
ABSTRACT 

ROSTON, JEREMY B. Master of Environmental Assessment. A Case Study of Human Health 

Hazards and Environmental Effects Associated with the Release and Exposure of Arsenic 

Compounds from Poultry Litter Incineration. 
 

Arsenic, particularly Roxarsone (3-nitro-4-hydroxy benzene arsonic acid), is a common 

feed additive widely used by the poultry industry that acts as a highly effective growth promoter 

by controlling coccidiosis, a parasitic intestinal disease. A growing body of research and 

literature has revealed that organic arsenicals used in poultry feed, such as Roxarsone, are 

converted to inorganic arsenicals within the chicken and are also rapidly transformed into 

inorganic arsenic in poultry wastes and in soils. Based on sufficient evidence of carcinogenicity 

in humans, Arsenic and inorganic arsenic compounds are known to be human carcinogens. 

Epidemiological studies have demonstrated that inorganic arsenic compounds increase the risk of 

cancer in the skin, lung, digestive tract, liver, urinary bladder, kidney, and lymphatic and 

hematopoietic systems. Although the impacts of Roxarsone on human health and the 

environment are still unknown, studies have found that all these biological effects require the 

metabolism of organoarsenical compounds to the more highly toxic inorganic Arsenic (As
III

, 

As
V
) species.  

 

This is of great concern in regions of the US where the landscape is dominated by poultry 

Concentrated Animal Feeding Operations (CAFOs). In North Carolina alone, 787 million 

broilers are produced on an annual basis, and with it, an estimated 6.1 million tons of poultry 

manure is generated and land applied on agricultural lands. Utilization of animal manure as an 

organic fertilizer on private farm land is still the prefer means of waste management and 

disposal. However, obtaining renewable energy through the incineration of poultry litter has been 

proposed as an alternative by the North Carolina state legislature when it passed Session Law 



2007-397.  Nonetheless, despite continue urban expansion into rural areas, land use change, 

decline in water quality standards, and elevated nutrient in soils amended by poultry litter, it is 

necessary to carefully evaluate poultry litter incineration as a means for an alternative to waste 

management disposal, and its impacts on human health and the environment.   

 
Through the examination of current published information on the subject, this case study 

evaluates research related to human health hazards and the potential environmental effects 

associated with the exposure and release of arsenical compounds when poultry litter is 

incinerated. This paper also gathers and examines any relevant peer-reviewed research that 

provides sufficient evidence to further educate the public about the potential effects of poultry 

litter incineration and its feasibility as a renewable energy alternative for North Carolina.
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INTRODUCTION 

 

With the signing of Senate Bill 3 (Session Law 2007-397) on August 20, 2007, North 

Carolina (NC) became the first state in the Southeast to adopt a Renewable Energy and Energy 

Efficiency Portfolio Standard (REPS). Under this new law, investor-owned utilities in North 

Carolina will be required to meet up to 12.5 percent of their energy needs through renewable 

energy resources or energy efficiency measures by the year 2021, while municipal utilities and 

cooperatives must meet a target of 10 percent of renewable energy by 2018. (North Carolina 

Session Law 2007-397 2007; Wiser, R. 2011) Senate Bill 3 under section 62-133.8, defines the 

following types as allowable alternative energy resources: “solar electric, solar thermal, wind, 

hydropower, geothermal, ocean current, wave energy; a biomass resource, including agricultural 

waste, animal waste, wood waste, spent pulping liquors, combustible residues, combustible 

liquids, combustible gases, energy crops, or landfill methane”. On the contrary, peat, fossil fuel, 

and nuclear energy have been excluded from the Bill as non renewable energy sources.  

 

The overall target for renewable energy includes technology-specific targets of 0.2 

percent solar and 0.2 percent energy recovery from swine waste by 2018. More importantly, this 

law also requires utility companies to obtain at least 900,000 megawatt-hours of electricity from 

poultry waste by 2014. (North Carolina Session Law 2007-397 2007) The United States Energy 

Information Administration reported that in the year 2010 the average annual electricity 

consumption for a U.S. residential utility customer was 11,496 kilowatt-hours per year. (U.S. 

Energy Information Administration) Therefore, by the year 2014 NC should supply enough 

electricity to power 78,534 houses per hour per year from renewable energy derived from poultry 

waste sources. 
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At the present time, there are five operational poultry-litter-fueled power plants in the 

world: four in the United Kingdom and one in Benson, Minnesota. (Stingone, J. 2011) According 

to Stingone et al. (2011), the 55-megawatt (MW) power plant located in Benson, MN is the 

largest and most comparable to the plants proposed for construction in NC. Fibrowatt LLC, who 

is the developer, builder, and operator of these plants, proposed the construction of such facility 

in Surry County, Montgomery County, and Sampson County, NC. Although today, negotiations 

for the construction of a Poultry Litter (PL) power plant has either completely ceased or put on 

hold, the potential for environmental and human health concerns associated with the incineration 

of such waste material has placed PL on the public spotlight as a noteworthy pollutant of 

growing concern. This case study review will focus on the potential environmental impacts and 

human health effects that may result from the release and exposure of PL-derived inorganic 

arsenite (As
III

) and inorganic arsenate (As
V
) compounds when incinerated.  
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DISCUSSION 

 

 

Poultry CAFOs and Potential for Environmental Effects 

 

In NC, livestock production has shifted from smaller family owned-farms, to large-scale 

industrial facilities known as Concentrated Animal Feeding Operations (CAFOs). CAFOs can be 

defined as areas where a high volume of agricultural livestock are confined and fed for more than 

forty-five consecutive days. To get a better perception on how poultry production trends have 

changed within the last seventy years in NC, the 1940 NC USDA Census of Agriculture reported 

221,977 farms having raised 17,412,519 broilers, whereas in the year 2007, there were 

781,416,896 broilers raised by no more than 1,948 farms. (USDA-NASS 2012; USDA-NASS 

2012) Furthermore, according to the same source, North Carolina produced 787 million broilers 

in 2011, ranking 4
th

 in the nation among other top poultry producing states such as Georgia, 

Arkansas and Alabama (See Figure 1. Top Poultry Producing States in 2011 & Figure 2. Broiler 

Production by State, 2011). (USDA, Census of Agriculture 2012) In addition to this, NC alone 

also generates on a yearly basis an estimated 6.1 million tons of poultry litter, where it's 

generally utilized on farmland as a soil amendment to promote soil fertility and crop growth. 

However, as livestock and poultry production have become more spatially concentrated, the 

quantity of manure nutrients relative to the capacity of local farmland to assimilate those 

nutrients has grown as well, especially in high production areas. (Kellogg, R. 2000) These high 

production areas include mostly the Chesapeake Bay, California, and Southeastern states, 

including North Carolina, where in 2005 at least 2 to 5% of its counties produced more manure 

than can be assimilated by total cropland and pasture land in the county (See Figure 3. Number of 

Broilers and Other Meat-Type Chickens Sold: 2007 & Figure 4. Ratio of Manure Available for 
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Land Application to Assimilate Capacity for Phosphorus, 1997). (Kellogg, R. 2000; Kellogg, 

R.1999; Kellogg, R. 2000) 

 

The nutrient composition of poultry manure collected from CAFOs, varies with the type 

of bird, the diet fed, the feed ration, the proportion of litter to droppings, the manure handling 

system, and the type of litter. (Zublena, J. 1997; Klausner, S.1984; Choudhary, M. 1996) A 

typical poultry litter waste analysis can contain essential plant macronutrients and 

micronutrients, making it an excellent source of nutrients that can be incorporated into most 

fertilizer programs. Yet, when crop growth intake rates are exceeded through continuous land 

application or over application of PL, it can be harmful to surfacewater, groundwater, and biota, 

as well as affect the ability of soils to sustain crops.  

 

Numerous studies have demonstrated that swine manure effluent, dairy manure, beef 

feedlot manure, poultry litter, and the compost of these manures can be valuable fertilizers on 

crops, but over application can have detrimental effects on plant yields and soil properties. (Cole, 

A. 2005) Cole et al. (2005) noted that many soils in the US contain excessive levels of nutrients, 

such as P, Cu, Zn, Se, and As, due to the long-term applications of commercial fertilizers, animal 

manure, or poultry litter. (Cole, A. 2005) In an assessment conducted by Han et al. (2000) of the 

distribution of heavy metals in agricultural soil profiles with a 25-yr history of poultry litter 

application, it was noted that Copper (Cu), Zinc (Zn), and Manganese (Mn) accumulated close to 

the soil surface at concentrations as much as 10 to 20 times of those for unamended soils. (Han, 

X. 2000) The Agronomic Division under the North Carolina Department of Agriculture & 

Consumer Services (NCDA&CS) notes that high levels of Cu and Zn may be toxic to plants. 

Based on field observations, critical toxic levels for plants that are not unusually sensitive are 60 
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parts-per-million (ppm) Cu and 80 ppm Zn. When soil-Cu and soil-Zn values reach these critical 

toxic levels waste application should cease (See Table 1. Average Concentrations in NC Soil 

Samples Analyzed for Heavy Metals). (Hardy, D. 2008) Conversely, Sharpley et al. (1994) noted 

that nonpoint source of Phosphorus in agricultural runoff leads to the deterioration of water 

quality through accelerated eutrophication of most U.S. freshwaters, causing significant off-site 

economic impacts (See Figure 5.  Percent of Soil Samples Testing High of Above for P). 

(Sharpley, N. 1994) With this in mind, it is crucial and indispensable that alternative animal 

waste management systems be evaluated to protect water, soil, human health, and interconnected 

ecosystems in regions of the U.S where high-density poultry CAFOs exist.  

 

Poultry Litter Incineration as an Alternative Source to Renewable Energy 

Direct incineration of poultry litter (PL) is an alternative to conventional land application 

that can be used to generate renewable electricity. This alternative waste disposal can also 

potentially reduce excess accumulation of trace elements and phytotoxic substances in soils, as 

well as significantly eliminate PL nutrient runoff and leaching overtime. The processes used to 

generate electricity from PL incineration have been previously described by Floring et al. (2009) 

and by Kelleher et al. (2002) (See Figure 6. Process Used to Generate Electricity from PL 

Incineration). (Florin, N. 2009; Kelleher, B. 2002) Stingone et al. (2011) also briefly 

summarized and described this process where workers at the incinerator coordinate with the 

industrial poultry operations to collect the litter. Litter is then loaded into trucks and transported 

to the incineration plant where it is stored in a building that is kept at negative pressure to 

prevent odor leakage. At this point, litter may be combined with other fuels in order to achieve 

appropriate moisture levels, such as agricultural waste or clean wood. From storage, the litter is 
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burned in a furnace which boils water to power a steam turbine that generates electricity. As the 

steam condenses, the water is recycled. (Stingone, J. 2011) A mixture of gases and particulates, 

as well as a highly concentrated phosphorus-rich ash that can be used as a fertilizer, are some of 

the byproducts obtained from the process. (Kelleher, B. 2002; Florin, N. 2009) 

 

According to Florin et al. (2009), poultry litter is comparable with other biomass fuels; 

however, it is also highly variable in terms of moisture content, presence of inorganic species, 

and the type of litter. (Florin, N. 2009) The high moisture content and low heating values can 

present an operating challenge and a problem on maintaining a steady and complete combustion 

of poultry litter. (Kelleher, B. 2002) Therefore, it is important that the type of facility and 

technologies used to process the litter vary depending on the regions’ specific PL physical 

attributes and chemical composition characteristics. Moreover, Stingone at el. (2011) reported 

that the method in which litter is fed into the furnace, not only impacts the efficiency of burning, 

but also the facilities’ emissions. (Stingone, J. 2011) It has also been documented that the 

fluidized bed technology, which uses air jets to move litter during combustion, results in even 

more effective chemical reactions and efficient burning. (Florin, N. 2009) However, little 

research focusing on the behavior of arsenic in waste combustion systems has been completed.  

  

As previously stated, there are five operational poultry-litter-fueled power plants in the 

world, and one of them is located in Benson, Minnesota. (Stingone, J. 2011) First commissioned 

in October of 2007, Fibrowatt’s 55 MW Fibrominn plant in Benson, Minnesota is the only 

operational poultry litter-fueled power plant in the United States and the largest biomass facility 

fuelled with poultry litter in the world. (Potter, J. 2011; Kellogg, L. 2011) It currently utilizes 

>600,000 tons/year of poultry litter supplemented with 100,000–200,000 tons of agricultural 
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wastes to meet its annual energy generation goals. (Potter, J. 2011; Swift County Monitor News 

2007) 

 

A smaller, but comparable, 35MW plant has been proposed for NC. However, when 

commercial fertilizer prices skyrocketed to an all time high in 2008, nearly increasing 300% 

from its 2007 prices (See Figure 7. United States Paid Indexes- Supplies & Repairs, Fertilizer, 

Machinery, and Fuel (USDA-NASS 2013), PL used as an organic fertilizer became the primary 

substitute to commercial fertilizer and a sought after commodity among row crop farmers. The 

unanticipated economic downturn of 2008, as well as its timing, appears to have played a major 

role in hindering Fibrowatt’s manure brokers from their efforts of securing the tonnage required 

to run the proposed poultry litter-fueled power plant in NC. As the U.S. economy continues to 

recover from its recent financial recession, and costs for synthetic fertilizers remain stable, 

negotiations for the proposed poultry litter-fueled power plant could resume. This would be more 

likely to occur if the price offered for PL is equivalent to the price paid for commercial 

fertilizers. This can serve as an incentive for row crop producers who also have direct access to 

PL, helping them offset any fertilizer input costs that they would have normally attain at no 

expense from their own CAFO farm. However, the higher offered incentive may not be well 

suited with the power plant’s operating costs and business plan, as this may alter the power 

plant’s cost-effectiveness and the company’s return on investment. Besides, the risk for higher 

fertilizer prices continues to be a growing concern among the farming community, and as the 

2013 USDA-NASS report shows, fertilizer prices have been on the rise since its decline in 2009.  

With such projections in sight, one can only expect for PL to become more increasingly difficult 

to exchange outside the agriculture sector as it continues to gain momentum and value as the 

next affordable substitute to commercial fertilizer. 
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Potential Hazardous Chemicals and Pollutants found in Poultry Litter (PL) 

All types of incinerators release pollutants into the atmosphere in stack gases, ashes and 

other residues, including innumerable chemicals that currently remain unidentified. (Allsopp, M. 

2001) Sources of hazardous emissions from PL incineration include the smokestack effluent, 

truck exhaust from transport of poultry litter and waste ash, runoff from washing trucks, and 

disposal of the plant’s wastewater. (Stingone, J. 2011) Since the incineration of organic materials 

produce similar byproducts as those that use conventional forms of fuel, one would expect to 

recover the following emissions from a PL incineration plant: carbon monoxide (CO), carbon 

dioxide (CO2), nitrogen oxides (NOx), sulfur oxides (SOx), polycyclic aromatic hydrocarbons 

(PAHs), hydrochloric acid (HCl), volatile organic compounds (VOCs), particulate matter (PM), 

dioxins, and Arsenic (As). (Stingone, J. 2011; Minnesota Pollution Control Agency 2005; 

Allsopp, M. 2001; Franchini, M. 2004)   

 

Based upon the report provided by Nicholson at the North Carolina Environmental 

Management Commission Committee meeting in July of 2008, plants fueled by PL are permitted 

to produce more carbon dioxide than other forms of fuel and more carbon monoxide than either 

new or existing coal plants. In addition, they are also permitted to produce more nitric oxide 

(NOx) than new coal plants, and more sulfur dioxide (SO2) than plants that use new wood or 

existing biomass to create electricity (See Table 2. Hourly Emissions, Expressed in Pounds per 

Hour from a 50-MW Broiler Using Different Types of Fuel). (Stingone, J. 2011) With this 

analysis, one can suggest that PL powered plants are more likely to emit a greater number of 

pollutants than the alternate systems. While poultry litter incineration may emit a number of 

chemicals or pollutants that are harmful to human health and the environment, PL incineration 

may also serve as a primary release mechanism of Arsenic (As) and inorganic arsenic 
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compounds, which, based on sufficient evidence are known to be a human carcinogen. (National 

Toxicology Program 2011; Johannesson, M. 2002; Franchini, M. 2004; Nachman, E. 2005; Basu, 

P. 2008; Nachman, E. 2005; Navas-Acien, A. 2005; Sapkota, R. 2007) 

 

Characterization of Arsenic and Inorganic Arsenic Compounds  

Arsenic is a natural occurring semimetallic element that can occur both organically and 

inorganically. If the compound contains carbon (symbol C) then it is considered organic. It can 

be found in the environment in many forms, such as inorganic arsenic compounds like trivalent 

As- arsenite (As
III

) and pentavalent As-arsenate (As
V
). (National Toxicology Program 2011) 

Arsenic and arsenic compounds occur in either crystalline, powder, amorphous, or vitreous 

forms and can also occur as white and odorless solids.(ATSDR 2007) 

 

In 2007, the Agency for Toxic Substances and Disease Registry (ATSDR) reported that 

elemental arsenic is insoluble in water, while arsenite (As
III

) and arsenate (As
V
) are soluble. 

Elemental arsenic, arsenite and arsenate are also soluble in various acids. When heated to 

decomposition, arsenic compounds emit toxic arsenic fumes. (ATSDR 2007; HSDB 2011) In 

2002, Johannesson reported that inorganic arsenic compounds may generate highly toxic and 

flammable arsine gas when in contact with acids plus reducing metals (e.g., zinc or iron), or 

sodium hydroxide plus aluminum. (Johannesson, M. 2002) Moreover, Arai et al reported in 2003 

that broiler litter contains significant levels of copper and zinc. (Arai, Y. 2003) Therefore, the 

interaction of inorganic arsenical compounds with poultry litter zinc as the reducing metal may 

produce gases that are harmful and highly toxic to humans and the environment.  
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Moreover, several organoarsenical compounds are currently allowed by the U.S. Food 

and Drug Administration (FDA) as feed additives for poultry and swine. (Silbergeld, K. 2008) In 

recent years, a growing number of studies and literature reviews have reported that 

organoarsenical compounds, such as 3-nitro-4-hydroxybenzenearsonic acid, or by its common 

name Roxarsone, have been found to undergo a transformation from its organic state to the more 

soluble and highly toxic inorganic arsenite (As
III

)
 
and arsenate (As

V
) species. (Basu, P. 2008; 

Garbarino, J. 2003; Rutherford, D. 2003; Makris, K. 2008; Silbergeld, K. 2008; Fisher, D. 2011; 

O'Connor, R. 2005; Arai, Y. 2003) 

 

In this regard, it is important to further evaluate the transformation and fate of 

organoarsenical compounds in poultry feed additives. As organoarsenicals compounds in animal 

feed additives remains largely uncharacterized, continue land application and the potential 

introduction of large-scale PL incineration may increase opportunities for surface and ground 

water contamination as well as human exposure.  

 

Characterization of Roxarsone (Uses and Transformation to Inorganic Arsenic) 

As previously described, Arsenical compounds are currently allowed by the U.S. Food 

and Drug Administration (FDA) as feed additives for poultry and swine. Arsenical compounds, 

such as Roxarsone (3-nitro-4-hydroxy benzene arsonic acid), is a common feed additive used 

extensively by the poultry industry that acts as a highly effective growth promoter and disease 

prevention (See Table 3. Roxarsone Approved Use Levels in the United States). (Basu, P. 2008; 

Garbarino, J. 2003; Rutherford, D. 2003; Makris, K. 2008; Fisher , D. 2011; O'Connor, R. 2005; 

Nachman, E. 2005, Silbergeld, K. 2008) Organoarsenical products, more commonly Roxarsone, 
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have been added to the feeds of broiler chickens, turkeys and swine since the 1950s. (O'Connor, 

R. 2005) 

 

Concentration of Roxarsone in feed formulations ranges from 22.7 to 45.4 g/ton or 25 to 

50mg/kg. (Garbarino, J. 2003; Fisher, D. 2011) The amount of Roxarsone excreted by a single 

broiler when fed the 45.5 g/ton of formulation is estimated to be 150mg during the typical 42 day 

growth period. (Garbarino, J. 2003) Thus, based on the calculations derived from Garbarino 

(2003), if it’s assumed that the diet for the 787 million broilers produced in North Carolina 

during 2011 were based entirely on organoarsenical feed, the manure used in the litter-fueled 

power plant would contain approximately 118 thousand-kilograms of Roxarsone (1.18 x 10
5
 kg) 

or 33 thousand-kilograms of Arsenic (3.3 10
4
 kg).  

 

Roxarsone itself has been generally considered to be relatively harmless, but this is no 

longer the case. Although Johannesson (2002) reported that the World Health Organization 

(1992), and Naqvi et al. (1994) confirmed that different forms of Arsenic may be inter-converted 

both in the environment and in the vertebrate body, today there is a general consensus through 

recent scientific literature where poultry fed with organoarsenicals produce a litter that contains 

arsenic that can pose significant human health risks. Arai et al. (2003) and Garbarino et al. 

(2003) gathered enough evidence to conclude in their research that Roxarsone is converted into 

inorganic arsenic within the chicken and is also rapidly transformed into inorganic arsenic in 

wastes and soils. (Garbarino, J. 2003; Arai, Y. 2003) Moreover, Roxarsone has been found to 

rapidly degrade during the composting, storage and land application of litter, as well as leachate 

when applied in fields. (Garbarino, J. 2003; Rutherford, D. 2003; O'Connor, R. 2005) 

Experiments also suggest that the degradation process is most likely biotic in nature or microbial 
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mediated, as degradation is directly dependent on litter moisture content and temperature. 

(Garbarino, J. 2003) The authors felt that as heat increases, degradation of Roxarsone in PL is 

much more likely to shift to the highly toxic inorganic arsenical, yet another important aspect to 

consider when PL incineration is the proposed mechanism for renewable energy production. 

Additionally, Roxarsone can also rapidly undergo photo-degradation in the presence of natural 

organic matter and under anaerobic conditions. (Fisher, D. 2011) Degradation products of 

Roxarsone include the more soluble and toxic inorganic As
III 

and As
V
 species, as well as various 

organic arsenicals that have not yet been identified. (O'Connor, R. 2005) The reduced form of 

inorganic arsenic, arsenite, is considered to be 2- to 3-fold more toxic (Johannesson, M. 2002), 

and more soluble and mobile than the oxidized form, arsenate. 

 

In the 1970s, the FDA found higher levels of arsenic ranging from non-detect to as high 

as 0.5mg/kg in chicken (muscle and liver), considerably higher than in other meats, eggs, or 

milk. (Silbergeld, K. 2008) There is considerable evidence that the only source of Roxarsone in 

poultry tissue and waste is Roxarsone medicated feed. (Fisher, D. 2011) In 1998, the European 

Union addressed many of its problems with arsenicals by withdrawing them from the poultry 

production process. (Nachman, E. 2005) This further demonstrates that if unless Roxarsone is 

withdrawn from animal feed, inorganic arsenicals may continue to persevere in our foods, water 

and environment.  
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ANALYSIS 

  

Human Health Effects of Inorganic Arsenic 

Arsenic is a toxic substance with exceedingly diverse manifestations of poisoning. It is 

the only known human carcinogen for which there is adequate evidence of carcinogenicity risk 

by both inhalation and ingestion routes.(IARC 2004) Different species of arsenic have different 

degrees of toxicity, with arsenite causing the most damage. Epidemiological studies and case 

reports of humans exposed to arsenic or arsenic compounds in drinking water, or in occupational 

settings, have demonstrated that arsenic and its compounds increases the risk of cancer. (IARC 

2004) Cancer tissue sites include the skin, lung, digestive tract, liver, urinary bladder, kidney, 

and lymphatic and hematopoietic systems (See Table 4. Carcinogenic Effects of Chemicals 

According to the IARC Evaluation). (National Toxicology Program 2011; Franchini, M. 2004) 

Soluble inorganic arsenic is acutely toxic, and ingestion of large doses leads to gastrointestinal 

symptoms, disturbances of cardiovascular and nervous system functions, and eventually death. 

(IARC 2004) In survivors, bone marrow depression, haemolysis, hepatomegaly, melanosis, 

polyneuropathy and encephalopathy may be observed. (Aitio, A. 2001) 

 

  Fisher et al (Fisher, D. 2011) compiled a number of studies that also indicates concerns 

over chronic, low-level arsenic exposure that causes multiple adverse health effects, including 

cardiovascular disease (Chen, Y. 2011), type 2 diabetes (Navas-Acien, A. 2005), neurocognitive 

deficits (Wasserman, A. 2007), adverse birth outcomes (Ahmad, A. 2001) and endocrine 

disruption (Davey, C. 2007). In the toxicological overview of inorganic arsenicals conducted by 

Pritchard (2007), for the United Kingdom’s Health Protection Agency, it was reported that skin 

irritation and allergic contact dermatitis may occur after exposure to inorganic arsenic 
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compounds (See Table 5. Summary of Key Effects Observed in Humans after Chronic Arsenic 

Exposure). (Pritchard, J. 2007) On the other hand, from the limited information found on the 

effects of Roxarsone, Basu et al. (2008) conducted the first demonstration of its effects, and 

reported that following exposure of human endothelial cell cultures to Roxarsone and arsenite, 

new blood vessel formation occurred in association with vascular disease as well as the growth 

of new tumors. (Basu, P. 2008) 

 

When humans are exposed to dusts or vapors containing inorganic arsenic, it may cause 

pain, lacrimation, blepharospasm, conjunctivitis and corneal damage. It has also been reported 

that inorganic arsenicals may cause irritation of the mucous membranes leading to conjunctivitis, 

pharyngitis, and rhinitis after inhalation. (Pritchard, J. 2007) Other observed effects include 

laryngitis, bronchitis, and tracheobronchitis, causing stuffy nose, sore throat, hoarseness and 

chronic cough. (Saha, J.1999) Inhalation of arsenical dust has also been associated with 

gastrointestinal effects including nausea, diarrhea and abdominal pain. (Pritchard, J. 2007) This 

is important since soil and dust may significantly contribute to the overall exposure of arsenic in 

young children. In several epidemiological studies, an association between inhalation exposure 

to arsenic and the increased risk of adverse developmental effects has been reported to occur in 

foetal, neonatal and postnatal mortality, causing spontaneous abortions, lowered birth weight, 

congenital malformations, stillbirths, as well as pre-eclampsia.(Pritchard J. 2007) As described 

by J Pritchard (2007), Table 4 summarizes the key effects observed in humans, after chronic 

exposure to arsenic. The above analysis indicates that the more we learn about the human health 

effects of inorganic arsenicals, the more hazardous and less appealing becomes the idea of 

incinerating PL for renewable energy production.   
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Moreover, exposure of the general population to arsenic and arsenical compounds occurs 

mainly through arsenic present in food and in drinking water. In areas contaminated by arsenic, 

studies on experimental animals, as well as on humans, have shown that over 90% on an ingested 

dose of dissolved arsenite or arsenate is absorbed from the gastrointestinal tract. (Johannesson, 

M. 2002; Saha, J. 1999)  Although high levels of arsenic are maintained for long periods of time 

in the bone, hair, and nail of exposed individuals, most inorganic arsenic is eliminated at much 

higher rate with the urine, mainly as dimethyl-arsenic acid or methane-arsenic acid. 

(Johannesson, M. 2002) Since the elimination of arsenic takes place mainly via the kidneys, the 

concentration of arsenic in the urine is a good indication of recent exposure to inorganic arsenic. 

Another useful indicator or biomarker is blood arsenic, but it can only be in the case of acute 

arsenic poisoning or stable chronic high-level exposure. (Pritchard J. 2007) 

 

 

Environmental Effects of Inorganic Arsenic (Soil, Water, Air, Plants, and Animals) 

Knowing that a substantial amount of arsenic is being introduced into the environment 

through the application of PL on farmland raises many questions on the fate of arsenicals, 

particularly airborne arsenicals derived from proposed PL incineration activities.   

 

Inorganic arsenicals in soils are highly mobile, resulting in groundwater pollution and 

contamination of irrigated crops. Garbarino et al. (2003) reported that arsenic present in PL is 70 

to 90% water-soluble (Garbarino, J. 2003), thus land application of PL may increase the 

probabilities of water and groundwater pollution. Although the concentration of arsenic in edible 

plants is generally low (Johannesson, M. 2002), it is possible for arsenical pollutants to be 

deposited in the soil and local groundwater sources contaminating locally grown food as well as 

drinking water. (Stingone, J. 2011) It is known for soils to act as a natural buffer, and any 
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retention of arsenic by soils can occur by adsorption, especially if the soils contain iron or 

aluminum oxides. (Johannesson, M. 2002) Smith et al. (2002) examined the effect of 

phosphorus, sodium, and calcium on arsenic sorption and found that the phosphate (PO4 
3-

 ) 

competes with both arsenite and arsenate species for sorption sites on the soil surface, decreasing 

the amount of As
III

 and As
V
 by selected soils. (Smith, E. 2002) This is a very important aspect to 

consider when characterizing the fate of inorganic arsenicals in long-term PL amended soils. PL-

phosphates could compete for available soil cation exchange-sites, causing inorganic arsenicals 

to remain suspended in solution, and thus resulting in the potential for arsenicals to move freely 

within the soil matrix and contaminating ground water or other environmental compartments.  

 

Soluble arsenic concentrations in soils are usually controlled by redox conditions, pH, 

biologically activity and adsorption reactions, but not by solubility equilibria. (Johannesson, M. 

2002) More importantly, when arsenic, instead of phosphates, is adsorbed to soil particles on the 

exchange sites, it can also become a major source of arsenic contamination. Soil particles can be 

detached and carried as sediment during erosion, entering water systems and polluting drinking 

water sources, as well as affecting biota. 

 

 Although arsenic retention and accumulation by biota should remain low, arsenic is 

known to be subject to bioaccumulation in marine organisms, but in general not to 

biomagnifications. (Johannesson, M. 2002) In other terms, bioaccumulation occurs when biota 

are exposed to arsenic or arsenical species, accumulating over time in the organism’s tissue or 

body. While biomagnification occurs when arsenic concentrations in biota generally tend to 

increase at each trophic level in the food web, but generally this is not the case with arsenicals. 

Bottom-feeding fish and crustacean have been found to have the highest values of arsenic, while 
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freshwater fish have in general total arsenic concentrations around or below 1mg/kg. However, 

long-term exposure to immature fish populations to sub-lethal inorganic arsenic doses may result 

in toxic effects and may lead to slightly impaired reproduction. (Johannesson, M. 2002) 

 

The effects of inorganic arsenicals in plant metabolism still remains largely not 

understood. It is still unknown if arsenical compounds are simply taken up from soil, or whether 

transformation takes place within the plant. Nonetheless we do know that arsenic toxicity in 

plants can vary with its valence, with the toxic order being Arsine (AsH3) > Arsenite (As
III

)> 

Arsenate (As
V
) > organic As. (Chen, Y. 2011) While arsenic is not an essential plant nutrient, it 

has been found to be a chemical analog of phosphorus (Wolfe-Simon, F. 2011), an essential plant 

nutrient. Arsenic behaves much likely phosphate (PO4 
3-

 ) in the plant-soil system and its arsenate 

specie can enter into reactions in place of phosphorus (Johannesson, M. 2002), thereby becoming 

a toxicant. Studies on arsenate toxicity have shown that plant species not resistant to arsenic 

suffer considerable stress upon exposure, with symptoms ranging from inhibition of root growth 

through to death. (Meharg, A. 2002) In aquatic plant ecosystems, algal and marine 

phytoplankton growth may suffer from exposure to inorganic arsenic. (Johannesson, M. 2002) 

As in animal tissue, arsenic can accumulate in plant tissue and can act as a point source when 

consumed or ingested by animals or humans.  

 

In air, arsenic exists predominantly adsorbed on particulate matter, and is usually present 

as a mixture of arsenite and arsenate. (Mandal, B. 2002) For this reason, if inorganic arsenicals 

are emitted through PL-incineration activities, it would be possible for these toxic particulates to 

be in the atmosphere for an extended period of time and be deposited far away from the emission 

source. Woolson (1977) reported that contamination of air from smelter stack emissions resulted 
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in elevated arsenic levels in the soil through either direct fallout as particulate matter or in 

precipitation. (Woolson, E.1977) Another documented ecological effect from burning arsenic-

rich coal is the mass extinction of honeybees that took place within 30km of a power plant in 

Slovakia, after the arsenic-rich coal was incinerated. (Johannesson, M. 2002) This demonstrates 

that the main concern with arsenicals released in air, is its potential for transportation away from 

the main source, depositing in urban and rural areas, reservoirs, crops, and oceans. More 

importantly, air contaminated with arsenic can act as direct pathway of human exposure, this 

time entering the body via the respiratory airway into the lungs.  

 

Environmental Fate Model for Feed-derived Arsenicals 

In the figure below, Silberberg and Nachman (2008) illustrate the environmental fate of 

arsenical drugs used in food-additives and the potential pathways of human exposure to Arsenic 

(See Figure 8. Pathways of Human Exposure to Arsenical Drugs used in Food Animal 

Production).(Silbergeld, K. 2008)  
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For the purpose of the case study, the process illustrated by Silberberg and Nachman has 

been adopted and enhanced to create a Conceptual Site Model (CSM) that describes the fate and 

transport of arsenical drugs found in PL (See Table 6. Conceptual Site Model: Environmental 

Fate and Transport of Arsenicals used in Poultry Feed). 

 

As previously stated, when organoarsenicals are added to poultry feed, it can be 

converted into inorganic arsenic within the chicken or eliminated as both organic and inorganic 

arsenicals in poultry litter. In stockpiled, composted or land-applied PL, organic arsenicals can 

rapidly transform into inorganic arsenite, arsenate or other arsenical forms that have not yet been 

identified. At this point, degradation accelerated by heat, moisture content, and microorganisms, 

will continue to transform feed-additive arsenicals to the more soluble and toxic inorganic 

arsenical species. Once this transformation occurs, the probability of inorganic arsenical 

pollutants moving through a single or a series of environmental compartments may increase. 

Land application of poultry manure has the potential to runoff or leachate arsenic into surface or 

groundwater. Additionally, incineration of PL has also the potential to release harmful arsenicals 

into the air, as well as increase the likelihood of such pollutants being transported and deposited 

in to other local or remote environmental compartments. Moreover, as feed-additive arsenicals 

continue to be released into the environment, humans will be exposed through the following 

routes of exposure: ingestion of arsenic contaminated products (i.e. meat, vegetables, and crops), 

ingestion of contaminated drinking water, ingestion of waste-amended soil, dermal contact with 

waste-amended soil, dermal contact with arsenic contaminated water, and inhalation of dust or 

incinerated PL emissions.  These multiple routes of human exposure are illustrated in the 

following Conceptual Site Model that has been developed as part of this case study project (See 

Figure 9. Pathways of Human Exposure to Arsenical Drugs used in Poultry Feed). 
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CONCLUSION 

 

 As the capacity of soils to assimilate nutrients continues to decline in high-density 

poultry CAFO regions, the need to assess unconventional alternatives to long-term land 

application of poultry litter is now more important than ever. The fact that the average soil 

nutrient concentration levels for phosphorus, copper, zinc, selenium, manganese and arsenic 

have been found to be in excess after continuous land application of animal waste types, 

including poultry litter, should raise reasonable concerns about its non-point source potential and 

effects on the environment. More importantly, as we realize the potential impacts that high 

nutrient levels can have on surface water and groundwater, we cannot continue to ignore the 

detrimental effects that this may have on crop toxicity and the ability of soils to sustain crops. 

Given these problems the time will come when land disposal of poultry litter will no longer be a 

viable option. 

 

 Poultry litter incineration is a realistic alternative that may eliminate non-point source 

pollution, reduce nutrient and heavy metal build-up, and protect soils from reaching nutrient 

levels that could be toxic to plants and crops. Nonetheless, although PL incineration may 

mitigate some of the current known waste related environmental problems affecting the state of 

NC, PL incineration can also release a large number of contaminants, which are more toxic and 

easily transported throughout the environment. PL incineration can release harmful pollutants 

into the air, particularly inorganic arsenicals derived from the degradation of the poultry feed 

additive Roxarsone. While most of the arsenic is excreted and eventually degraded to inorganic 

arsenic in poultry litter, when incinerated it can increase arsenic exposure to humans through air 

emissions or fly ash. Inorganic arsenic, a known human carcinogen, can be emitted by the PL-
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fueled power plant and released into the air, potentially affecting multiple environmental 

compartments and exposing a greater number of the population that is near or away from the 

source.  

 

As Roxarsone remains largely uncharacterized, continue land disposal and the 

introduction of PL incineration on a large scale basis, may increase opportunities for surface and 

ground water contamination as well as human exposure to inorganic arsenic species. In this 

regard, it is important to further evaluate the transformation and fate of organoarsenical 

compounds in poultry feed additives and its implications to humans and the environment.  
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RECOMMENDATIONS 

 

The first and foremost significant step that has to be taken is the complete removal of 

arsenicals from the animal production processes. This should not only be limited to organic 

arsenicals currently being used by the industry, which includes Roxarsone, but also any of its 

species or products that have a similar chemical arrangement or composition.  By doing this, it 

will instantly eliminate concentrations of arsenic and arsenicals species found in poultry litter, 

potentially eliminating any source of inorganic arsenic exposure to humans and the environment. 

More importantly, eliminating arsenicals from the animal production processes may allow PL 

incineration to become a more acceptable and viable alternative as a source for renewable energy 

production in NC and elsewhere.   

 

However, since arsenicals are not the only potential pollutant of concern emitted by such 

power plants, further research and improvements in air pollution, and air pollution-abatement 

technologies are needed before PL incineration is considered as a viable alternative. Through 

legislation at the local or federal level, agencies should be able to monitor and control any further 

exposure to air pollutants by reducing the current established permitted emissions for PL type 

powered plants. These facilities should be required to adopt strict technology-based standards, 

such as maximum achievable control technologies to their emitting processes. 

 

Lastly, in addition to the need for further monitoring and studying of air quality 

parameters at existing PL-fueled power plants, it is indispensable and crucial to the sustainability 

of farm land and human health to stimulate the research and development of innovative and 

cutting edge alternatives in the safe management and disposal of animal waste-type materials in 

North Carolina.  
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TABLES 

 

Table 1. Average Concentrations in NC Soil Samples Analyzed for Heavy Metals 

 

 
(Hardy, D. 2008) 
 

 

Table 2. Hourly Emissions, Expressed in Pounds per Hour from a 50-MW Broiler Using  

   Different Types of Fuel 
 

 
(Stingone, J. 2011) 
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Table 3. Roxarsone Approved Use Levels in the United States 

 

 
(Silbergeld, K. 2008) 

 

 

Table 4. Carcinogenic Effects of Chemicals According to the IARC Evaluation 

 

 
(Franchini, M. 2004) 
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Table 5. Summary of Key Effects Observed in Humans after Chronic Arsenic Exposure 
 

 
  (Pritchard, J. 2007) 
 

Table 6. Conceptual Site Model: Environmental Fate and Transport of Arsenicals used in  

  Poultry Feed 

(J. Roston, 2013) 
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FIGURES 

 

Figure 1. Top Poultry Producing States in 2011 

 

 
(USDA-NASS in Cooperation with NCDA&CS 2012) 

 

Figure 2. Broiler Production by State, 2011 

 

 
(USDA-NASS 2012) 
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Figure 3. Number of Broilers and Other Meat-Type Chickens Sold: 2007 

 

 
(USDA, Census of Agriculture 2012) 
 

 

Figure 4. Ratio of Manure Available for Land Application to Assimilate Capacity for 

Phosphorus, 1997 

 

 
(Kellog, R. et al. 2000) 
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Figure 5. Percent of Soil Samples Testing High of Above for P  

 

 
(Sharpley, A. 1994) 
 
 

Figure 6. Process Used to Generate Electricity from PL Incineration 

 

 
(Florin, N. 2009) 
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Figure 7. United States Paid Indexes- Supplies & Repairs, Fertilizer, Machinery, and Fuel 

 

 
(USDA-NASS 2013) 

 
 

Figure 8. Pathways of Human Exposure to Arsenical Drugs used in Food Animal Production 

 

 
(Silbergeld, K. 2008)
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Figure 9. Conceptual Site Model: Pathways of Human Exposure to Arsenical Drugs used in Poultry Feed 

 

 
(J. Roston, 2013) 
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