1999a). Many hydroponic and soil studies revieat the As concentration
in the edible parts of most vegetable species wgeildothan the MPC levels (Table 2.4).
However, certain vegetable species can accumulaeinA their edible tissues to a
concentration that exceeds the critical level. €heggetables are amaranth, radish,
silverbeet, spinach, tomato and turnip (Bwet@l., 1999; Carbonell-Barrachiret al., 1999a;
Carbonell-Barrachinat al., 1999b; Rahman & Naidu, 2009; Woolson, 1973).
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Table 2.4Total As concentrations (ug-pin edible parts of various vegetable species uditerent growth conditions

As in plant As in growing Growing Purpose of Study
Plant Plant part L _ _ _ Country Reference
(Mg gH® media medium (to determine)
0.002 to 0.168 | Soil: 0.34 to 2.37 | Soil (monitoring| . o Agbeninet al.
Amaranth Shoot (fresh weight) | mg kg survey) risk assessment Nigeria (2009)
Irrigation water:
Amaranth Edible part 0.31to 1.24 |1.0t0267 g ' | Soil (monitoring | uptake and risk Bangladesh Saha and Al
(Red) (stem & leaf) Soil: 2.17 to 6.59 | survey) assessment (2010)
mg kg’
Irrigation water:
Amaranth Edible part 0.33t01.14 |1.1t0166 ug ' | Soil (monitoring | uptake and risk Bangladesh Saha and Al
(Stem) (stem & leaf) Soil: 2.16 to 5.52 | survey) assessment (2010)
mg kg*
Irrigation water: Total and inorganic
ASDArAqUS Stem 0.0811t00.132 | 70 to 280 pg ! Soil (monitoring | As concentration in Chile Munozet al.
parag (fresh weight) | Soil: 50 to 70 mg | survey plants and risk (2002)
kg assessment
Irrigation Watelr: Total and inorganic
, 0.022 +0.003 | 70t0 280 ug L | Soil (monitoring | As concentration in . Munozet al.
Beans Fruit Soil: 50 to 70 mg | survey plants and risk Chile (2002)
kg* assessment
1 _ Carbonell-
Beans Fruit 33t044 |2and5mgL Hydroponic As uptake and Spain Barrachinaet al.
(As™) distribution in tissues (1997)
Mixture of soil | Heavy metal(loid)s
Beans Fruit 0.181t0 1.72 ig.'ls to 408 mg and mine waste | concentration in USA ?2%%%? al.

(pot experiment

vegetables

& concentration is in dry weight unless mentioned
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Table 2.4continued

As in plant As in growing Growing Purpose of Study
Plant Plant part L ' ' _ Country Reference
(Mg g)? media medium (to determine)
Irrigation water: 7Q . : Ak
0.129 to0 0.268 | to 280 pg [* soil Total and inorganic As Munozet al.
Beetroot Root . " (monitoring concentration in plants Chile
(fresh weight) | Soil: 50 to 70 mg : (2002)
kg survey and risk assessment
Soill As concentration in -
Cabbage Leaves 2.73+0.34 13'55-1i 0.8 (monitoring crops and soils to Pakistan Husainietal.
mg kg o (2011a)
survey) assess toxicity level
Irrigation water: . | soil
, <1.0to 180 pugtL . uptake and risk Saha and Ali
Cabbage Edible part 0.20to 0.95 Soil: 1.81 t0 5.11 (monitoring assessment Bangladesh (2010)
1 survey)
mg kg
Irrigation water: 70 o . . Ak
0.016 + 0.002 | to 280 pg [* Soll Total and inorganic Ay Munozet al.
Cabbage Leaves . . (monitoring concentration in plants Chile
(fresh weight) | Soil: 50 to 70 mg : (2002)
kg survey and risk assessment
Irrigation water: . .
Cabbage Leaves 6.5 5.92:+0.19 mg L (Sn?:)lnitorin (I\:/Ioer;[sle(mgiison in crops, India Tiwari et al.
9 ' Soil: 9.62 + 0.48 9 . st (2011)
1 survey) water and soil
mg kg
Irrigation waterlz Soil
: . 1.6t0 267 ug L o uptake and risk Saha and Ali
Cauliflower Edible part 0.01t0 0.78 Soil 2.91 to 7.72 (monitoring assessment Bangladesh (2010)
1 survey)
mg kg
Irrigation water: 70 o . . Ak
| 0.014 to 0.060 | to 280 pg L* soil Total and inorganic Az Munozet al.
Cauliflower Inflorescence . . (monitoring concentration in plants Chile
(fresh weight) | Soil: 50 to 70 mg : (2002)
survey and risk assessment

kgt

& concentration is in dry weight unless mentioned
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Table 2.4continued

U

As in plant As in growing Growing Purpose of Study
Plant Plant part L . . _ Country Reference
(ug g)? media medium (to determine)
. . .. | As concentration in -
Carrot Edible root 0.73+0.01 Soil: 1§5 +0.8 | Soil (monitoring crops and soils to Pakistan Husainiet al.
mg kg survey) o (2011a)
assess toxicity level
Irrigation Watelr: As concentration in
Carrot Root 0.135+0.014 35 .tf) 157 ug L, | Soil (monitoring water, crops and soils Pakistan Arain etal.
Soil: 8.7 to 46.2 | survey) . (2009)
1 and risk assessment
mg kg
Carrot Peel 0.025 to 0.924 | Soil: 1.97 to 110| Soil (pot f;rf(;’tr}fgr?]”agl‘l’lj‘tég USA Zandstra and De
Peeled root 0.034 t0 0.135 | mg kg* experiment) Soil P Kryger (2007)
E\/;\Z/ii[;l(gjt peel) 0.03 10 0.283 . , .
0.165 t0 2.950 | Soil: <3to 50 | Soil (pot As uptake and risk Rahmaret al.
Carrot Carrot peels 1 X USA
. 0.049 to 0.608 | mg kg experiment) assessment (2004)
Carrots (with
peel)
Irrigation water: Total and inorganic
Carrot Edible root 0.078t0 0.138 | 70 to 280 ug I* | Soil (monitoring| As concentration in Chile Munozet al.
(without skin) | (fresh weight) | Soil: 50 to70 mg| survey plants and risk (2002)
kg™ assessment
Core <0.098t0 0.387| . ... - Uptake, species
Carrot Peel <0.098 to 1.04 (SA(\)sll’ g'nSdtZﬁ?S S)C()”e(:ilr?:gnt) distribution and risk | Denmark Eaerlgsrsle&g%%d)
Whole 1.85+0.09 P assessment
. 0.006 to 0.338 | Soil: 1.29 to Soil (monitoring | uptake and risk : Huanget al.
Celery Edible part (fresh weight) | 25.28 mg kg survey) assessment China (2006)

& concentration is in dry weight unless mentioned
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Table 2.4continued

As in plant As in growing Growing Purpose of Study
Plant Plant part L _ _ _ Country Reference
(Mg gH® media medium (to determine)
) v , As uptake and species , Smithet al.
Chard Leaves 3.13+0.77 2 mg (AsY) Hydroponic distribution in iSSUES Australia (2009)
Irrigation water: . . .
| 1| Soil Total and inorganic As
Chard Leaves 0.195 10 0.266 ;(())i:QSZOS?oLl?%];n (monitoring | concentration in plants | Chile (I\%Bg?et a.
kg‘l. 9 survey and risk assessment
Chive Shoots BDL to 4.120] Soil: 311.4 to 184 Soil (Pot As uptake and risk Hungary Sipteret al.
mg kg experiment) | assessment (2009)
Irrigation water: . . .
Garlic Edible root | 0.030 to 0.368 | 70 to 280 pg L (Srﬁgnitoring Ig;i'e?]rt‘fa;%?{?ﬁg'lzrﬁz Chile Munozet al.
(without skin) | (fresh weight) | Soil: 50 to 70 mg . (2002)
kg survey and risk assessment
. Soll ,
. . 0.0035 to 0.1595 Soil: 1.29 to . uptake and risk . Huanget al.
Garlic Edible part |~ qoch weight) | 25.28 mgkg | (MOMONNG | 4 csessment China (2006)
survey)
. Soll .
Lettuce Shoot 0.00210 0.38 | Soil: Qi34 to2.37 (monitoring | risk assessment Nigeria Agbeninet al.
(fresh weight) | mg kg survey) (2009)
Lettuce RIPIRY , uptake and species : Smithet al.
Leaves 3.18+1.03 2 mg1L(As") Hydroponic distribution in tisSUes Australia (2009)
Soil: 0.4 to 35.6 | Soil (pot uptake and risk New Gawet al.
Lettuce Leaves <0210.7 mg kg* experiment) | assessment Zealand (2008)

& concentration is in dry weight unless mentioneD)_B Below detection limit
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Table 2.4continued

As in plant As in growing Growing Purpose of Study
Plant Plant part L _ _ _ Country Reference
(Mg gH® media medium (to determine)
Lettuce Leaves 0.002 to 0.105 | Soil: 1.29 to 25.28 | Soil (monitoring | uptake and risk China Huanget al.
(fresh weight) | mg kg* survey) assessment (2006)
Irrigation water: 70 Total and inorganic
Lettuce Leaves 0.068 t0 0.448 | to 280 pg [* Soil (monitoring| As concentration in Chile Munozet al.
(fresh weight) | Soil: 50 to 70 mg survey plants and risk (2002)
kg? assessment
Mixture of soil | Heavy metal(loid)s Cobbet al
Lettuce Leaves 5510 34.9 23.3 to 408 mg kgand mine waste| concentration in USA (2000) '
(pot experiment) vegetables
. , 0.005 to 0.157 | Soil: 1.29 to 25.28 | Soil (monitoring| uptake and risk . Huanget al.
Onion Edible part (fresh weight) | mg kg* survey) assessment China (2006)
. . o As concentration in .
Potato Edible root 0.36 £ 0.02 Soil: 1.?'55 *08 Soil (monitoring crops and soils to Pakistan Husainiet al.
mg kg survey) . (2011a)
assess toxicity level
Irrigation waterl: <
. 1.0to 243 ug L Soil (monitoring | uptake and risk Saha and Ali
Potato Edible part 0.0210 1.15 Soil: 2.55t05.82 | survey) assessment Bangladesh (2010)
mg kg*
Irrigation w?ter: 70 Total and inorganic
. 0.021t00.133|t0 280 pug Soil (monitoring| As concentration in . Munozet al.
Potato Edible part (fresh weight) | Soil: 50 to 70 mg survey plants and risk Chile (2002)

kg™

assessment

& concentration is in dry weight unless mentioned
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Table 2.4continued

As in plant _ _ . Growing Purpose of Study
Plant Plant part L As in growing media . . Country Reference
(Mg g)? medium (to determine)
. Soll As concentration in -
Radish Edible root 0.43 £0.05 Soil: 1.?'55 +0.8 (monitoring crops and soilsto | Pakistan Husainiet al.
mg kg - (2011a)
survey) assess toxicity level
L ] , , concentration and .
Radish Tuber 0.43 10 1.95 Irrlgatlon_lwater. 19 to| Soil (I_yS|meter morphological italy Marconiet al.
104 pg L experiment) : (2010)
changes in plants
As uptake and Smithet al
Radish Roots 35.5+7.5 2 m@ (AsY) Hydroponic | species distribution | Australia '
>PE (2009)
in tissues
S Soll :
Radish Edible root 0.0037 to Q.OlSE) So_lll. 1.29 to 25.28 mg (monitoring uptake and risk China Huanget al.
(fresh weight) | kg assessment (2006)
survey)
As spiked: 20 mg Kg
. as DMA (background| Soil (pot As availability and | Czech Tlustoset al.
Radish Roots 02510 6.88 soil As: 4.6 to 21.4 mg experiment) distribution in radish| Republic | (2004)
kg™)
. - As uptake and effect
Radish Tuber (skin) 21.3 Soil: 748 mg kg Soll (f_leld of Fe oxides UK Warrenet al.
Tuber (peeled) 8.4 experiment) (2003)
amendment
As spé)/ikedl:nzo mg kg uptake and
. as As, As" or DMA | Soail (pot distribution of As Czech Tlustoset al.
Radish Roots 0.25105.50 (background soil As: | experiment) species in radish Republic | (2002)
15.1 + 2.5 mg kQ) tissues
Mixture of soil .
) Heavy metal(loid)s
. . and mine N Cobbet al.
Radish Roots 0.6t011.9 23.3 to 408 mg kg waste (pot concentration in USA (2000)

experiment)

vegetables

& concentration is in dry weight unless mentioned
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Table 2.4continued

As in plant As in growing Growing Purpose of Study
Plant Plant part L _ _ _ Country Reference
(Mg gH @ media medium (to determine)
) As concentration and
. 1-2-5mg L as > LV ET Carbonell-
Radish Root skin 0.671069.101 )\ ov "AdT MMA or Hydroponic distribution in plant Spain Barrachinaet al.
Inner root 0.51 to 38.54 tissues and risk
DMA (1999a)
assessment
. , . Sipteret al.
Sorrel Shoots 0.049 to 4.86050il: 3114 to 184 | Soil (pot As uptake and risk Hungary
mg kg experiment) assessment (2009)
. Soil As concentration in crops .
Spinach Leaves 0.52 £0.02 Soil: 1§5 +0.8 (monitoring and soils to assess Pakistan Husainietal.
mg kg .- (2011a)
survey) toxicity level
Irrigation water: , .
1 | Soll Metal(loid)s o
Spinach Leaves 1.48 592 £0.19mg L (monitoring concentration in crops, | India Tiwar et al.
Soil: 9.62 + 0.48 . (2011)
mg kg’ survey) water and soil
As’ spiked at the
i
Spinach Leaves 0.425 10 6 744;358;2;1%3’050%% 7‘)Soil (pot As effect on amino acid | Czech Pavlik et al.
' ' soil (18 + 1 mg As experiment) and enzymes activities | Republic | (2010)
kg™)
{g?ggo;gv?ter: 35 Soil As concentration in Arain et al
Spinach Leaves 0.21 to 0.9C Soil: 8.7 10 46.2 mg (monitoring water, crops and soils andPakistan (2009)
kg™ survey) risk assessment
. 4.Soil: <3to 50 mg | Soil (pot As uptake and risk Rahmaret al.
Spinach Leaves 0.065t0 1.4 ig‘l experiment) assessment USA (2004)

& concentration is in dry weight unless mentioned
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Table 2.4continued

As in plant As in growing Growing Purpose of Study
Plant Plant part L _ _ _ Country Reference
(Mg gH @ media medium (to determine)
Irrigation water: Soil Total and inorganic
Spinach Leaves 0.121 t0 0.604 | 70 to 280 pg ! (monitorin As concentration in Chile Munozet al.
P (fresh weight) | Soil: 50 to 70 mg g plants and risk (2002)
1 survey
kg assessment
Irrigation waterl: < Soil
. 1.0to 166 pg L . Uptake and risk Saha and Ali
Tomato Fruit 0.27 to 1.70 Soil: 2.21 to 5.63 (monitoring assessment Bangladesh (2010)
1 survey)
mg kg
Irrigation water: Soil Total and inorganic
Tomato Eruit 0.008 t0 0.037 | 70 to 280 pg ! (monitorin As concentration in Chile Munozet al.
(fresh weight) | Soil: 50 to 70 mg 9 plants and risk (2002)
kgt survey
g assessment
; As concentration and
1-2-5mg L as > LV
Tomato Fruit 1.2t026.3 | As’, As", MMA | Hydroponic distribution in plant Spain Burlo etal.
tissues and risk (1999)
or DMA
assessment
_ 1 _ Carbonell-
Tomato Fruit 0.12t00.41 |2510mgL Hydroponic As uptake and Spain Barrachinaet al.
(As™) distribution in tissues
(1997)
. Soil As concentration in .
Turnip Edible root 0.22 +0.02 Soil: 1§5 +0.8 (monitoring crops and soils to Pakistan Husainiet al.
mg kg - (2011a)
survey) assess toxicity level
) As concentration and
. 1-2-5mg L as > LUV ETE Carbonell-
Turnip Root skin 246100116 | ) v AdT MMA Hydroponic distribution in plant Spain Barrachinaet al.
Inner root 8.31042.0 tissues and risk
or DMA (1999b)
assessment

& concentration is in dry weight unless mentioned

Page | 33




2.5.4 Risk assessment of arsenic

Assessing risk by comparing the concentration ofnA®od to a guideline value (as has been
the case for most As studies) is not a correctagubr to assess the risk. This is because the
risk to an individual human, in addition to As centration in plant tissues, depends on
factors such as food intake, exposure time, expdsequency, exposure duration, and target
population and their body weight (USEPA, 1997).e&and major limitation of the WHO and
Australian MPC levels is that these guideline valaee set for total As and therefore do not
consider the differences in toxicity between orgaand inorganic As species (Heikens,
2006). The As concentration in vegetables is majmbrganic in nature (Smitét al., 2009;
Williams et al., 2006).

Considering these shortfalls, the Chinese foodtgaf@ndard for inorganic As (0.05 ud g
fresh weight for vegetables) and the United Stdiewironmental Protection Agency
(USEPA) risk equations appear to be more robustoamgpes for risk assessment. The
USEPA equations determine the carcinogenic andcaocinogenic risk to humans (USEPA,
1997, 1998). These risks can be quantified usimgUWSEPA defined parameters Hazard
Quotient (HQ) for non-carcinogenic risk and Cané&sk (CR) for carcinogenic risk
assessment. The HQ can be calculated accordinguatién 2.2. An HQ value greater than 1

defines an unacceptable non-carcinogenic risk toams.

HQ = EDI/ RfD Equation 2.2

Where EDI is Estimated Daily Intake (mgkglay') and RfD is a Reference dose for As
(0.0003 mg As kg body weight day).

The parameter EDI can be calculated according t@afonp 2.3

EDI=(Cx FixEfxEd)/ (W x Te) Equation 2.3

where C is the concentration of As in edible pdrthe plant (mg kg fresh weight); Fi is
Food intake (kg per person per day); Ef is Expodueguency (days per year); Ed is
Exposure duration (70 years, life expectancy foirahvidual); W is Average body weight
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(variable for adults and young, for example 60 é&gddults, aged 18 years and older WHO
(1989)); Te is Average Exposure time (= Ed x 36%sjla

The CR can be calculated according to Equation 2.4

CR =EDIx CSF Equation 2.4

Where the parameter CSF is a cancer slope faatéysf¢l.5 mg kg day'). The USEPA has
proposed a range of 1 in 10, 000 1@ 1 in 1, 000, 000 (1Y) as acceptable As cancer risk
in humans (USEPA, 1998).

2.5.5 Arsenic distribution in vegetable tissues

Generally As occurs at higher concentrations inetages’ roots compared to the aerial
tissues. Tomato plants have been reported to adaten83 to 85% of total absorbed As in
their roots (Burlcet al., 1999; Carbonell-Barrachirg al., 1997; Miteva, 2002). Similarly, in
radish 66%, and in turnip 75% of the total absorl#ed remained in the plant roots
(Carbonell-Barrachinat al., 1999a; Carbonell-Barrachira al., 1999b). In another study,
lettuce, radish, and chard roots accumulated ceraidly higher As concentrations than aerial
tissues (Smithet al., 2009). These researchers suggested that As mayornplexed by
phytochelatins (PCs) in plant roots which limit Asinslocation to aerial portions of the
plants. Plants enhance PCs concentration in rootsexposure to As, induce As-PCs
complexes and thereby tolerate As (Meharg & Hatt\yitaker, 2002; Smittet al., 2009).
However, the apparent high concentration of Ashie toots of edible root vegetables (for
example radish, turnip) will present a greater ¢iyirisk to humans than leafy and fruit
crops. In addition, the root surfaces of ediblet reegetables will adsorb contaminated soil
particles, and where inadequate washing is praktités may lead to direct ingestion of As
by their end users (humans), even if the As camagon is low in plant parts (Carbonell-
Barrachineet al., 1999a; Carbonell-Barrachimfal., 1999b).

Some vegetable species can, however, accumulaigharhconcentration of As in their
aboveground parts than in their roots. For exampegn plants have been reported to
accumulate As mainly in shoots (87% of total abedriAs) with the order of accumulation
recorded as shoots > leaves > roots (CarbonellaBlaimaet al., 1997).
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2.5.6 Factors affecting As accumulation and distribtion in vegetables/crops

Arsenic accumulation in plants is a complex phenmneand depends on many factors. In
this section of the review, many of these factoesexplored. Data relevant to vegetables is
generally presented given the risk that As-contateith vegetables may present to human
health. Other food and agricultural crops are alszussed where data from vegetable

studies is scarce.

Effect of Asconcentration

Across all reported studies, the As concentratiorplants increases as a function of As
concentration in the growing medium. This increlaae been well documented in the tissues
of many common vegetables including amaranth, hadidverbeet, spinach, tomato, and
turnip (Burlo et al., 1999; Carbonell-Barrachingt al., 1999a; Carbonell-Barrachiret al.,
1999b; Pavliket al., 2010; Rahman & Naidu, 2009).

The As concentration of the growth media also &ffats distribution in plant tissues.
Lambkin and Alloway (2003) observed that at 40 mgk§® soil, the distribution of As in
barley plants was leaf > stalk > seed. This tremahged to stalk > leaf > seed at 80 mg As
kg' soil. The lower concentration in leaf and seechigher concentrations suggests the
inhibition and/or reduction of stalk-leaf-seed spart mechanisms in plants (Lambkin &
Alloway, 2003). Similarly, Tu and Ma (2002) repaftthat at low water-soluble As levels in
soil (< 0.5 mg As kg) the As concentration iRteris vittata increased from old to young
fronds while at moderate to high As levels (> 0§ As kg') the As concentration in fronds

increased from young to old.

Effect of As species

Arsenic concentration, uptake and distribution lianps vary with the form of As present in
the growth medium. However, it is difficult to idéflg which of the common As species (As
As", MMA or DMA) is preferred for uptake by plants. Merous studies where these four
As species have been applied to common vegetabt@espdescribe a variable uptake trend.
For example in tomato plants, the total amount sftéken up followed the trend: DMA <
MMA << As¥ = As" (Burloet al., 1999). In turnip, the total amount of As takenfalowed
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a trend of MMA < DMA < A$' < As’ whilst in radish the trend was DMA < As As" <<
MMA (Carbonell-Barrachinat al., 1999a; Carbonell-Barrachimal., 1999b). Similarly, the
amount of As absorbed by rice followed the trendBfA < AsY < MMA < As" (Marin et
al., 1992). A variable uptake trend has also beenrtegpdor white mustard and two grass
species (Carbonell-Barrachiseial., 1998; Jedynakt al., 2010).

Arsenic translocation to plant aerial parts is atsftuenced by the As species present in the
growth media. Organic species (MMA and/or DMA) hal®wn a higher extent of upward
translocation to aerial parts thanAand Ad' in radish, turnip, tomato and rice (Budbal.,
1999; Carbonell-Barrachina al., 1999a; Carbonell-Barrachireh al., 1999b; Marinet al.,
1992).

Crop species and cultivars

Plants vary in their ability to concentrate As iheir tissues because of genetic and
morphological variation. For example, under simigowth conditions (hydroponic study-
As" levels 0 to 10 mg t) tomato plants contained a many times higher Ascentration
than bean plants (Carbonell-Barrachahal., 1997).

The difference of As uptake in plants also exist®ag crop cultivars and their tissues. For
instance, tomato cultivar Marmande accumulatedifstgntly more As in its roots than the
variety Muchamiel, while Muchamiel accumulated gn#ficantly higher As concentration in
its shoots and fruit than Marmande (Budbal., 1999). Similarly, rice cultivar Mercury
accumulated more As than Lemont in both roots &odts (Marinet al., 1992).

Effect of duration of crop cultivation

The uptake of As by plants is also dependent ordtination of crop cultivation. Jedynak

al. (2010) reported that white mustard plants whernvdsied after 6 weeks contained

approximately two-to-three times more As in théssties compared to plants which were
harvested after 3 weeks. This trend indicatesttteafAs uptake happens continuously over the

lifetime of a plant.
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Effect of soil properties

a) Soil pH

Soil pH has a profound effect on As chemistry lsyiitfluence on both soil chemical and
biological processes (An& al., 2013). Most studies that describe the effect ldafgm As
mobility in soil are laboratory batch studies, fxample (Goh & Lim, 2004; Manning &
Goldberg, 1997b; Smitét al., 1999). All of these studies describe an incréages’ mobility
and decrease in Asmobility as a function of an increase in soil @¥dl. This difference in
mobility can be attributed to the effect of soil @iH surface charge of mineral constituents
and protonation or deprotonation of As speciesaf@ section 2.3.3.2). Comparatively
fewer studies have described the effect of pH ommAsility in the presence of plant species
(Anhetal., 2013; Tu & Ma, 2003). These studies describeghdri uptake of As by As hyper-

accumulator species in an acidic environment.

The effect of pH on As mobility could be differamhere plant species are present, compared
with soil only (laboratory batch studies), sincearms are capable of altering the pH by
producing organic exudates (Moreno-Jiméraetzal.,, 2012). An apparent limitation to
available literature is a lack of studies where éffect of pH levels on the uptake of As by

vegetables species is investigated.

b) Redox reactions

Arsenic uptake by plants is affected by soil reddxch affects As speciation and mobility
(Li et al., 2009; Talukdeet al., 2012). Under oxic soil conditions, As mobilitylev and As
exists predominantly as the Ason; whereas under anoxic conditions, As mobiiityhigh
and the AY ion is the dominant species in soil solution (Magiral., 1993; Masscheleyet
al., 1991; Xuet al., 2008). Increased As mobility has been attributethe dissolution of As-
binding minerals and/or reduction of A0 more mobile AY species under anoxic

conditions.
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Effect of Irrigation practice

Arsenic mobility and subsequent uptake by plantsignificantly affected by irrigation
practice. In recent years, water management hasdogpted by many researchers to mitigate
the As concentration in rice crop (& al., 2009; Somenahallgt al., 2011; Talukdeet al.,
2012; Xu et al., 2008). All of these studies describe that floodgation (conventional
irrigation practice for rice cultivation in Southsian countries) substantially increases As
concentration in soil solution and rice tissuestobéec water management has been proposed
by these researchers because this practice drathatiecreases the availability of As in soill
and reduces the As concentration in rice tissuesnépahallyet al., 2011; Talukdeset al.,
2011; Xuet al., 2008). The effect of water management has nat besessed for other food

or agricultural crops. This is again a subject dna& requires investigation.

Effect of Amendments

a) Effect of organic matter

The effect of organic matter (for example farm yandnure or poultry manure) on As
mobility and plant uptake is inconsistent. In sostedies, the addition of organic matter
increased As mobility in soil (Caa al., 2003; Menchet al., 2003). Increased mobility may
be attributed to (i) competition between As anduBlE organic compounds for adsorption
sites in soils, (i) reduction of Asto As", and (iii) increased activity of soil microbes (Ca

al., 2003; Turpeinert al., 1999; Wenget al., 2009). Bhattacharyet al. (2010a) reported a
positive correlation between As accumulation irerf@ants and soil organic carbon. An
increase in dissolved organic carbon can promate As’ and A4' mobility in soils (Dobran

& Zagury, 2006). In contrast, organic matter cagnsgicantly reduce As uptake by plants
because of the formation of insoluble arseno-o@aomplexes and their adsorption onto
organic colloids (Cao & Ma, 2004; Cabal., 2003; Dast al., 2008). Fuet al. (2011) found a
negative correlation between rice grain As conegiain and soil organic matter content.
Recently, it has also been claimed that soil ogamendments may have no significant
effect on the As concentration in plant tissuescamparison to unamended treatment
(McBrideet al., 2013).
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b) Effect of biochar

In recent years, biochar has gained popularity asilaamendment because of its beneficial
effects on soil physical and chemical propertiekif#sonet al., 2010). Biochars are carbon-
rich combusted biological materials with large aad areas and cation exchange capacities,
and have the potential to retain both contaminantsnutrients in soil (Beesley & Marmiroli,
2011; Beeslewt al., 2011). Studies investigating the effect of biacha As mobility and/or

retention are limited, complicated and inconsistent

Biochar enhanced As mobility in soil pore wateraotontaminated urban soil which was
attributed to a rise in dissolved organic carboml d@ne pH of pore water (Beesley &
Dickinson, 2011). Similarly, Namgagt al. (2010) found an increase in phosphate-
extractable As concentration with biochar applmati Interestingly, in Namgay’'s study,
biochar application decreased the As concentrationaize shoots. In another study, biochar
application increased the pore water As conceptraith two out of three brownfield soils
(Hartley et al., 2009). These researchers proposed that thisteffmdd be due to (i)
competition between P and As for binding sites, @n@n increased soil pH as a function of
biochar application. Nonetheless, there was noifgignt difference of As uptake by
Miscanthus x giganteus with biochar and green waste compost applicatielative to
untreated soils (Hartlegt al., 2009). Mohanet al. (2007) studied the sorption ability of
various wood and bark biochars and found a remaivd0% of As by oak bark from aqueous
solutions. Recently, Beesley al. (2013) reported that biochar application increatbedAs
concentration in pore water but decreased the Asertration in tomato tissues. These
researchers proposed that leaching of As is a pyireavironmental risk when biochar is

applied to contaminated soils.

c) Effect of phosphate

The effect of phosphate on As mobility and bioaadaility is controversial and depends on
various factors including growth media and As forithe effect of phosphate is more
profound on A$ since both compete for the same uptake transpaatet adsorption sites in
soils (Estebaret al., 2003; Meharg & Macnair, 1990; Qafolati al., 1999). The impact of

phosphate on As bioavailability is different undsdroponic and soil medium. In general,

under hydroponic conditions, phosphate decreasasafx in plants because of their direct
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competition for uptake (VandenBroeekal., 1997; Wanget al., 2002). In contrast, phosphate
increases As concentration and uptake in plantsrgio soil because of their competition for
adsorption sites and/or release of solid-phase@eger & Peryea, 1994; Jiang & Singh,
1994).

There is a negligible effect of phosphate orl' Asflux in plants (Wanggt al., 2002). This
insignificant effect may be attributed to a differaiptake mechanism; Asis taken up by
plants through aquaporins (water channels) whilesphate and Asshare the same uptake
system (Abedirt al., 2002; Meharg & Jardine, 2003; Meharg & Macna@9Q).

2.6 TOXICITY OF ARSENIC TO HUMANS

Humans are mainly exposed to arsenic toxicity thhothe ingestion of As-contaminated
drinking water and food. The average human intdk&sas 0.5 to 1.0 mg daily in the form of
food and water (Cullemet al., 1995). Drinking water is the major source of tity, and the
presence of inorganic As species even at low cdrat@n can be risky (Mahimairagt al.,
2005; Ratnaike, 2003). Exposure to As causes mante and chronic effects leading to
various disorders in humans (Table 2.5). Toxiciynptoms may occur within 30 to 60
minutes after exposure, but may be delayed if igkethrough food products (Culle al.,
1995). Extreme chronic effects of As poisoning iomans include cancer and death
(Brammer & Ravenscroft, 2009). There are no praveatments currently available to cure
chronic As exposure (Ratnaike, 2003).

The toxicity of As varies with the As species ahd amount ingested. Arsenite is considered
more toxic to humans than other inorganic {)Aand organic forms, because of the arsenite
ion’s high lipid solubility (Crecelius, 1977; Culleet al., 1995; Ferguson & Gavis, 1972;
Mahimairajaet al., 2005). The reported lethal doses of As for hunfaage a wide range,
ranging from 1.5 mg K3 body weight for AY to 500 mg kg body weight for DMA
(Mahimairajaet al., 2005).
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Table 2.5Effects of arsenic exposure to humans

Acute Effects

Nausea, vomiting, diarrhoea, multi-organ dysfunctigainful neuropathy (disease/injury

affecting nerves/nerves cells), weakness, anaedd@aerdase in number of red blood cel

s),

burning sensation of eyes, swelling of legs, gasiestinal disturbances, abdominal pain,

metallic or garlic like taste associated with dryputh, burning lips, excessive salivation,

muscular pain, low blood pressure, high hearttsdan, rashes, and jaundice

Chronic Effects

Skin

e Lesions/hypo-pigmentation (loss of skin colour)/esieratosis (darkening of skin and

appearance of small corn or warts on palms, solds@so)
e Cancer
Internal organ
» Bladder cancer
* Kidney cancer
* Lung cancer
* Prostate cancer
Neurological effects
Genetic disorders
« Chromosomal breakage and aberration, and chromeatithnge
« DNA damage
Birth defects
Diseases
* Hypertension and cardiovascular disease
e Pulmonary disease
e Peripheral vascular disease
* Respiratory disease

+ Diabetes

Source: (Cullenet al., 1995; Hindmarsh & McCurdy, 1986; Mahimairaaal., 2005; Moore
et al., 1994; Peralta-Videat al., 2009; Ratnaike, 2003; Smighal., 2000)
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Upon ingestion by humans, As is bound to hemoglol@okocytes, and plasma proteins
(Cullenet al., 1995). Within 24 hours it is cleared from theavlascular space and will start
concentrating in liver, kidneys, spleen, lungs,tigastestinal tract, muscles and nervous
tissues (Cullert al., 1995; Mahimairaj&t al., 2005). Between 2 to 4 weeks after ingestion it
can be detected in hair, nails, and skin due tbirigling with sulfhydryl groups in keratin;
and finally after 4 weeks of exposure, it accunmadain bones (Culleret al., 1995;
Matschullat, 2000; Ratnaike, 2003; E. Sméhal., 1998). In extreme cases, it may cause
death within a few hours and/or few days (Armstrengl., 1984; Culleret al., 1995). On a
cellular basis, As interferes with various metabatystems by inactivating nearly 200
enzymes, especially those involved in cellular gnegpathways, and DNA synthesis and
repair (Ratnaike, 2003).

Arsenic may, however, be excreted from the bodydhgpmainly through urine. Excretion
can occur within a few days as both organic andgaaic forms (Buchett al., 1981;
Crecelius, 1977; Hindmarsh & McCurdy, 1986). Thpaent biological half-life of inorganic
arsenic (A% and AY) is 10 hours, but 30 hours for organic forms (MM#d DMA)
(Crecelius, 1977).

Within the human body, As can be transformed irtteen forms; the main transformation
pathway is the methylation of inorganic forms iMMA and DMA (Buchetet al., 1981;
Crecelius, 1977). Buchet al. (1981) reported that 75% of ingested"Asas methylated into
MMA and DMA in human body and then excreted. WHhil8% of ingested MMA was
transformed to DMA, and the DMA was excreted ungjeah The conversion of inorganic
forms of As into methylated forms seems to be axdftation strategy within the human
body (Crecelius, 1977). Arsenic can also be exdraétebile, faeces, hair, skin, lung, and

sweat in small amounts (Cullehal., 1995).
2.70BJECTIVES OF THIS RESEARCH

1. A better understanding of the risk associated vitigating vegetables with As-
contaminated water in soil environment

2. The screening of vegetable species that may aceatenalhigher concentration of As
in their edible parts and therefore pose a gredsir to humans through their

consumption
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3. Determination of an acceptable level of As in iatign water that can be used for
vegetable cultivation

4. Improved understanding of the various As and sadtdrs, and soil management
practices, that affect the As concentration in ledgdarts of vegetable(s)

5. Improved understanding of soil adsorption paransesed models, and elucidation of
key soil properties which control As adsorption dails of variable physical and
chemical characteristics

6. Propose management strategies for South Asianchituiie where As-contaminated

irrigation water is often used for vegetable cuaition

2.8 STAKEHOLDERS IN THIS RESEARCH

Understanding the response of vegetable cropstéshconcentration of irrigation water has
practical significance for South Asian countriesaifBladesh, India, Nepal, and Pakistan)
where As-contaminated water is often used to iteidaod crops (Dahadt al., 2008; Husaini
et al., 2011a; Saha & Ali, 2010; Tiwast al., 2011). Irrigation with As-contaminated water
also occurs in Chile, Italy, Nigeria and Spain (Agn et al., 2009; Marconiet al., 2010;
Moyanoet al., 2009; Muno=zt al., 2002). Therefore, the research described inthieisis will
contribute to improve food safety in countries, myaiSouth Asia where As-enriched water is

often used for irrigation.

A number of stakeholders have been consideredigmviork. Each of these parties may

benefit from the outcomes of this research.

* People: Improved understanding of As risk couldepbally save people of As
affected areas from diseases and conditions tkatarsed by eating As-contaminated
food crops. Decreased expenditure on medicinesetd As symptoms will improve
the disposable incomes of these people. It is ipatied that the outputs of this
research will lead to a healthier and prosperowitywof life for affected populations
in South Asia.

 Farmers: Improved understanding of As uptake piatlenf vegetable species will

help farmers to select the crops which limit Ashteir non-edible tissues.
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Non-governmental organizations (NGOs) & environmknbrganizations: This
research will provide scientific evidence to NGQO=l &nvironmental organizations
who promote sustainable development and a heatthiyomment in South Asia.
Government (s): The governments of South Asian s will benefit from
improved health of humans. A direct financial b&nefll come through a reduction
in the need to purchase medicines that protect huraalth.

Science: This research will make a contributiosdi@ntific knowledge in terms of As
uptake potential of various vegetable species &snation of As concentration in
irrigation water, soil factors and management jicast Also, calculation of associated
risk to humans upon ingestion of As-contaminatedet@bles will be a significant

addition to a currently limited vegetables riskesssnent inventory.
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CHAPTER 3

MATERIALSAND METHODS
3.1INTRODUCTION

This chapter comprises of two major sections. Tist $ection describes the development of
methodology used in this study to determine thecéscentration in plants and soil. The
second section details the laboratory methods addptdetermine soil physical and chemical
properties. The relevance of experimental soil dotB Asian soils is also described in this

chapter.
3.2METHODOLOGY TO ANALYZE TOTAL ARSENIC IN PLANTS

The total arsenic (As) concentration in plants bandetermined using a range of sample
preparation techniques and instruments. For plaatsiple preparation is achieved through
the use of two techniques, namely acid digestiahdag ashing (Baig & Kazi, 2012; Burlk

al., 1999; Mayorgeet al., 2013; Munozet al., 2002). Acid digestion is used in preference to
dry ashing due to ease of use, time, the chemiedl energy saving advantages of this
method, and mitigation of the risk of As volatilimm under ashing conditions. The

instruments commonly used to analyze the total éscentration in the resulting digest

solutions include HGAAS (Hydride Generation Atoribsorption Spectrometer), ICP-AES

(Inductively Coupled Plasma Atomic Emission Speuteter), GFAAS (Graphite Furnace

Atomic Absorption Spectrometer), ICP-MS (Inductivel Coupled Plasma Mass

Spectrometer), and AFS (Atomic Fluorescence Spaetter).

A review of published information describing thadadigestion technique for As shows a
significant variability in methods, particularlygarding the amount of plant sample used, the
type and amount of acid used, and the digestiompéemture and duration (Table 3.1). Most
commonly, 0.5 gram of plant material is digestethiHNO; alone or HNQ in combination
with H,O,. The digestion temperature and duration has & gegmtion in the available data,
ranging from 60°C to 230°C for digestion temperature, and ranging from 3utes to 15
hours for duration. Therefore, a more robust methumyy to determine the total As
concentration in plant samples was developed fag thsearch utilizing the analytical
facilities available in the department of Soil amlghrth Sciences, Massey University

Palmerston North. The two instruments availableaftalyses were GFAAS and HGAAS.
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Table 3.1 Acid digestion techniques to determine total Agegetables tissues

Plant . . . Digestion Instrument
mass () Acid for digestion temperature used Reference
g and duration
0.2 HNG; and HO, (2 mL) | ND GFAAS Baig and Kazi (2012
0.2 (HleOE)(iL”OLZ)&OHSCﬁ) ND HGAAS Dahalet al. (2008)
3 . 5
0.2 | HCl6mL ﬁggrsc for 3 HGAAS | Cobbet al. (2000)
] HNO; (5 mL), HCIQ. | 60°C for 2 Bhattacharyast al.
02:0.5 1 5 mi) hours HGAAS | 2010b)
0
~05 '?é“giglo mL), HO ﬁggrsc for6 | icp.Ms | Smithet al. (2008)
H,0, (2 mL), HNG; (8 | 230°C for 2-3
05 mi)2|(42504)(o.5 r%l_g 230 ¢ HGAAS | Mayorgaet al. (2013)
0
05 |HNGs(@mL) RO, | 120Clor8 | npng | samaktal. (2011)
(A mL) hours
0.5 HNGQ; 7 mL ND ICP-AES | Marconét al. (2010)
05 '(*2'_\'1% ;/)Hgor;[“"‘t”re 3 minutes GFAAS | Araietal. (2009)
75-140°C for .
0.5 HNGQ; 10 mL 10 hours ICP-MS Smithet al. (2009)
100-120°C for | ICP-MS/
0.5 HNQG; 5 mL > hours ICP-OES Gawet al. (2008)
0
05 | HNG, 10 mL ﬁgﬁocmm HGAAS | Warrenet al. (2003)
160°C for 4 Helgesen and Larsen
0.5 HNG; 4 mL bours GFAAS (1998)
Carbonell-Barrachina|
0.5 HNGQ; 5 mL 120-130C ICP-ES et al. (1997)
75-140°C for
0.5-1.0 | HNQ5 mL 1% hours ICP-MS Rahmaret al. (2009)
] HNOs (10 mL), HO, | 120°C for 2 Al Rmalli et al.
m ours
0.5-1.0 2 mL) " GFAAS (2005)
1 '(*1%23_’ 4H"3VO)“/HC'O4 ND HGAAS | Gutierrezt al. (2010)
2 '(*1'3?385 mL), HCIO | 3 hours HGAAS | Sahaand Ali (2010)
5 HNG; and HO» ND GFAAS Larseret al. (1992)
ND HNO; 1 mL 180-200C ICPS Tiwariet al. (2011)
ND | HCl and HO, 1 hour AAS Grant and Dobbs

(1977)

ND: not described by researchers
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321 DETERMINATION OF TOTAL ARSENIC IN PLANTSUSING GFAAS

The determination of many elements using GFAAS ireguaddition of a matrix modifier.
This modifier converts the analyte element intchage with higher thermo-stability than the
basic element, and allows removal of many contantghan the aqueous phase during
pyrolysis without losing the targeted element ptiorthe atomization stage (Schlemmer &
Welz, 1986).

For arsenic, commonly used modifiers include nigléd), palladium (Pd), and mixture of
palladium and magnesium nitrates (Schlemmer & W@I286). In this work nickel,
magnesium nitrate [Mg(N£)%], and mixture of nickel nitrate and magnesium atérwere
used at various pyrolysis temperatures (detaib¥ad]). Palladium was avoided due to the
possibility that element may be the subject of faitstudies on the GFAAS. Recommended
conditions for As analysis on GFAAS were adoptedasthe Perkin Elmer Manualtfe

THGA Graphite Furnace: Techniques and Recommended Conditions) (Appendix I).

The methodology developed was tested through asabfsplants from the IPE collection

(International Plant-analytical Exchange Prograrmnjhe Wageningen Evaluating Programs
for Analytical Laboratories (WEPAL) organizationhd Netherlands. The selected plant
samples had a wide range of reported values fototlaé As concentration (ng’gequivalent

to ug kg' or ppb) in each plant species (Table 3.2). Thisatian was due to analysis by a
number of different techniques adopted by differkatioratories that participated in the
analysis program. These samples are not standéerkmee materials. For the purpose of
method development in this study, the median valas selected with a variation of £ 20%
for each plant species. This value was considdredhreshold value for a decision on the

reliability of a specified technique.

To digest plant samples, 10 mL of concentratedcndcid (HNQ, analytical grade) was
added to a recorded mass of plant material (dithilws). Samples were kept overnight to
provide sufficient time for the acid to pre-disslplant contents. Acid blanks were also
included in the procedure. The following day saraplere digested on a digestion block for
2 to 3 hours at 128C until the fumes vanished. The samples were tleted to room
temperature and diluted with 20 mL of deionized ewafThe samples were filtered with

Whatman filter paper (42), and digestion tubes fitel were rinsed by several washings
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before the final volume was raised to 50 mL in wodtric flasks with deionized water. These
samples were subsequently analyzed for As condemtnasing GFAAS.

In all laboratory analysis procedures, samples vpeepared in clean glass wares and were

stored in new polypropylene containers before amsly

Table 3.2 Reported As concentration (ng gry weight) in plants selected for methodology

development

Plant species Median (ng g™ Range (ng g*)
Carnation straw 128 40 to 200
TYM 776 211 to 965
Grass-GR 94 298 227 to 367
Broccoli 284 110 to 381
Pepper 315 241 to 392
Potato (bulb) 171 127 to 652
Potato (plant) 921 363 to 1384
Aubergine (plant) 280 250 to 344
Aubergine (plant) 292 136 to 370
French bean 307 172 to 661

Accuracy of analytical procedure as a function of pyrolysis temperature, modifiers, and

plant mass

The accuracy of analytical technique was analyzeddbious approaches which are discussed

in following paragraphs.

At first, plant samples were analyzed using GFAA$eee pyrolysis temperatures 800, 1000
and 1200°C with Mg(NOs), modifier (Table 3.3). Although the recommendedopysis
temperature for GFAAS is 120€ (Appendix 1), this temperature showed a greaiability

in the actual versus reported As concentratioreémh plant during the method development
exercise (Table 3.3). For most plants (TYM, Grag¥9@, and Broccoli) the As concentration
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values in plants were very low in comparison to imedeported values (IPE) when 120D
pyrolysis temperature and Mg(N)J@ was used as a modifier. This may have been dg to
the pyrolysis temperature being high enough toyfatomize As, and/or (i) Mg(N¢), did
not adequately stabilize As allowing for the renmlowh elements that can interfere with
absorption during atomization. A similar trend cfcdeased value in most plants (TYM,
Grass-GR 94 and Broccoli) was observed for a pgislfemperature of 800 and 108D;

though relatively greater accuracy was recorde&DafC.

Table 3.3 Arsenic concentration (ng™y in selected plants on GFAAS as a function of
pyrolysis temperatures with Mg(NJ2 modifier

. O b As concentration % age (+/-) over
Plant Species® PT (°C) L _ g
(ngg") median value
1200 361 +£0.16 182
Carnation straw
1000 404 +0.15 216
(128)°
800 381 +0.24 197
1200 504 £ 0.02 -35
TYM (776) 1000 584 + 0.08 -25
800 538 + 0.04 -31
1200 85+ 0.04 -72
Grass-GR 94 (298) 1000 100 £ 0.05 -66
800 145 £ 0.02 -51
1200 27 + 0.03 -91
Broccoli (284) 1000 96 + 0.07 -66
800 155 £ 0.03 -45

2 Plant mass used: 0.2 gramiByrolysis Temperaturéyalues are mean + SE € 3);% % age
(+/-) over median value was calculated as the diffee between mean As concentration in
vegetable tissues (column 3) and vegetable mediare\(column 1), multiplied by 100 and
divided by vegetable median value (column®Malues in parenthesis represent median value
(ng g*) of each plant species

A further experiment was performed using a pyraytsimperature of 80%C and the three
modifiers namely Ni, Mg(Ng),, and Ni+Mg(NQ),. The results of this experiment are
presented in Table 3.4. A trend of reduced valuas again found at this temperature with
each modifier relative to the reported value. ONeNi modifier (Ni 2000 mg [* as nickel

nitrate) resulted in less deviation of the analyAsdconcentration from the reported median
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values for most plant species (except carnaticangtiwvhile Mg(NQ), yielded the greatest
deviation (except carnation straw). This indicateat Ni was relatively more suitable

modifier for As analysis on GFAAS.

Table 3.4 Arsenic concentration (ng™y in selected plants on GFAAS as a function of
modifiers at 800C pyrolysis temperature

. . As concentration % age (+/-) over
Plant Species? Modifier used b _

(ngg™) median value®
_ Ni © 23+0.11 -82
Carnation straw Mg(NO," 561004 18

+0. -

(128)° S

Ni + Mg(NO3),? 28 £ 0.09 78
Ni 714 £ 0.88 -8
TYM (776) Mg(NOs); 210 +0.17 73
Ni + Mg(NOs), 748 +2.13 4
Ni 186 £ 0.12 -38
Grass-GR 94 (298) | Mg(NOx), 63 £ 0.05 -79
Ni + Mg(NOs), 140 + 0.11 53
Ni 133 +0.16 -53
Broccoli (284) Mg(NOs), 33+£0.02 -88
Ni + Mg(NOs), 71+0.03 75

2 Plant mass used: 0.4 grafsalues are mean + SE £ 3):¢ % age (+/-) over median value
was calculated as the difference between mean Aseotration in vegetable tissues (column
3) and vegetable median value (column 1), multiply 100 and divided by vegetable
median value (column 19.values in parenthesis represent median value thgfgeach plant
species? Ni 2000 mg L* as nickel nitrate! Mg(NOs), as 0.3% solutior® mixture of nickel
nitrate (Ni 2000 mg I!) and magnesium nitrate (0.3% solution)

In the experiments described above, the mass ot platerial used in the analysis was 0.2
grams (Table 3.3) and 0.4 grams (Table 3.4). AnegrEent was conducted to observe
whether mass of plant material used for digestioth @analysis affects the As concentration
and performance of GFAAS (Plant mass used: 0.4.@ogtam; Table 3.5). The results
indicate that an increase in plant mass improvedd$ concentration values using a pyrolysis
temperature of 80BC and Ni modifier (2000 mg1). Arsenic concentration (ng*yvalues in
tested species (Broccoli and Aubergine) were faonoke close to the median value (variation
+ 10% to median) when 1.0 gram plant material wse(Table 3.5).
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Table 3.5 Arsenic concentration (ngy in vegetable species as a function of plant nigpss
under pyrolysis temperature 880 and Ni modifier (2000 mgt) on GFAAS

, Massof plant used | Asconcentration % age (+/-) over

Vegetable Species (9) (ngg?h? median value®
0.4 132 +0.10 -54
Broccoli (284)C 0.6 235+ 0.30 -17
0.8 325 +£0.09 14
1.0 296 + 0.05 4
0.4 109 + 0.04 -63
0.6 178 +£0.11 -39

Aubergine (plant) (292)

0.8 224 £ 0.10 -23
1.0 261 +0.27 -11

2 yalues are mean + SH € 3); ° % age (+/-) over median value was calculated as th
difference between mean As concentration in vedetiabsues (column 3) and vegetable
median value (column 1), multiplied by 100 and ded by vegetable median value (column
1). ® values in parenthesis represent median value thgfgeach plant species

Based on the above results, another experimentesigned with different vegetable species
using the same analytical conditions (1.0 gramtptaass, PT 808C and Ni modifier 2000
mg LY to validate the proposed technique. The resuéteviound acceptable for most plant
species (except French beans) with variation oD% Zrom reported median values (Table
3.6).

Table 3.6 Arsenic concentration (ng™y in vegetable species with plant mass (1.0 g) unde
pyrolysis temperature 80 and Ni modifier (2000 mgt) on GFAAS

Vegetable Species As C(()rr]\gegr_llt)rgtion % age (+</-;|3Vee‘§ median
Pepper (315) 374 +0.43 19
Potato (bulb) (171) 179 +0.47 5
Aubergine (Plant) (280 ) 254 £ 0.54 -9
French bean (307) 168 £ 0.61 -45

2yalues are mean + SH € 3); ® % age (+/-) over median value was calculated as th
difference between mean As concentration in vedetibsues (column 2) and vegetable
median value (column 1), multiplied by 100 and ded by vegetable median value (column
1). ¢ values in parenthesis represent median value thgfgeach plant species
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3.2.2DETERMINATION OF TOTAL ARSENIC IN PLANTSUSING HGAAS

Hydride Generation Atomic Absorption SpectrometeGAAS) is specifically designed for
metalloids analysis (for example, As, Hg, Se, Bijlas more widely used in the scientific
community than GFAAS (Table 3.1) because of betensitivity, minimal matrix

interferences and inexpensive requirements (Fo&teBumar, 1996). Experiments were

conducted to check if the accuracy of plant analyss improved by using HGAAS.

The HGAAS, also known as Flow Injection Analysis#ig&ry Hydride System (FI-MH-
AAS), involves reaction of an acidified agueoususoh with a reducing agent (sodium
borohydride, NaBh), to generate volatile hydrides of As, Se, Hg arTBiese hydrides are
transported to a quartz cell by an inert carries ¢much as argon or nitrogen). In the quartz
cell, the hydrides are converted to gaseous mtiaisg and, being in the path of the relevant
element source lamp, absorb light. Element conatotrs are proportional to the amount of
light absorbed.

As part of the method development procedure, a Higection Analysis System (FIAS) was
coupled to the Atomic Absorption Spectrometer ttedwaine the As concentration in digested
sample solutions. Further details of HGAAS instadla and optimization are reported in
Appendix Il. For As analysis of the plant samplasd soil samples), the recommended and
adopted analytical parameters for HGAAS are shaowippendix 111

Subsamples of various vegetable species (potajopepe aubergine, and broccoli) were
weighed to 1.0 gram, and digested with 10 mL cotraged HNQ as described in section
3.2.1.

The sensitivity of HGAAS is greater for Asthan AY. This is because HGAAS allows the
determination of hydride forming elements; hydrides generated during the reaction of
acidified aqueous samples with reducing agent whrehthen transported to a quartz cell by
means of an inert gas. The'Ass the species which forms gaseous hydride,sAFHerefore,
the standard procedure for HGAAS is to pre-redlicgamples prior to analysis. Reduction is
achieved by taking 1 mL of sample aliquot and agdirmL of concentrated HCI, and 1 mL

solution of 5% (w/v) Potassium lodide (KI) plus §%/v) ascorbic acid. The treated samples
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were allowed to stand for 1 hour at room tempeeatunrd finally diluted to 10 mL with 10%
HCI. At this point the samples can be analyzed®concentration using HGAAS.

Working standards were prepared from an Agandard solution (1000 mg*). Working
standards and NaBH(reducing agent) were prepared fresh each timerbdeanalysis.
Working standard solutions were run during analysssample, to ascertain precision of

analysis.

The As concentration (ng™y determined in the various plant digests and As tisols
(prepared and run as samples in analysis) is suimadan Table 3.7. The As concentration in
two vegetable species (Aubergine and Broccoli) iangsted As solutions (0.5, 1.0 and 10.0
ng L) was close to the median/ standard value withreati@n of + 10%. The values of
Pepper and Potato (plant) were found with a vamain between = 30 to 40% of the median
values. However, the value of potato (bulb) washéigthan the reported median value (>
50%). Each of these Wageningen samples is notral&th Reference Material (SRM), so the

accuracy of analysis can only be inferred, not tjtiad.

Table 3.7 Arsenic concentration (ng'yin various plant species and As standard solutions
HGAAS

Substrate As concentration (ng g*) @ % age (+/-) over i
median/standard value
Potato (bulb) (171) 264 +0.01 54
Pepper (315) 404 +0.01 28
Aubergine (Plant) (280) 296 +0.02 6
Broccoli (284) 276 £0.03 -3
Potato (Plant) (921) 572 + 0.06 -38
0.5 ug 0.54 +0.02 9
1.0 pg L 1.09 + 0.04 9
10.0 pg L* 10.02 + 0.1Q 0.2

2 yvalues are mean + SH € 3);° % age (+/-) over median value was calculated as th
difference between As concentration in vegetaldsugs (column 2) and vegetable median
value (column 1), multiplied by 100 and divided \getable median value (column 19;
values in parenthesis represent median value thgfgeach vegetable species
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Analysis of Plant SRM using HGAAS

The accuracy of the HGAAS to analyze As was ascediausing the standard reference
material (SRM, 1573a, Tomato leaves, National fati of Standards and Technology,
USA). A 0.5 gram of SRM was digested in 5 mL of cemntrated HN@ (the ratio of mass to
volume was the same i.e. 1:10 as for the Wageningant samples). The analyzed
concentration of the SRM (0.116 + 0.007 |4 g = 3) was in good agreement with the
certified reference value (0.112 + 0.004 [i%.g

Choice of I nstrument

The results of the technique adopted to determménAhe Wageningen plant samples show
that both the instruments (GFAAS and HGAAS) canused for As analysis. However,
considering the satisfactory reading of SRM sargl&éiGAAS, this instrument was used for

subsequent analytical work.

3.3 METHODOLOGY FOR ANALYZING TOTAL ARSENIC IN SOIL USING
HGAAS

Based on the method development protocol for ptamiples, HGAAS was selected as the
preferred instrument for analysis of total As inl samples. To test the accuracy of this
technique, analysis of a reference soil materi&®NIG- GBW 07403 of the National Research

Center for CRMs of China, Beijing) was carried out.

To digest soil samples, tlagua-regia (HCIl: HNO;3, 3:1) method was used. One gram of soill
sample was weighed and dissolved in 10 mbhafa-regia. The samples were kept overnight
to allow time for pre-digestion of the soil. Thexhalay the samples were placed on a
digestion block at 126C for 2 to 3 hours. Subsequently the samples weoted at room
temperature and filtered with Whatman filter pap#2) and diluted to a final volume of 50
mL with deionized water. The samples were pre-redun AS', as described in the plant

reduction procedure in section 3.2.2 before analysing HGAAS.

The analyzed As concentration of the soil referemegerial (4.2 + 0.06 pugign = 4) was
within the range of reported values for the refeeematerial (4.4 + 0.6 pg™y This
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analytical protocol for soil was subsequently addpthroughout the study described in this
thesis.

3.4 QUALITY CONTROL

In subsequent analytical work, the reported plamd aoil SRMs and sample blanks were
included in the procedure. The precision was maiathat 10% relative standard deviation
(RSD) and any sample value higher than the defR8® value was repeated. The SRM

samples were tested after every 15 samples to ¢dheekalytical drift with time.

3.5 CHOICE OF SOIL FOR EXPERIMENTS AND ITS RELEVANCE TO SOUTH
ASIAN SOILS

Soils in many of the agricultural areas throughBauth Asian countries (Bangladesh, India
and Pakistan) are alkaline (pH greater than 7) lamdin organic matter contenk (1%)

(Bhattacharyeet al., 2010a; Lal, 2004; Panaullah al., 2009). Many of the essential macro
and micro nutrients (P, Fe, Zn, Cu and Mn) have tovavailability in these soils because of
the decreased solubility of many nutrients at pldvab7.0 (Brady & Weil, 2008; Rashe

al., 1997). These essential nutrients are therefopplemented to crops using chemical
fertilizers and organic matter amendments. Theutexof South Asian soils is variable and
ranges from light to heavy in nature. Soil textigene of the important soil characteristics
that determine the optimal crop species for culilbraon any area of land. For example, clay
rich soils are preferred for rice cultivation besauhese soils can hold water for longer
periods as is required for rice growth. In contréght textured soils (silt loam, sandy loam,
loams) are used for vegetable cultivation becalisg tirain more readily and vegetables do

not require excess water for growth.

Low soil content of Fe and relatively high pH igpexted to increase the bioavailability of As
in these soils. A low Fe content of soils creaiestéd opportunities for the adsorption of As
to these soils. A pH greater than 7 further inagsabe As bioavailability through an increase
in (i) the magnitude of net negative charge onAt@nd Mn oxides and silicate minerals, and
(i) the amount of negatively charged “Asspecies in soil solution because of the
deprotonation of AS compounds (BAsOs, H,AsOs, HAsO, ). Furthermore, the addition of
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P fertilizers to soils will displace any adsorbesl ffom soil surfaces, and will increase the As

concentration either in soil solution or groundwdig As leaching.

Despite this discussion, there are, however, exaepto this general nature of South Asian
soils. The soils of some areas of India and Baragladire lateritic with very high Fe content
and acidic pH (5.3 to 6.5) (Bhuiya & Walker, 19Hgssainet al., 2009; Rautaragt al.,
2003). Arsenic bioavailability in these soils may Ibmited because of adsorption of As onto
Fe mineral surfaces; the net positive charge ofuféaces that can be expected under a low
pH environment which will adsorb the dominant’Aspecies. There appears to be no existing

literature about the presence of lateritic soilPakistan.
Environmental situation and soils of Karachi, Pakistan

Karachi is the largest, and the most populatedapetitan city of Pakistan, with an estimated
population of 23.5 million as of April 2013 (Ame2013). The city is also the industrial and
financial hub of Pakistan. The food requirementhef people of Karachi is met by the crops
grown by farmers in surrounding areas. Unforturyatebst of the locally produced vegetables
are irrigated with untreated wastewater (combimatibhousehold and industrial water). This
wastewater contains excessive concentrations of mi@ments, for example Fe, Cu, Zn, Mn,
Cd, Cr, Ni and Pb (Sadt al., 2005). As a result, irrigated vegetables andsdudls become
contaminated with these elements (Haigl., 2005a; Hucgt al., 2005b; Hucet al., 2005c).
Arsenic, however, is generally ignored and almoset data is available regarding its
concentration in the plants, soils and wastewattdfavachi. It is important to mention that
Karachi produces the highest amount of wastewaténé country i.e. 604 million fryear”,
which is 26.3% of the total wastewater of the copVWF, 2007). Unfortunately only 16%

of the total produced wastewater of the city istied.

Soils of Karachi are alkaline, moderately to stigngalcareous and low in organic matter
content (Table 3.8). Soils are majorly used for thdtivation of horticultural crops
(vegetables and orchards) by groundwater and wastewUnderstanding the fate of As in
these soils has great significance for food sadaty health of the people of Karachi.
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Table 3.8 Characteristics of soils of Karachi, adopted frafirdet al. (1976)

Soil properties Description
pH 791t08.4
Organic matter content <1%
Lime content Moderately to strongly calcareous
Texture Sandy loam, silt loam, loam, clay loantysslay, and clay
Structure Sub angular blocky
Moisture holding capacity Low to high

. Most soils: Piedmont alluvium
Parent materials N . .

Some soils: River alluvium and river sands

Main rocks Sandstones, shale, limestone and corgbam

Selection of a NZ soil to model intensively cultivated soils of South Asia

Considering the chemical nature of South Asiarsg@blngladesh, India and Pakistan) and in
particular those used for vegetable cultivatiorthia area surrounding Karachi, a Rangitikei
silt loam soil was selected for the current stuidye chemical properties of Rangitikei soil are
within the range of South Asian soils (Table 3.8 &D). In brief, the Rangitikei soil was low
in available P, and amorphous and crystalline Faett which is the common characteristic
of South Asian soils particularly of Pakistan. Tigit texture of Rangitikei soil (Silt loam)
also make this soil a reasonable choice for theentistudy, since light textured soils (silt
loams, sandy loams, loams) are often used for abggst cultivation in South Asian countries,
particularly in Pakistan (Jaffet al., 1976; Khoso, 1994). The results obtained frora ghudy
may therefore be confidently related to South Asiarticulture, specifically that for the areas

surrounding Karachi.
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Table 3.9 Comparison of experimental soil with selected SoAthan soils where As

contamination is reported

Properties Rangitikei Soil * | South Asian soils” Reference

(Baig & Kazi, 2012;
pH (H.0) 6.1 £0.05 55t07.9 Bhattacharyyat al., 2003;
Panaullaket al., 2009)

(Panaullatet al., 2009;

Olsen P (ug PH 7.05+0.05 3t0 131
Rahmaret al., 2007)
(Panaullatet al., 2009;
Total Fe (%) 2.3n=1) 0.2t0 4.0
Rahmaret al., 2007)
(Panaullatet al., 2009;
Amorphous Fe (%) 0.38+0.01 0.25 10 0.98
Sahuet al., 2011)
_ (Hossainet al., 2009; Sahu
Crystalline Fe (%) 0.65 +0.03 0.73t0 2.10

etal., 2011)

4values are mean + SE £ 2, unless mentioned)yalues represent range

36 METHODS ADOPTED TO DETERMINE PHYSICAL AND CHEMICAL
PROPERTIES OF SOIL

The general physical and chemical properties obthleused in this study were determined at
two laboratories; the Soil and Earth Sciences Grduaoratory, Massey University
Palmerston North New Zealand, and the Soil Laboyatd LandCare Research Limited
Palmerston North New Zealand. The soil propertiesewdetermined by the technical staff of

these laboratories.

After field collection, soil samples were air drjexhd sieved through a 2 mm stainless steel
sieve prior to various laboratory analysis (Tabl@03 The parameters soil pH, Olsen P,
sulfate, CEC, amorphous and crystalline Fe and é&kvanalyzed according to the methods of
Blakemoreet al. (1987). Total C and N were analyzed using a Lecpndce. Soil texture was
determined by the pipette method (Claydon, 1988, soil mineral identification was carried
out using XRD (Whitton & Churchman, 1987).
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Table 3.10 Methods adopted to determine soil properties

Soil Brief method description Analysis by Reference
property
Soil pH 10 gram (g) soil + 25 mL water + Overnight | Digital pH Blakemoreet al.
stand meter (1987)
Olsen P 1 g soil + 20 mL NaHC®(0.5 M) + shake for | Spectro- Blakemoreet al.
30 minutes + filtration photometer | (1987)
5 g soil + 25 mL extracting solution (0.01 M
Sulfate KH,PQ,) + shake for 1 hour then centrifuge atﬁﬁgf Ser (Bllgg%noreet al.
2000 rpm for 15 minutes y
1 g soil + 2 g acid washed silica sand, pack intoa, Mg, K
a semi-micro leaching tube + percolate with 5@nd Na by Blakemorect al
CEC mL ammonium acetate (1 M, pH 7.0) + severaAtomic (1987) '
washes with ethanol + leach the soil with 45 | Absorption
mL NaCl (1 M) Spectrometer
LandCare
Total C . LECO Research New
and N 0.1gsoll Furnace Zealand Ltd.
(FP-2000)
(2008)
20 g soil + pre-treatment to remove Ca&nd
organic matter by HCI (1 M) and,B, (30%)
Solil texture | respectively + dispersion by 25 mL sodium | Pipette Claydon (1989)
hexametaphosphate and ultrasonic probe for 5
minutes
Amorphous | 1 g soil + 100 mL acid oxalate reagent + Shaké\gos%:ction Blakemoreet al.
Fe and Al | for 4 hours (in the dark) + filtration Spectfometef (1987)
1 g soil + 1 g sodium dithionite and 50 mL Atomic
Crystalline | sodium citrate solution (22%) + shake Absorption Blakemoreet al.
Fe and Al | overnight (16 hours) + add 5 drops superfloc Spectrometef (1987)
(0.2%) + filtration
40 g soil + addition of water to raise volume to
500 mL + stir and leave to stand for 8 hours 105(-Ra
cl settle down sand and silt particles. Afterwards,.. Y Whitton and
ay . : Diffraction
minerals centrifuge at 3000 g for 5 minutes + d_ecant th GBC Churchman
water + scoop out the clay from centrifuge tub : (1987)

and spread on a metallic sample holder + leave

for air drying before analysis

mma)
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CHAPTER 4

RISK ASSESSMENT OF VEGETABLES IRRIGATED WITH ARSENI C
CONTAMINATED WATER *

4.1INTRODUCTION

Arsenic (As) contaminated water is used in Soutlarsountries to irrigate food crops, but
the subsequent uptake of As by vegetables and iassthchuman health risk is poorly
understood (Chapter 1 and Chapter 2). This chapterprises a glasshouse experiment
where four vegetable species (carrot, radish, toraatl spinach) were tested for their uptake
potential against a range of As concentrationsrigation water. These crops are commonly
grown around the world and show a high potential Az uptake when grown under
hydroponic and soil conditions (Burlet al, 1999; Carbonell-Barrachinat al, 1999a;
Munozet al, 2002; Rahmaet al, 2004).

Understanding the As uptake response of vegetapkries to irrigation with As-
contaminated water has practical significance fautB Asian countries where As-
contaminated water is often used to irrigate foagps. A common irrigation technique used
in South Asia is flood irrigation (also known agfage irrigation) where a field is divided
into small plots surrounded by earth banks. Wateapiplied to plots by an adjacent channel
and flows over the soil surface by gravity. Wheer flot is saturated/flooded (defined as
about 2-3 cm water head), the water inflow is deerto irrigate an adjacent plot. The
surface water moves downward slowly in the fiel@ma period of 2-3 days, during which
time the soil remains in a flooded state. Aerolmaditions are re-instated once the surface
water has drained. The effect of flood irrigation As chemistry in soil where irrigation
water is contaminated with this metalloid has rexrb previously considered and may affect
both As mobility and uptake by plants.

The research reported in this chapter directly eskbs the identified lack of information on

As uptake by vegetables as a function of the Axeotmation of the irrigation water and

! Components of this chapter have been publisheBhasti, S. M., Anderson, C. W. N., Stewart, R. B.,
Robinson, B. H. (2013). Risk assessment of vegesabitrigated with arsenic-contaminated water.
Environmental Science: Processes & Impacts, 1564B&75
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water management technique used, and the riskrt@hsi that would be associated with the
ingestion of potentially contaminated vegetabldse $pecific objectives of the current study
were to determine: (i) the extent of arsenic acdatran and distribution in tissues of four
vegetable species cultivated using a range of Asadration levels in irrigation water; (ii)
the critical As concentration in water that may aeceptable for irrigation; (iii) the effect of
irrigation techniques (flood versus non-floodgation) on As accumulation by vegetables;
and (iv) the human risk associated with the ingestf the vegetable specie(s) which

accumulate the most arsenic.

4.2 MATERIALS AND METHODS

Four commonly grown vegetables, four concentratioh#\s in irrigation water, and two
irrigation management techniques were used in theent study. The two irrigation
techniques were (i) non-flooded water managemergravisoil moisture was maintained at
70% field capacity (Fc) of the soil throughout filant growth period and (ii) flooded water
management where an alternating regime of sataratol10% Fc of soil for three days

followed by draining to attain aerobic conditiongiuthe next irrigation event was used.

4.2.1 Crops

Four commonly grown vegetable species, caiatucus carotacv. All Year Round), radish
(Raphanus sativugyv. Champion), spinactSpinacia oleraceagv. Perpetual), and tomato
(Solanum esculenturay. Italian Dwarf Romandore F1 hybrid) were selddi@ the current
research. Carrot and spinach were grown under botiflooded and flooded water
management, while radish and tomato were only vaid under non-flooded water
management. Spinach and carrot were grown undir Wwater management techniques
because of their more extensive use in a rangealisines (main dish, salad, and desserts)
compared to radish and tomato. The experiment waducted in a glasshouse at the Plant
Growth Unit of Massey University Palmerston Nomdew Zealand with one healthy plant
per pot. The experiment was laid down in a completedomized design with three
replications per treatment. The glasshouse temperatas maintained at 12 £€ minimum
(night) and 22 + 2C maximum (day).
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4.2.2 Pot Preparation and Soil

Plastic pots (16.5 x 16.5 x 19 cm) were preparealltw for both irrigation techniques. For
the non-flood irrigation, the pots were drilled tae bottom (5 holes per pot) to provide
aeration to plants. For the flood irrigation, aehalas drilled at one side of the pot (2 cm from
the base) and a silicone rubber pipe (0.5 cm x Yveas inserted. The portion of the silicone
rubber which was inside the pot was attached t&¥@ pipe (0.8 cm x 14 cm). This internal
PVC pipe was cut through the upper side and wrappdgdCoolaroo non-woven mulch mat
(made of polypropylene material) to drain watereTgortion of the silicone rubber which
was outside the pot was attached to a PVC piped®.X 28 cm), and clamped to the top
edge of the pot (Figure 4.1). Both types of potsewidled with a basal layer (500 grams) of
gravel (> 2 mm) to facilitate water drainage andaien. Each pot was filled with 4 kg of
Rangitikei Silt Loam soil collected from a quarrdjacent to the Manawatu River near
Palmerston North, New Zealand. The soil was iradatvith distilled water (to 50% field
capacity) and fertilized with P and K prior to seed Nitrogen was applied to plants in two
splits, prior to seeding and with the second itigga The rate of NPK used for the
experiment was 50 mg N Rglequivalent to 100 kg N Haapplied as DAP and urea), 22.5
mg P kg' (equivalent to 45 kg P Happlied as DAP), and 67.5 mg K kéequivalent to 135
kg K ha' applied a¥,SQ,) according to the fertilizer guidelines of Wallg@900).

16.5 cm

Figure 4.1 Image of the pot designed to model flood irrigatio
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4.2.3 Irrigation

Four arsenic concentrations in water (50, 100, 20@, 1000 pg t) and a control (distilled
water) were used as treatments. Arsenic irrigatiaters were prepared from a stock solution
of 1000 mg [* of sodium arsenate heptahydrate fM&sO,.7H,0). The irrigation was
initiated once all the plants were germinated (agsdafter sowing). On the day of irrigation,
each pot was weighed and adjusted to 70% and/c¥1A®O with treatment water for non-
flooded and flooded water management respectiédpded conditions were maintained for
three days by clamping the external/exhaust piped&y four, the clamp was removed and
the pots were drained. The irrigation frequency exery ten days for the non-flooded plants
and fortnightly for the flooded plants. Immersiohtbe basal leaves was observed in the
flooded plants, and we assume that some surfacepiosm of As would have been apparent
for these plants while water remained standing hen qoil surface (approximately 2-3 cm
head).

4.2.4 Plant Harvest and Analysis

Plants were harvested at maturity (defined as tiet @f human consumption) and divided
into various parts; spinach (leaves and roots),otand radish (leaves and taproot), and
tomato (fruit, shoot, and roots). Carrot and rfadeproots were further divided into peel
(skin) and the edible root. The removal of radist aearrot skin before eating or cooking is a
usual practice in South Asia. These plant partseweashed with distilled water; surface
dried using paper towels, and weighed to deteritiadresh biomass yield. Plants were then
oven dried at 78C for four days and re-weighed for dry biomass. @tied plant parts were
homogenized to a powder using a Cyclotec herbafiéMuodel 1093, Salmond Smith Biolab
Ltd.).

Subsamples (0.5 g) were digested in 5 mL of comatad nitric acid (HN@) and analyzed
using HGAAS as described in Chapter 3. A standefdrence material (1573a, Tomato
leaves, NIST) and sample blanks were included & glocedure. The limit of detection
(LOD) for As in HGASS was 0.145 pg'Land the sample blanks were below this LOD
value. The analyzed As concentration of the stahokference material (0.112 + 0.007 iy g
n = 13) was in good agreement with certified refeeevalue (0.112 + 0.004 pg'p
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4.2.5 Soil Analysis

The experimental soil was analyzed for its physarad chemical properties (Table 4.1) by
the methods described in Chapter 3. Total As canatton was determined in soil before and
after vegetables cultivation. After vegetables katythe soil from each treatment pot was
sampled using a vertical corer (1.76 cm x 11.25 d¢m)determine the extent of As

accumulation in soil as a function of irrigation.

For the determination of total As concentratiors@il, 1.0 gram soil was digested in 10 mL

aqua-regia(HCI: HNG;, 3:1) and analyzed using HGAAS as described eanli€hapter 3.

A reference soil material (CRM-GBW 07403, NatioRasearch Center for CRMs of China,
Beijing) and sample blanks were analyzed in pdralith the soil samples and the latter were
found to be below the instrument detection limiheTanalyzed As concentration of the

reference soil material (4.2 + 0.05 pgy= 7) was within the range of reported values (4.4 +
0.6 ug ¢").

The soil was an acidic silt loam with low levelsasailable P, SQand CEC, and very low to
medium contents of amorphous and crystalline Fe An{Table 4.1) (Blakemoreet al,
1987). The As concentration in the experimentdl was below the New Zealand soil limit
for total As which is 20 mg kh(NZWWA, 2003).

4.2.6 Statistical Analysis

The data for As concentration in plant tissues switlafter vegetable harvest was analyzed
by ANOVA (One way and Two-way) using Minitab 16.The Tukey’s test was used to

determine the significant differences among treatmmeans using a probability value of

0.05.

All the graphs were prepared using Grapher 9.6d&oEoftware Inc. Colorado).
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Table 4.1 Physical and chemical properties of the Rangitiiti loam soil used for the

experiment

Soil properties Values®

pH (Hz0) 6.1+ 0.05

Olsen P (g PH 7.05 + 0.05

SO (Mg S ) 4.40 + 0.40

Total C (%) 0.50 £0.151 = 3)
Total N (%) 0.02+0.0114=3)
Amorphous Fe (%) 0.38 £0.01
Crystalline Fe (%) 0.65 +0.03
Amorphous Al (%) 0.10+£0.01
Crystalline Al (%) 0.11+0.01

CEC (me/100g) 10.50 + 1.50
Texture Silt loam®

Total As (ug &) 4.9+0.020=23)

2values are mean + SE£ 2, unless mentioned)Sand 14%, Silt 65%, and Clay 21%

4.2 . 7Human health risk assessment

To evaluate the risk presented to humans througgsiion of edible parts of the vegetables
in the current study, the As concentration in eaepetable was re-expressed on a fresh
weight and assumed to be present in an inorgame. fdhe fresh weight concentrations were
then compared to the Chinese food safety standarthérganic As in foods, 0.05 mg kg
fresh weight (Heikens, 2006). Vegetables with an cascentration below this guideline
value present an acceptable risk to humans whgetables with an As concentration above

the guideline value represent a potentially unatat#e risk to consumers.

To further quantify this potential risk, the USER®&fined Hazard Quotient (HQ) and Cancer

Risk (CR) was calculated using following equations.
HQ = EDI/ RfD Equation 4.1, and
CR = EDI x CSF Equation 4.2

The detailed description of these equations camefeered in Chapter 2, Section 2.5.4.
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4.3 RESULTS AND DISCUSSION

4.3.1 Arsenic concentration in vegetables

Arsenic accumulation and distribution within plaissues and among plant species varied as
a function of the As treatment and the irrigatienhnique used. The results for each species
are reported separately, followed by compariso®tbioaccumulation among the studied
vegetables and possible factors affecting the aatatran of As by the plants.

Radish

The As concentration in radish tissues (leavessinaskin and edible root) was significantly
higher in the plants irrigated with 1000 pg when compared to all other treatmerfes<(
0.05, Figure 4.2). An increase in As concentraiioradish as a function of As exposure has
been reported by other researchers (Ceblal, 2000; Marconiet al, 2010). Among the
various plant tissues, leaves accumulated the kigtmmcentration of As, followed by radish
skin and the edible root. A relatively higher comication of As in leaves in current study is
in agreement with those previous hydroponic anbstodies where a higher concentration of
As has also been observed in leaves (Getidd, 2000; Liuet al, 2006; Smithet al, 2008).
However, our findings of a higher concentrationAd in leaves contradicts some other
previous hydroponic and soil studies where As wastliy retained in the roots (Carbonell-
Barrachinaet al, 1999a; Smitret al, 2009; Tlusto%t al, 2002a). Among the components of
the taproot, skin accumulated a higher concentraifcAs by a factor of 2.7 to 5.3 relative to
the edible root. A higher concentration of As idish skin relative to edible root observed in
this study is consistent with previous hydropoma &oil studies (Carbonell-Barrachiea
al., 1999a; Warreret al, 2003).

Tomato

The As concentration in shoots and roots of tormae significantly higher at an irrigation
water concentration of 1000 pug A#S kelative to the other treatmen® € 0.05, Figure 4.2).
In contrast, there was no significant differencésconcentration in tomato fruit among the

various treatments.
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Radish

17 —e— Leaves

1.6 - - ~@- - Radish skin
—A — Edible root

Arsenic concentration (ug g)
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Arsenic concentration of water (ug L)
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4.0
Tomato
4 —=&a - Roots
— & - Shoot P
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Arsenic concentration (ug g)
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Figure 4.2 Total arsenic concentration (g dry weight) in various parts of radish (top) and

tomato (bottom) grown under non-flooded irrigatiData are means = SB £ 3)
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An increase in the As concentration of tomato roatsl shoots as a function of As
concentration in various growth media (soil, mierof soil and As-contaminated mine
tailings and nutrient solution) has been reportBdrlp et al, 1999; Cobbet al, 2000;
Miteva, 2002). Among the various plant tissues, Agzeconcentration of roots was higher
than in fruit and shoots under all treatments. R@atumulated an As concentration that was
1.4 to 5.1 times higher than that recorded forfthid and shoot. This higher concentration in
roots relative to other tissues of tomato is cdesis with previous studies that have
investigated the response of tomato to arsenido@eil-Barrachinat al, 1997; Coblet al,
2000; Miteva, 2002). Burleet al. (1999) reported that As in tomato plants was mainly
accumulated in roots (85% of total As), followeddtoots (14%) and fruit (1%) when grown
in nutrient solution. Carbonell-Barrachie al. (1997)suggested that tomato plants tolerate
As by exclusion, limiting its transport to shootg increasing the As concentration in the
roots. Among the upper plant parts, the As conatiotr in tomato fruit was significantly
higher than in shoots for all the treatments, \figh exception of the 1000 p g ttreatment P

< 0.05. This indicates that shoots may transport a lapgentity of As to fruit at low As
levels (< 1000 pg Ast), but transfer is inhibited or restricted abovis flevel. Carbonell-
Barrachinaet al. (1997) suggested that when As is above a thredbuoéld, the growth and

transport function of a plant is affected, resgjtin limited As translocation.

Spinach

Spinach was grown under both non-flooded and fldad&gation. The response of spinach
to As in water under both irrigation techniquegpissented in Figure 4.3. The effect of the
1000 pg As [ irrigation treatment was significant under bottigation techniques and
resulted in a higher concentration of As in thevésaand roots of plants relative to the other
treatmentsK < 0.05). An increased As concentration in leavespiiach with increasing As
concentration in soil has been documented prewaivlik et al, 2010). Among the plant
tissues, roots had a higher As concentration thdeaves under both irrigation techniques.
The As concentration in roots was 2.7 to 3.1 tilmgher than in leaves for plants under non-
flooded water management, and 1.1 to 7.7 timesehigihder flooded water management.
Tlustoset al. (2002b) also demonstrated a higher concentrafiéfs an spinach roots relative
to the aerial biomass. Nonetheless, a comparisaheoAs concentration in roots shows no
significant difference for the same concentratidrirmgation water under the two irrigation

techniques.
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Figure 4.3 Total arsenic concentration (U dry weight) in various parts of spinach grown

under variable As treatments and irrigation techegy Data are means + SEX(3)
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For leaves, a relatively higher As concentratios whserved in flood irrigated spinach plants
for the 100, 200 and 1000 pg AS' ltreatments relative to the plants subject to Hooef
irrigation. There could be three possible explametifor such an increase, (i) a higher
amount of As was introduced in the flooded pots ttuan increase in the total volume of
irrigation water (110% Fc vs. 70% Fc), (ii) direadtsorption of As by spinach leaves from
standing water during the initial phase of the doorigation event, and (iii) more
translocation of As to aerial parts. An increasadslocation of As in the current study is in
agreement with the findings of Talukdet al. (2012), who reported that As is more easily
translocated to the aboveground biomass of ricatplander anaerobic conditions than

aerobic conditions.

Carrot

Carrot was also grown under both non-flooded aoddid irrigation. Among the various As
treatments, plants irrigated with 1000 pug AS had a significantly ® < 0.05) higher As
concentration in their leaves than for other treattes under both irrigation techniques
(Figure 4.4). A similar effect at this treatmentdeéwas also observed for edible roots subject
to flood irrigation. Among the plant tissues, thend of As concentration as a function of As
in irrigation water differed between the two irrigen techniques. Under non-flood irrigation,
carrot skin accumulated more As than leaves, whiteler flood irrigation, leaves
accumulated more As than carrot skin. The repohigtier concentration of As in leaves
subject to flood irrigation may be attributed tchanced translocation from roots under this
water management, and surface absorption by ledweset al. (2006) found a higher
concentration of As in carrot leaves than in edjidets and suggested that carrot leaves are
efficient bio-accumulators of heavy metals/metakoi Considering the components of the
taproot, the skin accumulated more As than theleddnt under both irrigation techniques.
This phenomenon is consistent with other studiesravta higher concentration of As in
carrot peel (approximately 3 times) than the edidet has been reported (Helgesen &
Larsen, 1998; Munozt al, 2002). Zandstra and De Kryger (2007) reportedighdr
concentration of As in the root shoulder and pbahtthe peeled root and attributed this to
direct contact with soil particles. Overall, the éancentration in plant tissues (leaves, carrot
skin and edible root) was higher in plants growmamflood irrigation relative to those

grown under non-flood irrigation.
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4.3.2 Arsenic content in vegetables and possiblectors affecting accumulation in plants

Arsenic is a non-essential element for plants. Tptake of As by plants is a complex
phenomenon and depends on various As-plant-sdibrigcincluding As concentration and
species, crop species, and soil redox conditiorexi(Met al, 1992; Onken & Hossner, 1995;
Smith et al, 2009; Wanget al, 2002; Xu et al, 2008). The results show that As
accumulation by plants was dependent on the Asesdration of irrigation water, the
irrigation technique used, and the vegetable spdetged. Figure 4.5 depicts the As content
of the studied vegetables where content is defmedhe As concentration (ugHgx dry
matter yield (g). The As content in plants variedoag species, and can be ranked from high
to low as spinach (flooded) > tomato > spinach {flooded) > radish > carrot (flooded) >
carrot (non-flooded). This variation in As uptakeang the vegetables may be attributed to
genetic differences among these plants togethér té irrigation technique used. Husaghi

al. (2011) reported As accumulation in the order sgina tomato > carrot > radish when
these plants were irrigated with untreated indakeffluent. Similarly, Arainet al. (2009)
reported higher As levels in leafy vegetables caegbdo root vegetables and grain crops

collected from an agricultural field irrigated wists-contaminated lake water.

A second factor controlling As accumulation in plapecies is the concentration of As
present in irrigation water. In general, each sggshowed an increase in As content as a
function of the As concentration in irrigation wai&igure 4.5). Such an increase in plant
tissues with As concentration in growth media idl\decumented in literature (Burlet al,
1999; Carbonell-Barrachinat al, 1999b; Pavliket al, 2010). Among the various As
irrigation water levels, the 1000 pg AS treatment promoted the highest As concentration
in these plant species. This is consistent witHfitiiings of Dahakt al. (2008), who found a
positive correlation between the As concentrationpiants and the As concentration of
irrigation water. These researchers also repottechighest As concentration in all parts of
the studied vegetables in samples collected froptsplrrigated with the highest As

concentration of this study (1.014 mg AS in groundwater).

A third possible factor affecting the As concentmatin plants of the current study is the
irrigation technique used. The flood and non-flaw@ation techniques could differentially
affect soil redox potential which subsequently etffas mobility, speciation and uptake by
plants (Liet al, 2009; Talukdeet al, 2012; Xuet al, 2008).
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Figure 4.5 Arsenic content (ug) in four vegetables as a foncof As treatments and
irrigation techniques. Data points represent thamealue for each species calculated as a
weighted function of the relative mass of each ptagan.n was therefore variable among
crops. For radish, carrot and tomate 9 (for example in radish, triplicate values atke of
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The soil redox potential was not measured in tireeotl work because the system was in a
state of flux and measuring redox would have disdrthe system. However, we assume that
the soil subject to flood irrigation will have hadperiodically lower redox potential than the
soil subject to non-flood irrigation. lat al. (2009) reported that flooded water management
significantly reduced soil redox potential compavéth aerobic treatment for an acidic silty
clay loam soil. Similarly, Talukdegt al. (2012) reported a highly reduced redox potential (
41 to -76 mV) under flooded water management radat aerobic water management (+135
to +138 mV) for an acidic sandy loam soil.

In this study, there was a lower As content invtbgetables grown under non-flood irrigation
than the plants under flood irrigation. A similanding for rice was reported by Xet al.
(2008) who found a 10-15 fold higher concentratwdrs in the grain of paddy rice relative
to dry land rice. Lower As content under non-floddmnditions may be due to sorption of
As with hydrous oxides minerals effecting a reduttin As mobility and uptake by plants
(Brammer & Ravenscroft, 2009; Masscheletnal, 1991; Xuet al, 2008). In contrast, for
soils subject to flood irrigation management, Asbitity may have been higher due to (i)
reduction of arsenate (Asto arsenite (A8), and (ii) dissolution of metal hydrous oxides
which releases the adsorbed As, leading to incdeaptake by plants (Abediet al, 2002;
Masscheleyret al, 1991; Xuet al, 2008).

4.3.3 Risk Assessment

The As concentration in both the edible portion #atoot of carrot (ug ffresh weight,
Table 4.2) was less than the Chinese maximum psisfesconcentration (MPC) for all
irrigation treatments. Ingestion of carrot culte@tunder the conditions of this study
therefore presents an acceptable risk to humarnhhddie edible portion of radish was also
acceptable for consumption; however for the 1000AsgL™ irrigation treatment, the As
concentration in taproot was above the MPC. In tonfeuit, the As concentration was
equivalent to the MPC level for As concentratiomiriigation water less than 1000 pg.lUn
contrast, for spinach leaves, the As concentrati@s above the MPC level for most
treatments under both irrigation techniques. Thecéscentration in spinach leaves for the
100, 200, and 1000 pg'itreatments under flood irrigation and for the 1Q@PL* treatment
under non-flood irrigation was of concern. For theégeatments, As was 1.6 to 6.4 times
higher than the MPC level. These values were furtiplored to determine potential risk to

humans using the USEPA hazard quotient (HQ) andecarsk (CR) calculations.
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Table 4.2Total arsenic concentration (ug fresh weight) in the edible parts of four commewmetables

Radish Tomato Spinach Carrot
As in water non- non-
L non-flooded flooded non-flooded flooded
(g L) flooded flooded
Edible root  Taproot Fruit Leaves Leaves Edible root  Taproot Edible root  Taproot
0 0.003 0.011 0.055 0.058 0.019 0.008 0.022 0.004 320.0
50 0.002 0.014 0.061 0.058 0.040 0.008 0.019 0.004 360.0
100 0.004 0.018 0.046 0.056 0.080 0.006 0.019 0.003 210.0
200 0.004 0.015 0.045 0.051 0.106 0.004 0.018 0.006 170.0
1000 0.014 0.068 0.026 0.122 0.319 0.008 0.022 0.017 340.0

Mean fresh weight As concentration was calculated aroduct of mean As concentration (jfgdgy weight) and mean water content of each
vegetable species according to the formula: Fresgiwpg §'= (Dry weight pg ) x (1- % moisture/100)
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Use of the HQ and CR risk assessment model reqguastification of the daily vegetable
consumption for the target population. The averdg#y consumption of vegetables per
person varies among countries (Table 4.3). Conisiglehe eating habit of people of West
Bengal India, where vegetables are eaten with eathree meals a day (Roychowdhuwety
al., 2003; Samalet al, 2011), the intake of 500 grams per day was usedfurther
calculation to consider the worst case scenaridy @dults (> 18 years old; body weight 60
kg) and adolescents (12-18 years old; body weifHdj are considered in this discussion to
provide a conservative picture of exposure. Sudfitvegetable intake data for children (< 12
years) in South Asian countries is not availabld aras therefore not considered in this

discussion.

Assuming a scenario where 500 grams of spinachiglEpnsumed on 52 days in a year (Ef),
the HQ value ranged from 0.32 to 1.26 for adultd @38 to 1.51 for adolescents (Table 4.4
and Appendix 1V). A higher HQ value for adolescectsnpared to adults infers greater risk
for this demographic. The Hazard Quotient exceetlednd defines unacceptable non-
carcinogenic risk for both adults and adolescentsseming spinach cultivated under flood
irrigation with water containing an As concentratiof 1000 pug L[X. Calculation of the
parameter CR shows that there is an increased Hltpaf cancer through ingestion of
spinach leaves cultivated under flood irrigatiorthmvater containing 100 pg AsLor
greater (probability in excess of 1 in 10,000). Tlaacer risk also exceeded 1 in 10,000 for
spinach cultivated using non-flood irrigation witkater containing 1,000 ug'As. This risk
from spinach consumption may be higher in areageviiegetables consumption is higher,

and where As-contaminated water is also used fokidig and cooking.

4.3.4 Arsenic concentration in soil after vegetablbarvest

An increase in the As concentration of soil as recfion of As concentrations in irrigation
water was observed for soils of all vegetable gmdTable 4.5). However, the As
concentration in soil was significantly higher wadi000 pg [ water was applied relative to
all other treatment water levels. Arsenic conceiumafor 1000 pg L' increased the As
concentration in soil by 5 to 32% relative to thentrol treatment at the time of vegetable
harvest. Increase in soil As concentration for entristudy is consistent with previous studies
where As-contaminated water was applied to soilgBaKazi, 2012; Moyancet al, 2009;
Saha & Ali, 2010).
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Table 4.3Daily average vegetable intakes (gram fresh weijgéit)capita around the world

Region/ Country Vegetable.s References
consumption
Bangladesh 130to 205  Alaet al.(2003); Kharet al.(2009); Rahmaet al.(2012)
USA 162 Tao and Bolger (1999)
Republic of Croatia 275 SapunarPostruzstilal. (1996)
Santiago, Chile 327 Muncet al.(2005)
Denmark 376 Helgesen and Larsen (1998)
India 450t0 500 Samaeit al.(2011); Roychowdhurgt al. (2003)

Table 4.4Hazard Quotient (HQ) and Cancer Risk (CR) for tigeestion of spinach leaves as

a function of the concentration of As in irrigatiasater and the irrigation technique used

_ ac Hazard Quotient (HQ) Cancer Risk (CR)
v'?/\ztlenr Irrigation (ug g*
(g LY Technique fresh
weight) Adults ®  Adolescent®  Adults  Adolescent
100 flooded 0.080 0.32 0.38 1.4x%0 1.7 x 10
200 flooded 0.106 0.42 0.50 1.9 x40 2.3 x 10
hon- 0.122 0.48 0.58 22x10 26x10°
flooded
1000
flooded 0.319 1.26 1.51 57x410 6.8x1d

2 Concentration of arsenic in spinach leavegreater than 18 years olti12-18 years old:;
Parameters have been calculated where the As doaten in spinach leaves exceeds the
MPC of 0.05 pg g fresh weight
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Table 4.5Total arsenic concentration (pgin soil after vegetable harvest under variablgr@atments and irrigation techniques

As in water , Spinach . Carrot
(g LY Radish Tomato (non-flooded) Spinach (flooded) (non-flooded) Carrot (flooded)
0 4.81 + 0.06 4.48 + 0.08 4.84 +0.02 °5.18 + 0.10" °5.11 +0.05" °4.49 + 0.05°
50 5.02 + 0.07¢ 4.46 + 0.0% 4.80 £ 0.05" ®5.08 + 0.10" ©5.21+0.07" °4.58 + 0.08°
100 5.33 + 0.0&° 452 + 0.04 5.01 +0.08 ©5.26 + 0.08" ®5.09 + 0.08" °4.61+0.0F
200 5.34 +0.03 4.65 + 0.02 4.81 +0.05° °5.37 £ 0.10° °5.28 + 0.06" °4.71+ 0.0
1000 6.01 + 0.08 5.76 + 0.1G" 5.08 + 0.1C° 25.92 + 0.01" 26.09 + 0.03" °5.91+0.14

Data are means = SB £ 3); Mean in each column followed by differentées (in lower case) are significantly different@rg As treatments
(P < 0.05); Mean in each row followed by differentdes (in upper case) are significantly differeatvieen irrigation techniques at a particular
As treatmentR < 0.05)
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The effect of irrigation technique was significdot As concentration in soil where spinach
and carrot were growrP(< 0.05). However, the trend was different for botbp species.
Where spinach was grown, the soil subjected todflsagation retained more As in soil
relative to soil under non-flood irrigation. Wherarrot was grown, the soil subjected to non-
flood irrigation technique had more As than floadgation technique. A high As retention in
soil where spinach was grown with flood irrigatioray be attributed to higher amount of As
introduced to flooded pots during each irrigatiomerg (110% Fc versus 70% Fc). For soils
where carrot was grown, this generalization wassatisfied. One possibility is that, less As
retention in soil is due to high As uptake by catnoder flood irrigation technique relative to
the carrot under non-flood irrigation. However,sthypothesis is invalid because there
appears no significant difference in As uptakearra grown in flooded versus non-flooded
irrigation (Figure 4.5). It appears that As may &deen leached from the soil where carrot

was grown under flood irrigation, however, thisgosition requires further investigation.

4.4 CONCLUSIONS

The effect of irrigation with 1000 pg As*Lwas significant in all vegetable species (carrot,
radish, spinach and tomato) relative to the othematinents and enhanced the As
concentration of each plant. A similar trend afremsed As concentration with 1000 iy L
was observed in soil after vegetables harvest.di$tebution of As among vegetables tissues
varied for the species used. Tomato and spinachnadated a higher As concentration in
roots relative to aerial biomass, while radish aratrot accumulated a higher As
concentration in leaves and skin relative to ediolet. Among the studied vegetables, As
uptake increased in the order carrot < radish <atonx spinach. The effect of irrigation
technique was significant on the As concentratiorthe studied vegetables. Spinach and
carrot grown under flood irrigation had a higherdsmcentration in aerial biomass relative to
non-flood irrigation, possibly due to the increaseability and bioavailability of As. In terms
of risk to human health from consuming the edildetp of these vegetables, these findings
indicate that spinach leaves accumulate a signifitavel of As under the treatments used,
ranging from 1.6 to 6.4 times higher than the Céénmaximum permissible level of As in
vegetables (0.05 pg'dgresh weight). Spinach leaves also pose an untaiglepcarcinogenic
and non-carcinogenic risk to humans upon their woygion. This risk is quantified by
calculated HQ and CR values (USEPA), where an HIQevgreater than 1 represents an

unacceptable non-carcinogenic risk and a CR valteatgr than 10 represents an
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unacceptable carcinogenic risk. The HQ value fomasgh ranged from 0.32 to 1.26 for adults
and 0.38 to 1.51 for adolescents while the CR vedmged from 1.4 x Ibto 5.7 x 10" for
adults and 1.7 x 1Dto 6.8 x 10 for adolescents. Irrigation water with an As carication
greater than 50 pg™Lshould be avoided for spinach cultivation whemod irrigation is

practiced.
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CHAPTER 5

ARSENIC ADSORPTION IN SOILS

5.1 INTRODUCTION

Arsenic (As) is a toxic element and its behavioutha soil-plant interface is important for
biota and ecosystem functioning. The bioavailabgibhd mobility of As in soils is controlled
by adsorption-desorption reactions (Bolat al., 2012; Zhang & Selim, 2005).
Understanding such reactions is therefore prerggiis determine the fate and behavior of

As in soil.

Arsenic adsorption varies among soils and dependsoth As speciation and soil factors; a
detailed description of these factors is presemtgdhapter 2. In brief, the oxidation state of
As (As’ or Ad") is the overriding factor that will dictate thetemt to which As will be
retained by soil and mineral surfaces. Under edemtas concentrations, Ads adsorbed in
higher quantity than AS(Naiduet al., 2009; Smittet al., 1999). However, the adsorption of
As’ and Ad' is highly pH dependent (Pierce & Moore, 1980;&al., 1991). An increase in
soil pH decreases Xsadsorption but increases 'Asadsorption (Smittet al., 1999). Other
soil properties that influence As adsorption in€uthe type and nature of minerals and
organic constituents, clay content, and the presehcompeting ions (Elkhatit al., 1984a;
Grafeet al., 2001; Manning & Goldberg, 1996; Rednwiral., 2002). In general, soils with a
higher concentration of Fe, Al and Mn hydrous osidend a higher clay content, retain more
As than those with less of these mineral consttai¢gbeschampst al., 2003; Manning &
Goldberg, 1997b; Smitét al., 1999).

The adsorption of As to soil surfaces can be maddég Langmuir and/or Freundlich
isotherm equations (Elkhatit al., 1984a; Manning & Goldberg, 1997b; Naatnal., 2010;
Sahuet al., 2011). The values of these models’ parameter&(lm and K) vary between
published studies, depending on many factors thatide soil mineralogy, reaction time,
solution pH, As concentration and its oxidationest@Zhang & Selim, 2008). The Langmuir
and Freundlich isotherms are empirical models gplecific assumptions. The Langmuir

equation is based on three assumptions: (i) ataonsnergy of adsorption that is

Page | 99



independent of the extent of surface coverage (aogenous surface); (i) adsorption on
specific sites, with no interaction between sol{@dsorbate) molecules; and (iii) maximum
adsorption equal to a complete monolayer on aktrea adsorbent surfaces (Bolknal.,
1985). The Langmuir equation has an advantage aiging an adsorption maximum of a
soil or mineral component. In contrast, the Freiohdequation is based on the assumption
that the energy of adsorption decreases with arease in surface coverage due to surface
heterogeneity (Bohmt al., 1985). This model quantifies the partitioning afsolute (As)
between soil and liquid phases, expressed d\BKhuet al., 2011; Zhang & Selim, 2008). A
relatively low K; value indicates that a significant portion of gus® (As) will be potentially
bioavailable (Naidwt al., 2009).

Elevated levels of As (> 100 mgKpin agricultural soils of New Zealand have begroréed
due to long term use of agrichemicals and timbesgnvation compounds (Gaaval., 2006;
Robinsonet al., 2006). Sheep and cattle dip sites are of majoice&m, where a typical
concentration of 1000 to 3000 mgké common, and at some sites the concentration has
reached 11,000 mg RgMinistry for the Environment, 2006). Elevated centrations of As

in the Waikato River (0.001 to 0.153 mg)Land geothermal waters (0.008 to 9.8 mi) L
from the Taupo Volcanic Zone New Zealand have &lsen reported (Lorét al., 2012;
Robinsonet al., 2003). Elevated levels of As in water can be recfion of the release of
either anthropogenic or geogenic contamination agoatic systems. Despite the apparent
concern, limited data is available that describes a&sorption to New Zealand soils.
Moreover, the reported adsorption studies have tiegted to As’ with As concentration
levels many orders of magnitude higher (up to 5@0L") than those naturally found in soil
solution and/or soil irrigated with As-contaminatedter (Bolanet al., 2012; Caret al.,
1996; Naiduet al., 2009). New Zealand soils are generally youngs Vesathered, and rich in
organic matter, short-range order aluminosilicatedlophane and imogolite) and
oxyhydroxides of Fe and Al (McLaughlet al., 2000).

The specific objectives of this study were to (Btetmine As adsorption kinetic (time
required for equilibration of As) in the selectaulls (i) model As adsorption behavior of
selected soils through Langmuir and Freundlichhisohs, and (iii) define the soil properties

that control As adsorption parameters in the studals.
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5.2 MATERIALS AND METHODS

5.2.1 Soils

The Rangitikei silt loam, Korokoro silt loam andKbonaru silt loam soils were selected for

the current experiment. These soils vary in thbenaical properties and represent 3 of the
soil orders recognized in New Zealand (Recent, Broand Pallic) that cover 61% of New

Zealand land area (Hewitt, 2010; NZ Soils Portatideare Research Ltd, 2013). These soils
were selected since they have similar texture {(ltgiktured) as soils of South Asia where
vegetables are grown; for example in Pakistans smiinmonly used for vegetable cultivation

are silt loams, sandy loams and loams (Jefffal., 1976; Khoso, 1994).

Surface samples (0-10 cm) of Korokoro silt loamof{Bn soil) and Tokomaru silt loam
(Pallic soil) were collected from Palmerston Noktbw Zealand by Jeyakumar for his PhD
research (Jeyakumar, 2010). Rangitikei silt loaracgt soil) was collected from a quarry
adjacent to the Manawatu River near PalmerstoniNmytthe author. This soil was also used
for glasshouse experiment described in this ti{€hapter 4). The Rangitikei soil was further
amended with calcium hydroxide to achieve a pHlle¥&@.5 to model the pH level of South
Asian soils which is generally in the range of t@(¥.9 (Baig & Kazi, 2012; Bhattacharga
al., 2010; Panaullaket al., 2009). To achieve the target soil pH level of, 7c&lcium
hydroxide (analytical grade) was added to Rangiskeloam soil and allowed to equilibrate
for 14 days. This amended soil was included in ddsorption isotherm experiment as a

fourth soil.

Selected soils were air dried and sieved throughvan stainless steel mesh before analysis

and/or adsorption studies.

5.2.2 Soil Analysis

A detailed description of soil analysis is given@mapter 3. In brief, Olsen P, $(pH,
amorphous and crystalline Fe and Al concentratiorise selected soils were determined by
the methods of Blakemort al. (1987). Total C was measured using a Leco furn&od.
texture was determined by the pipette method (@layd989). Total As in soil was analyzed
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using HGAAS after digestion of the soilsaqua-regia (HCI: HNO;3, 3: 1). Mineral content
of soils was determined by XRD (X-Ray DiffractiddBC, Emma).

5.2.3 Arsenic adsorption kinetics

To investigate the As adsorption kinetic behaviothe selected soils, a subsample (1.0 g) of
each soil (in duplicate) was weighed into polypiepg centrifuge tubes. To each tube, 20
mL of 1.0 mg L* As’ or Ad" solution was added. Arsenate {Asind arsenite (AY were
included in this experiment since these both Asigseare mainly present in irrigation water
(Baig & Kazi, 2012; Norraet al., 2005). The As solutions were prepared in 0.01 M
Ca(NG;)2.4H,0 background solution. Calcium as a backgroundrelgte is commonly used

in batch studies and is believed to increase A®ratlsn (more of A% than A$') by
enhancing surface positive charge (Cagewl., 1996; Smithet al., 2002; Wenzel, 2012).
Addition of calcium electrolyte was also used tpresent the soil solution composition of
South Asian soils where calcium is a dominant eld@meghe desired concentration of 1.0 mg
L* was prepared by dilution of 1000 mg™Lstock solutions of sodium arsenate
(NaHAsO,.7H,0) or sodium meta-arsenite (NaAg8@or As’ and AS' respectively.

Soil suspensions were shaken for a specific leaftime using an end-over-end shaker. The
time points were (hours): 0.25, 0.50, 1, 3, 6,2&,and 36. After each defined time point, the
tubes were centrifuged at 10,000 rpm for ten mewdad the supernatant were filtered
through a cellulose nitrate filter of 0.45 pum paiee. This filtration technique is rapid and
minimizes the adsorption of element onto appar@@asnpbell & Davies, 1995). The aliquot
was analyzed for As using a HGAAS, as describedhapter 3. The amount of As adsorbed
by each soil was calculated as the difference baivibe amount of As added initially and

the amount remaining in the solution after eaclotiea time.

The As adsorption kinetic studies were limited twee soils, Rangitikei silt loam

(unamended), Korokoro silt loam and Tokomaru sé#trh soil.
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5.2.4 Arsenic adsorption isotherms

One gram subsample of each soil (in triplicate) emailibrated with 20 mL of Asor Ag"
solution at one of the five As concentrations (mt:10.05, 0.1, 0.2, 0.5, and 1.0. Calcium
nitrate (0.01 M Ca(Ng)..4H,0) was used as the background electrolyte. Thessmilples
were shaken for 48 hours. The samples were cegeudfufiitered and analyzed for As, as

described above in the adsorption kinetic section.

Adsorption isotherms studies were conducted on Bubstrates i.e. the three previously
described soils used for adsorption kinetic stwdhd the Rangitikei soil that was amended

with calcium hydroxide to achieve a pH level of.7.5
5.2.5 Arsenic adsorption modeling

The adsorption data were modeled using Langmuirrradndlich equations. The linear form

of the Langmuir equation used for calculation was:

C/(x/m) = 1/Kb + C/b Equation 5.1 (Bolehal., 1985)

Where C (ng mL) is the concentration of As left in the solutidteareaction time, x/m (ug
gl) is the amount of As adsorbed per unit mass df Ko{mL pg?) is Langmuir bonding
energy coefficient, and b (ug'pis the adsorption maxima per unit mass of soilhe
Langmuir isotherm was constructed by plotting GAk/against C, and the model was
considered appropriate if the resulting plot wamdr (Campbell & Davies, 1995). Using
least squares linear regression, b was calculaedcgprocal of the slope and K as the slope
divided by the intercept (Bohat al., 1985; Campbell & Davies, 1995).

The linear form of the Freundlich equation used:was

log x/m =1/nlog C + log K Equation 5.2 (Bohet al., 1985)

The terms x/m and C (expressed in units of igugd ng mL* respectively) are the same as
defined previously for the Langmuir equation. Theunadlich isotherm was obtained by
plotting the natural log of x/m against the natuegl of C. The parameter;KmL ¢*) is the
Freundlich partition coefficient (Sakatial., 2011; Zhang & Selim, 2008). The parameter n is
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a unitless measure of isotherm nonlinearity withuea commonly less than 1 (Campbell &
Davies, 1995; Nanet al., 2010; Yolcubal & Akyol, 2008). The parameters dad n were

defined from least square linear regression wheselme slope and s the intercept.

5.2.6 Statistical analysis

A relationship between soil properties and the lnanig-Freundlich parameters (b and) K
was determined by Pearson’s correlation. Sinceetairon does not imply causation, a
stepwise regression analysis (backward elimination,0.10) was performed on the data set
to determine the most significant soil propertiésttcontrol Langmuir and Freundlich
parameters (b and{K All the statistical analyses were performed gsMinitab 16.1

software.

5.3 RESULTS AND DISCUSSION

5.3.1 Soil characteristics

Table 5.1 shows that the experimental soils weterally acidic (pH 5.3 to 6.1), varied from
low to high Olsen P (7.05 to 37.15 pg)gand very low to medium extractable sulphateq4.4
to 16.25 pg S Y (Blakemoreet al., 1987). The background total As concentratiorhiese
soils ranged from 1.7 to 4.9 pg which is below the New Zealand soil limit for totas,
defined as 20 pgg(NZWWA, 2003). The soils contain very low to mesi@morphous and
crystalline Fe and Al contents (Blakemaetal., 1987).

5.3.2 Arsenate and arsenite adsorption kinetics

Figure 5.1 shows the kinetic behavior of selectts s0 As’ and A4' species. The amount
of As adsorbed onto each soil was dependent onetetion time, soil type and As species
applied. For A%, the greatest rate of As adsorption was obsenvélei first 3 hours. For the
Rangitikei silt loam soil, 97% of As was adsorbeithia 3 hours, and reached to 98 percent
in 36 hours. In Korokoro silt loam soil, 91% of Agas adsorbed within 3 hours, and
adsorption reached a maximum at 12 hours (96%)dacdeased thereafter. The reason for
this decrease is unknown. For the Tokomaru silnle®il, 64% of added As was adsorbed

within 3 hours, followed by a slow increase to 88886 hours.
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Table 5.1Characteristics of the experimental soils

Properties Rangitikei Soil Korokoro Soil Tokomaru Soil
pH (H0) 6.1 +0.05' 5.3+0.05 5.9+0.01
Olsen P (ug PH 7.05 +0.05 13.80 + 1.80 37.15+0.85
SOs (ug S ) 4.40 +0.40 13.00 + 1.00 16.25 + 3.75
Total C (%) 0.50 + 0.15n(= 3) 5.70 + 0.07 3.54 +0.02
Amorphous Fe (%) 0.38+£0.01 0.76 £ 0.04 0.39+£0.03
Crystalline Fe (% 0.65 + 0.03 0.40 +0.01 0.22 +0.03
Amorphous Al (%) 0.10 +0.01 0.43+0.02 0.20 +0.01
Crystalline Al (%)° 0.11+0.01 1.03 +0.09 0.15 +0.05

Silt loam Silt loam (Sand 5%, | Silt loam (Sand 28%

Texture

(Sand 14%, Silt
65%, and Clay 21%

Silt 72.5%, and Clay
22.5%)

Silt 59.5%, and Clay
12.5%)

Total As (ug §) 49+0026=3) | 37+0070=3) | 1.7+0.05f=3)
_ _ Quartz, Mica,
Dominant minerals Quartz, Feldspar Quartz, Feldspar
Feldspar

Soil collection site

Quarry adjacent to
Manawatu River

Palmerston North

Tuapaka farm

Palmerston North

No.4 dairy farm
Massey University

Palmerston North

Soil order

Recent soil

Brown soil

Pallic soil

NZ land cover (%}

6

43

12

2values are mean = SH € 2, unless mentioned);:amorphous and crystalline Fe and Al
content were determined by extraction as describgdBlakemoreet al. (1987). The
employed method will extract all Fe and Al assamlatvith each phase regardless of
mineralogy, including (but not limited to) allopfeaminerals, and hydrous oxidé&Z Soils
Portal Landcare Research Ltd (2013)
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Figure 5.1 Adsorption kinetic of A% (top) and A¥ (bottom) for studied soils (each value is

mean of duplicates + SE)
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The rate of AY adsorption onto experimental soils was slower thanfor AY. A rapid rate

of As" adsorption was observed over the first 6 hourevi@d by a constant increase at a
slower rate. After 36 hours, only 72, 61, and 55ceet of added AS was adsorbed by
Korokoro silt loam, Tokomaru silt loam and Ranggiikilt loam soil respectively.

An initial rapid adsorption of Asand AS' followed by a decrease in adsorption rate with
time has been well documented (Barrachghal., 1996; Elkhatibet al., 1984b; Linet al.,
2002). Pierce and Moore (1982) suggested thatid easorption of As could be because of
electrostatic processes which transition to slosogation through specific adsorption or the
formation of chemical bonds between As speciestl@@dsorbent surface. Zhang and Selim
(2005) suggested that a diphasic kinetics of Asomud®n in soils may be due to (i)
heterogeneity of adsorption sites, (ii) slow préaijpon at the mineral surface, and (iii) slow
diffusion to less accessible sites within the saditrix. Slow adsorption of As on adsorbent
surfaces may continue for days to months (O'Reilbl., 2001; Zhang & Selim, 2005).

Since the soils showed evidence for slow but coafimdsorption in 36 hours, the reaction
time was extended to 48 hours for subsequent atilsoipotherm studies.

5.3.3 Arsenate and arsenite adsorption: Langmuir ath Freundlich Isotherms

Langmuir and Freundlich isotherm plots for the feails at both As species, are displayed in
Figure 5.2 and 5.3. The corresponding model-derpee@ameters are presented in Table 5.2.
All soils showed a good fit (R> 0.88) to the Langmuir model when Aer A" was added,
with the exception of Korokoro silt loam soil forsA (R* = 0.137). Arsenic adsorption
maximum (b) was higher for Kshan A$' in the soils, with the exception of Korokoro silt
loam soil. A greater adsorption affinity of Ashan Ad' has been reported previously and
attributed to greater electrostatic interactionsveen the soil surface and the anionic’ As
species relative to the neutral"Aspecies (Manning & Goldberg, 1997b; Naidwl., 2009;
Smithet al., 1999).
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Figure 5.2 Langmuir isotherm plots for the adsorption of Aeaps onto experimental soils (15 data points usedch graph)
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Figure 5.3Freundlich isotherm plots for the adsorption ofspgcies onto experimental soils (15 data pointd irseach graph)
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Table 5.2Langmuir and Freundlich isotherm parameters foadsorption onto experimental soils

A _ Langmuir isotherm parameters Freundlich isotherm paameters
Soil type S Species
added
R? b (ug g% K (mL pg™) R? n (unitless) K (mL g™
Rangitikei soil AsY 0.968 38.91 64.25 0.994 0.814 7.748
(Control)
As'" 0.927 33.67 1.52 0.995 0.869 4.320
Rangitikei soil As' 0.919 40.49 20.58 0.996 0.823 6.838
(Amended)
As'" 0.965 23.70 7.96 0.982 0.730 5.793
As’ 0.880 50.00 6.06 0.999 0.861 5.934
Korokoro soil
As'" 0.137 94.34 1.45 0.964 0.940 5.068
) | As’ 0.888 48.31 5.18 0.989 0.891 5.676
Tokomaru soi
As'" 0.908 19.27 8.11 0.983 0.682 5771

b: Langmuir adsorption maxima; K: Langmuir bondergergy coefficient; n: Freundlich adsorption noadrity factor; K Freundlich partition

coefficient
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There was a significant decrease irl'Asdsorption when the pH of the Rangitikei silt loam
soil was raised to 7.5 (33.67 pd épr the control and 23.70 pg dor amended soil). In
contrast, there was a slight increase it Adsorption when the pH was raised to 7.5 (38.91
1g g for control and 40.49 uggfor amended soil). These findings are in conttaghe
results of Smittet al. (1999) who reported an increase in"Asdsorption with increasing pH
of experimental soils. However, many researchers hdve studied the adsorption of'Asn
mineral compounds (amorphous Fe and Al hydroxidenatite, alumina, clay minerals)
found a maximum adsorption of Asat pH 7.0 to 9.5 followed by a decrease in adsmmpt
with any further increase in pH (Manning & Goldbet§97a; Pierce & Moore, 1980; Singh
et al., 1988; Xuet al., 1991). According to Xet al. (1991) adsorption of A5onto adsorbent
surfaces may decrease under alkaline conditiorh@samount of negative surface charge
increases as a function of pH. This proposition may however, be valid for our results,
since an increase in negative surface chargesdlatad decrease Aga negatively charged

species) adsorption which is not evident in theentrstudy.

There appear to be three possible explanationshtoiobserved results (i) the presence of
preferential adsorption sites for Asn the Rangitikei soil which may have decreased in
abundance with an increase in soil pH, (ii) an atith of As" to As’ as a function of pH
which promoted As mobility, and (iii) formation amelwer stability of A&'-oxides with an
increase in soil pH value. The preferential adsormpof As" onto mineral compounds, and
the oxidation of A% to As’ in soil solution and on mineral surfaces undealitie pH has
been reported (Manning & Goldberg, 1997a, b; Suéner, 1996). Sadigt al. (1983)
reported that oxides of Alsare less stable at pH 7.0 and above.

Langmuir bonding energy coefficient (K) values radgrom 1.45 to 64.25 mL iy with
higher values for Asthan A4' in most soils. The Tokomaru silt loam soil waseaseption
where the K value was higher for 'Ashan AY. The K values for ASin Rangitikei soil
(control and amended) were higher than all oth#s.so

Adsorption of As (A¥ or As'") for each of the soils was better described byRteindlich
adsorption model (R> 0.96) than the Langmuir model. A better fit to tReeundlich
isotherm model indicates that the bonding energgdsiorbing sites in each of these soils is

heterogeneous in nature (Campbell & Davies, 198&uRzelliet al., 1985).
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Values of n were less than 1 in all soils (0.68D@40), with no consistent pattern among
soils and As species. An n value less than onerithes non-linear (concentration
dependent) adsorption behavior of’Amd Ad' over the range of concentrations in each soil.
Values of n less than one have been widely repddaeddsorption studies investigating the
relationship between As and soil medium (Mannings&dberg, 1997b; Naret al., 2010;
Zhang & Selim, 2005).

Freundlich partition coefficient (K values ranged from 4.320 to 7.748 mt ig the soils.
The K values were higher for Xgelative to A& in most soils. These;Kalues are less than
most previous studies (Table 5.3) and indicate tath of the As will be bioavailable and
leachable in selected New Zealand soils. Howevsl, will be more mobile in selected soils
than A because of lower f¢alues.

5.3.4 Soil properties affecting arsenic adsorptioparameters

Arsenate (A%) adsorption maximum (b) had a significant positigkationship with Olsen P,
sulphate, amorphous Fe and Al, crystalline Al antdltC content of each soil (r = 0.616 to
0.964; Table 5.4). There was a significant negatglationship of b with pH and crystalline
Fe content (r = -0.755 to -0.828). A significansjtive relationship of AS adsorption with

Al and Fe oxides, and soil C content has been pusly described (Livesey & Huang, 1981;
Sahuet al., 2011; Zhang & Selim, 2005). A significant positivelationship of AS
adsorption with Olsen P is in contrast to many issievhere phosphate significantly reduced
As’ retention in soils (Livesey & Huang, 1981; Manélal., 1989; Manning & Goldberg,
1996). There is some evidence that certain binditgg are uniquely available for adsorption
of either phosphate or arsenate (Eiwal., 2001; Manning & Goldberg, 1996). The presence
of specific adsorption sites for phosphate in expental soils may be responsible for this
positive relationship between these anions. A regatlationship of A% adsorption in
experimental soils as a function of soil pH is dstent with many studies (Manfat al.,
1989; Smithet al., 1999; Xuet al., 1991). However, among all the reported solil proge a
stepwise regression analysis determines that arnospAl and total C (R= 99.6%) are the

main soil properties affecting Afdsorption maximum.
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Table 5.3 Selected studies detialing Langmuir and Freundkchtherm parameters for As adsorption, and saperties influencing these

parameters
Soil Langmuir isotherm Freundlich isotherm Sall
A - parameters parameters properties
S species li Ref
added cgntro t|.ng eferences
. 1 , -1 adsorption
Collected from pH range b (ug §) K(mLpug™) | n(unitless) | K(mLg) parameters
v 38.91 to 0.814 to 5.676 to

Palmerston North As 50.00 5.181064.25 0.891 7.748 Amorphous
New Zealand 5.3t06.1 Al, total C, Current study

Agl! 23.70 to 14510 8.11 0.682 to 4.320to | and Olsen P

94.34 ' ' 0.940 5.793
Guava orchard, rganic C, | Sahuet al.
West Bengal India 75t07.9 A$ 1.6 t0 8.6 0.69 to 15 1.2t0 2.7 0.89t0 6 flay & AlOs | (2011)
Agricultural soils,
500 m from mine | 5.9 to 6.8 AY ND ND 0.56100.77| 211to1150" €& A Namet al.
oxides, pH (2010)
mouth Korea
Louisiana and
: 0.106 to 0.087 to Fe and Al Zhang and

LNEVX Hampshire, | 5.8t06.1 A¢ 64.6 to 742.0 0.830 0.368 36.2to 217 oxides? Selim (2005)
West Virginia | 0.339to Fe oxide and | Elkhatibet al.
USA 41t07.0 A8 ND ND 0.958 19.2 to 102.Q oH (1984a)
Saskatchewan Al and Fe*, | Livesey and
Canada 59t07.5 A$ 248 to 335 ND ND ND and clay % | Huang (1981)

ND * not determined by researchér€jtrate-bicarbonate-dithionite extractédmmonium oxalate-extractable
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Table 5.4Regression equation and Pearson’s correlationicueeft (r) between soil properties and Langmuirtidlich equation parameters

Soil properties

Langmuir parameter (b)

Freundlich parameter (Ky)

ASV ASIII ASV ASIII
pH (H,0) -0.755 ** -0.921 *** 0.566 * -0.209°
Olsen P 0.616 * -0.39% -0.794 **x 0.961 ***
SOy 0.773 ** -0.079" -0.875 *** 0.914 **+
Amorphous Fe 0.633 * 0.967 *** -0.418 0.037\°
Crystalline Fe -0.828 **x 0.09%° 0.938 **x -0.982 **x
Amorphous Al 0.813 *** 0.888 *** -0.640 * 0.29%°
Crystalline Al 0.643 * 0.961 *** -0.431%° 0.052\°
Clay -0.236"% 0.745 ** 0.474*° -0.778 **
Total C 0.964 *** 0.684 ** -0.864 ** 0.600 *

Regression equation

As”

ASIII

b = 40.0 - 24.6 Amorphous Al + 3.69 Total C*(R99.6%)

K¢ =5.55+0.274 pH - 0.0275 Olsen P + 4.60 Amorghalt 0.784 Crystalline Fe - 0.619 Crystalline-Al

0.413 Total C (R= 99.9%)

b =12.2-1.17 Olsen P - 33.3 Amorphous Fe + 16ihous Al + 1.20 Clay + 5.09 Total C(R 99.9%)

K; = 4.39 + 0.0245 Olsen P - 3.70 Amorphous Al + 0.34tal C (R = 99.5%)

* Significant atP < 0.05; ** Significant aP < 0.001; *** Significant atP < 0.0001;"> Not significant P > 0.05)
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There was a significant positive relationship of'Amaximum with amorphous Fe and Al,
crystalline Al, clay and total C. A significant regtye relationship was found between soil
pH and A&' adsorption maximum. An increase in"Aadsorption in the presence of Fe and
Al oxides and clay minerals is well documented (Miag & Goldberg, 1997a, b; Pierce &
Moore, 1980). According to stepwise regression ymig| As' adsorption maximum can be
modeled by Olsen P, amorphous Fe and Al, clay aadl € (R = 99.9%).

The Freundlich partition coefficient (Kfor As’ had a significant positive relationship with
soil pH and crystalline Fe, while a significant agge relationship with Olsen P, sulphate,
amorphous Al, and total C. The for As’ can be predicted by soil pH, Olsen P, amorphous
Al, crystalline Fe and Al, and total C {R= 99.9%). In contrast, the;Kfor As" was
positively related with Olsen P, sulphate and tQtathilst negatively related with crystalline
Fe and clay content of selected soils. Thes#ues for A8 can be modelled by regression
equation using Olsen P, amorphous Al and total T=(B9.5%).

In summary, there is a significant relationship Sjiee or negative) between the soil
properties amorphous Al, total C, and Olsen P, laavymuir-Freundlich parameters for ‘As
and Ad'. Moreover, according to stepwise regression aislyfsese soil properties were the
main variables controlling the As adsorption bebawaf selected New Zealand soils. This is
a significant finding and indicates that managihgse soil properties can be helpful to
mitigate As risk in selected soils. The findings tbfs research are in accordance with
previous studies where oxide/hydroxides minerads; content, organic C, and pH have been
the main soil properties affecting adsorption pagars (Table 5.3). The effect of phosphate
on As adsorption is also well documented (Livesepdang, 1981; Smithkt al., 2002).

5.4 CONCLUSIONS

Arsenate and arsenite adsorption kinetic vary amselgcted New Zealand soils. The
adsorption kinetic was biphasic where major frattod As was adsorbed within a few hours
(3-6 hours) followed by a continual slow increaseadsorption reaction. The Freundlich
isotherm better modeled the adsorption behavigetd#cted soils than the Langmuir isotherm
model, based on higher coefficient of determinatiatues (R > 0.96). The soils showed a

greater affinity for A$ than Ad' as defined by high adsorption maxima, bonding@neand
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As patrtition coefficient values. Overall, it appgdhat the adsorption capacity of selected
New Zealand soils for As is limited and much of #e (As" greater than A9 will be

bioavailable and leachable. Adsorption behaviathefsoils can be predicted by defined soil
properties, however, mainly by amorphous Al, t@ahnd Olsen P contents. These findings

are useful and indicate that As risk can be managdte defined soil properties.
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CHAPTER 6

RESPONSE OF SPINACH TO ARSENIC CONTAMINATED WATER I N SOILS
AMENDED WITH BIOCHAR AND CATTLE MANURE !

6.1INTRODUCTION

Chapter 4 shows that flood irrigation of spina@pifacia oleraceacv. Perpetual) with
irrigation water containing an As concentrationagee than 50 pg t resulted in an As
concentration in spinach leaves that exceededrtheat limit for As in food and therefore
presents a human health risk. However, the As epthk vegetables is a complex
phenomenon and is affected by many As-plant-sotbfa. The research described in Chapter
6 was designed to further explore the factors whiah promote As concentration into

spinach.

Factors affecting As concentration in plants

There are a number of factors that play a significale in the process of As accumulation
by crop species. These factors include the As cureton and speciation in irrigation water
or growth media, soil pH, redox conditions, and aniendments (for example organic matter
amendment and biochar). Although the influenceamheof these factors on As accumulation

in plants is described in Chapter 2, the key paanésreviewed here.

The As concentration in vegetables increases agdion of the As concentration in soil or
solution culture (Burlcet al, 1999; Pavliket al, 2010). The effect of As species is variable
among vegetable species and therefore a generall toodescribe the behaviour of plants to
organic or inorganic species cannot be reliablydiesd. Soil pH has a significant effect on
As mobility; however, there are few studies thakestigate the effect of pH on As uptake by
plants (Anhet al, 2013; Tu & Ma, 2003). The effect of soil orgamatter and biochar on As

! Components of this chapter have been publish&l 8 Bhatti, C. W. N. Anderson, R. B. Stewart ahdH.
Robinson (2013). Does Arsenic-lrrigated SpinachePasRisk to Human Health? In: Abstracts (No. 0220-
000137) of the 12th International Conference onBlegeochemistry of Trace Elements (ICOBTE), Jufie 1
20, 2013, Athens Georgia USA.
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bioavailability is limited and inconsistent, witegorts of both an increase and decrease of the
As concentration in plants (Beeslelyal, 2013; Cacet al, 2003; Daset al, 2008).

Chapter 6 describes a greenhouse experiment tisatovalucted to better understand the As
uptake behaviour of spinach in a complex soil emnnent. The experimental conditions
investigated in this work include a range of’As As" concentrations in irrigation water (up
to 1000 pg ). Both As’ and AS' were included in this experiment because botthes$e
inorganic As species are found in irrigation wdiaig & Kazi, 2012; Norraet al, 2005). A
soil pH of 7.5 was included in the experiment tpresent the soil pH of South Asian
countries, which is generally in the range of @(0/19 (Baig & Kazi, 2012; Bhattachargh
al., 2010a; Panaullaét al, 2009). Chapter 5 shows that As mobility in s@hde managed
by total C content of soil. Therefore, the soil waamended with two forms of carbon. In
South Asia, the addition of organic matter (farnmrdyananure or poultry manure) to
agricultural soils is a common agronomic practiBecently, application of biochar to
agricultural soil in South Asia has also been reggb(Kumaret al, 2013; Mankasinglet al,
2011). These two amendments were therefore incladetteatments in the experimental

design to quantify their effect on As uptake bynsigh.

Chapter 6 focuses on spinach as this is the catptiesents the highest risk to human health,
as described in Chapter 4. Detailed consideratfiospmach revealed that most As-spinach
studies are monitoring field surveys, where theceotration in spinach ranged from 0.085 to
1.48 pg @ dry weight (Arainet al, 2009; Baig & Kazi, 2012; Tiwat al, 2011) or 0.121

to 0.604 pg g wet weight (Munozet al, 2002). In contrast, there are limited data where
spinach is grown in contaminated soils. In suchsadies, the reported As concentration in
spinach ranged from < 0.08 to 6.74 i§ dry weight (Pavliket al, 2010; Rahmaret al,
2004; Warrenret al, 2003). With the exception of the work presentedChapter 4, no As
irrigation studies appear to have been conducteeravipinach is tested for its As uptake

potential from contaminated water under controtledditions.

The objectives of this study were to (i) identifyhieh of the experimental factors
(concentration, species, pH and amendments) prod®teoncentration in spinach tissues,
and (ii) to calculate the effect of these paransetsr risk to humans that is associated with
the ingestion of As-enriched spinach leaves.

Page | 121



6.2MATERIALS AND METHODS

Spinach §pinacia oleraceagv. Perpetual) was grown in pots under controll@adttions and
exposed to four concentrations (50, 200, 500 ar@D 10y L) of As’ or Ad" in irrigation
water, two soil pH levels (6.1 and 7.5), and twid amendments (biochar and cattle manure).
Control treatments with no As in irrigation waterdano amendment were also included. The
response of spinach to these factors was investigatder flood irrigation. The experiment
was conducted in a glasshouse at the Plant Growthdf Massey University Palmerston
North, New Zealand in two phases because of inteksmur and logistical requirements. In
the first phase, a no soil amendment (control/umetee soil) experiment (include
concentration, species and pH factors only) waslgcted during March to May 2012. In the
second phase, an experiment was conducted withdditicea of biochar or cattle manure
amendments during September to November 2012. &helts of both experiments are
comparable because (i) the glasshouse temperaasenaintained at 12 + % minimum
(night) and 22 + 2C maximum (day), (i) the atmospheric temperatues wimilar in both
experiments (temperature range férekperiment was 18.1 + 3% to 8.2 + 4.7°C whilst

for 2" experiment the range was 16.3 + 23to 7.4 + 3.6°C; http://cliflo.niwa.co.n} and

(i) the amount of water applied to each pot (merage) among trials was in acceptable
range of < 10% variation (control trial: 1.28 + D.litre; biochar trial: 1.37 £ 0.01 litre; cattle
manure trial: 1.39 = 0.01 litre; Appendix V). Theperiments were laid in a complete
randomized design with five replications per treztin

6.2.1 Pot preparation and soil amendments

Flood irrigation was achieved using the model syster plastic pots (16.5 x 16.5 x 19 cm),
defined for the first glasshouse experiment (ChraghteBriefly, the pots were drilled at one
side (2 cm from the base) and inserted with sikcand PVC materials to hold and drain
water. A basal layer (500 grams) of gravel (> 2 mva} placed in each pot to facilitate water

drainage and aeration.

The Rangitikei silt loam soil (used in glasshougpegiment 1, Chapter 4 and laboratory
batch experiment, Chapter 5) was again used inexgeriment. This soil is acidic in its

natural state (pH 6.1). To achieve the target gsll level of 7.5, calcium hydroxide
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(analytical grade) was added to Rangitikei siltnioaoil and allowed to equilibrate for 14

days.

Biochar was obtained from the New Zealand Biochasdarch Centre (NZBRC). The
biochar was produced from pine wood chips, heat@%@ to 450C for 4 hours using a 25 L
gas-fired rotating drum Kiln Bioenergy PyrolysisitUihe biochar was ground using a food
processor and then sieved to 2 mm prior to incafpmn into soil. Cattle manure was
collected from No. 4 dairy farm Massey Universigiferston North. The cattle manure was
sun dried for one month, chopped by a chipper @&arden Shredder) and sieved through a
5 mm garden sieve. These carbon amendments werelath® soil at a rate of 5 g kgoil
(equivalent to 10 tons Ha The calculated amount of these amendments vwasughly
mixed by hand and added to each treatment po{4dg air dried soil) to keep uniformity
among pots. The pots were irrigated with distileater (to 50% field capacity of soil) and
fertilized with NPK fertiliser at recommended raf®80-22.5-67.5 mg NPK kb soil), as
executed in glasshouse experiment 1. Three seaéssewn in each pot, which were thinned
to one healthy plant after germination (10 daysragowing).

6.2.2 lIrrigation

Arsenate or arsenite enriched waters were prepaimed sodium arsenate heptahydrate
(NaHAsO,. 7H,0) and sodium (meta) arsenite (NaAyQ@alts respectively prior to each
irrigation event. A control treatment (distilled t®g was also included in the experiment.
The irrigation was initiated after spinach germioat (10 days after sowing). At each
irrigation event, pots were weighed and adjustetili@% Fc with treatment water. The pots
were maintained at flooded condition for two daygined on the third day, and left to dry
for seven days before the next irrigation. A cortelerigation cycle was therefore 10 days.
This irrigation frequency is different from the ker glasshouse experiment (Chapter 4)
where the plants were irrigated every fortnightisTimcrease in irrigation frequency was
made since spinach is a short duration crop (2 nsyrand watering every fortnight would
only include four irrigations. We assume that sosneface absorption of As would have
happened through spinach basal leaves which wemmeised in standing water

(approximately 2-3 cm head) after each irrigativard.
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6.2.3 Plant harvest and analysis

Spinach leaves and roots were harvested at mat(défined as the point of human
consumption). These plant parts were washed withing tap water to remove soil particles,
followed by washing with distilled water and deiped water, then surface dried using paper
towels and stored in paper bags. Spinach leavescans were oven dried at 7G for four
days and weighed for dry biomass. The dried plasués were homogenized to a powder
using a Cyclotec herbage mill (Model 1093, Salm8nath Biolab Ltd.).

Subsamples of spinach leaves and roots were awlab@sording to protocol described in
Chapter 3. A standard reference material (1573aafo leaves, NIST) and sample blanks
were included in the analytical procedure. The danipanks were found to have an As
concentration below the detection limit of 0.145 pg in HGAAS. The analyzed As
concentration of the SRM (0.111 + 0.002 i g = 29) was in good agreement with the
certified reference value (0.112 + 0.004 [1%.g

6.2.4 Soil analysis

After spinach harvest, the soil from each treatnmitwas sampled using a vertical corer
(1.76 x 11.25 cm) to determine the extent of Asuaudation in soil as a function of
irrigation. Soil analysis for total As was achievadcording to the protocol described in
Chapter 3.

A standard reference material (CRM-GBW 07403, NwticdResearch Center for CRMs of
China, Beijing), was used in parallel with the exxmental soil samples. The analyzed As
concentration of the standard reference materidl #0.1 pg g n = 18) was within the

reported range of the certified reference valué #0.6 pg ).

6.2.5Biochar and cattle manure analysis

Biochar samples were finely ground to < 500 um mtaolaboratory analysis. The pH was
determined in water at a 1:20 ratio of biochariodized water after 1.5 hours shaking (IBI,

2012; Rajkovichet al, 2012). Total C and N were measured by Leco aealfZruSpec
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CHNS, LECO Corp. St. Joseph, MI). Ash content wateidnined by thermal analysis using
thermogravimetry analyzer (SDT Q 600, TA InstrunseMelbourne, Australia) (Pereiet
al., 2011). Total As was determined by nitric/hydrachd acid digestion using ICP-MS.

The pH of cattle manure samples (5 mm sized) weséed in water at a 1:10 ratio (cattle
manure: deionized water) using a digital pH mdter. total C and N analysis, cattle manure
samples were homogenized to powder by Cyclotecagerbmill (Model 1093, Salmond

Smith Biolab Ltd.) and analyzed using an Elemef¥@rio Macro Cube, Analysensysteme

GmbH, Germany).

The properties of biochar and cattle manure areegmted in Table 6.1. The pH of biochar
and cattle manure was slightly alkaline (7.4 andl réspectively). Total C was higher in
biochar (851 g Kg) than cattle manure (364 g'Kg The trend was inverse for total N which
was higher in cattle manure (24 g% gompared to biochar (14 g Kg The biochar had a

four times higher C:N ratio than cattle manure; €8l ratio was 61 and 16 for biochar and

cattle manure respectively.

Table 6.1Properties of biochar and cattle manure used iexperiment

Properties Biochar Cattle manure
pH (H;0) 7.4 7.6
Total C (g kg') 851 364
Total N (g kg') 14 24

C/N 61 16

Ash content (%) 2.9 ND
Total As (mg kg dry weight) <2 ND

ND Not determined
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6.2.6 Statistical analysis

The As concentration in spinach tissues (leaves@nid) and soil (after spinach harvest) was
statistically analysed against four experimentattdes (General linear model, 4 way
ANOVA) and interpreted to generate an overall pietaf As behaviour in a complex soill
environment. Secondly, the As concentration in agmntissues and soil was assessed as a
function of the two factors (General linear mod2lway ANOVA) in order to provide
mechanistic understanding of the process of Askeptsy spinach plants. These statistical
analyses were conducted using Minitab 16.1 softwdiee Tukey's test was used to

determine significant differences among treatmesams using a probability value of 0.05.

All the graphs were prepared using Grapher 9.6 d&vlSoftware Inc. Colorado) and
Microsoft Excel 2010.

6.2.7 Human health risk assessment

An assessment of the risk to humans that mightdsecated with the ingestion of As-
enriched spinach leaves was calculated as desgpiteetbusly in Chapter 2 and Chapter 4.
Briefly, the As concentration in spinach leaves weasexpressed on a fresh weight and
compared with the Chinese food safety standardnfanganic As in vegetables (GB 2762-
2005) which is 0.05 pg ffresh weight (Heikens, 2006). The analysis of ptéé risk
associated with this food standard may, howevemJely conservative. A new proposed
standard value of 0.5 pg'gfresh weight for total As in vegetables is curkgninder
development (Bugang & Woolsey, 2010). These autlstate thatOn August 12, 2010,
China's Ministry of Health, under the guidance lo¢ tChinese Centre for Disease Control
Nutrition and Food Safety (CCDCNFS), notified therM/ Trade Organization (WTO) that it
is replacing GB 2762-2005, the National Standandtfie Maximum Levels of Contaminants
in Foods, with a new standard to address the maximavels of many contaminants
(including arsenic). This standard, which is yeth&® given a numerical identification, will
replace the previous standard, GB 2762-208mce this new standard is still in a phase of
approval and implementation, the previous food daash value of 0.05 pggfresh weight
was again used for risk calculations in this studlgspite the possibly conservative nature of

using a 0.05 pgfstandard value, the purpose of using this standate was a first level
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screening tool to identify cases which requireHartinvestigation. In this sense the actual

value used is relatively unimportant.

An arsenic concentration in leaves above thiscaiitvalue (0.05 pg 4fresh weight) was
considered potentially risky to consumers, and fuather quantified using a series of more

accurate risk assessment models.

The first model used was based on the USEPA defiagdrd quotient (HQ) and cancer risk
(CR) equations (USEPA, 1997, 1998).

HQ = EDI/ RfD Equation 6.1, and

CR = EDI x CSF Equation 6.2

A detailed description of these equations is prestim Chapter 2, Section 2.5.4. In brief, an
HQ value greater than 1 defines an unacceptableaminogenic risk to humans while a CR

value greater than 1 in 10,000 propose an unadaeptancer risk in humans.

The USEPA defined parameters (HQ and CR) merelgribesthe risk to an individual from

consumption of As-enriched foods and whether tis& s acceptable or not. This risk
assessment model does not describe the possibkh leffects which may develop in an
individual as a consequence of As exposure. Arsexijgosure can lead to numerous
cancerous and non-cancerous effects to human® ther level above zero concentration
which does not present some risk to humans. Uratedstg As-induced health effects is
essential in formulating a strategy for immediasponse to As poisoning and the mitigation

of its effects on human health.

Health effects to an individual from exposure toimas levels of As can be explored by
calculating the As intake per day (mg As’kgody weight) from the source of exposure
(generally either drinking water or food). These iAtake values can be compared with
proposed ATSDR (Agency for Toxic Substances andce&¥s Registry) intake values to
explore the type of poisoning (acute or chronicyl dhe potential health effects that an
individual may experience through As exposure (ARSD2007; Ministry for the
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Environment, 2011). The ATSDR has proposed As mtalalues based on clinical
observations of people affected from ingestion sfcdntaminated drinking water and foods
(ATSDR, 2007).

The As intake values (mg As kdpody weight day) from food source (spinach in this study)
may also be compared with As intakes from drinkiveger, as proposed by Piper and Kim
(2006). The type of As poisoning (acute and chrpard effects that can be expected as a
function of a range of As concentrations in drimkiwater has been described by these
authors. The As drinking water data was used fongarison in the current risk assessment
as the observed toxicological effects of As priflyarcome from epidemiological
investigations of humans exposed to As in drinkivager (Ministry for the Environment,
2011). A further advantage of these comparisonsirfteke from food versus As intake from

drinking water) is the opportunity to estimate &kseconcentration in drinking water.

To calculate the As intake (mg kdpody weight day) from spinach leaves and compare
these values with proposed ATSDR and drinking wistikke values the following equation

was used:

Daily As Intake (mg kg body weight) = As concentration in spinach leaireg kg') x mass
of spinach eaten per day (kg) / body weight (kgamindividual Equation 6.3

In summary, the risk that might be associated withingestion of As-contaminated spinach
leaves is explored in this chapter through consiitam of the Chinese food safety standard,
the USEPA risk assessment model, and the ATSDRJenking water oral reference intake

values.

6.3 RESULTS

6.3.1 Overall Picture

The overall picture refers to the scenario whelgfalir) experimental factors are statistical
analysed together to understand the As uptake mespof spinach in a complex soll

environment.
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6.3.1.1 Arsenic concentration in spinach tissues@ves and roots)

The response of spinach leaves and roots to theriexgntal factors is presented in Table 6.2
and 6.3 respectively. The As concentration in sgirlaaves and roots increased significantly

as a function of the As concentration in the iriiga water P < 0.05).

The effect of pH on As concentration was significiam spinach roots onlyR(< 0.05) where
the plants grown at pH 6.1 had significantly higlar concentration in their roots than the

plants grown at pH 7.5.

The effect of As species was significant for thecAdscentration in spinach leaves and roots
(P < 0.05), although the trend was variable betwdantgissues. The plants irrigated with
As" had a significantly higher concentration of Astlieir leaves but a significantly lower

concentration of As in their roots when compareth®oplants irrigated with Asspecies.

The effect of soil amendments was significant far As concentration in leaves and roéts (
< 0.05). The plants grown in biochar and cattle mmaramended soil had a significantly
higher As concentration in their leaves than thedach were grown in the control
(unamended) soil. For roots, the trend was sligtfferent and there was a significantly
higher concentration of As for plants grown in lsathanure amended soils than the plants of

other amendments (biochar and control).

6.3.1.2 Arsenic concentration in soil after spinacharvest

The As concentration in soil at the end of the expent was significantly affected by the As
concentration in the irrigation wateP < 0.05, Table 6.4). The soil As concentration was
significantly increased where the concentratiomsfin the irrigation water was 200 pg‘L
or greater relative to the control and 50 i There was no significant effect of soil pH on
As retention in soil® > 0.05). The effect of As species was significahk(0.05). The As
concentration in soil at the end of the experimeas greater where the Asspecies was
applied relative to ASspecies. The soil amendments also had a signifeféect on the soil
As concentration at the end of the experiméht(0.05). The soil As concentration was
reduced where soil was amended with carbon amertdmelative to the control. The trend
of As retention was control > biochar > cattle manamended soil (all significantly different
from each other & < 0.05).
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Table 6.2Total As concentration (Lg'gdry weight) in spinach leaves as influenced byAkeoncentrations and species in irrigation water,
soil pH and amendments (Data are means inSES)

ASV ASIII
As in
water pH 6.1 pH 7.5 pH 6.1 pH 7.5
-1
(Mg L) control | biochar cattle control | biochar cattle control | biochar cattle control | biochar cattle
manure manure manure manure
0 0.08 0.07 0.10 0.04 0.06 0.07 0.08 0.07 0.10 0.04 0.06 0.07
+0.01 | £+0.004 | £+0.02 | £+0.005| +0.005| £0.01 | £+0.01 | £0.004 | +0.02 | +0.005| £0.005| +0.01
50 0.14 0.13 0.18 0.09 0.20 0.32 0.13 0.22 0.19 0.06 0.16 0.13
+0.04 +0.01 +0.02 | +0.02 | £0.02 | £0.07 | +0.03 | £0.06 | £0.02 | +0.01 | £0.02 | +£0.01
200 0.29 0.33 0.38 0.26 0.63 0.58 0.28 0.48 0.47 0.27 0.53 0.55
+0.04 +0.04 +0.05 | +0.06 | £0.05 | £0.07 | +0.04 | £0.06 | £0.08 | +0.04 | £0.03 | +£0.13
500 0.59 1.65 0.84 0.50 1.42 1.22 0.41 1.21 2.12 0.41 1.25 2.46
+0.10 +0.28 +0.16 | +0.17 | £+0.30 | £+0.15 | +004 | £0.18 | £+0.23 | +0.02 | £+0.11 | +0.27
1000 0.67 2.52 1.45 0.64 2.07 2.77 1.02 2.53 2.10 1.20 3.25 3.22
+0.14 +0.67 +021 | +020 | £0.14 | £+023 | 019 | £0.27 | £0.13 | +0.24 | £+0.80 | +0.27
Analysis of Variance (ANOVA)
Source of Pvalue'  Tukey’s Studentized Range Test
variation
Concentration < 0.0005 Concentration pH Species Amendment
pH 0.309 1000 1.95™ 7.5 0.82 As" 0.84%  cattle manure  0.97
Species 0.042 500 1.87 6.1 0.70" As’ 0.68° biochar 0.94
Amendment < 0.0005 200 0.42 control 0.36
Conc*pH? < 0.0005 50 0.18
Conc*Species 0.006 0 0.67
Conc*Amendment < 0.0005
pH*Amendment < 0.0005

T P value significant at < 0.08.Interaction is only shown for the factors whérealue is< 0.05."" Treatment means obtained from ANOVA:
values followed by different letters within the sasource of variation are significantly differeRt< 0.05).
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Table 6.3Total As concentration (Lg'gdry weight) in spinach roots as influenced byAlseconcentrations and species in irrigation watei,
pH and amendments (Data are means HSED)

ASV ASIII
Asin
water pH 6.1 pH 7.5 pH 6.1 pH 7.5
-1
(Mg L) control | biochar cattle control | biochar cattle control | biochar cattle control | biochar cattle
manure manure manure manure
0 0.79 0.96 1.16 0.49 0.59 0.62 0.79 0.96 1.16 0.49 0.59 0.62
+0.07 | £022 | £0.12 | +0.04 | +0.07 | +£0.11 | £0.07 | £0.22 | £0.12 | +0.04 | +£0.07 | +0.11
50 0.92 1.43 1.39 0.55 0.92 1.33 1.23 1.34 1.93 0.90 0.79 0.71
+0.12 | £022 | £0.05 | +0.03 | +0.09 | +0.18 | £0.12 | £+0.17 | £0.23 | +£0.09 | +0.12 | +0.13
200 2.39 1.93 2.15 1.43 0.93 1.21 1.61 1.70 2.30 1.28 1.01 1.11
+033 | £+033 | £+025 | +0.04 | +0.08 | +0.12 | £0.21 | £+031 | £041 | +0.04 | +0.12 | +0.25
500 2.52 2.74 5.57 2.71 1.92 3.70 2.36 2.92 2.92 1.37 1.10 1.87
+034 | £+028 | £+052 | +034 | +0.21 | +0.35 | £0.16 | £+032 | £+037 | +0.13 | +0.14 | +0.40
1000 5.59 4.60 6.27 3.55 2.77 2.78 3.25 5.27 5.68 2.59 1.83 2.90
+098 | £+0.77 | £081 | +0.05 | +0.15 | +0.37 | £0.77 | £135 | £091 | +0.10 | +0.38 | +0.61
Analysis of Variance (ANOVA)
Sogrc_e of P value' Tukey’s Studentized Range Test
variation
Concentration < 0.0005 Concentration pH Species Amendment
pH < 0.0005 1000 3.9 6.1 2.53" As’ 2.20%  cattle manure  2.37
Species < 0.0005 500 2.84 7.5 1.4% As" 1.82° control 1.88
Amendment < 0.0005 200 1.59 biochar 1.82
Conc*Specie$s < 0.0005 50 1.18
Conc*Amendment 0.011 0 0.77
pH*Amendment 0.004

T P value significant at < 0.08.Interaction is only shown for the factors whérealue is< 0.05."" Treatment means obtained from ANOVA:
values followed by different letters within the sasource of variation are significantly differeRt< 0.05).
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Table 6.4Total As concentration (Lg™yin soil after harvest of spinach as influencedt®/As concentrations and species in irrigatiotewa
soil pH and amendments (Data are means inSES)

ASV ASIII
As in
water pH 6.1 pH 7.5 pH 6.1 pH 7.5
L—l
(oL control | biochar cattle control | biochar cattle control | biochar cattle control | biochar cattle
manure manure manure manure
0 5.11 3.98 3.68 4.99 3.84 3.43 5.11 3.98 3.68 4.99 3.84 3.43
+0.04 | £+0.28 | +0.15 | £0.07 | £+0.03 | +0.05 | £+0.04 | £+0.28 | +0.15 | £0.07 | £0.03 | +0.05
50 5.07 3.92 3.82 4.78 3.49 3.86 5.23 3.81 3.65 4.81 3.92 3.62
+0.05 | +009 | +0.04 | £0.21 | £+0.11 | +0.09 | £0.06 | £+0.06 | +0.06 | £0.04 | £0.10 | +0.07
200 4.77 4.09 3.70 5.17 4.15 3.75 5.31 4.38 3.54 5.18 4.31 3.53
+0.11 | +004 | +0.02 | £0.14 | +0.09 | +0.08 | £0.02 | £+0.12 | +0.07 | £0.09 | £+0.04 | +0.07
500 5.18 4.04 3.92 5.15 4.50 4.11 5.83 4.47 4.42 5.60 4.62 4.66
+0.13 | +0.10 | +0.04 | £0.12 | +035 | +0.08 | £+0.07 | £+0.14 | +0.12 | £+0.08 | £0.08 | +0.11
1000 6.04 4.83 4.37 5.76 5.08 4.41 6.10 4.70 4.26 6.25 4.43 4.78
+014 | +0.13 | +0.12 | £+021 | +0.21 | +0.19 | £+0.08 | +0.12 | +0.10 | £0.17 | +£0.11 | +0.14
Analysis of Variance (ANOVA)
50‘.’“‘.9 of P value' Tukey’s Studentized Range Test
variation
Concentration < 0.0005 Concentration pH Species Amendment
pH 0.526 1000 5.08"" 6.1 450" As" 4.55" control 5.32*
Species 0.002 500 4.%1 7.5 4.48" As’ 4.43° biochar 4.2%
Amendment < 0.0005 200 4.582 cattle manure ~ 3.93
Conc*pH’ 0.004 50 4.17
Conc*Species < 0.0005 0 4.%6

Conc*Amendment < 0.0005

" P value significant at < 0.08 Interaction is only shown for the factors wherealue is< 0.05." Treatment means obtained from ANOVA;
values followed by different letters within the sasource of variation are significantly differeRt< 0.05).
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6.3.2 Detailed assessment of treatments effect dretAs concentration in spinach tissues

and soil after spinach harvest

The detailed assessment refers to the scenarioewtven experimental factors were
statistically analysed together to provide mechanignderstanding of the process of As

accumulation by spinach.

6.3.2.1 Effect of the As concentrations in irrigabn water and soil amendments for a

particular species-pH combination

In this scenario, the data of As concentrationpimach tissues and soil after spinach harvest
was statistically analysed as a function of thecéiscentration levels in irrigation water and
soil amendments for a particular species-pH contisina This approach was adopted to
determine the effect of individual factors (coneatibn or amendments) and their interaction
(concentration x amendment) on As accumulatiorpinach tissues and soil for a particular

species-pH combination.

Spinach tissues (Ieaves and roots)

The As concentration in spinach leaves was sigmtiy affected by the As concentration in
irrigation water for all soil amendments and spge@él combinationsR < 0.05; Figure 6.1).
Plants irrigated with water containing 500 and 1P@0L" As had a significantly higher As
concentration in their leaves for each species-pkhl@nation relative to the lower As
concentration treatments. The biochar and cattlenunea amendments increased the
concentration of As in spinach leaves comparethégotants with no amendmem € 0.05).
However, the effect of these amendments was depemae As concentration level in the
irrigation water and soil pH level (irrespectiveAds’ or As" species). At pH 6.1, there was a
significantly higher As concentration in spinaclades when grown with 500-1000 pd' L
water in cattle manure and/or biochar amended #wmh the control soil at these
concentration levels. At pH 7.5, there was a sigairit difference in leaves As concentration
for 50 to 1000 pg t treatment water where cattle manure and/or biowlsar applied to the

soil than the control soil at these concentratevels.
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In roots, an increase in the As concentration wase abserved as a function of the As
concentration in irrigation water (Figure 6.2). Rkirrigated with water containirg200 g
As L™ had a significantly higher root As concentratibart the plants irrigated with no As
for all species-pH combinationB € 0.05). The amendment effect was significaninfioist of
the species-pH combination® € 0.05) with the exception of AspH 7.5. For A¥ water at
both pH levels, plants grown in the cattle manureeaded soil had a significantly higher
concentration of As in the roots relative to plagitswn in the control and biochar amended
soil. For the AY-pH 6.1 combination, the plants grown in cattle oranamended soil

concentrated more As only relative to the plant®wb amendment.

Soil after spinach harvest

There was an increase in the As concentration iinasoa function of As concentrations in
irrigation water for all soil amendments (Figure)6.However, the As concentration in
irrigation water that resulted in the highest An@entration in soil was variable for Aand
As". For AS (both AS-pH 6.1 and A%-pH 7.5), there was a significantly higher As
concentration in soil for the 1000 pg*Ltreatment relative to the other irrigation
concentrationsR < 0.05). For AY (As"-pH 6.1 and AY-pH 7.5), both the 500 and 1000 pg
L™ treatments led to a significantly higher As cortcation in soil when compared with other
irrigation concentrations. The effect of the ameedta was significant for As retention in
soil (P < 0.05). For all species-pH combinations, the Agilconcentration was significantly
lower for the carbon amended soil relative to tbetl soil. The soil amended with biochar
generally had a higher concentration of As at tiet & the experiment when compared to the
soil amended with cattle manure. The trend of ammmd effect on As retention was
therefore control > biochar > cattle manure sdllgenendments significantly different from
each other & < 0.05).
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6.3.2.2 Effect of As species and soil pH for a spic soil amendment

In this scenario, the data of As concentrationpimach tissues and soil after spinach harvest
was statistically analysed as a function of As ms@and soil pH for a specific soil
amendment. This approach was adopted to deteriméneftect of individual factors (species
or pH) and their interaction (species x pH) on Asuanulation in spinach tissues and soil for

a specific soil amendment.
Spinach tissues (leaves and roots)

The As concentration in spinach leaves was indegr@nof the As species, soil pH and the
interaction of these factors for each of the smkeadmentgP > 0.05; Figure 6.4). In roots,
the As concentration was independent of As spdoiesach of the soil amendmen® %
0.05, Figure 6.5). However, the effect of pH wapmsicant for all amendments, and led to a
higher As concentration in spinach roots for pH éompared to pH 7.5P(< 0.05). The
interaction of the species with pH was also obskrs@nificant for each of the soil
amendmentsR < 0.05). However, there was variability among 8@l amendments in
determining which species-pH combination could éase the concentration of As in spinach
roots. For the control soil, the combinationVAsH 6.1 led to a significantly higher As
concentration in spinach roots than"AsH 7.5. For the biochar amended soil’ &md A$'
irrigated to plants at soil pH 6.1 resulted in ght@r root As concentration than at pH 7.5. For
the cattle manure amended soil, agaiff Asd Ad' irrigated to plants at pH 6.1 resulted in a
higher root As concentration than at pH 7.5, algiothis result was only significant for As

In summary, for all amendments, the plants irrigatéth As' and/or A¢ water at pH 6.1
had more As in their roots than those irrigatedhwis" at pH 7.5.

Soil after spinach harvest

The individual effect of soil pH or As species hetirrigation water was not significant for
As retention in soils amended with biochar or eatttanure R > 0.05; Figure 6.6). A
significant effect of As species on As retentionrsvedserved in the control soP & 0.05),
where irrigation with A% led to a significant increase in soil As concetitrathan where
irrigation was achieved with Asspecies. There was a significant interactive eféspecies
and pH for the control soil where irrigation witls/Aat pH 6.1 led to a significant increase in

soil As relative to irrigation with Asat pH 7.5.
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6.4 DISCUSSION

There was an increase in the As concentration inasp tissues (leaves and roots) as a
function of the As concentrations in irrigation emirrespective of As speciation, soil pH
and/or soil amendment. Similarly, the As concerdrain soil at the end of the experiment
also increased as a function of the As concentrataf the irrigation water. The high As
concentration in spinach tissues and soil for thigation treatment of 500 and 1000 pg is
proportionate to the increased input of As intodb#-plant system at these treatment levels.
An increase in the As concentration of plant tissag a function of the As concentration of
growth media (soil or hydroponic solution) hasrbegtensively reported for many vegetable
crops including spinach (Burlet al, 1999; Carbonell-Barrachinet al, 1999a; Carbonell-
Barrachinaet al, 1999b; Pavliket al, 2010) and is in agreement with the findings o&ftler

4. Also, an elevated concentration of As in agtimall soils that have been irrigated with As-
contaminated water has been reported (Bhattacheryal, 2010b; Dahalet al, 2008;
Moyanoet al, 2009).

The overall picture described in section 6.3.1 shaokat plants irrigated with Ashad a
significantly higher As concentration in their lesvand significantly lower As concentration
in their roots relative to plants irrigated withAGable 6.2 and 6.3). However, more detailed
consideration of this data (section 6.3.2) infdrattthere was no significant difference
between As species when the individual soil amemdsn&re considered (Figure 6.4 and 6.5).
It is difficult to speculate on the reason for tHiference of results in overall picture (section
6.3.1) and detailed assessment of the experiméausdrs (section 6.3.2). However, a non-
significant effect of As species may be expectedeurthe flood irrigation technique adopted
in this work. Flood irrigation will develop an amabic condition in soil after each irrigation
event which may convert Xsspecies to A% species. Once aerobic conditions develop in
soil as a consequence of drainage’ Ascomes the dominant As species. étal. (2008)
reported that A8 and AY were dominant under flooded and aerobic conditiespectively
regardless of the original speciation of As addeddil (As' or As’). However, the kinetic

for the speciation change is less defined in litesa

In soil, the effect of As species was significant! dhe soil irrigated with A% retained more
As than when the soil was irrigated with"A@able 6.4). However, detailed consideration of
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the data shows that this difference between spa@ssonly observed in the soil without any
amendment (control soil, Figure 6.6). The describaphcity for the soil to retain Asis in
contrast to the findings of the laboratory adsamptudy described in Chapter 5 and to most
adsorption studies that have been conducted (LiBugs, 2000; Smitret al, 1999). The
general observation from these studies is thdtidsdsorbed by soil to a greater degree than
As"'. As a possible explanation for this discrepaneyesal differences between laboratory
adsorption study (Chapter 5) and the current gassh study can be cited which could have
affected A¢ adsorption in soil. Two major differences apparéot this glasshouse
experiment include (i) the addition of phosphateilfeer to soil for optimum plant growth,
and (i) the presence of crop species. Phosphdteampete with A¥ for adsorption sites in
soil and can subsequently increase the mobilityghef species (Livesey & Huang, 1981;
Qafokuet al, 1999; Royet al, 1986). Plants may increase As mobility in soildxgretion of
protons and/or the release of reducing and chelaimpounds which could result in either
dissolution of As-metal oxides/hydroxides and/csatption of adsorbed As (Fitz & Wenzel,
2002; Moreno-Jiméneet al, 2012). It appears that Asmobility is less affected by these
plant exudates. Moreover, Asetention to soil was not affected by soil pH (&rid 7.5).
This phenomenon provides evidence for the speaifaprption of AY into the experimental
soil (Pierce & Moore, 1982; Sadiq, 1997) which appedo be less affected by change in soil

redox conditions.

The As concentration in spinach leaves was unatebly soil pH (Table 6.2; Figure 6.4).
However, in roots, there was a significantly higlsrconcentration in the plants growing at
pH 6.1 relative to those growing at pH 7.5 (Tabl&) 6The reported higher As concentration
in spinach roots at pH 6.1 was apparent for thetrobnbiochar and cattle manure soil
amendments (Figure 6.5). There could be two passdasons for a higher As concentration
in spinach roots at pH 6.1. Firstly, a higher Asi@antration in roots would be expected if
there was higher As availability in soil at this p#¥el. However, the soil retention data does
not support this possibility; there was no sigrifit difference in As retention to soil between
the two soil pH levels (Table 6.4; Figure 6.6). Bese retention is inversely related to
mobility or bioavailability, no difference of reteon between the two pH levels suggests no
difference of As availability in soil. A second piisle factor could be related to the activity
of proton-coupled solute transporters within plakite (2012) suggested that a decrease in
pH can increase the activity of proton-coupled wotuansporters and enhance anion uptake.
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These transporters may have been enhanced atithe @d leading to a relatively higher As

influx into root cells in current study.

The effect of soil amendments on the As conceptmat spinach tissues (leaves and roots)
was significant (Table 6.2 and 6.3; Figure 6.1 &@). The plants grown in biochar and
cattle manure amended soil had a higher As coratéririn spinach tissues relative to the
plants with no amendment. The opposite trend wagreled for the concentration of As in
soil at the end of the experiment (As retentionhere the control treatment had a higher
concentration of As than the biochar and cattleuraamended soil (Table 6.4; Figure 6.3).
These findings indicate that biochar and cattle umamamendments increase As mobility in
soil, and plants consequently accumulate this reohg. This is a significant finding. Soil
amendment with cattle manure is a common agrongméctice in South Asia. Flood
irrigation and As contamination of irrigation watare also common scenarios. Soll
amendment with cattle manure therefore may be asing the risk of As exposure to the
population through increase of As concentratiorfomd crops. A possible reason for this

increase is explored in the next section.

Possible mechanism of arsenic concentration in spinach tissues (Ileaves and roots)

The discussion in the preceding section showsttt&tAs concentration in spinach tissues
(leaves and roots) was primarily influenced by ftseconcentration in irrigation water and
the soil amendments. Cattle manure and biochartiaddio the soil increased the As

concentration in spinach tissues and a possibléamesm for this increase can be proposed.

Once the cattle manure was applied to the expetahsnil, decomposition may have been
initiated by soil microbes because of the chemamhposition of the manure (C:N ratio,
16:1) and the favourable environmental conditiortse favourable conditions that could be
expected to exist in the soil include near to redytH, sufficient soil moisture, good aeration
once the soil had drained, and warm temperaturad{B& Weil, 2008). The decomposition
of organic matter releases many organic and inacgaampounds (for example humic and
fulvic acids, nitrogen, phosphorus and sulphurthia soil (Brady & Weil, 2008; McLaren &

Cameron, 1996). Alternate periods of drying and ettéwg (flood irrigation) can also
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accelerate organic matter decomposition and inerdses concentration of dissolved organic

compounds in soil (Milleet al, 2005).

The ability of organic compounds and phosphate dmpete with A$ and/or A8 and
thereby prevent As species retention onto soiig@astis well documented (Creger & Peryea,
1994; Dobran & Zagury, 2006; Qafolat al, 1999; Redmaset al, 2002). There is evidence
for this phenomenon in the current study as lessefention (3 to 31%) was observed in soll
amended with cattle manure relative to the solhwib amendment (Table 6.4).

Increasing the As concentration in the irrigatioratev leads to an increase in the
concentration of As in soil solution. The consedqeenf this increase in soluble As is the
recorded increase in the As concentration in spinasues across all the treatment levels (0
to 1000 pg [Y). However, at low As concentrations in water200 pg V), the effect of
concentration was limited. There was an abruptease in the As concentration in spinach
tissues for the 500 and 1000 pg ASitrigation treatments when applied to the cattEnore
amended soil. An increased rate of As uptake itdatgissues at these concentration levels
may be linked to soil adsorption capacity. It appehat most adsorption sites in soil may
have been saturated at some point between 20008hdd L and the As introduced into the
system above this concentration remains in sailtgoi and is available for uptake by plants.
The previous laboratory adsorption study (Chap)estowed that the Rangitikei soil had
some capacity to adsorb As, however this adsorptoed with the As species applied to the
soil. At the highest As concentration (1000 pg),L98% of AY and 55% of AY was
adsorbed by the Rangitikei soil during the reactione of 36 hours. However, this
glasshouse study differs from the adsorption stelycribed in Chapter 5. The laboratory
adsorption study was only conducted on the corgndl (no amendment) where the added
effect of organic molecules and phosphate ions haase been limited in comparison to the
cattle manure amended soil. As stated earlier,etimeslecules may compete with As for
adsorption sites thereby limiting adsorption catyaaf soil. Flood irrigation further nullifies
the effect of As species by inducing species interversion, thereby mitigating the effect of

species on As retention in soil (Figure 6.6).

Biochar amendment increased the concentration ahApinach leaves to a similar level as
the cattle manure amendment. In roots and soithaiohad an intermediate effect on As
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retention in comparison to other amendments. Asriesd for the cattle manure amendment,
an increased As concentration in spinach tissugbharbiochar amended soil may also be
related to release of dissolved organic moleciBeegley & Dickinson, 2011; Beesley al,
2010). Joseplet al. (2010) suggested that when biochar is added tedilethe release of
organic compounds present in biochar will be amihvegfirst reactions, especially when the
soils are moist (a condition prevalent in the correxperiment because of flood irrigation).
The release of soluble organics may be more comimtochar produced at low pyrolysis
temperature (< 508C) because of the predominance of amorphous Ctsteuwith a low
aromaticity (Josepbt al, 2010; McBeath & Smernik, 2009). In the currenidst the biochar
was pyrolyzed at 350 to 45T, therefore an increased organic compounds infax be
expected. An increased As concentration in sak peater after biochar application has also
been reported recently (Beesley al, 2013; Hartleyet al, 2009). This effect has been
attributed to (i) competition between P and Asbiording sites, and (ii) increased soil pH as
a function of biochar application (Hartley al, 2009). Increase in soil pH of the Rangitikei
soil may be expected from addition of biochar aatlle manure amendment which had a pH
of 7.4 and 7.6 respectively (Table 6.1). Howevaerjreerease in soil pH does not enhance As
accumulation in spinach tissues, as evidenced éyaitk of significant effect of pH on the
As concentration in spinach leaves (Table 6.2) #red reduced concentration of As in
spinach roots at pH 7.5 (Table 6.3).

Organic matter can also increase As solubility amability in soil by acting as an electron
donor for microbes which are involved in the redewectdissolution of As-rich metal
oxides/hydroxides minerals (Anawat al, 2006; Anawaret al, 2013; Islamet al, 2004).
Islam et al. (2004) observed a marked increase in the rateedllf reduction followed by
arsenic release when sodium acetate (a proxy fyanic matter) was added to sediments
under anaerobic conditions. The released sy subsequently be reduced td"Asy soil
microbes (Islamet al, 2004; Postmat al, 2007) and the species 'Ads generally more
soluble and mobile in soil than Aspecies. The increased As concentration in ameswiesi
(cattle manure and biochar) of the current study also be related to an increased influx of
As by reductive dissolution of metal oxides/hyddes minerals that may have been
promoted due to presence of these carbon souragsitilir et al. (2001) suggested that As
will not be released from Fe oxides/hydroxides s®lerganic matter is present. This is an

area of future research.
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A general model for enhanced As concentration imagh tissues as affected by cattle
manure and biochar amendments is graphically pteden Figure 6.7. This model proposes
that the application of cattle manure and biocleathe Rangitikei soil increased microbial
activity. These microbes initiated weathering oésh carbon amendments and released a
substantial amount of organic compounds and inacgaolecules (for example phosphate)
into the soil solution which compete with As fotamtion onto soil particles. As a result, a

large proportion of As remained in soil solutionigfhwas taken up by spinach plants.

6.5 RISK ASSESSMENT

To investigate the potential health risk to humtnad could be associated with ingestion of
spinach grown in this study, the As concentratioispinach leaves was recalculated and re-
expressed in fresh weight as a function of the éwscentration in irrigation water and soll
amendments (Table 6.5). There is a discrepancydegiihe As concentration in the control
treatment for this experiment when compared toetlier experiment described in Chapter
4. The As concentration in spinach leaves fordheent experiment was lower than the
concentration reported, for the same As irrigaterels, in Chapter 4. This may be due to a
greater number of days under submerged conditionshe plants grown in the previous
study (three days in glasshouse experiment 1 batdays for this experiment). Longer
submerged conditions may increase As solubility thiedeby increase uptake by plants €Li
al., 2009; Masscheleyeat al, 1991; Xuet al, 2008).

The As concentration in spinach leaves grown inbibehar and cattle manure amended soll
was generally equivalent. However, the As concéotran spinach leaves of these amended
soils was two-to-three fold higher than the As @mation of spinach leaves grown in

unamended soil for all As treatment water levest(51000 pg ).

The As concentration for the plants grown in unasieehsoil was above the Chinese
maximum permissible concentration (MPC) value (Qu@bg" fresh weight) when irrigated
with 500 and 1000 pug As™. For amended soils, the As concentration in spirleaves
exceeded the MPC level where they were irrigatetl @00 pg As [* or greater. For carbon
treatments, the As concentration in spinach leswas 1.6 to 8.3 times higher than the MPC

level, and therefore present an unacceptableaiskisumers.
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Pi As!!

Figure 6.7 Possible mechanism of As concentration in spirissiues (leaves and roots) when irrigated withrdatment waters and amended
with biochar and cattle manure. B stands for biocB&/ for organic matter; Pi for #0; or HPQ™? ions; OC for organic compounds; SP for
soil particles involved in adsorptioe>”  represests microbes

Page | 148



Table 6.5Total As concentration in spinach leaves ([ @ a function of the As concentration in irrigativater and soil amendments

Control Biochar Cattle manure
Arsenic in water
(Mg L™)
Dry weight # Fresh weight” Dry weight Fresh weight Dry weight Fresh weight
0 0.061 + 0.007 0.010 0.066 + 0.002 0.011 0.08306® 0.013
50 0.106 + 0.015 0.017 0.178 £ 0.017 0.028 0.20924 0.033
200 0.275 £ 0.022 0.044 0.492 £ 0.033 0.079 0.406044 0.079
500 0.479 + 0.050 0.077 1.382 +0.113 0.221 1.6691¥8 0.265
1000 0.885 £ 0.105 0.142 2.594 + 0.268 0.415 2136483 0.382

2 each value is mean + SE £ 20);° Mean fresh weight As concentration was calcul@®a product of mean As concentration (figdey
weight) and mean water content of spinach (84%his tase) according to formula: fresh weight =g (dry weight ug @) x (1- %
moisture/100)
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The risk was further explored using the USEPA hazprotient (HQ) and cancer risk (CR)
parameters. Only the calculations for spinach leawewn in cattle manure amended soil are
presented for further discussion because of theafgece of cattle manure as common
agronomic practice in South Asian countries. Tisailts for the biochar amended soil will be
similar to cattle manure soil because of the moress similar As concentrations in spinach
leaves (Table 6.5). Additionally, two vegetable smmption scenarios were considered. In
scenario one, West Bengal India data was used viheneported vegetable consumption per
capita is 450 to 500 grams per day (Roychowdhetryal, 2003; Samakt al, 2011). In
scenario two, Bangladesh vegetable consumption datging from 130 to 205 grams per
day, was used (Alaret al, 2003; Kharet al, 2009; Rahmaet al, 2012).

Calculation and comparison of Asintake from spinach leaves with USEPA parameters

Considering the HQ values, the people of West Belmgiza appear to be exposed to greater
non-carcinogenic risk than the people of Bangladéstause of their higher vegetable
consumption per day (Table 6.6 and Appendix VI ¥h)l The HQ values for Indian people
exceeded the critical value of 1 for both adultd adolescents, where the spinach is irrigated
with 500 or 1000 pg As'L Interestingly, the CR values for both scenarias wm excess of 1

in 10,000 where the irrigation water with an As cemtration> 500 pg [* was applied. The
CR value also exceeded the critical value (1 X)¥®r scenario one, where 200 pg Ag L
was used for irrigation. These calculations indicdhat both an unacceptable non-
carcinogenic and carcinogenic risk may develop nf iadividual continues to eat As-
contaminated spinach during his/her lifetime peribtbwever, these calculations do not
describe the type of effect (acute or chronic) asdociated symptoms and targeted body

organs that may be affected by this As poisoning.

The specific effects to an individual through camgtion of As-enriched spinach leaves were
assessed using following models.

Calculation and comparison of As intake from spinach leaves with ATSDR notified As

intake values

The daily As intake (mg kybody weight) from consumption of As-contaminatgihach

leaves is summarized in Table 6.7.
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Table 6.6Hazard quotient (HQ) and cancer risk (CR) foritigestion of spinach leaves grown in cattle mamunended soll

Scenario 1 (Example West Bengal India): where
vegetables are consumed 500 grams per day

Scenario 2 (Example Bangladesh): where vegetables
are consumed 205 grams per day

As in water Lea\_/les AS ) ) i
(g LY (ug g fresh Hazard Quotient (HQ) Cancer risk (CR) Hazard Qunbt{elQ) Cancer risk (CR)
H9 weight)?
Adults € Adolescent Adults Adolescent Adults Adolescent Adults Ackedent
200 0.079 0.31 0.38 1.4x1H 1.7x10 0.13 0.15 58x10 6.9x10
500 0.265 1.05 1.26 4.7x10 s5.7x10 0.43 0.52 19x1H6 23x10
1000 0.382 1.51 1.81 6.8x410 8.2x10 0.62 0.74 28x1H  3.3x10

2refer to Table 6.5' parameters have been calculated where the As matien in spinach leaves exceeds the Chinese MR@ (0.05 ugg
fresh weight)® adults (> 18 years}:Adolescent (12-18 years old); An HQ value gretitan 1 defines an unacceptable non-carcinogeritais
humans while a CR value greater than 1 in 10,00pqee an unacceptable cancer risk in humans.
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The As intake per day of Indian people (adults addlescents) is higher than the As intake
of Bangladesh people (adults and adolescent) dukeio higher vegetable intake per day
(500 grams; Table 6.7). However, within each vdgetantake scenario (500 or 205 grams
per day), the As intake values of adults and adel@sare similar. Therefore, the As intake
values for adults attributable to the ingestionAstenriched spinach leaves was compared
with ATSDR notified As intake values.

Table 6.7 Arsenic daily intake (mg kb body weight) for the ingestion of spinach leaves
grown in cattle manure amended soil

Scenario 1 (Example West Scenario 2 (Example

Leaves As Bengal India): where Bangladesh): where
As in water (g g fresh vegetables are consumed  vegetables are consumed

(Mg LY uv%/]e?ght)a 500 grams per day 205 grams per day
Adults® Adolescent Adults Adolescent

200 0.07¢ 0.0007° 0.0008 0.0003 0.0003

500 0.265 0.0022 0.0027 0.0009 0.0011
1000 0.382 0.0032 0.0038 0.0013 0.0016

2 refer to Table 6.5° adults (> 18 years and 60 kg body weightkdolescent (12-18 years
old and 50 kg body weight};parameters have been calculated where the As catien in
spinach leaves exceeds the Chinese MPC value (i@ @p fresh weight)® calculated as, As
concentration in spinach leaves (mg‘kg mass of spinach eaten each day (kg) / body
weight of an individual.

The As intake for an adult due to the consumptioAssenriched spinach leaves ranged from
0.0007 to 0.0032 mg Kgbody weight day where 500 grams vegetables are eaten per day
(Table 6.7). At these intake values, an individualy develop bladder and lung cancers, and
skin lesions (Table 6.8) through continuous ingestf As-enriched spinach during his/her

lifetime.

For the areas where vegetables are consumed & afra05 grams per day, the As intake
associated with the ingestion of As-enriched spirlaaves ranged from 0.0003 to 0.0013 mg
kg body weight day. At these As intake values, As will affect the duand bladder and

therefore the probability of developing bladder dmag cancers increases. An increase in

incidence of skin lesions may also develop at tiesmtake values (Table 6.8).
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Table 6.8Summary of the health effects of arsenic

Dose (mg Type of
kg™' day?) | poisoning Effects
Vomiting, diarrhea, and abdominal pain, headack#atgy,
>2 Acute . L .
mental confusion, hallucination, seizures, and coma
Cardiovascular diseases such as “blackfoot diseadeith is
> 0.065 to . S )
0.14 Chronic endemic in an area of Taiwan where average ars
' concentrations in drinking water range from 0.18@qug L*
Peripheral neuropathy, characterized initially hymbness o
the hands and feet and a “pins and needles” sensatd
progressing to muscle weakness, wrist-drop andikleadrop,
, diminished sensitivity, and altered reflex actidReports of
0.03t0 0.1} Chronic neurological effects at lower arsenic levels (0.694.006 mg
kg day’) have been inconsistent
Minor respiratory symptoms such as cough, sputhimprrhea,
and sore throat
0.01 Chronic Vomiting, d'larrhea, and abdominal pain; symptomshidish
after cessation of exposure
> 0.002 Chronic Skin lesions (hyperkeratinisatiod &yperpigmentation)
0.0012 Chronic Lowest reported dosage associated with increasadeince of
skin lesions
0.0000086| Chronic Bladder ar_lld_ Iung cancers- negligible risk basedamrsumption
of 0.3 pug L in drinking water
0.000001 to .
0.000002 Chronic Bladder and lung cancer

senic

i

Source: Adopted from Ministry for the EnvironmeRB011) and the references cited therein

Calculation and comparison of As intake from spinach leaves with drinking water As

intakes

As stated earlier, the As intake for an adult ranffem 0.0007 to 0.0032 mg kgbody
weight per day where 500 grams vegetables are eaten in a sirylgThble 6.7). These

intake values are equivalent to drinking 2 litrek voater each day that has an As

concentrations above 50 pd (but less than 115 pg't Table 6.9). At these intake values,

As may lead to the development of cancer (bladdeg and skin) in an individual during

his/her lifetime. Children could be more susceptibt these intake values and may have

intellectual impairment.
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Table 6.9Effects and symptoms linked to various concentratiof As in drinking watet

Arsenic
conc’ (ug
L™

Type of
poisoning

Daily Intake /
Dose (mg kg
bw Tt day-l) b

Identified symptoms and effects so far linked to asenic
in drinking water

Above 1200

Acute

Abdominal pain, vomiting, diarrhea, muscular weagie
and cramping, pain to the extremities, erythematskis
eruptions (erythema is redness of the skin caused b

dilatation and congestion of the capillaries), sivgl of > 0.04
eyelids, feet and hands. Possible progressive idetgon
in motor and sensory responses (depending on espsu
and vulnerability), finally leading to shock ancatte

Above 115

Chronic

Non-cancerous effects:skin lesions, diabetes mellitus
(also known as type 1 diabetes and insulin-dependen
diabetes), adverse effects on the digestive, s,
cardiovascular, and nervous systems, bronchiectasis
(chronic permanent widening of the bronchial tupes)

reproductive and developmental effects. A number of
effects depend also on nutritional and other factor
variation between countries seen in degree of skin
pigmentation, hyperkeratosis (an excessive thiclgrof
the outer layer of the skin-appearance of thickehedny,
verruca-like scales over the entire body), respisastress
polyneuropathy (inflammation of multiple nerves siag
loss of sensation or movement), and peripheral was
diseaseCaners: skin, bladder, kidney, liver, lung, colo
uterus, prostate, and stomach. Lung cancer a lgadinse
of death among those exposed

> 0.004

1)

=)

Above 50

Chronic

Intellectual impairment in childreancer risk significant > 0.002

20

Chronic

Lifetime risk of bladder or lung cancer from thepezure,

estimated to be about 1 in 140 people 0.0007

10

Chronic

Lifetime excess bladder or lung cancer risk, edtihaat
about 1 in 300. Excess skin cancer risk estimatel ia 0.0003
1700 people

Chronic

Lifetime excess risk of bladder or lung cancerinested at

about 1 in 500 people 0.0002

Chronic

Lifetime excess risk of bladder or lung cancernested at

about 1 in 900 people 0.0001

2 adopted and modified from Piper and Kim (2006) ezférences cited thereihralculated
by the author using the formula: As concentratiordiinking water (mg L) x Amount of
water used per day (2 L) divided by body weightinfadult (60 kg)! concentration, an8l

body weight
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For a daily vegetable consumption of 205 gramsingeke ranges from 0.0003 to 0.0013 mg
kg' body weight day (Table 6.7). These values correspond to an As exdration in
drinking water above 20 pg'i(but less than 50 pgl Table 6.9). At these intakes, there is
an increased risk of developing bladder, lung dad sancer by an individual if he/she eats
spinach that has been enriched with As througbation of As-contaminated water 200

g LY.

Summary of quantified risk assessment (USEPA parameters, ATSDR and drinking water

intake reference values)

Each of the three risk assessment models show thieaé is an unacceptable risk to
individuals associated with the ingestion of Asigmed spinach, regardless of the amount of
vegetable eaten each day (500 or 205 grams). Awidudl may develop cancer of the
bladder, lung and skin as a consequence of conisurmgestion of As-enriched spinach
during his/her lifetime. There is also an increapedsibility of developing skin lesions with
these As intakes from spinach. Children may beesubg to increased severity of these
effects and may experience intellectual impairmdfite daily As intake (mg kb body
weight) that can be attributed to the ingestionspinach leaves corresponds to an As

concentration in drinking water of 10 pd br greater.
I mplications of thisrisk assessment approach

The findings of this study have major implicatidos areas where drinking water (surface or
groundwater) has an acceptable As concentratiohO(pg LY) but As-contaminated water

(groundwater and/or wastewater) is used for vedgdabultivation (typical example of

Karachi, Pakistan). While the risk of As in dringinvater is well described, the equivalent
risk of As in vegetables in poorly discussed irentific literature. The WHO has proposed a
maximum permissible As concentration in drinkingtevaof 10 pg [ and efforts are being

made to keep the As concentration in drinking whatdow this level. In the scenarios where
vegetables are irrigated with As-contaminated watel accumulate this metalloid, then the
intake of As through the vector of As-enriched waftes (spinach in this case) will offset
the efforts of countries to safeguard their peawainst As in drinking water. As per the
findings of this study, the continuous ingestiorAstenriched spinach will have carcinogenic

(cancer of bladder, lung and skin) and non-car@nay (skin lesions and intellectual
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impairment of children) effects on people who das tAs-enriched spinach during their

lifetime.

This study also has profound implications for anghsre As-contaminated drinking water (>
10 pg LY is ingested in conjunction with As-contaminatedds (rice, vegetables). In these
areas, the risk would possibly be many orders ofmtade higher due to the double
exposure pathway (food and water). As a resultptaple of these areas will be at greater
risk of more serious As-induced poisoning compdrcethe people of areas where there is

only a single exposure pathway (drinking wateramrdf) to As poisoning.

6.6 CONCLUSIONS

The As concentration in spinach leaves was sigmifiy higher where plants were irrigated
with 500 and 1000 pg As Ltreatment water relative to other treatment wiseels (0 to 200
ng LY. The effect of AS or As" was found to be insignificant, possibly becauséhefuse

of flood irrigation which may have inter-convertdtese As species with a change in soil
redox conditions. The As concentration in leaves wmaependent of soil pH. However, pH
had a significant effect on the root As concenbratiPlants grown at pH 6.1 contained a
higher concentration of As than the plants growphat7.5. Amendment of soil with biochar
or cattle manure led to an increase in the As aunagon in leaves (nearly two to three fold)
and reduced the level of As retention in soil ietato the unamended soil. The concentration
of As in the spinach leaves was above the ChineB€ Malue (0.05 pgfresh weight) for
unamended soil when irrigated with water that hadAa concentratiorr 500 ug L*. For
amended soils, the concentration of As in leaveseeded the MPC value when the
concentration of As in irrigation water was 200 g or greater. The risk was further
explored for spinach leaves grown in cattle manameended soil by considering two
vegetable consumption scenarios for India and Ealegh, USEPA proposed reference
values, and the comparison of As intake with ATSBIRJ drinking water intakes. The
USEPA cancer risk (CR) was greater than the clitiedue (1 x 10" for people of both
countries. The USEPA non-carcinogenic risk param@t®) was above the critical value of
1 only for Indian people because of their highagetables consumption (500 grams per day).
Arsenic intake (mg kg body weight day) associated with the ingestion of spinach leaves
corresponds to proposed ATSDR oral reference Aaké@# values that may lead to
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development of bladder and lung cancer, and skilohs. When compared to daily drinking
water intakes, the As intake values associated tvéhngestion of spinach correlate to an As
concentration in drinking water that is 10 ug br greater. At these As concentrations in
drinking water, As may lead to bladder, lung anoh slancer in an individual during his/her
lifetime. Intellectual impairment in children majsa be expected at these exposure levels.
This work indicates that cultivation of spinachngsiflood irrigation with an irrigation water
concentration greater than 50 pg Bnd where cattle manure or biochar is used as soil
amendment, will lead to an unacceptable risk todmutrealth during his/her lifetime.
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CHAPTER 7

KEY FINDINGS FROM THIS RESEARCH: SCALE OF RISK AND
RECOMMENDATIONS FOR FOOD SAFETY

7.1INTRODUCTION

This chapter reviews the defined objectives of gtisgdy (Chapter 1 and 2) in relation to
research conducted, to state what the results tewealed about the objectives. The role of
stakeholders in proposed As irrigation managemieateg)y and future research needs in the

subject area are also discussed here.

7.20BJECTIVES OF THE STUDY

7.2.1 A better understanding of the risk associatewith irrigating vegetables with As-

contaminated water in soil environment

Arsenic contaminated water and rice are currentipsiered the main sources of As
poisoning in humans in South Asia. Vegetables avengless attention and believed to

contribute little to overall As ingestion becau$e¢heir low consumption rate per day.

My research shows that vegetable cultivation witk-cdntaminated water can pose an
unacceptable risk to food safety and thus to huheaith. As shown in this study, vegetable
species can alone be a major source of As poisoimngumans and should not be
overlooked. Even at a low vegetable consumptioa p&r day (205 grams, Chapter 6), an
individual vegetable species (spinach in this casm) contain enough As to pose an
unacceptable carcinogenic risk (defined by USERA)UmMans, when irrigated with 500 and
1000 pg ' As. When compared with ATSDR and drinking wateference daily intake

values, the As intake through consumption of spina@y cause skin, bladder and lung
cancer, skin lesions and intellectual impairmernthitddren (Chapter 6). The As intake values
associated with the ingestion of spinach corresgorah As concentration in drinking water

that is 10 ug L or greater.
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In the above discussion, the USEPA defined caganm risk was calculated for the
scenario where spinach consumption frequency €EB2i days in a year (once or twice in a
week). Consider a scenario where various vegetaesirrigated with As-contaminated
water, and are eaten every day during a year (Bfd&fs). Risk for this scenario can be
again calculated for two vegetable consumptionsre285 and 500 grams (fresh weight) per
day (Table 7.1). In this scenario, the risk of Asspning is unacceptable even at low As
concentrations in vegetables tissues. An arsenicaruration of 0.040 pggfresh weight
can present an unacceptable non-carcinogenic amiha@genic risk to consumers when
vegetables are consumed at a rate of 500 grandayelMVhen vegetables are consumed at a
rate of 205 grams a day, unacceptable carcinogardcnon-carcinogenic risks are apparent
from an As concentration of 0.097 ug fyesh weight. Thus, a continuous ingestion of s b
humans from As-contaminated vegetables, even atdomcentrations in the vegetable’s
edible tissues, is a potential health risk. Ingbenario of eating vegetable every day, the As
intake (mg kg body weight) will be many orders of magnitude tighhan the scenario
where vegetables are eaten once or twice in a weekviduals who eat As-enriched
vegetables each day may be exposed to heightesleafriexperiencing chronic and acute
effects of As poisoning. These may include bothtecand chronic non-carcinogenic
(abdominal pain, vomiting, diarrhea, skin lesiodsbetes) and carcinogenic (bladder, lung
and skin cancer) effects. A detailed descriptiontlodse acute and chronic effects is
summarized in Chapter 6 (Table 6.8 and 6.9).

Table 7.1Hazard quotient (HQ) and cancer risk (CR) for itigestion of vegetable species
eaten every day of the year

As . _
concentration Hazard Quotient (HQ) Cancer risk (CR)
(ug g~ fresh a
weight) Adults Adolescent® Adults Adolescent

Scenario 1: where vegetables are consumed 500 granasy (Example West Bengal India)

0.040 1.11 1.33 5.0 x 10 6.0 x 10*

Scenario 2: where vegetables are consumed 205 granasy (Example Bangladesh)

0.097 1.10 1.33 5.0 x 70 6.0 x 10

2 adults (> 18 years};Adolescent (12-18 years old)

Page | 164




7.2.2 The screening of vegetable species that may accumtd a higher concentration
of As in their edible parts and therefore pose a gmater risk to humans through their

consumption

Chapter 4 shows that vegetable species vary in didities to accumulate As in their edible
tissues under similar growth conditions. Spinacd Ha highest As concentration in its
edible tissues relative to other vegetable spedies.As concentration in spinach leaves was
above the Chinese food safety standard for inocgasi(0.05 g g fresh weight) by a factor
of 1.6 to 6.4 times. This increase was observedAitreatment water concentrations 100,
200, and 1000 ugtin flood irrigation and for 1000 pg™Lin non-flood irrigation. The As
concentration in spinach leaves shows an unacdeptabcinogenic and non-carcinogenic
risk to humans upon their consumption (CR valuagrethan the critical value of TaGand

HQ value greater than the critical value of 1; Gbag).

7.2.3 Determination of an acceptable level of As in irngation water that can be used
for vegetable cultivation

An acceptable level of As in irrigation water mag defined asthe As concentration in
irrigation water that can be used for food crops cultivation without a risk of promoting As
concentration in their edible tissuesto a level that can be risky for humans.

Chapter 4 shows that an acceptable level of Asrigation water depends on the vegetable
species and technique adopted to irrigate them. Afi@oncentration in irrigation water
which may be acceptable for a specific vegetabéeisg can be proposed from this study. An
As concentration of 50 pg“Lappears acceptable for spinach cultivation whésjested to
flood irrigation. Under non-flood irrigation, an Asoncentration of 200 pg™Lappears
acceptable for spinach. For carrot, As concenimatip to 1000 pg T appears acceptable
under both flood and non-flood irrigation. The Asncentration in tomato fruit and radish
edible parts (taproot without skin) was below thhinése food safety standards when
irrigated with water concentrations up to 1000 pyunder non-flood irrigation, therefore,

this concentration level (1000 pg)Lappears acceptable for their cultivation.
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7.2.4 Improved understanding of the various As and soildctors, and soil management

practices, that affect the As concentration in edile parts of vegetables

Chapter 6 shows that the As concentration in spieaves was mainly dependent on both
the As concentration in irrigation water and soileaadments used (biochar or cattle manure).
Increased influx of As into spinach leaves in barchnd-cattle manure amended soils may
be attributed to release of organic compounds &edghate ions from these amendments by
soil microbes. These results are significant, ateréng the common use of cattle manure as a
soil amendment in South Asia and biochar as angngesoil amendment. The effect of As

species and pH was insignificant, possibly becaafsehange in As speciation and soil

chemistry due to a change in soil redox conditiamger flood irrigation.

7.2.5 Improved understanding of soil adsorption parametes and models, and
elucidation of key soil properties which control Asadsorption in soils of variable

physical and chemical characteristics

Results of Chapter 5 show thatAand Ad' vary in their adsorption kinetics. Most of the
As' was adsorbed in the first 3 hours while most df Ass adsorbed in the first 6 hours of
reaction time. Similarly, considering the adsorptiparameters, Aswas adsorbed to a
greater degree than Adn each soil, as defined by high adsorption maxibeeding energy
and As partition coefficient values. This differenia As adsorption between As species is a
significant finding and highlights the risk of igating crops with AS-laden water, as this
species will remain bioavailable and leachablénest soils.

The Freundlich isotherm better modeled the adsmmpbiehavior of selected soils than the
Langmuir model, indicating a heterogeneous natdiradsorbing sites in the studied soils.
Adsorption of As was mainly controlled by amorphls total C and Olsen P content of
selected soils. This understanding is importantnfan As management perspective. Future
experiments using these soil properties (amorpHAdusotal C and Olsen P) with different
application rates may help to refine As managenmesglected soils.
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7.2.6 Propose management strategies for South Asian hoctilture where As-

contaminated irrigation water is often used for vegtable cultivation

Arsenic is ubiquitous and unavoidable in South Asgause it occurs naturally in ground
water that is ultimately used for drinking andgatiion. A decision to ban As-contaminated
irrigation water will have several impacts incluglifi) farmers, who are already experiencing
a poor quality life in South Asian countries, whthve their livelihood and income reduced,
(i) will cause a decrease in the food supply & #rea where the vegetables are grown, and
ultimately the food supply of the country, and)(é& need for the provision of alternative
water resources for irrigation of crops. Therefeanranagement of As-contaminated irrigation

water will be helpful for sustainable agriculture.

Based on the results of this study, | propose smaeagement strategies which can be used

where As-enriched irrigation water is used forigalion of vegetables and other food crops.

Adoption of proper irrigation techniques

The flood irrigation technique should be discoudhgsince this technique increases As
mobility in soil and thereby its uptake by cropsstead, alternative irrigation techniques
should be adopted, such as non-flood irrigationiclwinvolves less input of As in soil and
development of aerobic conditions, thereby increagis adsorption by soil minerals. Drip or
sprinkler irrigation techniques may be adopted; éwasv, their effect on As cycling is

uncertain because of lack of research data.

Arsenic concentration in irrigation water

An acceptable level of As in irrigation water shibbke adopted which does not promote As in
vegetables edible tissues to a risk point. An aad¥@ As concentration level in irrigation

water can only be determined by scientific reseasthce it depends on many factors
including crop species, soil types, and agronomactices. Based on the results of my study,
| propose that an As concentration greater thamu&@ > should not be used for spinach

cultivation with existing flood irrigation techniguin South Asia. Irrigation water which
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contains unacceptable concentrations of As shoeldded for non-food crops, for instance

cotton, cut flowers etc.

Selection of crop species

Crops should be selected with caution. The cropglwhctively accumulate As in their
edible tissues (for example spinach) should beaceal with the crops which accumulate less
As in their edible parts. Such knowledge can baioktl by future studies where various
vegetables are tested for their uptake potentideudifferent As concentrations in irrigation
water. From the results of the current study, ppse that radish and tomato could be grown
in a silt loam soil with As concentration levels 1gp1000 pg [ using non-flood irrigation.
Similarly, carrot may be grown using both flood andn-flood irrigation where As
concentration in irrigation water is up to 1000 Iy However, the skin of root vegetables
(e.g. carrot, radish) should be removed beforestige as a significant portion of the As
burden of vegetables is found in the skin. Thedigliof these propositions should be tested

in a range of soil types and environmental condgio

Adoption of proper agronomic practices

Addition of cattle manure to soils should be madéhvcaution as it may increase As
concentration in crop tissues. The results of Giraptshow that the As concentration in
spinach leaves of cattle manure-amended soil wa® 3 times higher than the As
concentration of spinach leaves grown in unamended for all experimental As
concentrations (50 to 1000 pgL

South Asian soils are generally deficient in orgamiatter € 1.0 %) and addition of cattle
manure is an important practice to improve soitilfgr status. Future research is therefore
urgently required to test our glasshouse resules avwider range of soil types and cattle
manure application rates to find an optimum apgpbecarate where irrigation with As-

contaminated water occurs.
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7.3 ROLE OF STAKEHOLDERS

A number of stakeholders would be required to dbuate in this As irrigation management

strategy.

Governments

Governments of South Asian countries should conside severity of As poisoning to
humans from vegetables which are being irrigateti Wis-enriched water. Funds should be
allocated for food safety and sustainable agricelnesearch. Various relevant sectors such
as agriculture, water, and environmental agendiesld be involved. These agencies should
conduct research in relevant fields and developap@te management strategies for the
affected areas. Government should also enforce stobavironmental regulations and

proposed management strategies.

The areas where As-enriched untreated industrialsewage effluents are used for irrigation
of food crops should be identified. In Pakistare tmajority of industries (95% of the
industries) dispose of their untreated industriillent to sewers, which is used by farmers
for cultivation of food crops (Husaimt al., 2011; WWEF, 2007). Industrial effluent with an
As concentration near to 100 md s used in Faisalabad, Pakistan to grow vegetabids
other food crops (Husairet al., 2011). In general, one fourth of the vegetablesvg in
Pakistan are irrigated with untreated wastewatéa & Aziz, 2007). Government should
impose and enforce appropriate industrial watetityustandards for effluent discharge. For
contaminated sewage waters, treatment plants steudstablished and equipped with latest

technologies to control As concentrations in sewagters.

Drip and sprinkler irrigation techniques are uneffible for most farmers. Therefore,
government should expand provision of financialstaace to farmers to adopt these modern
technologies. Such financial assistance has bederway in Pakistan, where 80% of the cost
of drip irrigation was being paid by the governmehte remaining 20% of the cost was

borne by the farmers.
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Non-governmental organizations (NGOs) & environmental organizations

National and international organizations shouldrease efforts to help governments and
people of South Asian countries to promote foo@tyafnd sustainable agriculture. The role
of FAO, UNICEF and WHO is appreciated in this reQahese organizations are actively
working for the supply of acceptable drinking watenritigating adverse health impacts of
arsenic poisoning, and highlighting issues of esiveslevels of As in irrigation water

(Heikens, 2006). These national and internatiomghmizations should continue to educate
farmers, general public and governments about healhcerns which arise from irrigating

the food crops with As-contaminated water. Theslaseientific knowledge and management

strategies in the subject area should also be pgemzmo

Farmers

Farmers should be educated to understand the frigkgating vegetables with As water in
terms of human health and land degradation. Theyldhadopt the management strategies
proposed to them by government, national and iatemnal agencies for their personal

wellbeing and safety of their fellow countrymen.

Scientific community

Scientists from various organizations (such as emities, national and international
organizations) should develop projects to undedstha As uptake potential of various food
crops. Field trials should be established on fasinéields where the practice of As-
contaminated irrigation water is executed. Suckigwill help to understand the As uptake
potential of vegetables in real situation. Foodket and vegetables consumption pattern of
affected areas should also be explored. Low costtr@atment technologies should be
investigated which keep As concentrations in growatdr and industrial effluent as low as
possible. Finally, general and site-specific manag® strategies should be developed to

minimize risk to human health.
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7.4 RECOMMENDATIONS FOR FUTURE WORK

« The concentration of As in irrigation water was it to 1000 pg As T in this
research. In some instances, the As concentratiorigation water is many orders of
magnitude higher than this concentration, espgcwliere industrial effluent is used
for vegetable cultivation. The As concentrationnastewater used for irrigation has
been reported to range from 5.9 to nearly 100 mdHusainiet al., 2011; Tiwariet
al., 2011). Therefore, experiments should be condueidd higher As concentration
levels to explore the uptake potential of variousgetable species, particularly

spinach.

* Plant response experiments were only conductechén swil, Rangitikei silt loam,
(Chapter 4 and Chapter 6) where spinach showsharlsig to human health. Spinach
irrigation experiments should be conducted in @eaof soils varying in texture (e.g.
sandy or clayey soil) to determine if the risk igigated or further aggravated by

specific soil properties.

* Radish and tomato were grown only under non-fladdation in this research. Their
response to As-contaminated water should also \msiigated under flood irrigation

to determine if they will concentrate As in thedlilde tissues above the critical level.

* Leachate from pots should be collected and analyaedts total, and particularly
inorganic As species concentration. This analysismportant for flood irrigation
practices where a non-significant effect of speciesAs concentration in vegetables
tissues was observed. The lack of effect is praposeée the inter-conversion of As

species, and this should be tested with speciatiaties.

» Arsenic species in vegetable tissues should bendeted to compare the values with
the Chinese food safety standard for inorganic @srrently, the As species in
vegetables tissues has been assumed to be ingrased on the fact that inorganic

species has been used for irrigation (Chapter 4Cdvaghter 6).
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To better quantify the USEPA risk calculation usedhis research, the vegetable
consumption habits of the people of affected asdasuld be surveyed. The data
should be recorded for individual vegetables tontjiiathe risk that can be imposed

by an individual vegetable species.

In Chapter 6, cattle manure and biochar were aggliehe rate of 10 tons per hectare.
Various application rates should be included inftltare experiments to quantify the
effect of variable treatment rates and to propgaémum rates of these agricultural

amendments.

In Chapter 6, the effect of cattle manure and lo@n As concentration in spinach
tissues and soil was attributed to the releasegsroc compounds and phosphate ions
from these soil amendments. This generalizatiorulshbe tested by various ways
including:
1. Analysis of soil samples at the end of the expeminte determine if there is an
increase in C and P concentration in soll
2. Soil solution and leachate analysis to determirthéfe is high influx of As (AS
or As") concentration in soil solution or leachate
3. Laboratory adsorption studies for cattle manuredaindhar amended soils
against a range of Xor As" concentrations to determine if there is more ssle

As retention in amended soil

The laboratory batch adsorption study was limiedhree soils only (Chapter 5). In
these soils the amorphous Al, total C and OlsenoRtent controlled the As
adsorption behavior. A greater number of soils,yvay in physical and chemical

properties, should be included in future experirméatconform the observed results.

Through pot or field trials, the response of otbemmon vegetables (for example
cauliflower, cabbage, lettuce, potato, turnip) stddae quantified where they are also
commonly irrigated with As-contaminated water. Thethodology reported in this
thesis could be adopted as a standard method tahesAs uptake response of

vegetables under both flooded and non-floodedatigg conditions.
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APPENDIXES

Appendix | Recommended conditions for As analysis on GFAAS

Wavelength (nm) 193.7

Low Slit (nm) 0.7

Pretreatment/Pyrolysis TemperatUut€) 1200

Atomization TemperaturéQ) 2000

Lamp used EDL (Electrodeless Discharge Lamp)

Source: Perkin EImer ManualThe THGA Graphite Furnace: Techniques and Recommended
Conditions)

Appendix Il Installation and optimization of HGAAS

Installation of the FIAS (Model FIAS-400) compongemnwas followed by the instructions
provided in the Perkin Elmer manual(dflASPump Module Series, Description and
Maintenance; FIAS for Atomic Spectroscopy-Setting up and performing Analysis). After
installation, the FIAS was optimized and a refegesalution (10 pg Ast) was analyzed for
As concentration as per Perkin Elmer manul&$ for Atomic Spectroscopy-Setting up and
performing Analysis, Flow Injection Mercury/Hydride Analyses-Recommended Analytical
Conditions and General Information). Once the output readings for the reference wolut
stabilized (analysis of 500 pL of a 10 pg arsenic solution should provide a signal of about

0.45 A), plant samples were prepared and analyaetthéir total As concentration.
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Appendix Il Recommended and adopted analytical parameteisfatetermination using

HGAAS

Spectrometer

Technique

AA (Atomic Absorption)

Integration time (s)

15

Data Processing

Peak height, Smoothing: 19 points

Lamp EDL (Electrodeless Discharge Lamp)
Slit (nm) 0.7 (Low)

Wavelength 193.7

FIAS

Cell Temperature’C) 900

Carrier gas Nitrogen ()

Optimum gas flow rate
(mL/min)

In between 150-200

Optimum inlet gas pressure 50 psi
Time Pumpl Pump2
Step (s) (U/min) | (U/min) Valve | Read

Prefill 15 100 120 Fill
Pump speed

1 10 100 120 Fill

2 15 0 120 Inject 0
Reagents

Carrier solution

10% (v/v) HCI

Reducing agent

0.2% NaBlh 0.05% NaOH

Sample solution

ASin 10% (v/v) HCI

Source: Manual (Flow Injection Mercury/Hydride Analyses-Recommended Analytical
Conditions and General Information, Perkin Elmer Inc.)
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Appendix IV Hazard Quotient (HQ) and Cancer Risk (CR) caloufat

Adults (> 18 years old)
EDI (C x Fi
c Fi Ef Ed W Te x(I\E/:‘/ x _IFEE)) /| R (ED|_I|/(F?2fD) CSF (EDFXRCSF)
0.080 0.5 52 70 60 25550 | 0.00009 0.000B 0.3 15 00004
0.106 0.5 52 70 60 25550 |  0.00012 0.0008 0.43 15 .00009
0.122 0.5 52 70 60 25550 | 0.00014 0.000B 0.49 15  .0002
0.319 0.5 52 70 60 25550 |  0.00037 0.0008 1.24 15  .00087
Adolescents (12-18 years old)
EDI (C x Fi
c Fi Ef Ed W Te x(I\E/:‘/ x _II%)) /| RD (EE')*I%D) CSF (EDICXRCSF)
0.080 0.5 52 70 50 25550 |  0.00011 0.0008 0.39 15 .00007
0.106 0.5 52 70 50 25550 | 0.00015 0.000B 0.5 15 00023
0.122 0.5 52 70 50 25550 |  0.00017 0.0008 0.5 15 .00026
0.319 0.5 52 70 50 25550 | 0.00045 0.000B 1.5 15  .00088
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C: Concentration of As in the edible part of tharl(mg kg fresh weight)
Fi: Food intake rate (kg per person per day; asduirte kg)

Ef: Exposure frequency (days per year; assumed$ jger year)

Ed: Exposure duration (equivalent to the averdgérie, about 70 years)
W: Average body weight (60 kg for an adult, andk§Gor adolescents)
Te: Average exposure time (= Ed x 365 days)

EDI: Estimated daily intake (mg Kgday') calculated as EDI = (C x Fi x Ef x Ed) / (W x Te)
RfD: Oral reference dose (0.0003 mg As'kmpdy weight day)

HQ: Hazard Quotient (calculated as HQ = EDI/RfD)

CSF: Cancer slope factor for As (1.5 mg AS kiay?)

CR: Cancer risk (calculated as: EDI x CSF)
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Appendix V Amount of water applied to treatment pots at aigation evenf

As As"
As in
water pH 6.1 pH 7.5 pH 6.1 pH 7.5
L—1
v control biochar cattle control biochar cattle control biochar cattle control biochar cattle
manure manure manure manure
1.38 + 1.22 + 1.28 + 123+ 1.46 + 1.40 + 1.38 + 1.22 + 1.28 + 1.23+ 1.46 + 1.40
0 0.03° 0.02 0.01 0.02 0.03 0.05 0.03 0.02 0.01 0.02 0.03 0.05
1.24 + 1.22 + 1.29 + 113+ 132+ 1.46 + 125+ 1.36 + 1.26 + 1.32 + 1.42 + 153+
>0 0.04 0.03 0.01 0.03 0.03 0.03 0.02 0.01 0.01 0.03 0.03 0.03
1.20+ 1.16 + 125+ 123+ 147 + 152+ 129+ 133+ 129+ 133+ 144 + 147 +
200 0.08 0.07 0.01 0.02 0.05 0.05 0.04 0.02 0.01 0.02 0.02 0.01
135+ 1.28 + 1.26 + 119+ 147 + 149+ 1.36 133+ 125+ 1.38+ 154+ 153+
>00 0.06 0.01 0.03 0.06 0.06 0.03 0.06 0.03 0.02 0.03 0.05 0.02
1.26 + 133+ 131+ 127 + 147 + 145+ 123+ 132+ 1.36 + 1.36 + 149 + 157+
1000 0.04 0.02 0.01 0.03 0.03 0.05 0.06 0.01 0.02 0.02 0.03 0.04

Average amount of water applied to a pot in liteesveen trials:

Control soil: 1.28 + 0.01; biochar soil: 1.37 + D.@attle manure soil:1.39 + 0.01

2 data is presented only for final irrigation befsgnach harvest;unit in litres
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Appendix VI Hazard Quotient (HQ) and Cancer Risk (CR) caloutefor the ingestion of spinach leaves grown itileananure amended soil
(Scenario 1 where vegetables are consumed 500 granaay)

Adults (> 18 years old)

C Fi Ef Ed W Te E(%‘I/ %CTEE))F /| R (EDl_I|/(|?2fD) CSF (EDFXRCSF)
0.079 0.5 52 70 60 25550 0.000094 0.0003 0.31 1.5 .00004
0.265 0.5 52 70 60 25550 0.000315 0.0003 1.05 1.5 .000a7
0.382 0.5 52 70 60 25550 0.000454 0.0008 1.51 1.5 .00088

Adolescents (12-18 years old)

C Fi Ef Ed W Te EE{I/ %CTEE))F /| R (E[')*I/?sz) CSF (EDFXRCSF)
0.079 0.5 52 70 50 25550 0.000113 0.0008 0.3§ 1.5 .000a7
0.265 0.5 52 70 50 25550 0.000378 0.0003 1.26 1.5 .00067
0.382 0.5 52 70 50 25550 0.000544 0.0008 1.81 1.5 .00082
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Appendix VII Hazard Quotient (HQ) and Cancer Risk (CR) caloutaffor the ingestion of spinach leaves grown itileananure amended soil
(Scenario 2 where vegetables are consumed 205 granaay)

Adults (> 18 years old)

C Fi Ef Ed W Te E(%!/ %CTEE))F /| R (EE')T%D) CSF (EDICXRCSF)
0.079 0.205 52 70 60 25550 0.000038 0.0003 0.13 1.5 0.000058
0.265 0.205 52 70 60 25550 0.000129 0.0003 0.43 1.5 0.00019
0.382 0.205 52 70 60 25550 0.000186 0.0003 0.62 1.5 0.00028

Adolescents (12-18 years old)

c Fi Ef Ed W Te EE{I/ %CTEE))F /| RiD (ED|_I|/(|32fD) CSF (EDFXRCSF)
0.079 0.205 52 70 50 25550 0.000046 0.0003 0.1% 1.5 0.000069
0.265 0.205 52 70 50 25550 0.000155 0.0003 0.52 1.5 0.00023
0.382 0.205 52 70 50 25550 0.000223 0.0003 0.74 1.5 0.00033
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C: Concentration of As in the edible part of tharl(mg kg fresh weight)
Fi: Food intake rate (kg per person per day; asdudrie kg or 0.205 kg)
Ef: Exposure frequency (days per year; assumed$ jger year)

Ed: Exposure duration (equivalent to the averdgérie, about 70 years)
W: Average body weight (60 kg for an adult, andk§Gor adolescents)
Te: Average exposure time (= Ed x 365 days)

EDI: Estimated daily intake (mg Kgday') calculated as EDI = (C x Fi x Ef x Ed) / (W x Te)
RfD: Oral reference dose (0.0003 mg As'kmpdy weight day)

HQ: Hazard Quotient (calculated as HQ = EDI / RfD)

CSF: Cancer slope factor for As (1.5 mg AS kiay?)

CR: Cancer risk (calculated as: EDI x CSF)
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