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Abstract. The existence of high content of arsenic exceeding international regulations stablished for
irrigation water can be the main factor for the relationship of arsenic content found in soil and crops of
many countries around the world such as Bangladesh, Mexico and Spain. The drinking water is not the
only source of consumption of arsenic in human diet. Irrigating agricultural fields with arsenic
contaminated water produces accumulation of arsenic in soil and subsequently an increases of arsenic
concentration in crops. Concentration of arsenic in crops depends of many factors, for example, type of
crop, arsenic concentration of soil and water, soil type, among others. In this paper, data from several
studies are presented to show that arsenic in irrigation water tends to accumulate in agricultural soil and
through several mechanisms is absorbed by crops. The problem of arsenic in agriculture requires more
research that allows to know the actual situation and to propose solutions in order to solve some cases and
avoid others.
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Introduction

Arsenic excess present in groundwater may be a natural contaminant and it is
currently a problem that impacts many sites around the world, for example India, Spain,
Nicaragua, Peru, Argentina, Mexico and Chile are among the countries where have
detected concentration above of 10 pg L™ of this pollutant (Figure 1), this concentration
exceeds the permissible limit according to World Health Organization (WHO, 2003). In
India, natural sources of arsenic from aquifer rocks has been reported to add arsenic to
underground water (Ranhman et al., 2007), the same for Argentina (Hopenhayn et al.,
1996), while in Mexico a large part comes from mining (Ongley et al., 2007). The
problem of arsenic of natural origin, added to that generated by copper mining, is also
critical in northern Chile (Arica), at communities that are facing water shortages at the
same time (Carbonell et al., 1995).

Irrigation water is not an exception to the above described and is compromised by
contamination of arsenic in surface water bodies at many countries (Azcue and Nriagu,
1994; Chen et al., 1994; Das et al., 1995; Nickson et al., 2000; Schreiber et al., 2000;
Smedley et al., 2002; Mishra and Mahato, 2016; Yazdani et al., 2016; Rosas et al.,
2016; Nuiez et al., 2016). Concentration of arsenic in irrigation water is accumulated in
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soil, showing greater accumulation at top layers of soil and it is found in soluble
form. Finally, arsenic in soil and water reaches plants (Pandey and Singh, 2015; Kramar
et al., 2015; Dixit et al., 2016; Dousova et al., 2016; Ma et al., 2016).
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Figure 1. Arsenic concentration in groundwater around the world (elaborated with data from
Rasheed et al., 2016)

Accumulated arsenic in plants affect the growing mechanisms and hence the yield of
crops, as well as the accumulation of arsenic in crops may impact on health of living
beings (Rosas et al., 2016). A specific case of the arsenic effect, is the 50% yield
reduction when having an arsenic concentration of 43.8 mg L™ in radish and 4.5 mg L™
in tomato (Carbonell et al., 1995). Due to the high toxicity and bioavailability of
arsenic, it is necessary to conduct research in various subjects to help tackle the problem
comprehensively, for example, knowing the mechanisms by which this element moves
through the system water-soil-plant, concentrations affecting yield of crops and health
of living beings, geographical distribution of an index for bioavailability and propose
solutions economically and technically viable.

Therefore, this article presents the state of the art about the effect of arsenic
contamination in agricultural soil and water, absorption of the most common arsenic
species in some parts of crops, effects on productivity of some crops and solutions
proposed to the problem.

Fundamentals
Arsenic in water

Arsenic contamination of drinking water is a serious and widespread problem that
threatens human health and the environment. The World Health Organization (WHO)
recommends a maximum quantity of arsenic of 10 pg L™ in drinking water.
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In water with dissolved oxygen concentrations below 0.8 mg L™ is more common
to find arsenic (I11) than arsenic (V). HzAs, and H,AsO4* species may dominate
under oxidizing conditions, however, the oxidation of arsenic (I11) is often slow and
persists under conditions of oxygenation, the Table 1 shows some properties of
Arsenic Il and V. On the other hand, greater sorption of arsenic (V) of the form
H3AsOs could increase the rate of dissolution of arsenic (111) / arsenic (V) in surface
water bodies (Boyle et al., 1998).

Table 1. Properties of Arsenic Il and V

Properties Valence state Reference
As 111 As V

Coordination number Sixfold Fourfold Klein, 2002

Radius (A) 0.58 0.34 Klein, 2002

Density (g cm™), 25 °C and 1 bar 5.75 (rhombohedral form) 5.75 (rhombohedral form) Lide, 2007

Electronegativity 2.0 2.2 Langmuir, 1997

First ionization potential (V) 9.7886 9.7886 Lide, 2007

The adsorption of arsenic depends on the species in which it is located, and
represents the dominant mechanism that controls the transport of arsenic in many water
systems. Hydroxides of iron, aluminum, magnesium and clay minerals are commonly
associated with solid aquifers, which show that these species are important absorbents
of arsenic. The amount of arsenic absorbed is influenced by the chemistry of the
aqueous phase, including arsenic speciation, the presence and concentration of different
ions of competition for arsenic and pH.

Chemical and physical conditions of the aqueous phase of water affect arsenic
chemical behavior in the water-soil-plant system, i.e. in a water system with neutral pH
conditions, inorganic arsenic (I11) is an uncharged molecule H3AsO3, which improves
mobility, as it does not adsorb strongly enough to the surface of minerals. In contrast to
the anions of arsenic (V) that are strongly adsorbed by minerals under conditions of
neutral pH (Smedley et al., 2005), i.e. in moderate reduction, trivalent arsenite is stable
and increases adsorption with increasing pH, on the other hand under oxidizing
conditions, arsenate is stable and the absorption decreases with increasing pH. A pH
diagram of aqueous arsenic species is shown in Figure 2.
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Figure 2. pH diagram of aqueous arsenic species: (A) lll. (B) V.

Another factor that influences the transport of arsenic in water, like adsorption, is organic
matter. Organic matter is composed of a wide variety of organic compounds, some of the
most important due to interaction with arsenic are the humic substances. Humic substances
affect mobility and balance of the sorption of arsenic (Grafe et al., 2002; Redman et al.,
2002; Lin et al., 2003; Ko et al., 2004; Sjoblom et al., 2004; Warwick et al., 2005;
Buschmann et al.. 2006), since this can be absorbed by organic material and compete for
adsorption sites on mineral surfaces (Haw et al., 2004). Due to the arsenic concentration in
water, the agricultural soils are contaminated, and even accumulating more arsenic after
each crop cycle, which is a topic explored in more detail in the next section.

Arsenic in soil

The soil is an important natural resource, but also an important media of accumulation,
transformation and migration of arsenic. The main factors influencing the concentration of
arsenic in soil are the parent rocks (Tanaka, 1988) and human activities, which may come
from industrial waste and/or agricultural use of arsenical pesticides. The average range of
the natural content of arsenic in soils around the world is from 0.1 to 40 mg kg™ with an
average of 6 mg kg™ (Vinogradov, 1959; Backer and Chesnin, 1975, Bowen, 1979, Zou,
1986; Boyle et al., 1998). Little quantities of arsenic are also accumulated in soil by
fertilizers, irrigation, emissions from burning fossil fuels, industrial waste and sludge with
high concentration of arsenic (Nasier et al., 1977).

Agricultural practices with chemicals, historically used, contributes to the accumulation
of arsenic. Some combinations of pesticides and chemical fertilizers were widely applied
over long periods of time in the past (Carbonell, 1995).

Arsenic in soil is mainly found as inorganic species although the organic arsenic is also
found in organic matter of some soils, since some reducing bacteria catalyze and improve
the rate of oxidation of certain arsenious minerals (Mihaljevic et al., 2004), thus
converting inorganic arsenic into organophosphorus compounds. Typically, arsenic (V) is
dominant with values of electric potential (Eh) around 200 mV and pH conditions of 5-8
(Henke, 2009).

Togashi et al. (2000) argue that climate, erosion and sedimentation are responsible for
the enrichment of arsenic in soil. The temperature, humidity, precipitation and evaporation
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are important as they contribute to the oxidation of arsenic sulfide minerals. In particular,
for warm and humid climates, excessive rainfall causes intensive biological activity, thus
creating reduction conditions on the surface and underground, which prevents the oxidation
of sulfur. The soil surface under high temperatures and moisture can promote the oxidation
of arsenic sulfide minerals, releasing arsenic into the environment (Williams, 2001).

Soil texture is another important characteristic that affects the chemistry of arsenic. Fine
clay minerals tend to adsorb and trap arsenic more effectively than sandy soils (Scazzola et
al., 2004). In many soils and sediments, the mobility of arsenic (V) is limited by adsorption
to clay minerals, organic matter or iron oxides (Inskeep et al., 2002).

Soil organic matter is generally composed of a wide variety of compounds, that
including, carboxylic acids, carbohydrates, phenols, amino acids and humic substances
(Drever, 1997; Wang and Mulligan, 2006; Fakour and Lin 2014). Organic matter affects the
mobility and bioavailability of arsenic in soils and sediments by the same mechanisms that
water sorption (Sjoblom et al., 2004; Warwick et al., 2005; Buschmann et al., 2006). Most
of the components of organic matter are found in an oxidation state under conditions of
alkaline and neutral pH, which implies that compete with oxy-anions of arsenic to be
adsorbed by hydroxides or oxy-hydroxides on the surface of minerals (Wilkin and Ford,
2006). Then the effect of arsenic contamination in agricultural soil and water, affects crops,
decreasing the crop yield and in this way enters to the food chain.

Arsenic in agriculture
Soil and plant

There are many studies about the mobilization and accumulation of arsenic in soil, as
well as the effect of oxalic, citric and malic acids on this mobilization. These acids were
tested in terms of mobilizing arsenic that was bound to iron components. The results
showed that the arsenic mobility increases as dose of oxalic acid increases. In other hand, it
was observed that there was a close relationship between the mobilized iron and the
mobilized arsenic, in fact the iron plays an important role for arsenic mobilization (Onireti
and Lin, 2016), while the results of Dousova et al. (2016) showed that chemical
composition (Fe, OM content) played a minor role, being important just in the Kinetics of
surface processes.

In the West of England, retention of arsenic was examined for forest soils rich in organic
matter and spatial and temporal patterns of arsenic dissolved concentrations were analyzed.
Concentration of arsenic was found to change as a function of soil depth, and the results
revealed the highest arsenic concentration of 28.3 mg kg™ at the topsoil layer (0.07 m), and
below 0.13 m, concentration fluctuated around 9 mg kg™. On the other hand, the study
demonstrated that those soils were contaminated with anthropogenic arsenic derivatives and
that organic matter plays an important role in the dynamics of arsenic (Rothwell et al.,
2009). Arsenic reported, in previous publications, that major contamination of soil occurs in
the upper layer of soil, which is at 0.50 m depth, where contamination occurs due to
irrigation with contaminated water.

A study in Portugal (Marques et al., 2009) found that the soil on the slopes of a river
presented a higher concentration of arsenic, at the closest points to a sewage canal. In
addition, the highest concentrations of arsenic were found at the top layers of soil, similar to
the results reported by Rothwell et al. (2009). Marques et al. (2009) found that the closer the
ground to channel water, the higher concentration of arsenic. Moreover, these authors
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reported that in Blackberry (R. ulmifolius), arsenic concentration ranged between 277 and
1721 mg kg™ at the root, from 30 to 110 mg kg™ at the stem from 60 to 265 mg kg™ at the
leaf. Also they found that extractable percentage of arsenic per plant is 0.7% with respect to
the total concentration of metalloid in the soil. On the other hand, arsenic concentration in
Blackberry plants are higher compared with results of other studies (Ma et al., 2001).
However, the absorption of arsenic in the system of plant-soil is also related by the presence
of different metals and anions that compete for adsorption sites with arsenic. Several
authors (Azcue and Nriagu, 1994; Cardwell et al., 2002; Marques et al., 2007) have found a
clear pattern of increased concentration of arsenic present in aquatic macrophytes as Zinc
concentration increases, indicating an interaction between different metals or anions.

Stoltz and Greger (2002) found that some tests showed a high correlation between the
concentration of arsenic among varieties of cotton (Eriophorum angustifolium and E.
scheuchzeri Honckenya Hoppe) and arsenic concentration in agricultural soil, and reported
maximum concentrations of 8.4 mg kg™ in soil and 276 mg kg™ in root, like Marques et al.
(2009). Also, Stoltz and Greger (2002) found that concentrations of arsenic in root is higher
than the arsenic content in the aerial part. The correlation of the concentration of arsenic in
plant root and the concentration of arsenic in soil was positive and significant, while for leaf
and stem was generally not significant.

Studies have demonstrated that Arsenic (V) uses the same pathway than phosphate to be
absorbed by the root of rice from soil, it is due to the chemical analogy of phosphate
(Abedin et al., 2002; Lee et al., 2016), in Table 2, a summary plant species and the main
uptake mechanism is presented. The main form of arsenic in aerobic soils is arsenic (V),
this form presents many chemical similarities of phosphate and get in to plant root tissue
through the mechanism of phosphate transporters. Some studies reported that the high
affinity phosphate transporters AtPht1;1 and AtPht1;4 facilitate the acquisition of phosphate
and arsenic (V) (Shin et al., 2004; Remy et al., 2012; Ye et al., 2015; Punshon et al., 2017).
Absorption of arsenic/phosphate take place through the same plasma membrane in plants of
Holcus lanatus and Hordeum wvulgare, these mechanism presents a higher affinity for
phosphate than arsenic (V).

Table 2. Transport mechanism in selected plant species. For a more complete review of
uptake mechanism, see Farok et al., 2016

Plant species Arsenic species Uptake and Reference
transporter name
Xenopus Laevis MMA OsNIP2;1 gene Li et al., 2009.
ooccyte
Rice and Castor Bean DMA Translocated from Careyetal., 2011; Ye
roots to shoots, takes et al., 2010.
place via both the
xylem and the phloem
Rice DMAA and MMAA Glycerol transport Rahman et al. 2011.
pathway
Rice AsY Uptake and Kamiya et al. 2013.
translocation root to
shoo
Arabidopsis thaliana As” Phospathe transporters ~ Shin et al., 2004.
Pteris vittata As” Transport DiTusa et al., 2016.
Arabidopsis As" PC complex transport  Song et al., 2010.
Arabidopsis As" Phloem translocation ~ Duan et al., 2016.
Barley As" Transport Katsuhara et al., 2014.
Pteris vittata As" Uptake He et al., 2016.
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Due to high concentrations of arsenic that crops are capable to accumulate and as a
consequence entering into the food chain, several remediation/removal methods of arsenic
from water and soil have been proposed.

Removal of arsenic in soil

There are several options to eliminate or reduce arsenic concentration of agricultural soil;
the principals can be suggested such as adsorption, precipitation, inverse osmosis and
phytoremediation. The phytoremediation of contaminated soils with arsenic has been
considered feasible and environmentally friendly technique (Ma et al., 2001; Azizur and
Hasegawa 2011; Ye et al., 2011). The effectiveness of phytoremediation is determined by
two factors: first, identification of hyperaccumulators of arsenic, and second, by the
knowledge of factors that maximize the accumulation of it.

Another study, in southeastern France (Chaney et al., 2007) found that it is possible to
clean the agricultural land used for growing rice, from inorganic compounds by combining a
high intake and translocation of contaminants to the harvestable biomass. In addition,
phytoremediation showed that the root of plants such as amaranth (Amaranthus blitoides),
bermuda grass (Cynodon dactylon), chicory (Cichorium intybus) and milk thistle (Sylibum
marianum) can absorb metals especially plumb and copper (Marmiroli et al., 2005; Del Rio
Celestino et al., 2006; Vazquez et al., 2006; Yoon et al., 2006), so the root exudative may
cause precipitation or mobilization of the metal. For example, the mobility of arsenic in
soils and sediments of northern Argentina is highly controlled by precipitation processes,
dilution and/or sorption of the surface of metal particles (Smedley and Kinniburgh, 2002),
and the final arsenic disposition is affected by organic matter (Bauer and Blodau, 2006;
Buschmann et al., 2006). By the study of these mechanisms, it becomes technically feasible
to devise methods to control the mobility of arsenic in soils and then propose an effective
remediation for soils contaminated with arsenic.

Srivastava et al. (2006) reported that P. Biaurita, L. P. quadriaurita Retz and P.
ryukyuensis Tagawa are hyperaccumulators fern of arsenic and all these may be used in
phytoremediation of sites contaminated by arsenic. Other arsenic hyperaccumulators as
Pteris viatta and Ptyrogramma calomelanos (Francesconi et al., 2002), also P. Longifolia
and P. Umbrosa (Zhao et al., 2002) were already validated.

A decade ago, biomass resulting from plants accumulating As by phytoremediation
process was thought as a drawback for its application, because the biomass was usually
either disposed at regulated landfills or incinerated (Chaney et al., 2007). Current research is
working to find new recovery methods of As from hyperaccumulator plants. In fact, Pteris
vittata is a good example of phytoremediation, since it takes up As and rapidly translocates
it into the fronds (Danh et al., 2014). Thus, recent research is testing As removal from P.
vittata by different methods (da Silva et al., 2018). After extracting As, next step is to use it
in the industry of wood preservation chemicals, insecticides and poison for pests.

Arsenic contamination in agricultural irrigation water produces an accumulative effect
on soils and crop, so many studies have been developed on these topics and the next section
explores it.

Water and plant

The arsenic in soil and water is taken by crop plants up and that is how this arsenic is
present in food (Punshon et al., 2017). The relationship between arsenic concentration
of water and arsenic concentration absorbed by plants is influenced by parameters such
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as pH, temperature, soil type and kind of plant, so Carbonell et al. (1995) remarked the
need to study the interactions of arsenic through water-plant.

Dahal et al. (2008) monitored the influence of arsenic in irrigation water and alkaline
soils on onion, cauliflower, rice and potato, directly in field. They found arsenic
concentrations to range from 0.005 to 1.014 mg L™ for irrigation water, from 6.1 to 16.7
mg kg™ for soil; and for crops mentioned above it was found that arsenic concentration
changed from high to low accumulation in different parts of plants as follows: roots >
shoots> leaves> edible.

Arsenic concentration in soil is determined by its mineralogical and chemical
properties as well as the amount of arsenic contained in the irrigation water. In
particular, an increment of arsenic in grain is more sensible to the arsenic concentration
in soil than in water (Mukherjee et al., 2017).

In cases of sprinkler irrigation Soybean as affected by high concentrations of arsenic
and fluoride in irrigation water under controlled conditions, arsenic and fluoride are
accumulated in soil. Moreover, as the concentration increases over 0.6 mg L™ of arsenic
and 25 mg L™ of fluoride, it is observed a bioaccumulation and a biomass reduction of
plant (Bustingorri and Lavado, 2014).

The arsenic contained in the irrigation water, is bioaccumulated in crops, which form
part of the diet in some countries, and in this way reaches humans beings. As a
consequence, this bioaccumulation of arsenic has affected negatively the human health
(Mayorga et al., 2013).

Hu et al. (2015) found that by minimizing the amount of arsenic in irrigation water
diminishes the amount of arsenic in rice. In fact, Newbigging et al. (2015) proposed that
this is the best option, since the arsenic intake by rice is difficult to control.

The main source of arsenic in agriculture is contaminated irrigation water, thus
irrigation technologies with high efficient use of water may help to solve the problem in
the best sustainable way by reestablishing the levels of water in aquifers, since arsenic
comes from deep groundwaters. In the meantime, studies about the removal of arsenic
from water are being done due to the significant effect that arsenic in water have on
crops and soil, which is the subject of next subsection.

Removal of arsenic in water

In Latin America, some people have severe health problems caused by consuming
water with high content of arsenic, because of this; different arsenic removal methods
have been applied to drinking water (Camacho et al., 2011). Conventional technologies
such as oxidation, coagulation/co-precipitation, adsorption, reverse 0smosis, ion
exchange, are used to remove arsenic from water but they are expensive techniques. For
this reason, more economical and decentralized methods have emerged such as natural
adsorbents, sunlight or biological treatments as essential methods to reduce
contamination of arsenic for low-income areas and remote regions of Latin America
(Litte et al., 2010). Several adsorbents have been used to remove arsenic from water. In
general, the adsorbents can be grouped into two types, namely, absorbents with iron
content (IC) and adsorbents without iron content (WIC). The adsorbents without Fe
content include, Chitosan/Cu(OH), and Chitosan/CuO, which were used for arsenic (V)
removal from aqueous solution. A recent research results showed that sorption uptake
was highly dependent on pH, temperature, initial arsenic (V) concentration and sorbent
dosage (Elwakeel and Guibal, 2015). Seawater neutralized red mud (Bauxsol™
technology) was used for arsenic (V) removal. Bauxsol has the potential for removing
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arsenic (V) (Genc et al., 2003). The Zirconium loaded activated carbon (Zr-AC) was
used for arsenic removal and it allows high flows with a remarkable adsorption capacity
(Daus et al., 2004). Manna et al. (2010) investigated removal of arsenic from
contaminated groundwater using a new method that works with distillation membranes
in direct contact with solar membrane. This system produces almost 100% water free
from arsenic. The solar distillation membrane has a high potential to remove arsenic in
contaminated groundwater.

The aluminum sulfate was used to remove the arsenic from water by precipitation —
co-precipitation (Meltem and Pala, 2010). In this study, a statistical design of
experiments Bahnken box was done and also response surface methodology to
investigate the effects of the most significant operating variables. Aluminum sulfate was
found to be an effective and safe coagulant for drinking water due to the dose required
of it. The optimal pH range for maximum removal of arsenate was from 6 to 8. At low
concentration of arsenate, removal efficiency obtained was high using elevated doses of
aluminum sulphate, whereas under high initial concentrations of arsenate, a high
removal efficiency was performed with low doses of the coagulant.

Another solution is the use of adsorbent media. Adsorbents with Fe content includes,
Green synthesis of aFe,O3 nanoparticles, this adsorbent shown that is affected by
temperature and pH and its adsorption capacity was 38.48 mg g™ indicating a good
potential for the adsorption of arsenic (V) (Mukherjee et al., 2016). Alginate beds
impregnated of hydrous iron oxide presented an effective removal, the adsorption
efficiency for both arsenic species increased as iron loading is augmented (Sigdel et al.,
2016). Moreover, Sanchez et al. (2016) studied the adsorption capacity of arsenic on a
mixed oxides produced from thermal treatment of hydrotalcite-like compound's, these
authors report more than 98% removal for initial concentrations below 250 pg L™. The
iron-aluminum hydroxide coated onto macroporous supports was proved for arsenic
removal and it was compared with Granular Ferric Hydroxide (GEH), Kumar et al.
(2016) show that the iron-aluminum hydroxide coated onto macroporous supports is
capable to treat seven times more volume of water than GEH. The adsorption capacity
of different adsorbents is related to other ions present in water, such as, phosphate,
sulfate, carbonate, fluorides and humic and fulvic acids. Saldana-Robles et al. (2017)
evaluated GEH in presence of humic substances to study the adsorption capacity of
arsenic (V) onto GEH. The results showed that humics and fulvic acids enhance the
mobilization of arsenic (V), reducing the removal efficiency of adsorbent.

Other synthetized materials with iron such as diatom-FeOx (Thakkar et al., 2015) and
Zr-3-FeOOH (Sun et al., 2012) showed adsorption capacities for arsenite and arsenate.
While, the first adsorbed 10 mg g™ of arsenite and 12.5 mg g™ of arsenate, the second
adsorbed 60 mg g™ and 120 mg g™, respectively. On the other hand, 8-FeOOH showed
an adsorption capacity for arsenate of 37.3 mg g (Faria et al., 2014). The iron coated
sand (Thirunavukkarasu et al., 2002), the CFe (Gutiérrez et al., 2013), CarFe (Gutiérrez
et al., 2013), NADMCF (Malana et al., 2011), BNNT (Chen et al., 2011), 10CS-2
(Thirunavukkarasu et al., 2002), kaolinite (Ladeira and Ciminelli, 2004), GAC-Fe (0.05
M) (Gu et al., 2005) and nanostructures akaganeite (Deliyanni et al., 2003) have shown
potential capacity for arsenic adsorption. In the case of IC adsorbents, the adsorption is
compatible with a multilayer adsorption for CFe, CarFe, NADMCF and BNNT in
agreement with the Freundlich model for adsorption capacity ranging from 0.99 to 2.59
mg g~. 10CS-2, Kaolinite, GAC-Fe, GAC-Fe-O, and Nanostructures akaganeite show
an adsorption mainly monolayer with adsorption capacity ranging 0.008 to 2.96 mg g™*.
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The accumulative effect caused by arsenic in agricultural soil and water on crops has
been studied by several authors. This is mainly due to the environmental importance
and the negative effects in the food chain and so for human health. Some arsenic effects
on human health could be related by the type (inorganic or organic) and concentration
of trivalent (As**, MMA™ and DMA*®) or pentavalent arsenic forms (As*, MMA*® and
DMA™). In this sense, As™ and As*® are considered more toxic than methylated organic
(MMA™ and DMA*®) forms (Rasheed et al., 2016). Different organs in the human body
can be affected by long term arsenic exposure provoking skin lesions, different types of
cancer, diabetes, lung disease, neurotoxicity, among others (Carlin et al., 2014).
According to Abdul et al. (2015), the effects of arsenic exposure may be classified into
four stages: preclinical, clinical, internal complications and malignancy stages. There
are many examples of arsenic human exposure. In Taiwan, residents were chronically
exposed to high levels of arsenic due to drinking water and presented Black Foot
Disease (Chen et al., 1985; Tseng, 1977). Hindmarsh et al. (1977) reported Peripheral
neuropathy after long-term exposure to inorganic arsenic in drinking water. A recent
case occurred in West Bengal, a state of India, a large population is still exposed to
arsenic contamination which is acquired from drinking water, and which results in
consequent escalation in the number of chronic arenicolids (Pal et al., 2015).

Arsenic in crops

The ratio of the concentration of arsenic and crops is a topic of general interest, as
the plant is the media by which the arsenic reaches living beings. Furthermore, the
effect that arsenic has on crop yield impacts the economy of the agricultural sector.

Several authors have studied the arsenic accumulation in wheat. The results showed
that arsenic in wheat grains mainly exist as inorganic form (Shi et al., 2013; Brackhage
et al., 2014). On the other hand, the results obtained by Shi et al. (2015) showed that the
accumulation of arsenic and translocation were a significant difference among wheat
cultivars studied.

Rice consumption is the main source of exposure to organic arsenic for people in
Asia. Therefore, recent studies have been conducted on the accumulation and speciation
of arsenic in different rice varieties. Lu et al. (2010) studied Indica and a hybrid of
Indica and found that arsenic content in different parts of plants increased in the next
order: grain <shell <stem <roots. The concentration of arsenic in the grain of both
varieties was significantly different and correlated with concentration of phosphorus
being higher for Indica than the hybrid of Indica. Also, inorganic arsenic was found to
be the dominant specie present in grains of rice for all of analyzed species.

In Poland, studies were conducted comparing the concentration and speciation of
arsenic incorporated into plants of white mustard (Sinapis alba), which took place in the
presence of various arsenic compounds and found that mustard has the capacity to
absorb different arsenic forms. The samples of mustard were grown in different
solutions containing arsenic (I11), arsenic (V), methylarsonic acid (MMA) or
dimethylarsonic acid (DMA). The translocation factor reported by authors was high
(0.70) when DMA was added to the nutrient solution (Lukasz et al., 2010).

Vamerali et al. (2009) found that the concentration of trace elements (As, Co, Cu, Pb
and Zn) is higher in roots of poplar (Populus) and willow (Salix) than in the aerial
shoot. Moreover, this accumulation is more pronounced in thin roots. In different
species used for this study, a pronounced aging of thick roots was found.
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Ruiz et al. (2008) found a concentration of 1750 mg kg™ of arsenic in plant samples
at sites with arsenic contaminated soil that presented a concentration range of arsenic
from 1.14 to 98.5 mg kg™ (dry weight), while in other plants that grow in sites with the
same geological characteristics presented a concentration range from 0.06 to 0.58 mg
kg™. On the other hand, the arsenite and arsenate were found in all plant samples and in
some plant species was found organic arsenic as MMA, DMA and trimethylarsine
oxide. The importance of know the arsenic present in water produce diferent effects in
human healths

Conclusions

The presence of high concentrations of arsenic in the agricultural system of water-
soil-crop has led to a serious problem. Therefore, to dimension and solve this problem,
considerable research is being done around the world. In general terms, there are two
sources of arsenic in agriculture, namely, arsenic coming from deep wells from sites
that due to its geological characteristics contain heavy metals and arsenic coming from
agrochemicals and industrial wastes. The contaminated water used in agriculture for
irrigation is moving arsenic to soil and crops, which is currently the major source of this
element in agriculture.

The arsenic adsorbed by crops from contaminated water depends on several factors
such as pH, temperature, oxidation state of arsenic, type of soil and crop. However, it is
required to study the interaction among arsenic, organic matter, metals, pH and its
relationship with the mobility and adsorption in plant. It is known that bioaccumulation
of arsenic in some crops leads to biomass and yield reduction. Usually, in crop plants, it
is found that arsenic concentration is the highest at the root, followed by stem, leaf and
the lowest concentration is found in grain or fruit. It is lacking in the technical literature
a differentiation of the arsenic effects on plant depending on the way it is exposed to
arsenic, either by soil or water. In the other hand, the interaction of arsenic and nutrients
intake by plant and the intake mechanisms as well as the transport of arsenic in several
plant structures is up to day not completely understood.

Additionally, the agricultural soil is accumulating arsenic from contaminated
irrigation water. The bioaccumulation and adsorption of arsenic in soil is affected by its
properties such as the content of oxalic, citric and malic acids. In the other hand,
organic matter plays an important role in the dynamics of arsenic in soil, since the
greater arsenic concentrations are found in surface layers (about 0.50 m deep) in cases
where the arsenic contamination is due to irrigation. In addition, the adsorption of
arsenic is related to the presence of ions and metals that competes by the adsorption
sites of arsenic in soil.

Since cutting off the main source of arsenic may be the solution to the problem of
arsenic in agriculture, reestablishing the water levels of groundwater and aquifers by
good irrigation practices and efficient irrigation technologies can be considered the best
sustainable solution. In the meantime, removal technologies of arsenic from water and
soil may help. Thus, removal technologies of arsenic in soil such as inverse osmosis,
precipitation, adsorption and phytoremediation are proposed. Among of them,
phytoremediation is more environmental friendly and is easier to implement than its
counterparts. However its effectivity relies in characteristics of the arsenic
hyperaccumulator plant. Therefore, finding better hyperaccumulators is still an active
area of research. Remediation technologies including oxidation, coagulation/
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coprecipitation, adsorption, reverse osmosis and ion exchange are proposed for cleaning
drinking water. However, these technologies are either too expensive to be incorporated
in agricultural daily practices due to the huge water volumes required in agriculture. To
the best acknowledge of the authors, it is still required to propose a remediation
technology cheaper than existing ones and able to remove arsenic from water volumes
required in the agriculture.

Acknowledgements. A. Saldafia-Robles would like to express her gratitude to the National Council of
Science and Technology (CONACyYT), for financial support provided.

[1]

2]
[3]
[4]
[5]
[6]
[7]
[8]

9]

[10]

[11]

[12]

[13]
[14]

[15]

REFERENCES

Abdul, K. S. M., Jayasinghe, S. S., Chandana, E. P., Jayasumana, C., De Silva, P. M. C.
(2015): Arsenic and human health effects: A review. — Environmental toxicology and
pharmacology 40(3): 828-846.

Abedin, M. J., Feldmann, J., Meharg, A. A. (2002): Uptake kinetics of arsenic species in
rice plants. — Plant Physiologyogy 128: 1120-1128.

Azcue, J. M., Nriagu, J.O. (1994): Arsenic: Historical perspectives. — Wiley & Sons, New
York, USA.

Azizur, R. M., Hasegawa, H. (2011): Aquatic arsenic: Phytoremediation using floating
macrophytes. — Chemosphere 83: 633-646.

Backer, D.E., Chesnin, L. (1975): Chemical monitoring of soils for environment quality
and animal and human health. — Advances in Agronomy 27: 305-74.

Bauer, M., Blodau, C. (2006): Mobilisation of arsenic by dissolved organic matter from
iron oxides, soils and sediments. — Science Total Environment 354: 179-90.

Bowen, H. J. M. (1979): Elemental Chemistry of the Elements. — Academic press,
London and New York.

Boyle, D. R., Turner, R. J., Hall, G. E. M. (1998): Anomalous arsenic concentrations in
growndwaters of an island community, Bowen Island, British Columbia. — Environmental
Geochemistry and Health 20: 199-212.

Brackhage, C., Huang, J.H., Schaller, J., Elzinga, E. J., Dudel, E. G. (2014): Readily
available phosphorous and nitrogen counteract for arsenic uptake and distribution in
wheat (Triticum aestivum L.). — Scientific Report 1: 1-7.

Buschmann, J., Kappeler, A., Lindauer, U., Kistler, D., Berg, M., Sigg, L. (2006):
Arsenite and arsenate bindingto dissolved humic acids: influence of pH, type of humic
acid and aluminium. — Environmental Science Technology 40: 6015-20.

Bustingorri, C., Lavado, R. S. (2014): Soybean as affected by high concentrations of
arsenic and fluoride in irrigation water in controlled conditions. — Agricultural water
management 144: 134-139.

Camacho, L. M., Gutiérrez, M., Alarcon, M. T., Villalba, M. L., Deng, S. (2011):
Occurrence and treatment of arsenic in groundwater and soil in northern Mexico and
southwestern USA. — Chemosphere 83: 211 - 225.

Carbonell, B. A. A., Burlo, C. F. M., Mataix, B. J. J. (1995): Arsénico en el Sistema Agua
Planta. — Espafia, Universidad de Alicante.

Cardwell, A. J., Hawkerd, D. W., Greenway, M. (2002): Metal Accumulation in Aquatic
Macrophytes from Southeast Queensland. — Chemosphere 48: 653-63.

Carey, A. M., Norton, G. J., Deacon, C., Scheckel, K. G., Lombi, E., Punshon, T.,
Guerinot, M. L., Lanzirotti, A., Newville, M., Choi, Y., Price, A. H., Meharg, A. A.
(2011): Phloem transport of arsenic species from flag leaf to grain during grain filling. —
New Phytologist 192: 87-98.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
- 1545 -

Carlin, D. J., Naujokas, M. F., Bradham, K. D., Cowden, J., Heacock, M., Henry, H. F.,
Waalkes, M. P. (2016): Arsenic and environmental health: state of the science and future
research opportunities. — Environmental health perspectives 124(7): 890-899 .

Chaney, R. L., Angle, J. S., Broadhurst, C. L., Peters, C. A., Tappero, R. V., Sparks, D. L.
(2007): Improved Understanding of Hyperaccumulation Yields Commercial
Phytoextraction and Phytomining Technologies. — Journal of Environmental Quality 36:
1429-1443.

Chen, C. J,, Chuang, Y. C,, Lin, T. M., & Wu, H. Y. (1985): Malignant neoplasms among
residents of a blackfoot disease-endemic area in Taiwan: high-arsenic artesian well water
and cancers. — Cancer research 45: 5895-5899.

Chen, R., Zhi, C., Yang, H., Bando, Y., Zhang, Z., Sugiur, N., Golberg, D. (2011):
Arsenic (V) adsorption on Fe304 nanoparticle-coated boron nitride nanotubes. — Journal
of Colloid Interface Science 359: 261-268.

Chen, S. L., Dzeng, S. R., Yang, M. H., Chlu, K. H., Shieh, G. M., Wai, C. M. (1994):
Arsenic species in groundwaters of the Blackfoot Disease Area, Taiwan. — Environmental
Science and Technology 28: 877-881.

Da Silva, E. B., de Oliveira, L. M., Wilkie, A. C., Liu, Y., Ma, L. Q. (2018): Arsenic
removal from As-hyperaccumulator Pteris vittata biomass: Coupling extraction with
precipitation. — Chemosphere 193: 288-294.

Dahal, B. M., Fuerhacker, M., Mentler, A., Karki, K. B., Shrestha, R. R., Blum, W. E. H.
(2008): Arsenic contamination of soils and agricultural plants through irrigation water in
Nepal. — Environmental Pollution 155: 157-63.

Danh, L.T., Truong, P., Mammucari, R., Foster, N. (2014): A critical review of the
arsenic uptake mechanisms and phytoremediation potential of Pteris vittata. — Int. J.
Phytoremediation 16: 429-453.

Das, D., Chatterjee, A., Mandal, B. K., Samanta, G., Chakraborti, D., Chanda, B. (1995):
Arsenic in gound-water in 6 districts of West Bengal, India - the biggest arsenic calamity
in the word. — Analyst 120: 917-24.

Daus, B., Rainer, W., Holger, W. (2004): Sorption materials for arsenic removal from
water: a comparative study. — Water Research 38: 2948-2954.

Del Rio, C. M., R, Front, R., Moreno, R., A. De Haro, B. (2006): Uptake of Lead and
Zinc by Wild Plants Growing on Contaminated Soils. — Industrial Crops and Products 24:
230-237.

Deliyanni, E. A., Bakoyannakis, D. N., Zouboulis, A. 1., Matis, K. A. (2003): Sorption of
As (V) ions by alaganeite-type nanocrystals. — Chemosphere 50: 155-163.

DiTusa, S.F., Fontenot, E. B., Wallace, R. W., Silvers, M. A,, Steele, N. T., Elnagar, A.
H., Dearman, K. M., Smith, A. P. (2016): A member of the phosphate transporter 1 (Phtl)
family from the arsenic-hyperaccumulating fern Pteris vittata is a high- affinity arsenate
transporter. — New Phytologist 209: 762-772.

Dixit, G., Singh, A. P., Kumar, A., Mishra, S., Dwivedi S., Kumar, S., Trivedi, P. K,
Pandey, V., Tripathi, R. D. (2016): Reduced arsenic accumulation in rice (Oryza sativa
L.) shoot involves sulfur mediated improved thiol metabolism, antioxidant system and
altered arsenic transporters. — Plant Physiologyogy and Biochemistry 99: 86-96.

Dousova, B., Buzek, F., Lhotka, M., Krejcova, S., Boubinova, R. (2016): Leaching effect
on arsenic mobility in agricultural soils. — Journal of Hazardous Materials 307: 231-239.
Drever, J. I. (1997): The Geochemistry of Natural Waters: Surface and Groundwater
Environments. — Pretince Hall, New York, USA.

Duan, G. L., Hu, Y., Schneider, S., McDermott, J., Chen, J., Sauer, N., Rosen, B. P.,
Daus, B., Liu, Z., Zhu, Y. G. (2016): Inositol transporters AtINT2 and AtINT4 regulate
arsenic accumulation in Arabidopsis seeds. — Nature Plants 2 1:1-6.

Elwakeel, K. Z., Guibal, E. (2015): Arsenic (V) sorption using chitosan/Cu(OH)2 and
chitosan/CuO composite sorbents. — Carbohydrate Polymers 134: 190-204.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
- 1546 -

Fakour, H., Lin, T. F. (2014): Experimental determination and modeling of arsenic
complexation with humic and fulvic acids. — Journal of Hazardous Materials 279: 569-
578.

Faria, M., Rosemberg, R. S., Bomfeti, C. A., Monteiro, D. S., Barbosa, F., Oliveira, L. C.
A, Rodriguez, M., Pereira, M. C., Rodrigues, J. L. (2014): Arsenic removal from
contaminated water by ultrafine 6-FeOOH adsorbents. — Chemical Engineering Journal
237: 47-54.

Faroog, M. A,, Islam, F., Ali, B., Najeeb, U., Mao, B., Gill, R. A., Zhou, W. (2016):
Arsenic toxicity in plants: Cellular and molecular mechanisms of its transport and
metabolism. — Environmental and Experimental Botany 132: 42-52.

Francesconi, K., Visoottiviseth, P., Sridockhan, W., Goessler, W. (2002): Arsenic Species
in an Hyperacculmulating Fern, Pityrogramma calomelanos: A potential phytoremediator.
— Science Total Environmental 284: 27-35.

Genc, H., Tjell, J. C., Mcconchie, D., Schuiling, O. (2003): Adsorption of arsenate from
water using neutralized red mud. — Journal of Colloid Interface Science 264: 327-334.
Grafe, M., Eick, M. J., Grossl, P. R., Saunders, A. M. (2002): Adsorption of Arsenate and
Arsenite of Ferrihydrite in the Presence and Absence of Dissolved Organic Carbon. —
Journal of Environmental Quality 31: 1115-1123.

Gu, Z., Fang, J., Deng, B. (2005): Preparation and evaluation of GAC-based iron-
containing adsorbents for arsenic removal. — Environmental Science Technology 39:
3833-3843.

Gutierrez, O. E., Garcia, G., Ordofiez, E., Olguin, M. T., Cabral, P. A. (2013): Synthesis,
characterization and adsorptive properties of carbon with iron nanoparticles and iron
carbide for the removal of As (V) from water. — Journal of Environmental Management
114: 1- 7.

Haw, T. L., Wang, M. C., Gwo, C. L. (2004): Complexation of arsenate with humic
substance in water extract of compost. — Chemosphere 56: 1105-1112.

He, Z., Yan, H., Chen, Y., Shen, H., Xu, W., Zhang, H., Shi, L., Zhu, Y.G., Ma, M.
(2016): An aquaporin PvTIP4;1 from Pteris vittata may mediate arsenite uptake. — New
Phytologist 209: 746-761.

Henke, K. R. (2009): Arsenic: environmental chemistry, health threats, and waste
treatment. — Wiley, U.K.

Hindmarsh, J. T., McLetchle, O. R., Heffernan, L. P., Hayne, O. A., Ellenberger, H. A.,
McCurdy, R. F., Thiebaux, H. J. (1977): Electromyographic abnormalities in chronic
environmental arsenicalism. — Journal of Analytical Toxicology 1(6): 270-276.
Hopenhayn, C., Biggs, M. L., Fuchs, A., Bergoglio, R., Tello, E. E., Nicolli, H., Smith,
A. (1996): Bladder cancer mortality associated with arsenic in drinking water in
Argentina. — Epidemiology 7: 117-124.

Hu, P., Ouyang, Y., Wu, Y., Shen, L., Luo, Y., Christie, P. (2015): Effects of water
management on arsenic and cadmium speciation and accumulation in an upland rice
cultivar. — Journal of Environmental Sciences 27: 225-231.

Inskeep, W. P., Mcdermott, T. R., Fendorf, S. (2002): Arsenic (V)/(111) cycling in soil and
natural waters: chemical and microbiological processes. — Environmental Chemistry of
Arsenic 183.

Kamiya, T., Islam, M. R., Duan, G. L., Uraguchi, S., Fujiwara, T. (2013): Phosphate
deficiency signaling pathway is a target of arsenate and phosphate transporter OsPT1 is
involved in As accumulation in shoots of rice. — Soil Science and Plant Nutrition 59:
580-590.

Katsuhara, M., Sasano, S., Horie, T., Matsumoto, T., Rhee, J., Shibasaka, M. (2014):
Functional and molecular characteristics of rice and barley NIP aquaporins transporting
water: hydrogen peroxide and arsenite. — Plant Biotechnology Journal 31: 213-219.

Klein, C. (2002): The 22nd Edition of the Manual of Mineral Science (after James D.
Dana). — John Wiley & Sons, Inc.,New York, p. 641.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



[52]

[53]

[54]

[55]
[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
- 1547 -

Ko, I., Kim, J. Y., Kim, K. W. (2004): Arsenic speciation and sorption kinetics in thea
As-hematite-humic acid system. — Colloids and Surfaces A-Physicochemical and
Engineering Aspects 234: 43-50.

Kramar, U., Norra, S., Berner, Z., Kiczka, M., Chandrasekharam, D. (2015): On the
distribution and speciation of arsenic in the soil-plant-system of a rice field in West-
Bengal, India: A u-synchrotron techniques based case study. — Applied Geochemistry 77:
4-14.

Kumar, P. S., Quiroga, F. P., Sjostedt, C., Onnby, L. (2016): Arsenic adsorption by iron—
aluminium hydroxide coated onto macroporous supports: Insights from X-ray absorption
spectroscopy and comparison with granular ferric hydroxides. — Journal of Hazardous
Materials 302: 166-174.

Ladeira, A. C. Q., Ciminelli, V. S. T. (2004): Adsorption and desorption of arsenic on an
oxisol and its constituents. — Water Research 38: 2087-2094.

Langmuir, D. (1997): Aqueous Environmental Geochemistry. — Prentice Hall, Upper
Saddle River, NJ, p. 600.

Lee, C. H.,, Wu, C. H., Syu, C. H,, Jiang, P. Y., Huang, C. C., & Lee, D. Y. (2016):
Effects of phosphorous application on arsenic toxicity to and uptake by rice seedlings in
As-contaminated paddy soils. — Geoderma 270: 60-67.

Lee, C. H.,, Wu, C. H., Syu, C. H., Jiang, P. Y., Huang, C. C., Lee, D. Y. (2016): Effects
of phosphorous application on arsenic toxicity to and uptake by rice seedlings in As-
contaminated paddy soils. — Geoderma 270: 60-67.

Li, R.Y., Ago, Y., Liu, W.J., Mitani, N., Feldmann, J., McGrath, S. P., Zhao, F. J. (2009):
The rice aquaporin Lsil mediates uptake of methylated arsenic species. — Plant
Physiology 150: 2071-2080.

Lide, D.R. (ed.) (2007): CRC Handbook of Chemistry and Physics, 88th edn. — CRC
Press, Boca Raton, FL.

Lin, Z., Puls, R. W. (2003): Potential indicators for the assessment of arsenic natural
attenuation in the subsurface. — Advances in environmental research 7: 825-834.

Litte, M. I, Morgada, M. E., Bundschuh, J. (2010): Possible treatments for arsenic
removal in Latin American waters for human consumption. — Environmental Pollution
158: 1105-1118.

Lu, Y., Dong, F., Deacon, C., Chen, H., Raab, A., Meharg, A. A. (2010): Arsenic
accumulation and phosphorus status in two rice (Oryza sativa L.) cultivars surveyed from
fields in South China. — Environmental Pollution 158: 1536-41.

Lukasz, J., Kowalska, J., Kossykowska, M., Golimowski, J. (2010): Studies on the uptake
of different arsenic forms and the influence of sample pretreatment on arsenic speciation
in White mustard (Sinapis alba). — Environmental Pollution 94: 125-129.

Ma, J., Mi, Y., Li, Q., Chen, L., Du, L., He, L., Lei, M. (2016): Reduction, methylation,
and translocation of arsenic in Panax notoginseng grown under field conditions in
arsenic-contaminated soils. — Science of the Total Environmental 550: 893-899.

Ma, L. Q., Komart, K. M., Tu, C., Zhang, W., Cai, Y., Kennelly, E. D. (2001): A Fern
that Hyperaccumulates Arsenic. — Nature 409: 579.

Malana, M. A., Qureshi, R. B., Ashig, M. N. (2011): Adsorption studies of arsenic on
nano aluminium doped manganese copper ferrite polymer (MA, VA, AA) composite:
Kinetics and mechanism. — Chemical Engineering Journal 172: 721 — 727.

Manna, A. K., Sen, M., Martin, A. R., Pal, P. (2010): Removal of arsenic from
contaminated ground water by solar-driven membrane distillation. — Environmental
Pollution 158: 805-811.

Marmiroli, M., Antonioli, G., Maestri, E., Marmiroli, N. (2005): Evidence of the
Involvement of Plant ligno-cellulosic Structure in the Sequestration of Pb, an X-Ray an
X-ray spectroscopy- based Analisys. — Journal of Environmental Pollution 134: 217-227.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
-1548 -

Marques, A. P., Moreira, H., Rangel, A. O., Castro, P. M. L. (2009): Arsenic, Lead and
Nickel accumulation in Rubus ulmifolius growning in contaminated soil in Portugal. —
Journal of Hazardous Materials 165: 174-179.

Marques, A. P., Rangel, A. O. S. S., Castro, P. M. L. (2007): Zn Accumulation in Plant
Species indigenous to a Portuguese Polluted cite: relation with Soil Contamination. —
Journal of Environmental Quality 36: 646-53.

Mayorga, P., Moyano, A., Anawar, H. M., Garcia, S. A. (2013): Uptake and accumulation
of arsenic in different organs of carrot irrigated with As-rich water. — CLEAN-Soil, Air,
Water 41(6): 587-592.

Meltem, B. B., Pala, A. (2010): A statistical experiment design approach for arsenic
removal by coagulation processusing aluminum sulfate. — Desalination 254: 42-48.
Mihaljevic, M., Sisr, L., Ettler, V. (2004): Oxidation of As-bearing gold ore- a
comparison of batch and column experiments. — Journal of Geochemical Exploration 81:
59-70.

Mishra, T., Mahato, D. K. (2016): A comparative study on enhanced arsenic (V) and
arsenic(l11) removal by iron oxide and manganese oxide pillared clays from ground water.
— Journal of Environmental Chemical Engineering 4: 1224-1230.

Mukherjee, A., Kundu, M., Basu, B., Sinha, B., Chatterjee, Das Bairagya, M., Singh, U.
K., Sarkar, S. (2017): Arsenic load in rice ecosystem and its mitigation through deficit
irrigation. — Journal of Environmental Management 197: 89-95.

Mukherjee, D., Ghosh, S., Majumdar, S., Annapurna, K. (2016): Green synthesis of a-
Fe203 nanoparticles for arsenic (V) remediation with a novel aspect for sludge
managemente. — Journal of Environmental Chemical Engineering 4: 639-650.

Nasier, E. B., Hansi, K., Cord, T. (1977): Effect of waste water, sewage sludge and refuse
compost on accumulation and movement of arsenic and selenium in cultivated soil. —
Landbauforsch Volkenrode 27: 105-110.

Newbigging, A. M., Paliwoda, R. E., Le, X. C. (2015): Rice: reducing arsenic content by
controlling water irrigation. — Journal of Environmental Sciences 30: 129-131.

Nickson, R. T., Mcarthur, J., Ravenscroft, P., Burgess, W. G., Ahmed, K. M. (2000):
Mechanisms of arsenic relase to groundwater, Bangladesh and West Bengal. — Applied
Geochemistry 15: 403-413.

Nufiez, C., Arancibia, V., Gomez, M. (2016): Determination of arsenic in the presence of
copper by adsorptive stripping voltammetry using pyrrolidine dithiocarbamate or diethyl
dithiophosphate as chelating-adsorbent agents. Effect of CPB on the sensitivity of the
method. — Microchemical Journal 126: 70-75.

Ongley, L. K., Sherman, L., Armienta, A., Concilio, A., Salinas, C. F. (2007): Arsenic in
the soils of Zimapan, Mexico. — Environmental pollution 145(3): 793-799.

Onireti, O., Lin, C. (2016): Mobilization of soil-borne arsenic by three common organic
acids: Dosage and time effects. — Chemosphere 147: 352-360.

Pal, A., Sen, S., Basuthakur, S., Tripathi, S. K. (2015): Chronic arsenicosis with varied
pulmonary involvement-A case series. — Egyptian Journal of Chest Diseases and
Tuberculosis 64(1): 287-289.

Pandey, V. C., Singh, N. (2015): Aromatic plants versus arsenic hazards in soils. —
Journal of Geochemical Exploration 157: 77-80.

Punshon, T., Jackson, B. P., Meharg, A. A., Warczack, T., Scheckel, K., Guerinot, M. L.
(2017): Understanding arsenic dynamics in agronomic systems to predict and prevent
uptake by crop plants. — Science of The Total Environment 581: 209-220.

Rahman, M. A., Hasegawa, H., Rahman, M. M., Rahman, M. A., Miah, M. A. M. (2007):
Accumulation of arsenic in tissues of rice plant (Oryza sativa L.) and its distribution in
fractions of rice grain. — Chemosphere 69(6): 942-948.

Rahman, M. A., Kadohashi, K., Maki, T., Hasegawa, H. (2011): Transport of DMAA and
MMAA into rice (Oryza sativa L.) roots. — Environmental and Experimental Botany 72:
41-46.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
-1549 -

[89] Rasheed, H., Slack, R., Kay, P. (2016): Human health risk assessment for arsenic: A
critical review. — Critical Reviews in Environmental Science and Technology 46: 1529-
1583.

[90] Rasheed, H., Slack, R., Kay, P. (2016): Human health risk assessment for arsenic: a
critical review. — Critical Reviews in Environmental Science and Technology 46: 1529-
1583.

[91] Redman, A. D., Macalady, D. L., Ahmann, D. (2002): Natural organic matter affects
arsenic speciation and sorption onto hematite. — Environmental Science and Technology
36: 2889-2896.

[92] Remy, E., Cabrito, T. R., Batista, R. A., Teixeira, M. C., SaCorreia, 1., Duque, P. (2012):
The Phtl; 9 and Phtl; 8 transporters mediate inorganic phosphate acquisition by the
Avrabidopsis thaliana root during phosphorus starvation. — New Phytologist 195: 356-371.

[93] Rosas, C. J., Portugal, L., Ferrer, L., Hinojosa R. L., Guzman M. J. L., Hernandez, R. A.,
Cerda, V. (2016): An evaluation of the bioaccessibility of arsenic in corn and rice
samples based on cloud point extraction and hydride generation coupled to atomic
fluorescence spectrometry. — Food Chemistry 204: 475-482.

[94] Rothwell, J. J., Taylor, K. G., Ander, E. L., Evans, M. G., Daniels, S. M., Allott, T. E. H.
(2009): Arsenic retention and release in ombrotrophic peatlands. — Science of the Total
Environment 407: 1405-1417.

[95] Ruiz, C. M. J., Lopez, S. J. F., Schmeisser, E., Goessler, W., Francesconi, K. A., Rubio,
R. (2008): Arsenic speciation in plants growing in arsenic-contaminated sites. —
Chemosphere 71: 1522-1530.

[96] Saldana-Robles, A., Saldafia-Robles, N., Saldana-Robles, A. L., Damian-Ascencio, C.,
Rangel-Hernandez, V. H., & Guerra-Sanchez, R. (2017): Arsenic removal from aqueous
solutions and the impact of humic and fulvic acids. — Journal of Cleaner Production 159:
425-431.

[97] Sanchez, C. M., Galicia, A. J. A., Santamaria, J. D., Herndndez, M. L. E. (2016):
Evaluation of the mixed oxides produced from hydrotalcite-like compound's thermal
treatment in arsenic uptake. — Applied Clay Science 121-122: 146-153.

[98] Scazzola, R., Mattducci, G., Guerzoni, S. (2004): Evaluation of trace metal fluxes to soils
in hinterland of Porto. — Pollution 153: 195-203.

[99] Schreiber, M. E., Simo, J. A., Freiberg, P. G. (2000): Stratigraphic and geochemical
controls on naturally occurring in groundwater, eastern Wisconsin, USA. — Hydrology
Journal 8: 161-176.

[100] Shi, G. L., Lou, L. Q., Zhang, S., Xia, X. W., Cai, Q. S. (2013): Arsenic copper and zinc
contamination in soil and wheat during coal mining, with assessment of health risks for
the inhabitants of Huaibei, China. — Environmental Science Pollution Research 20: 8435—
8445,

[101] Shi, G. L., Zhu, S., Meng, J. R., Qian, M., Yang, N., Lou, L. Q., Cai, Q. S. (2015):
Variation in arsenic accumulation and translocation among wheat cultivars: The
relationship between arsenic accumulation, efflux by wheat roots and arsenate tolerance
of wheat seedlings. — Journal of Hazardous Materials 289: 190-196.

[102] Shin, H., Shin, H. S., Dewbre, G. R., Harrison, M. J. (2004): Phosphate transport in
Arabidopsis: Pht1;1 and Pht1;4 play a major role in phosphate acquisition from both low-
and high-phosphate environments. — Plant Journal 39: 629-642.

[103] Sigdel, A., Park, J., Kwak, H., Park, P. K. (2016): Arsenic removal from aqueous
solutions by adsorption onto hydrous iron oxide-impregnated alginate beads. — Journal of
Industrial and Engineering Chemistry 35: 277-286.

[104] Sjoblom, A., Hakansson, K., Allard, B. (2004): River water metal speciation in a mining
region - the influence of wetlands, liming, tributaries and groundwater. — Water Air and
Soil Pollution 152: 173-194.

[105] Smedley, P. L., Kinniburgh, D. G. (2002): A review of the source, behaviour and
distribution of arsenic in natural waters. — Applied Geochemistry 17: 517-568.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
- 1550 -

[106] Smedley, P. L., Kinniburgh, D. G., Macdonald, D. M. J. (2005): Arsenic associations in
sediments from the loess aquifer of La Pampa, Argentina. — Applied Geochemistry 20:
989-1016.

[107] Smedley, P. L., Nicolli, H. B., Macdonald, D. M. J., Barros, A. J., Tullio, J. O. (2002):
Hydrogeochemistry of arsenic and other inorganic constituents in ground water from La
Pampa, Argentina. — Applied Geochemistry 17: 259-284.

[108] Song, W. Y., Park, J., Mendoza C. D. G., Suter G. M., Shim, D., Hortensteiner, S.,
Geisler, M., Weder, B., Rea, P. A., Rentsch, D. (2010): Arsenic tolerance in Arabidopsis
is mediated by two ABCC-type phytochelatin transporters. — Proceedings of the National
Academy Sciences of the United States of America 107: 21187-21192,

[109] Srivastava, M., Ma, L. Q., Santos, J. A. (2006): Three new arsenic hyperaccumulating
ferns. — Science Total Environmental 364: 24-31.

[110] Stoltz, E., Greger, M. (2002): Accumulation properties of As, Cd, Cu, Pb and Zn by four
wetland plant species growing on submerged mine tailings. — Environmental and
Experimental Botany 47: 271-280.

[111] Sun, X., Hu, C., Qu, J. (2012): Preparation and evaluation of Zr-B-FeOOH for efficient
arsenic removal. — Journal of Environmental Sciences 25: 815-822.

[112] Tanaka, T. (1988): Distribution of Arsenic in the natural environment with emphasis on
rock and soil. — Applied Organometallic Chemistry 2: 283-295.

[113] Thakkar, M., Randhawa, V., Mitra, S., Wei, L. (2015): Synthesis of diatom—FeOx
composite for removing trace arsenic to meet drinking water standards. — Journal of
Colloid and Interface Science 457: 169-173.

[114] Thirunavukkarasu, O. S., Viraraghavan, T., Subramanian, K. S., Tanjore, S. (2002):
Organic arsenic removal from drinking water. — Urban Water 4: 415-421.

[115] Togashi, S., Imai, N., Okuyama, Kusunose, S. (2000): Young upper crustal chemical
composition of the orogenic Japan. — Geochemistry, Geophysics, Geosystems 1: 1-34.

[116] Tseng, W. P. (1977): Effects and dose-response relationships of skin cancer and blackfoot
disease with arsenic. — Environmental health perspectives 19: 109-119.

[117] Vamerali, T., Bandiera, M., Coletto, L., Zanetti, F., Dickinson, N. M., Mosca, G. (2009):
Phytoremediation Trials on metal- and arsenic- contaminated Pyrite Wastes (Torviscosa,
Italy). — Environmental Pollution 157: 887-94.

[118] Vazquez, S., Agha, R., Granado, A., Sarro, M. J., Esteban, E., Penalosa, J. M., Carena, R.
0. (2006): Use of White lupin Plant for Phytostabilization of Cd and As polluted Acid
Soil. — Water, Air and Soil Pollution 177; 349-65.

[119] Vinogradov, A. P. (1959): The Geochemistry of Rare and Dispersed Chemical Elements
in Soils. — Consultants Bureau, Enterprises, New York.

[120] Wang, S., Mulligan, C. N. (2006): Effect of natural organic matter on arsenic release
from soils and sediments into groundwater. — Environmental Geochemistry and Health
28:197-214.

[121] Warwick, P., Inam, E., Evans, N. (2005): Arsenic’s interaction with humic acid. —
Environmental Chemistry 2: 119-124.

[122] WHO. Enviromental Health Criteria — 224. (2003): Arsenic and arsenic compounts. —
World Health Organization, Geneva.

[123] Wilkin, R. T., Ford, R. G. (2006): Arsenic solid-phase partitioning in reducing sediments
of a contaminated wetland. — Chemical Geology 228: 156-174.

[124] Williams, M. (2001): Arsenic in mine waters: international study. — Environmental
Geology 40: 267-278.

[125] Yazdani, M. R., Tuutijarvi, T., Bhatnagar, A., Vahala, R. (2016): Adsorptive removal of
arsenic(V) from agueous phase by feldspars: Kinetics, mechanism, and thermodynamic
aspects of adsorption. — Journal of Molecular Liquids 214: 149-156.

[126] Ye, W. L., Wood, B. A., Stroud, J. L., Andralojc, P. J., Raab, A., McGrath, S. P,
Feldmann, J., Zhao, F. J. (2010): Arsenic speciation in phloem and xylem exudates of
castor bean. — Plant Physiology 154: 1505-1513.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



Saldafia-Robles et al.: Arsenic contamination in agriculture: effects on irrigation water, soils and crops, state of art
- 1551 -

[127] Ye, W., Khan, M. A., Mcgrath, S. P., Zhao, F. J. (2011): Phytoremediation of arsenic
contaminated paddy soils with Pteris vittata markedly reduces arsenic uptake by rice. —
Environmental Pollution 159: 3739-3743.

[128] Ye, Y., Yuan, J., Chang, X., Yang, M., Zhang, L., Lu, K., Lian, X. (2015): The Phosphate
Transporter Gene OsPht1;4 Is Involved in Phosphate Homeostasis in Rice. — PLoS ONE
10(5): 1-15.

[129] Yoon, J. K., Cao, X. D., Zhou, Q. X., Ma, L. Q. (2006): Accumulation of Pb, Cu and Zn
in Native Plants Growning on a Contaminated Florida Cite. — Science of the Total
Environmental 268: 456-464.

[130] Zhao, F. J., Dunham, S. J., Mcgrath, S. P. (2002): Arsenic hyperaccumulation by Diferent
Fern species. — New Phytologist 156: 27-31.

[131] Zou, B. J. (1986): Adsorption and relase of arsenic in soil. — Huanjing Huaxue 14: 8-13.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(2):1533-1551.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1602_15331551
© 2018, ALOKI Kft., Budapest, Hungary



