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Abstract

Long-term application of arsenical pesticides in agricultural fields has
resulted in increased background concentration of this toxic metalloid
in soils. In addition, leaching of arsenic (As) from chromated copper
arsenate (CCA)-treated wood found in decks, docks, playground
equipment, and garden construction has contributed further to soil As
contamination. Arsenic contamination is particularly severe in cattle
dipping vat sites, where soil As concentrations range between 700 and
2000mgkg–1. Plants growing in As-contaminated soils could pose a
potential health hazard on human and livestock populations. Several
studies have successfully used water treatment residuals (WTRs) to
bind phosphorus (P) in soils, resulting in reduced P in runoff from
fields, which would otherwise cause P-enrichment, and eutrophication
of water bodies. Since P and As exhibit very similar chemical prop-
erties, it is logical to assume that As, like P, will be similarly and
significantly retained by WTRs. The main objective of this study was
to evaluate the use of various WTRs as low-cost chemical amend-
ments to bind As in pesticide-applied soils, reducing As availability to
plants. Rice was used as the test crop. Soils contaminated with ar-
senical pesticides and amended with two types of WTRs (Al and Fe)
were used for a greenhouse column study. Rice was grown in the
columns for a period of six months. The results obtained in this study
show that both Al- and Fe-WTRs are very effective in reducing
phytoavailable As in the soils. Addition of WTRs resulted in consid-
erable improvement in the growth of rice plants in comparison to
control plants with no WTR added, in which growth of rice was
severely impaired. While Al-WTR was more effective in reducing As
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concentration in rice plants, Fe-WTR was more effective in improving
the growth of rice in As-contaminated soils.

25.1. Introduction

Arsenic is an element of great concern in terrestrial as well as aquatic
environments because of the high toxicity and carcinogenicity of some As
species. Arsenic has been classified as a Group A human carcinogen
(Southworth, 1995). Organic forms of As are considered non-carcino-
genic; however, transformation of As from organic to inorganic forms is
possible in soil environments (Rodriguez, 1998). USEPA adopted a new
drinking water standard in 2001, lowering the maximum contaminant
level (MCL) of As from 50 to 10 ppb (USEPA, 2001). Arsenic contam-
ination of the environment can occur from natural as well as ant-
hropogenic sources. The primary natural sources of arsenic include hot
springs, igneous rock, sedimentary rock, metamorphic rock, seawater,
mineral deposits, and volcaniclastic materials (Bowen, 1979; Cai and Ma,
2003). Anthropogenic sources include indiscriminate disposal of wastes
from mining, milling, and smelting of ores (Lindau, 1977), raw and spent
oil shale (Shendrikar and Faudel, 1978) and coal fly ash amendments
(Hansen et al., 1984). Long-term application of arsenical pesticides in
agricultural lands has also resulted in high levels of As residues in certain
soils (Murphy and Aucott, 1998). The soil As problem is particularly
critical in cattle dipping vat sites, which are almost ubiquitously present
in ranches or former ranching areas in various parts of the country,
particularly in the southern United States. Ng (1997) assessed soil As to
range between 700–2000mgkg–1 in cattle dip sites. Although the use
of arsenical pesticides as dipping solutions has long been banned, there
exists a large number of abandoned vat sites in the southern United States
that are seriously contaminated by As.

Plants (either wild or cultivated) growing in As-contaminated soils or
water could pose a potential health hazard on human and livestock pop-
ulations. Arsenic is translocated to most plant organs, although highest
concentrations are often found in roots and older leaves (Tamaki and
Frankenberger, 1992). Pickering et al. (2000) reported that most of As was
locked up in plant roots while relatively small quantities translocated into
the aboveground tissues. In rice plants, As concentration was reported to
be 4–8-fold higher in root tissue when compared to the shoot (Liu et al.,
2004). In addition to the As species, toxicity of As to the plants is affected
by several biogeochemical factors such as soil texture, organic matter,
nature and constituents of minerals, pH, redox potential, and competing
ions (Adriano, 2001). Our knowledge on As metabolism in plants is
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limited. There are reports of As metabolism in mammals and bacteria
involving methylation and biotransformation to As-lipid compounds, but
there are no reports of these processes playing a role in As detoxification
in higher plants (Nissen and Benson, 1982). While arsenate is a chemical
analogue of phosphate and may interfere with oxidative phosphorylation
(Terwelle and Slater, 1967), arsenite is a neutral species at natural pH
values and inhibits the activity of enzymes by binding to thiol groups.
Methylarsonic acid (MMA) and dimethylarsenic acid (DMA) also form
anions in soils but are much less toxic than inorganic species (Sohrin et al.,
1997) and may block protein synthesis (Sckerl and Frans, 1969).

Water treatment residuals (WTRs) are a by-product of drinking water
treatment plants. Metal salts, such as ferric chloride and aluminum sulfate
(alum), are commonly used in the municipal water treatment processes to
destabilize colloids for subsequent flocculation and water clarification
(Butkus et al., 1998; Ippolito et al., 1999). WTRs are generally composed
of Fe/Al-oxides, activated C, and high molecular weight, long-chain, wa-
ter-soluble polymers (Elliott and Dempsey, 1991). Land-filling is a com-
mon practice for the disposal of this material; however, recent studies have
shown that benefits associated with the reuse of WTR as a soil amendment
include improved soil structure (El-Swaify and Emerson, 1975), increased
moisture-holding capacity (Bugbee and Frink, 1985), and increased avail-
ability of nutrients for various plants (Heil and Barbarick, 1989).

A significant amount of research work has been performed to inves-
tigate the advantages of applying WTR to reduce P in surface runoff for
P-enriched soils, which could otherwise end up causing eutrophication of
surface water bodies. Moore and Miller (1994) used alum sludge (Al-
WTR) to reduce P concentration in runoff from land to which poultry
litter was applied. Maurice et al. (1998) reported that partially dried alum
sludge used as a component of poultry litter also reduced movement of P.
Gallimore et al. (1999) attributed the ability of Al-WTR to reduce P in
runoff from poultry litter-amended fields to the P-fixation potential of
amorphous Al-oxides in the WTR. Adding WTR at higher ratios, on the
other hand, could immobilize bioavailable P and induce P deficiency in
crops (Ippolito et al., 1999). However, Jacobs and Teppen (2000) found
no yield reductions in corn or decreases in extractable P levels even when
Al-WTR was applied at rates as high 135Mgha–1 to soils highly enriched
in P from repeated fertilizer and manure applications. Butkus et al. (1998)
used Fe-WTR as a soil amendment and showed that the reduction in
available P is due to binding of P to both amorphous ferric hydroxide and
the cationic polyelectrolyte, a quarternary polyamine.

Since P and As exhibit very similar chemical properties, it is logical to
assume that As, like P, will be similarly and significantly retained by WTR
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components, such as amorphous Fe/Al-oxides and cationic polymers. Both
phosphates and arsenates undergo similar types of retention in soil min-
erals via primarily inner-sphere surface complexation. Thus, P has dem-
onstrated a strong ability to compete with As for sorption sites in
environmentally important pH ranges (Matera and Le Hecho, 2001). The
retention of P by WTR is strongly hysteretic (Butkus et al., 1998; Ippolito
et al., 1999). Apparently, if Al-WTR and/or Fe-WTR are capable of re-
taining As in a similar irreversible fashion as P, it may be possible to use
WTR as an in-situ amendment in As-contaminated environmental systems.
However, there are very few published studies on As retention by WTR.

The objective of this study was to evaluate the use of various WTRs as
low-cost chemical amendments in As-contaminated soils. Immokalee se-
ries soil from Florida, with minimal As retention capacity was used for
the study. The soil was spiked with either sodium arsenate or DMA. Al-
and Fe-WTRs were used as amendments to bind As in the soils. Rice
(Oryza sativa L) plants were used as a test crop to determine the efficacy
of WTRs in reducing phytoavailable As in the contaminated soils.
25.2. Materials and methods

To evaluate the role of WTRs in As-phytoavailability, it is important to
use a soil that has minimal As retention capacity. Immokalee series soil
from Florida was selected to conduct the greenhouse study. Immokalee
series soil is sandy with low pH, low extractable Fe/Al, Ca/Mg, and low
organic matter content. Being sandy, acidic and lacking positively
charged adsorptive surfaces (e.g. amorphous Fe+Al oxides), it is likely
to have minimal As retention capacity (Pierce and Moore, 1980; Oscarson
et al., 1981), thereby increasing potentially phytoavailability of As.
Immokalee series soil was collected from Southwest Florida Research and
Education Center, Immokalee, Florida.

The soil was characterized for its texture, pH, EC, cation exchange
capacity (CEC), total Fe and Al, oxalate-extractable Fe and Al, total and
extractable Ca and Mg, total and extractable P, soil organic matter, and
total As (Table 25.1). Standard protocols outlined in the Soil Science
Society of America Handbooks for Chemical and Mineralogical Analysis
(Klute, 1996; Sparks, 1996) were followed for soil characterization.

The soil was spiked with two As compounds, sodium arsenate and
DMA at two rates, 675 and 1500mgkg–1. This high-soil As concentra-
tions were chosen following the assessment of Ng (1997) who estimated
soil As concentrations in cattle dip sites to range between 700 and
2000mg As per kg. Contaminated soils as well as control samples (soil



Table 25.1. General chemical properties of Immokalee soil

pH 6.0

EC (mS cm�1) 59

CEC (cmol kg�1) 777

Soil organic matter (g kg�1) 8.4

Total-recoverable As (mgkg�1) 0.8

P (mgkg�1) Mehlich 3 4.0

Total 210

Ca+Mg (mgkg�1) Mehlich 3 270

Total 1200

Fe+Al (mgkg�1) Oxalate 66

Total 212

EC, electrical conductivity; CEC, cation exchange capacity.
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with no pesticide application) were loaded in polyvinyl chloride (PVC)
columns 1500 high � 600 diameters in three replicates.

Rice, a fast growing, high-biomass plant was used as the test crop. Rice
seeds (thirty seeds per column) were sown into the columns and allowed
to grow for a period of six months. The columns were arranged in a
randomized block design and rotated periodically to account for var-
iances in temperature and sunlight within the greenhouse and maintained
at 80% pot holding capacity. Once every month, the pots were over-
watered in order to induce leaching.

To evaluate the role of WTR-amendment in reducing As phytoavaila-
bility in contaminated soils, two types of WTRs were used. Al-WTR was
obtained from the Manatee County Water Treatment Plant in Bradenton,
FL. Fe-WTR obtained from the Hillsboro River Water Treatment Plant in
Tampa, FL. The soils, wetted to 80% of their water holding capacity, were
mixed with 1500mgkg–1 of Sodium arsenate and DMA separately. The
WTRs were applied at 2 rates of 5% and 10% following the field study of
Gallimore et al. (1999). Soils were loaded in PVC columns and rice was
grown as described above. All the above treatments were done in triplicates.

Plant samples were digested using HNO3/H2O2 digestion procedures
(Carbonell et al., 1998). The acid digests were analyzed for total As using
a graphite furnace atomic absorption spectrophotometer (GFAAS).
25.3. Results and discussion

25.3.1. Effect of arsenical pesticides on plant growth

The quantitative effect of organic and inorganic arsenical pesticides on
plant growth is shown in Fig. 25.1. The results showed that the growth of
rice was more severely impaired by the addition of sodium arsenate
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compared to DMA. The average total biomass of the plants grown in
either 675 or 1500mgkg–1 sodium arsenate was 0.13 g in dry weight
(70.02) compared to 0.6 g (70.2) in DMA at the same concentrations
(Fig. 25.1a). As expected, the average total biomass of the control plants
(grown in soil with no pesticide added) was higher (0.8 g) than the plants
grown in pesticide-contaminated soils. Increasing DMA concentration to
1500mg kg–1 significantly reduced the plant biomass (po0.001) by about
38% when compared to the plants grown in 675 ppm of DMA and by
about 52% when compared to the control plants (Fig. 25.1a). Fig. 25.1b
shows that the addition of sodium arsenate caused a significant reduction
(po0.0001) in shoot length by an average of 74% compared to the con-
trol plants with no significant difference between low and high concen-
trations of sodium arsenate applied. On the other hand, addition of 675
and 1500mgkg–1 DMA to the soils caused a reduction of 39% and 60%
respectively, in shoot lengths compared to the control plants. Unlike
shoots, roots were less affected by addition of As in soils (Fig. 25.1c).
However, the effect of inorganic and organic As on root length followed a
similar trend as total biomass and shoot lengths. The root lengths were
not very much affected by the lower concentration of sodium arsenate
and DMA. At the higher concentration of 1500mg kg–1 of sodium ar-
senate and DMA, root lengths decreased by 75% and 53% respectively,
compared to control plants (Fig. 25.1c).

Our results indicate that phytotoxicity of As is influenced by the species
of As applied. Rice plants treated with sodium arsenate produced lower
biomass and reduced plant shoot and root lengths compared to plants
treated with DMA with no notable differences between low and high
concentrations applied. Milam et al. (1988) and Marin et al. (1993) re-
ported a reduction of biomass/plant growth of rice plants subjected to
arsenate. Tsutsumi (1982), on the other hand, observed no reduction in
rice plant height at 125 ppm of arsenate applied to the soils. However,
increasing arsenate concentration up to 312.5 ppm decreased the plant
height by 63% compared to control plants. On the other hand, there are
several contradictory reports on the effect of DMA on plant growth.
While several reports of varied effects of As on plant growth have been
published (Tang and Miller, 1991; Marin et al., 1992; Sneller et al., 1999;
Abdein et al., 2002), mechanism of As toxicity in plants remain unclear.
The toxicity of inorganic arsenicals such as arsenate is due to interference
Figure 25.1. Effect of arsenical pesticide-contaminated soil on the growth of rice plants.

Immokalee soil was contaminated using either sodium arsenate (SAs) or dimethylarsenic

acid (DMA) either at 675mgkg–1 (L) or 1500mgkg–1 (H) of As. Effect on total biomass (a),

shoot length (b) and root length (c) were recorded. Error bars represent 7SE.
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with oxidative phosphorylation (Terwelle and Slater, 1967). On the other
hand, organic arsenicals, such as DMA, are less toxic to plants and are
likely to block protein synthesis (Sckerl and Frans, 1969).
25.3.2. Arsenic accumulation in plant tissues

The concentration of As in the plant tissues is presented in Fig. 25.2a. The
results show that As concentration ranged from 25 mg g�1 to 271 mg g�1 in
plants treated with DMA and sodium arsenate, respectively (Fig. 25.2a).
In general, As concentration in plants treated with 1500mgkg–1 sodium
arsenate was 10-fold higher than in the plants treated with DMA at the
same concentration. However, at the lower rate of 675mgkg–1, As con-
centrations in the plants treated with sodium arsenate were only 2-fold
higher than those treated with DMA at the same rate.

Although As concentrations were higher in plants treated with sodium
arsenate, the plants accumulated more As when treated with the same
concentration DMA in the soil (Fig. 25.2b). The highest As accumulation
in plant tissues was recorded in the plants treated with 675mgkg–1 of
DMA (57.8 mg/plant dry weight) followed by 36 and 25 mg/plant dry
weight when sodium arsenate was added at 1500 and 675mgkg–1 respec-
tively. The lowest accumulation of As in plant tissues was recorded when
plants were treated with 1500mg kg of DMA. Since inorganic arsenicals
are more toxic than organic arsenicals (Fowler, 1977; Adriano, 2001),
plants grew better in soil contaminated with DMA, hence were able to
accumulate more As in their tissues over a time period of six months.
Earlier studies by Tlustoš et al. (2002) showed that DMA was adsorbed to
a much lesser extent than As(V) in the soils, making it more phytoavail-
able. These findings are in agreement with the results of Marin et al.
(1992) who found that phytoavailability of As is higher when supplied as
DMA than As(V) for two rice cultivars grown in solution culture. How-
ever, in this study, we observed that As concentrations in plant tissues
were higher when plants were treated with sodium arsenate, when com-
pared to DMA (Fig. 25.2a).
25.3.3. Effect of WTRs on As phytoavailability

WTRs were added to the soils contaminated with 1500mgkg–1 of As to
evaluate their capacity of irreversibly retain As, thereby reducing its
phytoavailability. Soils spiked with 1500mgkg–1 of either sodium
arsenate or DMA were amended using two types of WTRs (Fe-WTR
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and Al-WTR) at two rates (5% and 10%). The addition of Fe-WTRs
had a marked effect on the growth of rice plants. It was observed that
plant biomass increased significantly (po0.001) when Fe-WTR
was added at the rate of 10% to the soils contaminated with
1500mg kg–1 sodium arsenate (Fig. 25.3a). Compared to the control
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(0% of Fe-WTR), the total plant biomass increased by 90% while shoot
and root lengths increased by the average of 82% (Fig. 25.3b, 3c). Ad-
dition of 5% Fe-WTR did not improve the growth of rice plants in soils
contaminated with sodium arsenate. In case of DMA, the plant growth
was significantly increased (po0.001) when Fe-WTR was applied com-
pared the control (0% WTR). Addition of 5% Fe-WTR resulted in an
increase in total plant biomass by 96% (Fig. 25.3a) when compared to the
control plants. Shoot and root lengths were increased by an average of
71% compared to the controls (Fig. 25.3b, 3c). At 10% Fe-WTR amend-
ment, the total plant biomass increased by an average of 50%
(Fig. 25.3a), and shoot and root lengths increased by an average of
60% when compared to control (Fig. 25.3b, 3c). Increased iron concen-
tration in the soils due to Fe-WTR amendment was found to result in
improved plant growth. Iron is essential for the functioning of a number
of redox proteins in the electron transport chains of respiration and
photosynthesis; it is a component of antioxidant enzymes such as cat-
alases and peroxidases; it is essential also in iron–sulfur proteins such as
ferredoxin, superoxide dismutase and aconitase (Marschner, 1995). De-
spite its abundance on the earth surface, soil iron is almost exclusively
present in its oxidized form, which has very low solubility in water.
Transgenic lettuce plants accumulating higher levels of iron exhibited
enhanced growth resulting in higher biomass compared to control plants
(Goto et al., 2000).

Application of Al-WTR to the soils amended with 1500mgkg–1 of
sodium arsenate or DMA caused no major improvement in plant
growth (Fig. 25.4). Generally, when Al-WTR was applied to soils
amended with 1500mgkg–1 of sodium arsenate, there was no major
effect on plant biomass, shoot, and root lengths. On the other hand, when
Al-WTR was applied to the soils amended with 1500mgkg–1 of DMA,
while there was no significant effect on plant biomass (Fig. 25.4a),
addition of 5% Al-WTR to the DMA-contaminated soil increased
shoot length by 17% (Fig. 25.4b) and root length by 30% (Fig. 25.4c).
Application of 10% Al-WTR to DMA-contaminated soils caused a sig-
nificant increase in shoot and root lengths by an average of 56%
(Fig. 25.4b,c).
Figure 25.3. Effect of water treatment residual (WTR)-amendment on growth of rice plants

on arsenical pesticide-contaminated soil. Immokalee soil was contaminated using either

sodium arsenate (A) or DMA (B) at 1500mgkg–1 of As and amended with Fe-WTR at two

rates (5% or 10%). Control plants were grown in soils spiked with 1500mgkg–1 of As using

either sodium arsenate or DMA with no WTR amendment. Effect on total biomass (a),

shoot length (b), and root length (c) were recorded. Error bars represent 7SE.
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Application of WTRs into highly As-contaminated soils had a signifi-
cant effect in reduction of As concentration in plant tissues compared to
control plants. Arsenic concentration was substantially decreased by an
average of 90% and 98% when Fe- or Al-WTR was added into soils
amended with 1500mgkg–1 of sodium arsenate respectively (Fig. 25.5a)
with no significant difference between low and high rate of WTR applied.
In case of DMA-contaminated soils, As concentration in plant tissues
increased from 25 mg g�1 (in the control plants) up to 39 mg g�1 when 5%
of Fe-WTR was applied (Fig. 25.5a). Increasing the percentage of
Fe-WTR applied up to 10% caused a reduction of As concentration to
14 mg g�1 (Fig. 25.5a). Al-WTR had an opposite effect on As concentra-
tion in plant tissues compared to the effect of Fe-WTR. At 5% of
Al-WTR, As concentration in plants decreased significantly from
25 mg g�1 (in control plants) to 5.7 mg g�1 in plants treated with 5% Al-
WTR, while there was no significant reduction observed when Al-WTR
rate increased up to 10% (Fig. 25.5b).

The results obtained in this study indicate the beneficial effects of WTR
amendment on growth of rice plants in As-contaminated soils. Both Al
and Fe-WTRs were very effective in reducing phytoavailable As in the
soils, and as a result, the growth of the plants improved. In general,
Al-WTR was slightly more effective in reducing As concentration in rice
plants. However, Fe-WTR was more effective in increasing the growth of
rice plants when compared to Al-WTRs. This effect could be due to the
toxicity of Al to plants. Aluminum toxicity has been reported to result in
a reduced and damaged root system, which in turn causes the affected
plants to be susceptible to mineral nutrient deficiencies (Foy, 1988).
Aluminum toxicity is one of the most important yield-limiting factors for
rice grown on acid upland and lowland acid sulphate soils (IRRI, 1978).
On the other hand, Fe is an essential micro-nutrient in plants, and crop
plants widely suffer from Fe deficiency (Marschner, 1995). Excess iron
can also cause loss in crop yield, especially in acid soils (Fageria and
Rabelo, 1987). Hence, it is essential to carefully calibrate the rate of WTR
amendment to the As-contaminated soil for optimum plant growth and
reduced phytoavailability of As.
Figure 25.4. Effect of water treatment residual (WTR)-amendment on growth of rice plants

on arsenical pesticide-contaminated soil. Immokalee soil was contaminated using either

sodium arsenate (A) or DMA (B) at 1500mgkg–1 of As and amended with Al-WTR at two

rates (5% or 10%). Control plants were grown in soils spiked with 1500mgkg–1 of As using

either sodium arsenate or DMA with no WTR amendment. Effect on total biomass (a),

shoot length (b), and root length (c) were recorded. Error bars represent 7SE.



(A) Sod. arsenate

Treatment (Fe-WTR)

Control (SAr) WTR (5%) WTR (10%) Control (DMA) WTR (5%) WTR (10%)

Treatment (Fe-WTR)

Control (SAr) WTR (5%) WTR (10%) Control (DMA) WTR (5%) WTR (10%)

T
ot

al
 A

s 
co

nc
en

tr
at

io
n 

(µ
 g

 g
-1

)

0

100

200

300

400
(B) DMA0%

5%
10% 0%

5%
10%

(A) Sod. Arsenate

T
ot

al
 A

s 
co

nc
en

tr
at

io
n 

(µ
 g

 g
-1

)

0

100

200

300

400
(B) DMA0%

5% 10%
0%

5%

10%

(a)

(b)

Figure 25.5. Effect of water treatment residual (WTR)-amendment on As uptake in rice

plants grown on arsenical pesticide-contaminated soil. Arsenic concentration was deter-

mined in the tissues of rice plants grown in soils spiked with 1500mgkg–1 of sodium arsenate

(A) or DMA (B) and amended with Fe-WTR (a) or Al-WTR (b) at two rates (5% or 10%).

Control plants were grown in soils spiked with 1500mgkg–1 of sodium arsenate or DMA

with no WTR-amendment. Arsenic concentration in plant tissues was determined after acid

digestion of the plant tissues and analyzing the digests using a graphite furnace atomic

absorption spectrophotometer. Error bars represent 7SE.
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