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Abstract 
An analysis was conducted to evaluate the potential for biomass-to-energy conversion using 
residual food streams in the area encompassed by a 50-mile radius from the state capital, 
Sacramento, California. Selected high-volume food processing and food preparation facilities 
were identified and interviewed in the Sacramento area. The survey teams approached 45 
businesses and interviewed 41 managers or owners. They identified annual flows of 35,518 
dry tons of high-moisture (greater that 55% water) food residuals; 16,368 dry tons of low-
moisture (less than 55% water) food residuals; and wastewater streams containing 7,336 tons 
BOD5 .The estimated amount of potential electricity production from the combined food 
residual streams is 4,734 kWh .The survey also revealed that 1197 dry tons of food residual 
waste presently entering the city of Sacramento's landfills could be diverted and used for 
bioenergy production. 
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Introduction 

 Food scraps and food processing wastes can be used as substrates for bioenergy 

production. In California, food and processing residues accounted for about 4 million metric 

tons dry matter annually (Matteson and Jenkins, 2005). About half of this amount is likely 

available for utilization for bioenergy production. About two-thirds of the available waste 

streams have high-moisture content (> 50%, w.b.) that could support power generation by 

anaerobic digestion, ethanol fermentation, and thermal pyrolysis technologies. The remainder 

was characterized as low-moisture content streams that could be suitable substrates for power 

generation from direct combustion biomass power plants. 

 A program of the Sacramento Municipal Utility District (SMUD) aims at using waste 

and residues as a source for renewable energy production, while improving the environment 

and providing local economic benefits by diverting waste from landfilling and direct land 

application. A collaboration between University of California, Davis (UCD) and SMUD was 

established to survey and characterize the waste streams from local commercial food 

processors and institutions, including restaurants, bakeries, hospitals, and hotels, to better 

understand the availability of food waste for use in generating renewable energy.  
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 The main objective of this study was to quantify the major food processing and 

municipal food waste streams in the Sacramento area. Different biomass-to-energy 

technologies are evaluated to define suitable technologies for each stream, so that it would be 

possible to estimate the level of biomass-to-energy conversions that can assist SMUD in 

meeting its Renewable Portfolio Standard of 12% of energy needs from renewable by 2006 

and 23% by 2011.  

Data Collection 

 The first step was to define the businesses, which have relatively high volumes of 

food residuals in the SMUD territories and within a 50-mile radius from the center of 

Sacramento. The 50-mile limit was selected because hauling costs beyond that distance make 

the electricity derived from biomass-to-energy conversion cost more than wholesale 

electricity (Jenkins et al., 1983).  

The geographic distribution of the sites is 11 firms in the city of Sacramento, 21 firms 

in the SMUD and 45 firms within the 50-mile radius of the center of the city of Sacramento. 

An assessment of the food processing residues in the Sacramento area was conducted by 

phone interviews and, in some selected cases, on-site inspection and sampling. The annual 

production of waste streams and their characteristics were identified.  

Waste Streams Characteristics   

Waste streams were classified based on their moisture contents. Wastes with moisture 

contents (MC) of 55% wet basis or more in their typical production or handling state were 

denoted as high-moisture streams, and they were assumed to be converted using biochemical 

technologies (e.g. anaerobic digestion). Wastes with MC of below 55% were denoted as dry 

streams and were assumed to be converted using thermochemical methods (e.g. combustion). 

This classification is to some degree arbitrary, but reflects the practical limits on combustion 

above 60% moisture and the potential integration or expansion of existing waste treatment 

facilities for handling some materials (Jenkins and Ebeling, 1985).  

 Moisture data for the high-moisture food residuals were obtained from the plant 

managers or owners of the respective firms. Characterization of the waste streams from 

hospitals, schools, hotels, and medical care facilities was drawn from the managers and 

owners of the respective institutions. Then the values were reconfirmed and augmented by 
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the values of Draper and Lennon (2001). Moisture content for the low-moisture food 

residuals was obtained from the plant managers or owners of the respective firms and then 

reconfirmed by values of Wiltsee (1993). For the sites that did not have records for the 

composition of their wastes/wastewaters, samples were collected for analyzing their moisture 

and organic matter contents according to the standard methods of the American Public 

Health Association (APHA, 1998).  

Energy Potential Calculations 

 Based on the amounts and characteristics of waste/wastewater streams, estimates 

were made of the potential for generating electricity from these resources. In anaerobic 

digestion, the fraction of volatile solids in the total solids of the high-moisture wastes used 

was assumed to be 0.8, biodegradability was 0.67, intrinsic biogas yield was 0.75 m3 kg-1 VS 

destroyed, methane concentration of biogas was 65%, and the engine -generator efficiency 

was 30%. The heating value of methane was 36.3 MJ m-3 at standard conditions (Matteson 

and Jenkins, 2005). The following equation was used to estimate the annual energy 

production from high-moisture waste streams: 

3600
 Bo  TS

 Eannual
ηφ ×××××××

=
CFMYVSh  

where: 

Eannual = annual energy production (kWh), 

φh = annual production of high-temperature waste stream (ton/year), 

TS = total solids concentrations (kg/ton), 

VS = volatile solids/total solids fraction (fraction), 

Bo = anaerobic biodegradability (fraction), 

Y  = biogas yield (m3/kg VS destroyed), 

M = methane content (fraction), 

CF = the caloric value of methane (kJ/m3), and 

η  = generator efficiency (fraction). 

For the digestion of wastewater, the annual energy production could be determined by 

the equation:  

3600
 0.35  BOD

 Eannual
ηφ ××××

=
CFw  
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 where: 

φw = annual wastewater production (m3/year), 

BOD = concentration of biological oxygen demand (kg/m3), and 

0.35   = a conversion factor: theoretical methane produced per kg BOD (m3/kg). 

For thermochemical conversion of low-moisture content streams, the efficiency was 

assumed to be 25% based on new biomass direct-combustion units operating in California 

(Matteson and Jenkins, 2005). 

Survey Results  

Tables 1, 2 and 3 show the annual production of waste stream and the power size 

from institutions that have high-moisture wastes, low-moisture wastes, and wastewater 

streams, respectively. As can be seen, the high-moisture waste, low-moisture waste and 

wastewater could deliver 2,982 kWe, 925 kWe, and 827 kWe, respectively. The major 

contributors of high-moisture streams are meat processing, wineries, and tomato canneries, 

with about 37%, 36%, and 21% of the total power, respectively. Fruit and vegetable waste 

and winery wastes represents about 52% and 40% of the total power that could be delivered 

from low-moisture waste streams. Tomato canneries represent about 43% of the total power 

that could be delivered from wastewater streams.  

Criteria for Siting Biomass to Energy-Conversion Systems 

 The chosen facilities need to be in the SMUD, and energy generated must either 

reduce loads served by SMUD or fed into the SMUD grid. Centralized bioenergy production 

facilities (e.g. anaerobic digesters) are considered to combine different waste streams from up 

to 50 miles from the center of the city of Sacramento. Jenkins et al. (1983) modeled the best 

mix of biomass resources to provide minimum total delivered costs at a site and any size 

utilization facility at the site. Sensitivity to disposal tipping fees for in-vessel anaerobic 

digestion of food and other municipal residues has been described by Matteson and Jenkins 

(2005). Each $1.00/wet ton increase in the tipping fees results in a reduction of $0.005/kWh 

in the cost of energy.  

 Another criterion for siting a digester in Sacramento is the reduction of the food-

residual stream to landfills. The number and types of solid-waste facilities in Sacramento 

were documented by Williams (2003). Most of the high-moisture food residuals and low-
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moisture food residuals from firms within the city limits of Sacramento are being deposited 

into landfills. The amount reflected in our surveyed firms is 1197 dry tons. This is about 4% 

of the landfilled "organics" observed by Williams (2003). 

 Certain economies of scale need to be accomplished when siting a bioenergy 

technology. The anaerobic digestion of high-moisture food residuals has been economically 

evaluated by Hartman (2004). He determined that 38 metric dry tons per day was the 

minimum level required to support the investment of about $1.8 million for an APS digester. 

There was a critical tipping fee avoided that led to this decision. The author assumed a very 

low tipping fee of $13.25 per ton in his model. Normal tipping fees for the Sacramento area 

start at $28 per ton. 

Anaerobic Digestion Technologies  

  The choice of a certain anaerobic digester depends mainly on the characteristics, 

mainly moisture content, of the substrate(s) to be treated. Table 4 shows the common applied 

digesters for low-and high-moisture content substrates. 

 It is well known that temperature and mixing of anaerobic digesters are two important 

parameters that affect performance of the process. The anaerobic technologies can be applied 

with and without heating and mixing. The heated digesters could be operated at mesophilic 

temperatures (25-40oC) or thermophilic temperature (>50oC). Each of these temperature 

regimes has many advantages and drawbacks (Van Lier, 1995). Types of mixtures and their 

selection criteria are explained by Metcalf and Eddy (2003). Table 5 shows a comparison 

between the commonly applied anaerobic digestion systems and their suitability for different 

substrates.  

 Opportunities for the Application of Anaerobic Digestion Technologies 

 The firms most interested in siting a digester on their premises are those who can use 

the energy produced on site, either in the methane gas form or electricity. Therefore, the 

prices of purchasing these forms of energy could be avoided. The siting of the digester is 

ideally at a firm that has sufficient space. For example, a 5-ton/day anaerobic phased-solids 

dDigester (APS-Digester) requires about one acre for the truck access, unloading equipment, 

tanks, engine generator, and control house. Another requirement is the operation of a 
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digester. Firms that would place a digester on site must make a choice between operating the 

unit with existing staff or leasing out the facility and having it operated by a developer. 

 The final consideration in siting the digester is the access to wastewater treatment of 

the liquid fraction of the digestate, and handling and utilization of the solid fraction. The 

water fraction from the digester may be sent to the municipal wastewater treatment plant. 

Since the water fraction is high in nutrients, it may be directed to land application. In dairy 

farms and the municipal wastewater treatment plant, a strategy to manage salt will be 

required. The solid fraction can be dried and sold as a soil amendment. The solid fraction 

could also be routed to a compost operation. 

 On-Site Digesters 

 Our inventory reveals there is only one on-site digester site that clearly meets the 

above siting requirements. It is a soup company that has a wastewater stream of 414 million-

gallons /year with a BOD5 concentration of 600 mg/l. The potential electricity generation 

capacity is 117 kWe. The company has the space for a covered lagoon. With annual 

electricity consumption of 36.5 million kWh costing $2.8 million, and a waste water 

treatment bill of $800,000 to $1 million, they are clearly in a position to benefit from this 

strategy. 

Single On-Site Digesters for Treating Two or More Off-Site Feed Streams 

 There are a number of firms which might meet the site-selection criteria for placing 

an on-site digester on their premise and taking in feed streams of fairly similar materials. A 

soup company is a candidate for applying this system. While this firm only has 686 dry tons 

of food residuals a year, it has the space and access for multiple high-moisture food streams. 

Firms like Folsom State Prison could easily feed this facility with an additional 28 dry tons 

per year. The challenge is to reach levels of 11,000 dry tons per year. This may be an 

impossible task, since this survey only revealed 35,000 dry tons of high-moisture food 

residues in the 50-mile radius. 

A vegetable produce distributor is another candidate digester. This firm does not have 

a large waste stream, only 69 dry tons per year, but they have a central location and on-site 

space. They also would benefit by using any on-site generated electricity. Their current 

electrical service is 15.5 kW, and their electricity bill ranges up to $28,000/ month. 
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Multiple On-Site Digesters Treating Multiple Types of Off-Site Feed Streams 

Sacramento Wastewater Treatment is the only facility that has the capacity to handle 

a diverse stream of waste. This organization is already performing this task with the 

exception of the low-moisture food residues. Sacramento Wastewater Treatment uses the 

existing anaerobic digester to make methane. They then burn this methane in a generator to 

make electricity. The electricity is used to run the pumping system. 

 The transition from managing one’s own waste stream to becoming a waste 

management facility can be a critical factor for siting a digester. Permitting beyond just the 

Integrated Waste Management Board may include air quality, water quality, and land use.  

General Considerations of Anaerobic Digestion Application 

A detailed economic analysis for each candidate listed above is required to compare 

the benefits of insulation of anaerobic digesters. The economics of a digester project can 

change dramatically if the energy cannot be used to offset the existing on-site load. As a rule 

of thumb, the project cash flows for grid feeds are about 50% of the avoided costs on a per-

kWh basis. Air quality concerns, from operating electrical generators, a challenge for some 

sites, should be analyzed carefully. Upgrading the digester biogas by removing hydrogen 

sulfide and water vapor is crucial to use the biogas in internal combustion engines and 

turbines. Antagonistic and synergistic effects of digesting more than one substrate in the 

same digester should be addressed carefully. Management of salts and nutrients present in the 

digester effluent is an important issue, because most salts in digestate that is sent to ponds or 

land application go towards groundwater load (Harter and Menke, 2004). The digestate that 

goes to municipal wastewater treatment plants becomes a concern at the point of discharge to 

streams and rivers. Strategies such as reverse osmosis are used when wastewater approaches 

unacceptable limits.  

 Co-digestion means combining two or more substrates with similar or different 

physical and chemical compositions. It is possible to achieve higher rates of biogas 

production per unit of reactor volume provided the combination of the substrates will not 

affect the process stability (El-Mashad and Zhang, 2006). Therefore, better economics would 

be expected. However, co-digestion may require careful mixing of different streams. For 

example, introducing high concentration of protein could upset methanogenic bacteria via 
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producing high concentration of ammonia during the hydrolysis step. Ammonia is believed 

one of the inhibitory compounds if its concentration exceeds certain thresholds that depend 

strongly on digestion temperature and acclimatization of methanogenic bacteria (Koster and 

Lettinga, 1984).  

Conclusions 

 This study has identified some possible sites for biomass-to-energy conversion 

systems in the SMUD. Total potential electricity generation identified in this study was 

slightly more than 4.73 MW. The amount that is potential generated from the probable sites 

in the district which ranges from 149 kW (milk processor) to 156 kW (the soup company). 

Based on the characteristics of waste streams from these two sites, a lagoon digester and an 

APS-digester would be recommended. The single largest barrier to achieving high numbers 

in electricity production is the present regulatory barriers that damper owners’ or plant 

managers’ enthusiasm when it comes to co-digestion of multiple waste streams from off site. 

Management of salts and nutrients in the digestate may also prove to be challenging. 
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Table 1. Sampled institutions having high-moisture waste streams. 

No. of sites Institution 

Dry matter 

(ton/year) 

Electricity generation 

capacity (kWe) 

Fraction of total 

(%) 

4 Meat processing 13263 1114 37.3 

6 Wineries 12642 1061 35.6 

4 Tomato canneries 7773 653 21.9 

7 Fruit and vegetables distribution 802 67 2.3 

4 Fruit canneries 632 53 1.8 

2 Schools and prisons 309 26 0.9 

2 Healthcare 67 6 0.2 

3 Hotel 31 3 0.1 

Total 35518 2982 100.0 

 

 

Table 2. Sampled institutions having low-moisture waste streams. 

No of sites Institution 

Dry matter 

(ton/year) 

Electricity generation 

capacity (kWe) Fraction of total (%) 

5 Fruit and vegetable 8484 484 51.8 

1 Winery 6480 369 39.6 

1 Cannery soup 686 39 4.2 

1 Bakery 645 29 3.9 

2 Meat processing 43 2 0.3 

1 Grain and fiber processing 29 1 0.2 

Total 16368 925 100.0 
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Table 3. Sampled institutions having wastewater. 

No. of 

sites Institution 

BOD5 in wastewater 

(ton/year) 

Electricity generation 

capacity (kWe) 

Fraction of total (%) 

3 Tomato canneries 3167 357 43.2 

1 Milk processor 1318 149 18.0 

2 Fruit canneries 1195 135 16.3 

1 Cannery soup 1038 117 14.1 

3 Vineyards 575 65 7.8 

1 Meat processing 43 5 0.6 

Total 7336 828 100 

 

 

Table 4. Example anaerobic digestion technologies for treating wastes/wastewaters. 

High-moisture substrates 

 (<10% dry matter) 

 

Low-moisture substrates  

(over 10% dry matter) 

- Covered lagoon digester 

- Completely mixed digester  

- Plug-flow digester  

- Anaerobic contact reactor  

- Upflow anaerobic sludge blanket reactor  

- Anaerobic sequencing batch reactor  

- Anaerobic filter 

- Anaerobic mixed-biofilm reactor 

- Batch digester (landfill reactor) 

- Mixed digester  

- Plug-flow digester (e.g. Dranco) 

- Anaerobic phased-solids digester (e.g. APS-Digester)  
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Table 5. Comparison of different anaerobic digesters. 

 
 

 
 

Total solids in feed 

  

  

Mixing 

/heating 

  

Reaction 

rate 1- 4% 4 -10% 

Ability of handling  

suspended solids  

Covered lagoon No Low Yes   High  

Anaerobic contact reactor  Yes  High Yes   High  

Anaerobic filter  Yes  High Yes   Low 

Upflow sludge-blanket reactor  Yes  High Yes   Low 

Anaerobic fluidized bed reactor  Yes  High Yes   Low 

Anaerobic sequencing-batch reactor  Yes  High Yes   High  

Anaerobic mixed-biofilm reactor  Yes  High Yes   High  

Completely mixed reactor  Yes High   Yes High 

Plug-flow digester  Yes/No High   Yes High 



POSTER MANUSCRIPTS 

 578 
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Abstract 
Soil-erosion is a major threat to global economic and environmental sustainability.  The 
objectivess of this study were to evaluate long-term effects of conservation tillage with 
poultry litter application on soil-erosion estimates in cotton (Gossypium hirsutum L.) plots 
using the RUSLE 2.0 computer model. Treatments consisting of no-till, mulch-till, and 
conventional tillage systems; winter-rye (Secale cereale L.) cover cropping and poultry litter; 
and ammonium nitrate sources of nitrogen were established at the Alabama Agricultural 
Experiment Station with and without winter-rye cover cropping, respectively. Application of 
N in the form of ammonium nitrate or poultry litter significantly increased cotton canopy 
cover and surface-root biomass, which are desirable attributes for soil-erosion reduction.  

Key words: RUSLE 2.0, conservation tillage, cover crop, soil-erosion, C-factor  
 
Introduction 

Soil-erosion is associated with about 85% of land degradation in the world, causing 

up to 17% reduction in crop productivity (Oldeman et al., 1990). Despite more than 60 years 

of state and federal soil conservation efforts, soil-erosion remains a serious environmental 

problem in parts of the U.S. (Uri and Lewis, 1998).  Worldwide, about 40% of agricultural 

land is seriously degraded (BBC News, 2000). In addition to land degradation, other 

problems caused by soil-erosion include loss of soil nutrients, declining crop yields, 

reduction in soil productivity, and pollution of surface and ground water resources by 

sediment, fertilizer nutrients, and pesticide residues.   

Soil-erosion also causes air pollution through emissions of radiatively active gases 

such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) (Lal, 2001; Boyle, 

2002). Increased concentration of CO2, CH4, and N2O, also known as “greenhouse gases” in 

the atmosphere is associated with global warming, which leads to an increase in the earth’s 

temperature. Global warming may have far-reaching undesirable effects on weather patterns, 

forests, agriculture, and water supplies. This will affect the well being of humans and other 

living organisms.  
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Some fields in Alabama and Mississippi have been under conventional tillage cotton 

production for 100 years or more (Bauer and Black, 1983).  Cotton is a low-residue crop. 

Therefore, monocropping cotton for an extended period of time has led to soil degradation on 

cotton farms (Reeves et al., 2002).  Although conservation tillage cotton acreage nearly 

tripled in Alabama and Georgia between 1998 and 2002 (National Cotton Council of 

America, 2003), about 40 % of cotton acreage in north Alabama is still under conventional 

tillage. Conventional tillage cotton production systems typically include primary tillage with 

a moldboard or chisel plow in the fall, spring disking or harrowing, and inter-row cultivation 

for weed control during the crop growing season.  These operations promote soil-erosion and 

rapid depletion of soil organic matter (Keeling et al., 1989; Bordovsky et al., 1998).  

Conservation tillage systems such as no-till and mulch-till can reduce soil-erosion, 

conserve soil moisture, replenish soil organic matter, and improve crop yields in the long 

term (Tripplet et al., 1996; Reeves, 1997; Nyakatawa et al., 2001; Reddy et al., 2004).  

Conservation tillage is defined as any tillage and planting system that leaves at least 30% of 

crop residues on the soil surface after planting (CTIC, 1998). A cover crop, usually grown in 

winter, is often required to achieve this level of residue cover. In addition to being a low-

residue-producing crop, cotton leaves have lower mulch persistence compared to grass 

species. It is therefore important to use a suitable cover crop to increase residue production, 

which will reduce soil-erosion in cotton production systems.  Winter-rye [Secale cereale 

(L.)] possesses many desirable characteristics to be used as a cover crop in cotton production. 

These include its effectiveness in reducing leaching losses of residual nitrogen, high vigor, 

winter hardness, early spring growth, and good herbicide sensitivity, which enables it to be 

killed in time for cotton planting.  

In addition to being a relatively cheap source of both macro- and micronutrients, 

animal manure can improve soil tilth due to addition of soil organic matter and enhanced soil 

microbial activity. Soil organic matter impacts all soil quality functions and soil chemical, 

biological, and physical properties which improve soil resistance to erosion. Poultry litter is 

available in abundant quantities in the southeast U.S. and its disposal is becoming a problem. 

Therefore, the use of poultry litter in cotton production serves both as a sustainable 

utilization of a renewable nutrient resource and also, as an environmentally sound method for 
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disposing of animal waste. The objectives of this study were to investigate the long-term 

effects of no-till and mulch-till conservation tillage systems with winter-rye cover cropping 

and poultry litter application on soil-erosion in cotton plots using the Revised Universal Soil-

Loss Equation (RUSLE 2.0) computer model.  

Materials and Methods 

Study site and treatments 

The experiment was established at the Alabama Agricultural Experiment Station, 

Belle Mina, Ala. (340 41’ N, 860 52’ W), on a Decatur silt-loam soil (clayey, kaolinitic 

thermic, Typic Paleudults) in fall 1996.  The study site has a slope of about 1.5% and had 

been cultivated with  cotton under conventional tillage and monocropping for more than 10 

years prior to the establishment of this experiment.  Treatments used in this study consisted 

of three tillage systems: conventional tillage, mulch-till, and no-till; two cropping systems: 

cotton in summer followed by winter-fallow and cotton in summer followed by winter-rye; 

three N levels: 0, 100, and 200 kg N ha-1; and two N sources: ammonium nitrate and poultry 

litter. Due to space limitations and operational constraints such as labor and input costs 

resulting from a larger number of treatments, an incomplete factorial treatment arrangement 

consisting of 12 treatments was used (Table 1).  Ammonium nitrate was used at one N rate 

(100 kg N ha-1), which is the recommended rate for cotton in the Tennessee Valley region, 

while poultry litter was used at 100 and 200 kg N ha-1. Plot size was 8-m wide and 9-m long, 

which resulted in eight rows of cotton, 1-m apart. The plots were arranged in a randomized 

complete block design with four replications.  

Conventional tillage involved tilling the soil to a depth of 25-30 cm using a 

moldboard plow in November and disking followed by a field cultivator to prepare a smooth 

seedbed in April. In mulch-till, a Lely rotary cultivator (Lely USA Inc., Wilson, N.C.) was 

used to destroy and partially incorporate crop residues to a depth of 5 to 7cm before planting. 

No-till included planting into untilled soil using a Tye (Glascock Equipment and Sales, 

Veedersburg, Ind.) no-till planter. During the season, a row cultivator was used for 

controlling weeds in the conventional tillage system, while spot applications of glyphosate 

[isopropylamine salt of N-(phosphonomethyl) glycine] were used to control weeds in the no-
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till and mulch-till systems. A single operation of row cultivation and herbicide spray were 

used each year. 

The poultry litter used in this study consisted of a combination of chicken (Gallus 

gallus domesticus) manure and bedding materials brought from nearby poultry farms. Amounts 

of poultry litter to supply 100 and 200 kg N ha-1 were calculated for application each year 

based on the N content of the poultry litter. Total N content of poultry litter was determined 

by the Kjeldhal wet-digestion method (Bremner and Mulvaney, 1982) and followed by N 

analysis using the Kjeltec 1026 N Analyzer (Kjeltec, Sweden) in 1997 and 1998; LECO CNS 

analyzer (St. Joseph, Mich.) in 2000 and 2001; and the Vario MAX CNS macro elemental 

analyzer (Elementar Analysensysteme, GmbH, Germany) in 2003 and 2004. Poultry litter was 

not applied to the plots in 1999 and 2002, which were planted with corn. A 60% adjustment 

factor was used to compensate for N availability from poultry litter during the first year 

(Keeling et al., 1995). The litter was broadcast by hand and incorporated to a depth of 5- to 8 

cm by pre-plant cultivation in conventional tillage and mulch-till systems, whereas in the no-

tillage system it was surface applied and not incorporated.  The ammonium nitrate and 

poultry litter were applied to the plots 1 d before cotton planting. Prior to planting, the plots 

received a blanket application of a P and K fertilizer each year based on soil analyses results, 

to minimize the effects of P and K applied through poultry litter. 

The cropping scheme showing summer rotation of cotton with corn and winter-rye 

cover crop used in this study is presented in Table 2. The winter-rye cover crop was planted 

in fall and killed with glyphosate herbicide about 7 d after flowering in spring of 1997, 1998, 

2000, 2001, 2003, and 2004. The time between killing of winter-rye and cotton planting was 

about four weeks in each year. The winter-rye cover crop (cv. Oklon) was planted at a 

seeding rate of 60 kg ha-1 using a no-till grain drill. The cover crop did not receive any 

fertilizer to enable it to “scavenge” residual soil nutrients and incorporate them as 

aboveground biomass during the winter season, which reduces runoff and/or leaching losses 

of N.   

Soil-erosion estimation  

Soil-erosion estimation was done using the Revised Universal Soil Loss Equation 

(RUSLE 2.0) computer model by plot each year in 1997, 1998, 2003, and 2004. RUSLE is an 
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empirically based model founded on the universal soil loss equation – USLE (Wischmeier 

and Smith, 1978). Renard et al. (1997) modified USLE and developed RUSLE, which has 

improved means of computing soil-erosion factors. The RUSLE model enables prediction of 

an average annual rate of soil-erosion for a site of interest for any number of scenarios 

involving cropping systems, management techniques, and erosion-control practices.  

RUSLE model structure 

The RUSLE computer model incorporates four physical parameters associated with 

erosion by water, namely rainfall erosivity, soil erodibility, topography, and land-use 

management. Detailed description of the model is presented in Nyakatawa et al. (2001). In 

RUSLE 2.0 software, information is organized into five main databases, namely climate, soil, 

management, vegetation, and residue. The latest version of RUSLE model software (RUSLE 

ver. 2.0) has revised governing equations and an updated database (Bonorino and Osterkamp, 

2004).  

RUSLE model C-factor input plant data collection 

Immediately after cotton planting, surface residue cover (SRC) in each plot was 

measured using the camline transect method (Renard et al., 1997). Cotton plant growth data 

collected for the RUSLE C-factor calculation were canopy cover, fall height from the crop 

canopy, and surface-root biomass (top 10 cm of the soil) (RUSLE Users’ guide, 2003). 

Detailed description of data collection methods is given in Nyakatawa et al. (2000; 2001). 

The data for RUSLE C-factor input data calculation were taken every 15 days until crop 

harvest as per model requirements.  In addition to plant data collected for the RUSLE C-

factor input data given above, biomass data for winter-rye, cotton, and corn crops were 

collected and used in the residue database to account for their contribution to crop residues. 

RUSLE also requires crop yield data, which was determined by mechanically harvesting 

open cotton bolls in the central four rows of each plot using a mechanical stripper.  Data for 

cotton yield from this study has been published in Nyakatawa et al. (2000; 2001) and Reddy 

et al. (2004). 

Weather data for R-factor calculation 

Daily weather data needed to calculate the R-Factor were taken from an automatic 

weather station at the experiment station. The data consisting of rainfall temperature data 
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(Fig. 1) were entered into the RUSLE model city database to calculate the R-factor for the 

study location.   

Statistical data analyses 

The data were statistically analyzed using general linear model procedures of the 

Statistical Analysis System (SAS ver. 9.1). Due to incomplete factorial treatment 

arrangement used in the study, treatments 2, 3, 4, and 8 were analyzed separately to evaluate 

tillage x cropping system interaction. Similarly, treatments 4, 5, 6, 7, 8, and 9 were analyzed 

separately to evaluate tillage x N source interaction.  Treatment means for main effect of 

tillage systems, main effect of cropping systems, and tillage x N source interaction were 

compared using the least-significant difference (LSD) mean separation procedure. Duncan’s 

multiple-range test was used to statistically separate the full set of treatment means, which 

were used to make specific treatment mean comparisons. Correlation analysis was used to 

determine the association of SRC, EFH, and crop biomass to RUSLE C-factor values and 

soil-erosion estimates.  Unless indicated otherwise, significant differences between treatment 

means were tested at P < 0.05 level. 

Results and Discussion 

RUSLE C-factor and soil-erosion estimates 

There was a significant year x tillage x cropping system interaction on RUSLE C-

factor values and a significant (P < 0.001) tillage x cropping system interaction on soil-

erosion estimates (Table 3). RUSLE C-factor values for cotton-winter-rye cropping system 

under conventional tillage system were 85%, 107%, 134%, respectively, lower than those for 

cotton-winter-fallow cropping system, respectively in 1998, 2003, and 2004 (Table 3). Soil-

erosion estimates in cotton winter-rye cropping system were 38%, 78%, 105%, and 135%, 

respectively, lower than those in cotton winter-fallow cropping system under conventional 

tillage system, in 1997, 1998, 2003, and 2004 (Table 3).  These data show that winter-rye 

cover crop has progressively reduced C-factor values and soil-erosion estimates from 1997 to 

2004.  

With the exception of 2003, there were no significant differences in RUSLE C-factor 

values and soil-erosion estimates between cotton winter-fallow and cotton winter-rye 

cropping systems under no-till system.  Our results are similar to those of Yoo and Touchton 
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(1989) and Yoo and Rochester (1989), who reported that use of wheat cover crop in no-till 

cotton did not significantly reduce soil loss compared to no-till without a cover crop, but both 

had lower soil loss than conventional tillage.  Stevens et al. (1992) reported that without 

cover cropping, no-till can reduce soil-erosion by 70% compared to conventional-till system 

in cotton.  

The pattern of decline in RUSLE C-factor values and soil-erosion estimates with time 

from 1997 to 2004 was not observed under cotton winter-fallow cropping system in a 

conventional tillage system or in a no-till system. These results can be expected and can be 

explained by the fact that in conventional till and cotton winter-fallow cropping system, there 

were no additional crop residues to supplement those produced by cotton. Also, additional 

crop residues from cotton winter-rye cropping system in a no-till system do not impact soil-

erosion rates as much as they do in a conventional tillage system.  

RUSLE C-factor values in bare fallow plots were, on average, two and four times, 

respectively, greater than those in cotton winter-fallow and cotton winter-rye cropping 

systems under a conventional tillage system (Table 3). Similar values under a no-till system 

were five and 52 times greater, compared to those in cotton winter-fallow and cotton winter-

rye cropping systems, respectively. In a conventional tillage system, mean soil-erosion 

estimate in cotton winter-fallow cropping system over the study period (11.4 Mg ha-1 yr-1) 

was about 50% that for bare fallow plots (24.5 Mg ha-1 yr-1). Soil-erosion estimates in a 

cotton winter-rye cropping system was 6.2 Mg ha-1 yr-1 or about 25% that for bare fallow 

plots. In a no-tillage system, similar values were 5% and 7%, respectively.  

There was a significant tillage x N source interaction for RUSLE C-factor values and 

soil-erosion estimates. In a conventional tillage system, RUSLE C-factor values and soil-

erosion estimates for plots which received 100 kg ha-1 in the form of ammonium nitrate 

(100AN) were 15% and 32%, respectively, lower than those for plots which received the 

same amount of N in the form of poultry litter (100PL) (Fig. 2). However, there were no 

significant differences in RUSLE C-factor values between sources of N.  

RUSLE C-factor input data 

Results for RUSLE C-factor values and soil-erosion estimates presented and 

discussed above can largely be explained by the responses of RUSLE C-factor input 
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variables to crop and soil-management strategies in different plots. While most of the 

information required for predicting soil-erosion using RUSLE, such as rainfall and soil data 

do not vary much from plot to plot, the C-factor responds directly to yearly variations in crop 

production systems, such as residue, soil-management practices, and tillage systems. The 

RUSLE C-factor accounts for the interactive effects of soil cover, cropping sequences, 

cultural practices, and length of growing season on the soil-erosion process.  Responses of 

RUSLE C-factor input variables (surface residue cover, cotton canopy cover, effective fall 

height, and cotton-surface-root biomass) to  tillage systems, cropping systems, and N 

treatments used in this study and their influence on RUSLE C-factors and soil-erosion 

estimates are discussed in the following sections.  

Surface residue cover (SRC)  

There was a significant year x tillage x cropping system interaction on percent surface 

residue cover (SRC) after cotton planting (Table 4). Each year, in conventional tillage or no-

till system, SRC in plots which had rye cover crop in the previous winter, was significantly 

greater than that in plots which were fallow in the previous winter (Table 4). By definition, at 

least 30% of the soil surface has to be left covered with crop residues after planting in order 

for any tillage system to be considered as conservation tillage (Conservation Tillage 

Information Center, 1994).  In 1997 and 1998, conventional tillage had less than 30% SRC 

with or without winter-rye cover crop. However, it is interesting to note that in 2003 and 

2004, SRC in conventional tillage system in plots which had winter-rye cover crop was 30% 

and 37%, respectively, which enabled conventional tillage with winter-rye cover cropping to 

qualify to be considered as conservation tillage.  

Visual records showed that crop residues from the rotational corn crop of 1999 were 

still present in the plots in 2000 and 2001, while crop residues from the corn crop of 2002 

were still present in all plots in 2003 and 2004. This explains the increase in surface-residue 

cover in conventional till with winter-rye cover cropping and in no-till with winter-fallow 

cropping (1997 and 1998 vs 2003 and 2004) as shown in Table 4. Halvorson et al. (2002) 

also found that surface-crop residues increased with time under no-tillage with corn rotations 

due to carry-overs from year to year, but their findings were in a drier, cooler climate in 

Colorado.  It is interesting that we found similar results in a thermic, humid regime.  
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There was no improvement in SRC in conventional tillage with winter-fallow 

cropping to enable it to qualify as conservation tillage. Leaving the plots fallow in winter 

does not provide the additional crop residues needed to increase SRC. The 6% to 7% decline 

in SRC in no-till system with winter-rye cover cropping in 2003 and 2004 compared to 1997 

and 1998 (Table 4) was attributed to poor winter-rye cover crop growth in 2003 and 2004, 

which was up to 50% lower than that for 1997 and 1998.  Carry-over of crop residues from 

the corn crop of 2002 resulted in significantly greater figures for SRC in conventional tillage 

with winter-fallow cropping (2003) and no-till system with winter-fallow (2003 and 2004).   

Other benefits of leaving crop residues on the surface after planting include increased 

water infiltration into the soil and moisture conservation in the seed zone. Naderman (1991) 

reported that surface residue potentially increases infiltration of water into the soil by 25% to 

50% under no-till compared with a conventional tillage system. Other researchers found that 

cover crop residues decrease the effect of wind and temperature on soil-water evaporation 

and increases water storage in the soil profile (Smart and Bradford, 1996). Nyakatawa and 

Reddy (2000) found 38% and 56% increase in soil moisture content in the seedzone during 

the first four days of seedling emergence due to winter-rye cover cropping, respectively, in 

conventional tillage and no-till systems. 

 According to Moldenhauer et al. (1983), a minimum of 20% soil-surface cover is 

required for a substantial reduction in soil-erosion. Also, as SRC approaches 100%, soil-

erosion declines to a figure close to zero (Moldenhauer and Langdale, 1995). Surface residue 

intercepts raindrop-impact energy and reduces the flow velocity of runoff water, thereby 

minimizing soil-erosion, detachment, and transport processes (Cruse et al., 2001). Pimentel 

(1993) concluded that the cover-management factor is the most important factor in 

minimizing the soil-erosion rate.  

In our study, SRC was negatively correlated (P < 0.001) to RUSLE C-factor values 

and soil-erosion estimates (Table 5). Having more crop residues left on the soil surface after 

planting resulted in reduced soil-erosion estimates since the soil is protected from the erosive 

force of the impact of raindrops and to that of running water.  It is evident from Table 5 that 

the magnitude of the negative correlations between SRC and RUSLE C-factor values and 

soil-erosion estimates increased with time from 1997 to 2004, showing a cumulative effect of  



POSTER MANUSCRIPTS 

 587

SRC with time. Therefore, the progressive decline in RUSLE C-factor values and soil-

erosion estimates in cotton winter-rye cropping system under conventional tillage from 1997 

to 2004 can largely be attributed to cumulative effects of crop residues on SRC.  According 

to Shelton et al. (1990), surface residue cover serves as a measure of the susceptibility of a 

field to soil-erosion, and is a function of the amount and persistence of crop residue present 

on the soil surface. Our results demonstrate the important role of SRC in soil and crop-

management strategies designed to reduce soil-erosion in cotton production systems.  

Canopy cover 

There was a significant year x N source interaction on cotton-canopy cover measured 

at boll maturity (Data not shown). With the exception of 1998, canopy cover for cotton plants 

in plots which received 100 kg ha-1 in the form of ammonium nitrate and 200 kg ha-1 in the 

form of poultry litter (200PL) were significantly higher than that for plants in plots which 

received 100 kg ha-1 in the form of poultry litter. Figure 3 shows that during the first 45 days 

after cotton emergence, canopy cover was similar in all plots irrespective of N source. 

Therefore, during this time, crop residues left on the surface after planting play a very 

important role in soil-erosion reduction. However, from 60 to 120 days after emergence, 

cotton-canopy cover in plots which received 100 kg ha-1 in the form of ammonium nitrate or 

poultry litter and 200 kg ha-1 in the form of poultry litter (200PL) were consistently greater 

than that for plants in plots which did not receive N.   

Differences in crop responses to 100 kg ha-1 in the form of ammonium nitrate and 100 

kg ha-1 in the form of poultry litter, although not significant, were attributed to differences in  

N availability between ammonium nitrate and poultry litter. Crop residues can cause 

immobilization of available inorganic N (Green et al., 1995).  Application of N in the form of 

ammonium nitrate can offset the effects N immobilization, whereas more time is needed for 

N to be released when N is applied in the form of poultry litter. A similar result was obtained 

in cotton-yield responses from ammonium nitrate and poultry litter (Nyakatawa et al., 2000, 

2001; Reddy et al., 2004). Although a correction factor was used to account for the slow 

release of N from poultry litter, it does seem that the availability of N from poultry litter was 

over-estimated in these situations where considerable surface residues are present as shown 

by the better response of the crop to poultry litter at 200 kg N ha-1. In Georgia, Endale et al. 
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(2002) reported no significant differences in cotton yields between poultry litter and 

inorganic fertilizer. 

Unlike crops such as cereals and grain legumes, cotton is generally planted in wide 

rows of about 1m apart. This leaves most of the inter-row spacing exposed to direct impact of 

raindrops, especially early in the growing season.  Energy from the direct impact of raindrops 

on the soil surface is a major factor causing disintegration of soil structure and the break up 

of soil particles generating sediment. Therefore, establishment of a widely distributed crop-

canopy cover is very critical for cotton in terms of soil-erosion reduction. A good canopy 

cover gives soil better erosion protection by absorbing the energy from falling raindrops from 

rainfall or irrigation, which accounts for most of the erosion.  Since cotton canopy cover was 

negatively correlated (P < 0.001) with RUSLE C-factor values and soil-erosion estimates 

(Table 5), better canopy growth accounts for the significantly lower RUSLE C-factor values 

and soil-erosion estimates for plots which received 100 kg ha-1 in the form of ammonium 

nitrate compared to those for plots which received the same amount of N in the form of 

poultry litter. 

Effective fall height (EFH) 

Effective fall height (EFH) for cotton, which is the distance a raindrop falls after 

striking the crop canopy, was negatively correlated to RUSLE C-factor values and soil-

erosion estimates (Table 5). This should not be interpreted to suggest that with greater EFH, 

soil-erosion becomes less. Rather, it is a result of the fact that plots in which cotton plants 

performed better in terms of growth parameters such as plant height and biomass due to 

factors like no-till and cover cropping, also had low values of RUSLE C-factors and hence 

soil-erosion rates. There were no significant tillage or cropping system effects on EFH. 

However, from 60 to 120 days after emergence, EFH for cotton plants in plots which 

received 100 kg ha-1 in the form of ammonium nitrate and 200 kg ha-1 in the form of poultry 

litter were generally greater than that for plants in plots which did not receive N and 

sometimes, those which received 100 kg ha-1 N in the form of poultry litter (Fig. 3). 

However, despite the greater EFH in plots which received 100 kg ha-1 in the form of 

ammonium nitrate compared to those which received the same amount of N in the form of 

poultry litter, RUSLE C-factors and soil-erosion estimates were significantly lower in the 
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former. This shows that the benefits of better plant growth such as better canopy cover and 

plant biomass in plots which received 100 kg ha-1 in the form of ammonium nitrate, out-

weighed the increase in soil-erosion due to higher values of EFH.   

Surface-root biomass 

 RUSLE 2.0 computer model requires data for surface-root biomass (top 10 cm of the 

soil) every 15 days as input data for the C-factor calculation.  There was a significant effect 

of cropping systems and significant year x tillage and year x N source interactions on 

surface-root biomass of cotton (data not shown).  Mean cotton surface-root biomass for in 

cotton winter-rye cropping system (2.3 Mg ha-1) was 28% greater (P < 0.005) than that in 

cotton winter-fallow cropping system (1.8 Mg ha-1) due to added biomass of cover crop. In 

1997, mean cotton-surface-root biomass in no-till plots was 18% greater than that in a 

conventional tillage system. However, in 1998, mean cotton surface-root biomass in a no-till 

system was 30% lower than that in a conventional tillage system; while in 2003 and 2004, 

there were no significant differences in mean cotton surface-root biomass in no-till and 

conventional tillage systems. 

As with a canopy cover, in terms of soil-erosion control, the rate of development of 

root biomass with time from seedling emergence is more important than the final root 

biomass at maturity in cotton, since the soil is more susceptible of erosion during the early 

stages of crop growth. Figure 3 shows the response of cotton-root biomass in the top 10 cm 

of the soil to N sources at 15 day intervals after seedling emergence.  From about 75 to 120 

days after emergence, cotton surface-root biomass for plants in plots which received 100 kg 

N ha-1 in the form of ammonium nitrate and those which received 200 kg N ha-1 in the form 

of poultry litter was greater than that for plants in plots that did not receive N and afrom 105 

to 120 days after emergence, greater than those which received 100 kg N ha-1 in the form of 

poultry litter (Fig. 3).  As with canopy cover and EFH, differences in crop response to 100 kg 

N ha-1 in the form of ammonium nitrate and 100 kg N ha-1 in the form of poultry litter can be 

attributed to differences in N availability between ammonium nitrate and poultry litter, as 

explained earlier.  

 Plant roots can physically hold soil particles together. In addition, roots and crop 

residues exude binding agents and serve as a food source of microbes, which increase soil 
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aggregation and thereby reduce runoff.  Plant roots can greatly enhance soil stability and 

anti-erodibility (Zhou and Shangguan, 2005). Cotton surface-root biomass was negatively 

correlated (P < 0.001) to RUSLE C-factor values and soil-erosion estimates (Table 5).  

Therefore, crop and soil management strategies which result in the rapid development of 

surface roots, will reduce soil loss by erosion. Table 5 shows that RUSLE C-factor values 

and soil-erosion estimates were negatively correlated to cotton biomass in each year and to 

winter-rye biomass in 1998, 2003, and 2004. The non-significant correlation between winter-

rye biomass and RUSLE C-factor values and soil-erosion estimates in 1997 was attributed to 

the fact that winter-rye biomass data for 1997 was for the crop that was planted in fall 1996 

before the establishment of the treatments. As a result, winter-rye biomass data were similar 

for all the treatments in 1997. 

Conclusions 

 Our study shows that continuous additions of crop residues are critical for reducing 

soil-erosion and to increase the sustainability of cotton production in the southeast U.S., 

particularly in a conventional tillage system. Based on RUSLE 2.0 model predictions, soil-

erosion estimates in a no-till system were significantly lower than those in conventional 

tillage, with or without winter cover cropping.  Application of N in the form of ammonium 

nitrate or poultry litter significantly increased cotton-canopy cover and surface-root biomass, 

which are desirable attributes for soil-erosion reduction in cotton plots. Use of poultry litter 

as a source of N in cotton production systems may provide an environmentally sound 

strategy for waste disposal in the southeast U.S., where excess poultry manure is becoming 

an environmental problem.   
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Table 1. List of treatments used in the erosion study at Belle Mina, AL, 1996-2004. 
Trt. no. Tillage system Cropping system N source N rate (kg ha-1) 

1 Conventional-till Cotton/Winter-rye None 0     

2 Convention-till Cotton/Winter-fallow Ammonium Nitrate 100   

3 No-till Cotton/Winter-fallow Ammonium Nitrate 100  

4 Conventional-till Cotton/Winter-rye Ammonium Nitrate 100     

5 Conventional-till Cotton/Winter-rye Poultry Litter 100     

6 Mulch-till Cotton/Winter-rye Ammonium Nitrate 100     

7 Mulch-till Cotton/Winter-rye Poultry Litter 100     

8 No-till Cotton/Winter-rye Ammonium Nitrate 100     

9 No-till Cotton/Winter-rye Poultry Litter 100     

10 No-till Cotton/Winter-fallow None 0     

11 No-till Cotton/Winter-rye Poultry Litter 200     

12 Bare Fallow Bare fallow None 0     

 

 

Table 2. Cropping scheme used in the erosion study, Belle Mina, Ala., 1996-2004. 
Season Year Cropping System 

Winter/Spring 1996/1997 Winter-rye 

Summer 1997 Cotton 

Winter/Spring 1997/1998 Winter-rye 

Summer 1998 Cotton 

Winter/Spring 1998/1999 Fallow 

Summer 1999 Corn 

Winter/Spring 1999/2000 Winter-rye 

Summer 2000 Cotton 

Winter/Spring 2000/2001 Winter-rye 

Summer 2001 Cotton 

Winter/Spring 2001/2002 Fallow 

Summer 2002 Corn 

Winter/Spring 2002/2003 Winter-rye 

Summer 2003 Cotton 

Winter/Spring 2003/2004 Winter-rye 

Summer 2004 Cotton 
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Table 3. RUSLE model C-factor and soil-erosion estimates as influenced by cotton-winter-
fallow and cotton-winter-rye cropping systems under conventional and no-till systems, Belle 
Mina Ala.  
 Conventional tillage system  No-tillage system  Bare fallow 

Year Winter-fallow Winter-rye  Winter-fallow Winter-rye   

 ---------------------------------------- C-factor ----------------------------------------------- 

1997 0.1405a†B‡ 0.1500aA  0.0165aBC 0.0063aB  0.4500 

1998 0.2450bA 0.1325aA  0.0121aC 0.0080aB  0.4500 

2003 0.2025bAB 0.0976aB  0.0330bA 0.0082aB  0.4500 

2004 0.2175bAB 0.0930aB  0.0215aB 0.0122aA  0.4500 

 ----------------------------- Soil-erosion estimate (Mg ha-1 yr-1) ------------------------- 

1997 11.0bA 8.0aA  0.9aB 0.4aA  26.0 

1998 10.7bA 6.0aB  0.6aC 0.4aA  20.0 

2003 11.7bA 5.7aB  2.2bA 0.6aA  28.0 

2004 12.0bA 5.1aB  1.3aB 0.5aA  24.0 
†Means for RUSLE C-factor or soil-erosion estimates under winter-fallow and winter-rye cropping system 
within a tillage system and year, followed by the same lower case letter, are not significantly different at the 5% 
level. 
 
 ‡Means for RUSLE C-factor or soil-erosion estimates in different years within a tillage and cropping system, 
followed by the same upper case letter, are not significantly different at the 5% level. 
 

 

Table 4. Surface residue cover after planting (SRC) as influenced by cotton-winter-fallow 
and cotton-winter-rye cropping systems under conventional and no-till systems, Belle Mina 
Ala..  
 Conventional tillage system  No-tillage system 

Year Winter-Fallow Winter-Rye  Winter-Fallow Winter-Rye 

 -------------------------------------------- SRC (%) -------------------------------------------- 

1997   1a†B‡ 20bB  17aD 100bA 

1998   1aB 19bC  13aC 100bA 

2003 13aA 30bAB  65aB   94bA 

2004   6aAB 37bA  79aA   93bA 
†Means for SRC for winter-fallow and winter-rye cropping system within a tillage system and year, followed by 
the same lower case letter, are not significantly different at the 5% level. 
 
 ‡Means for SRC in different years within a tillage and cropping system, followed by the same upper case letter, 
are not significantly different at the 5% level. 
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Table 5. Pearson correlation coefficients (r) between crop growth parameters and RUSLE 
model C factor and soil-erosion estimates, Belle Mina, Ala., 1997–2004. 
 Surface 

residue 

cover (%) 

Canopy 

cover 

(%) 

Effective 

fall height  

(cm) 

Winter-rye 

biomass 

(kg ha-1) 

Cotton-surface 

root biomass 

(kg ha-1) 

 

Cotton biomass 

(kg ha-1) 

  

 --------------------------------------------- C factor ------------------------------------------------- 

1997 -0.61*** -0.78*** -0.37* -0.24NS -0.76*** -0.76*** 

1998 -0.68*** -0.76*** -0.75*** -0.44** -0.58*** -0.62*** 

2003 -0.81*** -0.83*** -0.81*** -0.48*** -0.71*** -0.69*** 

2004 -0.84*** -0.74*** -0.79*** -0.39** -0.77*** -0.78*** 

 ----------------------------- Soil-erosion estimate (Mg ha-1 yr-1) --------------------------------- 

1997 -0.64*** -0.77*** -0.38** -0.31* -0.77*** -0.78*** 

1998 -0.68*** -0.76*** -0.74*** -0.43** -0.58*** -0.62*** 

2003 -0.80*** -0.84*** -0.82*** -0.47*** -0.71*** -0.68*** 

2004 -0.84*** -0.74*** -0.78*** -0.39** -0.77*** -0.78*** 

*, **, and *** significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
 

 

Figure Captions 

Figure 1. Total monthly rainfall and mean temperatures at Belle Mina, Ala., in 1997, 1998, 

2003, and 2004. 

Figure 2. RUSLE C-factor values and soil-erosion estimates as influenced by ammonium 

nitrate (AN) and poultry litter (PL) sources of N under conventional till (CT), mulch-till 

(MT), and no-till (NT) tillage systems, Belle Mina, Ala.; 1997-2004. (Means for RUSLE C-

factors or soil-erosion estimates for N sources within a tillage system, followed by the same 

letter, are not significantly different from each other at the 5% level.)  

 Figure 3. Canopy cover, EFH, and cotton-surface-root biomass used as RUSLE C-factor 

input variables at 15-day intervals as influenced by N sources, Belle Mina, Ala.; 1997-2004 

(LSD values of means shown).   

 

 



POSTER MANUSCRIPTS 

 597
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Abstract 
Carbon tetrachloride (CT) has been used as fumigant in grain storage facilities. Remediation 
feasibility studies for a CT plume are being conducted by mesocosm experiments; a chamber 
is divided into six channels and filled with soil, and plants are grown on top. Each channel is 
fed with contaminated water near the bottom and the effluent is collected, simulating 
groundwater flow conditions. The contaminants were introduced starting from March 12, 
2004. CT is introduced at a concentration of about 2 mg/L (~13 μmoles/L) in three channels, 
two of them with alfalfa plants and the other with fescue grass. Since no degradation was 
taking place, after about 100 days, one channel with alfalfa was fed one liter of 0.2% glucose 
solution. The glucose solution was fed once every month starting from July 1, 2004, and 
continued until February 2005. From October 1, 2004, one liter of 0.1% emulsified soy oil 
methyl esters (SOME) was fed to another channel (with alfalfa) exposed to CT. The SOME 
addition dates were the same as that for glucose. The outlet liquid of the channel fed with CT 
and SOME started to show some of the degradation compounds of CT; however, the extent 
of degradation was not as great as that of the glucose-fed channel. This study proved that the 
supplements glucose and SOME are effective substrates that can be added to CT-
contaminated groundwater to achieve complete degradation of CT. 

Key words: carbon tetrachloride, gluclose, soyoil methylesters 
 
Introduction 

Carbon tetrachloride (CT) is a solvent that has been used in the past as a cleaning 

fluid or degreasing agent, as a grain fumigant, and industrially in the synthesis of 

refrigeration fluid and propellants for aerosol cans. Degradation of carbon tetrachloride 

occurs slowly in the environment, which contributes to the accumulation of the chemical in 

the atmosphere as well as the groundwater (ATSDR, 2003). CT is, therefore, a common 



POSTER MANUSCRIPTS 

 598 

groundwater pollutant and a suspected human carcinogen. Although indigenous 

microorganisms may degrade CT, a common by-product is chloroform (CF), which may be 

more persistent than CT (Criddle et al., 1990a; Semprini and McCarty, 1992). Chloroform is 

a known degradation product of carbon tetrachloride and is readily formed under anaerobic 

conditions (Hull and Sondrup, 2003). The degradation products of CT (CCl4), by reductive 

dechlorination, are chloroform (CF), methylene chloride (MC), and chloromethane (CM). 

Subsequent migration of the transformation products to an aerobic environment can lead to 

oxidation of the products with ultimate complete mineralization of the halogenated aliphatic 

compounds to chloride ion and carbon dioxide (Hull and Sondrup, 2003). Table 1 presents 

some of the important physical and chemical properties of CT and its degradation products. 

Numerous studies have illustrated that a potential exists for transformation of halogenated 

aliphatic compounds in groundwater under anaerobic conditions that are conducive to 

methanogenesis.   

 In this work, the degradation characteristics of carbon tetrachloride was studied in a 

six-channel, soil-column system. The degradation of CT is mainly limited by the availability 

of electron donors. Hence, two different substrates were used in this study to create the 

necessary reducing condition favorable for CT transformation. 

 

Table 1. Physical/chemical properties# of CT and its degradation products.  
Property\\Compound CT CF MC CM 

Molecular weight 153.8 119.4 84.9 50.5 

Boiling point (°C) 
76.5 62 40 -23.8 

Vapor pressure (mm Hg) at 25°C 115 195 447 4373 

Dimensionless Henry’s constant at 25°C 
(gas/liquid) 

1.24 0.15 0.09 0.36 

Density (gm/cc) 1.6 1.48 1.32 0.92 

Solubility in water (g/L) at 25°C 0.8 8.1 20.0 (20°C) 6.3 

logKoc 2.04 1.8 1.3 3.5 

logKow  2.83 1.97 1.3 0.91 

MCL (maximum contaminant level) in 
water (μg/L) 

5 100 5 NA 

 #Faris, 2002; Schwarzenbach et al., 1993; Spectrum Laboratories, 2006; Verschueren, 1996 
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Experimental System 

Mesocosm: A chamber was divided into six channels; each channel was 110 cm long, 

65 cm high and 10 cm wide. The channels were filled with soil (up to 60 cm); and alfalfa was 

grown in channels 1, 2, 5, and 6, while fescue grass was grown in channels 3 and 4 (Fig. 1). 

A pair of tubelights for each channel provided the light source for the plants. Channels 4, 5, 

and 6 were used for CT study. The inlet water was fed at 5 cm above the bottom of the 

channels (Figure 1). The contaminants were introduced starting from March 12, 2004. CT 

was introduced at a concentration of about 2 mg/L (~13 μmoles/L) in three channels, two of 

them with alfalfa plants and the other with fescue grass. The depth of saturated zone in the 

channel was controlled by position of the outlet tube (35 cm in this system). Plants were 

harvested at the beginning of each month. There were five monitoring wells (glass tubes with 

screening at the bottom) along the length of channel 6 with which groundwater samples 

could be collected from the bottom of the channel. The wells were placed at distances of 17, 

35, 60, 73 and 100 cm from the inlet.  

Biostimulation by Glucose and Soy Oil Methyl Esters 

 Since no degradation was observed after 100 days, supplements were added for 

growth of indigenous microbes, to create anaerobic conditions and also for supplying 

hydrogen.  Introduction of 0.2% glucose solution as an electron donor into one channel 

(alfalfa grown on top, channel 5) resulted in anaerobic conditions in the channel. The glucose 

solution was fed once every month starting from July 1, 2004, and continued until February 

2005. From October 1, 2004, one liter of 0.1% emulsified soy oil methyl esters (SOME) was 

fed to another channel (with alfalfa). 

Analytical Method 

Chlorinated compounds and methane were measured by gas chromatography (HP 

5890 Series II, Wilmington, DE) equipped with a flame ionization detector (FID) and an HP-

1 column (dimethyl polysiloxane matrix, 30 m x 0.53 mm, Agilent Technologies). Hydrogen 

was the carrier gas. The injector temperature was set at 200˚C and detector temperature was 

set at 300˚C. Sample volume of 100 μl was injected in the column at 100˚C and run for 5 

minutes. 



POSTER MANUSCRIPTS 

 600 

Results and Discussion 

 Inlet Outlet Analysis 

Figures 2, 3, and 4 show the inlet CT, outlet CT, and degradation compound 

concentrations for channels 4, 5, and 6. Where no hydrogen donor was added (Figure 2), no 

degradation compounds were detected in the outlet and almost all inlet CT came out in the 

effluent. 

Figure 3 shows the CT degradation in the glucose-treated channel. One liter of 0.2% 

(w/v) glucose solution was added every month starting from day 110 (June 30, 2004) until 

day 236 (November 3, 2004). On days 266, 299, and 328, corn starch solution (1 L of 0.2 % 

w/v) was added. Forty days after the first addition of glucose, the outlet CT started to 

decrease gradually and reached a low concentration (< 2 μM) by day 230. Chloroform 

appeared but never exceeded a concentration of 3 μM. Methylene chloride (MC) was also 

detected but remained less than 1 μM. Even after stopping the feeding of glucose (day 328), 

CT degradation continued. Glucose could be stored as polysaccharides and cell materials and 

released slowly to supply electron donors for dechlorination. Total chlorinated methanes 

(CMes) in the outlet dropped to about 2 μM by day 246 and remained at that concentration 

until day 500, and then started to increase due to lack of nutrients. After about day 600, the 

outlet CT concentration reached the value of inlet and remained constant until day 825, since 

no additional nutrients were added. 

Figure 4 shows the CT degradation pattern in the SOME-fed channel. One liter of 

0.1% (v/v) SOME was added every month starting from day 203 (October 1, 2004) until day 

445 (May 31, 2005). Outlet CT decreased to low levels within 40 days after the first dose of 

the SOME addition, unlike the slow response in the glucose-amended channel. Chloroform 

(CF) was not detected above a concentration of 2.7 μM. However, methylene chloride (MC) 

increased and decreased regularly. This was due to the variation of the residence time of the 

inlet CT. During the starting of a month, the plants were harvested, and therefore, the 

evapotranspiration rate was less. In those days, most of the water flowed out and, therefore, 

the mean residence time was less. However, at the end of the month, when the plants were 

larger, the evapotranspiration rate was higher and the effluent was less. This led to higher 

mean residence times and, consequently, higher degradation of MC. In this channel, the inlet 
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CT was not completely degraded as in the glucose-fed channel. It was assumed that SOME, 

being hydrophobic, may adsorb to the soil organic matter at the initial portion of the channel 

and not be distributed along the length of the channel. Since electron donors were not 

available after well 1 (SOME sorbed between inlet and the first well), a dose of SOME [100 

ml of 1% SOME (v/v)] was added to well 3 (60 cm from inlet) on day 445. After this 

addition, the total CMes in the outlet decreased drastically and remained less than 5 μM from 

day 550 to day 740, except for a couple of sampling dates. After day 750, the substrates were 

depleted and the concentration of CT started to increase at the outlet. However, it took up to 

day 825 for the concentration of CT in the outlet to reach the concentration of CT in the inlet. 

Analysis of Well Samples  

The schematic of the channel and the monitoring wells are shown in Figure 1. On day 

438 (May 24, 2005), total chlorinated methanes (total CMes) in channel 6 decreased from 

~12 μM to ~ 7 μM (Figure 5). Most of the inlet CT decreased (>80%) in the initial portion of 

the channel. Chloroform was formed, but the concentration was less than 1.5 μM and 

remained at that value throughout the length of the channel. Methylene chloride persisted in 

the channel and the outlet solution comprised mostly MC. Analysis of well samples on day 

495 (July 21, 2005) revealed that this addition led to considerable decrease of MC in the 

outlet, 14 μM at well 3 to 2 μM at well 5 (Figure 6).  

By day 741 (March 22, 2006), the SOME stored/sorbed in the channel was depleted 

and, therefore, the outlet CT increased (Figure 7). In the well samples, the concentration of 

CT was less compared to the outlet in Figure 7, and the total CMes in well 1 and well 2, 

compared to well 3 in Figure 6, because the sample may not have been representative of the 

channel water; the channel was 10 cm wide but the sample was collected from a 0.5-cm-

diameter well. 

Conclusions 

Supplements such as glucose, corn starch, and SOME stimulated the indigenous 

microbes and helped in the degradation of CT. However the pattern and rate of degradation 

of CT were different due to different supplements. As a result, the degradation compound 

ratios were not the same in the glucose and SOME-amended channels. The outlet MC in the 

SOME and CT-fed channels depended on the residence time of the inlet CT, unlike the 
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glucose-fed channel, where the concentrations of MC were similar irrespective of the time of 

a month. Most of the degradation process took place in the initial portion of the SOME-fed 

channel, due to sorption of SOME to soil organic matter. This study proved that the 

supplements glucose and SOME are effective substrates that can be added to CT-

contaminated groundwater to achieve complete degradation of CT. 
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Figure 2. Inlet CT and outlet CT, CF, M C, and methane 
concentrations for channel 4 (control). W ater samples taken on 
indicated days after beginning (M arch 12, 2004) exposure. 
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Figure 3. Inlet CT and outlet CT, CF, MC & methane concentrations for 
channel 5. Water samples taken on indicated days after beginning (March 12, 
2004) exposure. Glucose solution added on day 110, 151, 173, 203 and 236; 
corn starch on days 266, 299 & 328.
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Figure 4. Inlet CT and outlet CT, CF, MC & methane 
concentrations for channel 6. Water samples taken on indicated 
days after beginning (March 12, 2004) exposure. Soy Oil Esters 
added on days 203, 236, 266, 299, 328, 359, 387, 415 & 445 (well 
3).
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Figure 5. CT and degradation compounds with distance for 
ch6; day 438, 5/24/05. Soy Oil Methyl Esters (SOME) added 
on days 203, 236, 266, 299, 328, 359, 387, 415.
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Figure 6. CT and degradation compounds with distance for ch6; day 495, 
7/21/05. Soy Oil Methyl Esters (SOME) added on days 203, 236, 266, 299, 
328, 359, 387, 415 & 445 (well 3).
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Figure 7. CT and degradation compounds with distance for ch6; day 
741, 3/22/06. Soy Oil Methyl Esters (SOME) added on days 203, 236, 
266, 299, 328, 359, 387, 415 & 445 (well 3).
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Abstract 
There is a growing need for air that is free of pathogenic organisms and volatile organic 
compounds (VOCs) in the field of agriculture. In confined-animal feeding operations 
(CAFOs) infectious agents can enter with the air needed for ventilation. In order to prevent 
development and spread of diseases in animals contained in the area, there is a need to 
maintain acceptable concentrations of VOCs and microbial populations throughout the whole 
animal-raising facility. Food processing facilities and veterinary hospitals are additional 
places wherein air quality should be controlled. Similarly, maintaining good air in botanical 
research facilities and greenhouses is also important in addressing gaseous by-products they 
emit and plant-disease causing microbes that can infect the plants. Indeed, there are 
opportunities to make use of ultraviolet light and nanoscale destructive sorbents and 
photocatalysts such as titanium dioxide (TiO2) in agricultural applications. This paper 
reviews the science, engineering, and current applications with an emphasis on agricultural 
applications. 

Key words: nanotechnology, pathogens, photocatalytic oxidation, titanium dioxide, volatile 
organic compounds. 
 
Introduction 

Maintaining air quality in agricultural, food processing, and storage facilities is vital 

since workers are confronted with a variety of airborne occupational hazards. Diseases 

caused by pathogenic agents can spread among animals in animal facilities (Kowalski et al., 

2002) or even infect workers through respiration of contaminated air or through direct 

contact. Foods being processed in food processing plants can be contaminated by pathogens 

dispersed in air. Kowalski et al. (2002) and Kowalski (2006) have presented several air 

quality control methods for the indoor environment in animal facilities. These include source 

control; purging of building air; and air treatment techniques such as filtration, ultraviolet 

germicidal irradiation (UVGI), and adsorption. Various disinfection methods have also been 

used (Kowalski, 2006).  Microorganisms, however, have evolved defense and repair 
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mechanisms in response to some of these methods (Blake et al., 1999). There is a need to 

develop new, effective, and practical ways to control pathogens.  

One of the most promising technologies for indoor air is photocatalytic oxidation 

(PCO) with TiO2 (Maness et al., 1999). Most of the previous studies, however, have dealt 

with volatile organic compounds (VOCs) and biological contaminants in aqueous solutions. 

Several studies have evaluated the effectiveness of UVGI against viruses, bacteria, and fungi, 

but most of these were done in water or on surfaces (Kowalski and Bahnfleth, 2004).  

Because PCO technology is a promising and effective method of disinfecting air (de Lasa et 

al., 2005), several studies are ongoing to expand its application, improve its efficiency to 

target organisms, optimize the process (e.g., modifying the photocatalyst TiO2, using 

different configurations), and explore its potential for commercialization. 

 This paper reviews published information on PCO using TiO2 as well as the air 

quality in animal and food processing facilities.  This review includes research on underlying 

principles behind photocatalysis, its killing and oxidizing mechanisms, its advantages, and 

current application. 

Air Quality in Agricultural, Food Processing, and Storage Facilities  

Animal facilities pose risks of diseases from farm animals; allergies that may be 

caused by allergens from animal dander, animal feeds, or farm produce; health threats from 

mold and actinomycetes, as well as inhalation of harmful gases that can emanate from 

animals, mold, bacteria, waste, or sewage (Kowalski et al., 2002; Table 1).  Poultry and 

swine houses are generally known to have large concentrations of airborne particles and 

microorganisms.  In general, the microbial load in the air of poultry processing plants and 

meat processing plants is primarily from activities of live animals and birds before 

slaughtering. In the same way, slaughterhouses are prone to microbial airborne 

contamination. Organisms such as actinomycetes are also common in agriculture, thrive on 

materials like moldy hay, and promote diseases like farmer’s lung (Kowalski, 2006). Some 

strains of these pathogenic agents not only can be transmitted between animals, but also from 

man to animals and vice versa. Other compounds such as ammonia and hydrogen sulfide can 

be produced from animal manures and in facilities rearing animals (ASHRAE, 1995; 

Kowalski, 2006). Likewise, food processing plants are faced with airborne pathogens and 
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allergens of microbial or animal origin that may contaminate foods being processed 

(Kowalski, 2006; Table 2). Airborne aflatoxins can be generated in rice and maize processing 

plants (Kowalski, 2006).  

 
Table 1. Typical concentrations of airborne contaminants in animal houses (Kowalski et 
al., 2002).  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Contaminant 

 
Average Concentration 

 

Location/condition 

Bacteria 237,000 cfu/m3 Swine house 

Bacteria 478,000 cfu/m3 Poultry house 

Bacteria 100,000 cfu/m3 
7,000,000 cfu/m3 

Swine houses 
Poultry houses 

Gram-negative bacteria 88,000 cfu/m3 

41,000 cfu/m3 

Swine houses 

Poultry houses 

Fungi 300 cfu/m3 

500 cfu/m3 

Swine houses 

Poultry houses 

Dust particles 24,400,000 particles/ m3 Swine house 
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Table 2. Typical bioaerosol levels in food processing facilities (Kowalski, 2006). 

Organism Concentration 
(cfu/m3) 

Facility or area 

Bacteria 
Enterrobacteriaceae 
 
E.coli 
 
 
 
Mainly Staphylococcus 
From fecal matter 
Staphylococcus 

 
72-78 

 
78 

 
1,100-1,800 

 
400,000-4,000,000 

 
50,000 

 
0-8,000 

 
  Poultry  
     processing  
  Poultry  
     processing 
  Slaughterhouses 
   
Slaughterhouses 
 
  Poultry 
     processing 
  Poultry  
     processing 

Fungi 500-4,000   Slaughterhouses 

 
Photocatalytic Oxidation 

Photocatalytic oxidation (PCO), or heterogeneous photocatalysis, occurs when a 

semiconductor photocatalyst such as TiO2, with band gap energy of 3.2 eV, is irradiated with 

photons of wavelength less than 385 nm (Indoor Environment Center, 2006). An electron is 

then promoted from the valence band to the conduction band after the band gap is exceeded. 

As a consequence, very potent, but short-lived oxidants such as hydroxyl radicals (●OH) and 

super oxide ions (O2
-) are generated (Figure 1) (Frazer, 2001; Jacoby et al., 1996; Indoor 

Environment Center, 2006). Hydroxyl radicals are highly reactive (Blake et al., 1999) and 

non-selective oxidizers that can attack organic materials, including those that make up living 

cells. They break the cell wall and outer membrane, resulting in leakage of cell contents and 

cell damage, and eventual cell death. Superoxide ions, on the other hand, are longer lived, but 

cannot penetrate the cell membrane because of their negative charge. In general, both ●OH 

and O2
- can oxidize various organic substances and biological contaminants, primarily 

converting them to CO2 and H2O.  

 Several steps are involved in photochemical mechanisms in solid semiconductors.  

These steps are described in detail in de Lasa et al. (2005) and Tompkins et al. (2005), and 

presented briefly herein. First, the light energy, hv, greater than band gap energy, Eg, strikes 

the surface of the catalyst and excites an electron from valence band to conduction band. A 
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valence-band hole, hvb
+, is created, which migrates to the surface and initiates a reduction 

reaction. The conduction-band electron, eCB
-, that successfully migrates to the surface also 

initiates a reduction reaction. The valence-band hole and conduction-band electron can 

recombine in the bulk material and on the surface. Tompkins et al. (2005) proposed a 

possible PCO pathway:  

 
               hv 

           TiO2              TiO2
 *(e-

CB +h+
VB)                                                  (1)                   

 
 

 `                                         recombination 
           TiO2*(e-

CB +h+
VB)                                           TiO2 + heat                                 (2) 

 
 

H2O ads                    OH-
ads + H+

ads                                (3) 
 

 
h+

VB + OH-
ads                                 ●OH           production of hydroxyl       (4)   

                radicals 
 

e-
CB + O2                                      O 2 -               production of super-   (5)  

                                  oxide ions    
      
●OH + Organic Reactants + O2                             Products (CO2, H2O, etc)   (6) 
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Figure 1. Schematic diagram of photocatalysis. As shown in equations (3) and (4), the hole 
in the valence band can react with water (H2O) or hydroxide ions to produce hydroxyl 
radicals (●OH). Equation (5) shows how the electron in the conduction band can reduce 
oxygen (O2) to produce superoxide ions (O2

-). [Adapted from No Odor, Inc, 2006] 
 

Characteristics of PCO  

Photocatalytic oxidation is simple, relatively new, and a promising technology for air 

cleaning and disinfection. It is known to destroy even low-level pollutants in air. Near-UV 

light alone has been demonstrated to kill cells and microorganisms by damaging their cell 

walls and DNA.  Its bactericidal activity is more intensified by using TiO2 as the 

photocatalyst. Photocatalytic oxidation units are modular and can be scaled to suit a wide 

variety of indoor air quality applications. Because it cleans indoor air, it can reduce the 

amount of ventilation air exchange needed. 

The most suitable photocatalysts are the metal oxide semiconductors, because of their 

photocorrosion resistance and their wide band gap energies. In PCO, factors that affect 

photocatalyst activity include structure of the photocatalyst, particle size, surface properties, 

preparation, spectral activation, and resistance to mechanical stresses. Titanium dioxide is 
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considered the most active and most stable photocatalyst; it does not photo-corrode, is not 

very expensive, has good thermal stability, and is chemically and biologically inert and non-

toxic. It can be prepared from ilmenite and rutile in two crystalline forms: anatase and rutile, 

the first having a crystalline form that gives superior activity. Different microorganisms, 

however, respond differently to TiO2 photocatalyst. This is due to their structural differences 

and complexity (Huang et al., 2000). Most work has been done using the P25 form of TiO2 

produced by Degussa Chemical Company (Germany). To increase its photocatalytic power, 

researchers and other manufacturers have been continuously modifying its structure. This 

includes changing its size, or using another manufacturing method to increase its surface 

area, or doping it with other metals, metal ions and mixed-metal oxides.  

 First-order reaction kinetics has been proposed to describe the bactericidal reaction of 

the TiO2 photocatalyst (Huang et al., 2000; Pal et al., 2005). Tompkins et al. (2005) also used 

this kinetic model and indicated that the Langmuir-Hinshelwood rate expression can provide 

a very good approximation of the overall reaction kinetics in as much as the process involves 

a reactant adsorbing on the surface of the catalyst. The 3.2-eV band gap of TiO2 matches a 

wide variety of available artificial light sources. Evidence shows that TiO2 photocatalytic 

reaction results in continued bactericidal activity, even after the UV illumination terminates 

(Huang et al., 2000). 

 Much work has been directed toward modifying TiO2 and testing other 

semiconductors for process efficiency, and to improve overlap of the absorption spectrum of 

the photocatalyst with the solar spectrum. One of the major breakthroughs in the field of 

PCO is the emergence and application of nanotechnology. Nanostructured TiO2 is expected 

to greatly enhance photocatalytic activity because it provides increased surface area for 

adsorption and reaction of the targeted organic substances on the catalyst. Smaller particles 

would also have a greater tendency to go inside the microorganisms and produce quicker 

intracellular damage (Huang et al., 2000). Furthermore, nanostructured TiO2 promotes other 

effects associated with optical properties and size quantization. 

 Photocatalytic oxidation equipment can be operated at room temperature and with 

negligible pressure drop; it may be integrated into new and existing heating, ventilation, and 

air-conditioning systems. It reduces the absolute toxicity of the treated air stream, rather than 
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merely moving it into another phase and concentrating the contaminant. It has low power 

consumption, potential long service, low maintenance requirements, and potentially can 

provide stability, if properly designed (Indoor Environment Center, 2006).  

PCO and Bioaerosols 

Photocatalytic oxidation inactivates and destroys airborne pathogenic organisms such 

as bacteria, fungi, viruses, as well as their spores. Studies have shown that PCO is more 

effective than UVGI in killing microorganisms (Figures 2 and 3). Other  studies have also 

revealed that sensitivity of microorganisms to TiO2 photocatalysis is likely in the following 

order: virus > bacterial cells > bacterial spores (Huang et al., 2000). Matsunaga et al. (1985) 

reported that the extent of killing was inversely proportional to the thickness of the cell wall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Survival rate of Serratia marcescens in a recirculation sytem of PCO compared  
with UV disinfection alone (Kowalski, 2006; Goswami et al., 1997). 
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Figure 3. PCO inactivation rates vs. UV inactivation rates of Serrastia marcescens after 600 
min in reactor; higher UV irradiance increases the photocatalytic effect (adapted from 
Kowalski, 2006; Goswami et al., 1997). 
 
 
Potential Applications of PCO 
 

PCO has potential in maintaining indoor air quality in animal houses and laboratory 

research facilities. It may also be effective in preventing contamination and microbial 

spoilage, as well as in the decomposition of harmful products in food processing and 

packaging plants (e.g., food and dairy plants).  TiO2 photocatalytic technology may be useful 

in fresh fruit and vegetable post-harvest storage by decomposing ethylene gas, a plant 

hormone that can induce fruit ripening and undesirable reaction like development of bitter 

flavors, loss of chlorophyll (yellowing of green leafy vegetables), and increased 

susceptibility to disease (Maneerat et al., 2003; Table 3). 
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Table 3. Percent decomposition of ethylene by TiO2 photocatalytic reaction at different 
temperature and atmospheric conditions (Maneerat et al., 2003). 

 
[*] Values followed by the same letter are not significantly different (p<0.05) according to Duncan’s multipl- 
range test. 
 
 
Advantages of PCO 

PCO can remove both biological and chemical agents. It reduces absolute toxicity of 

the treated air stream rather than merely transforming it into another phase and concentrating 

the contaminant. The process can be operated at room temperature and with negligible 

pressure drop; it may be also integrated into new and existing heating, ventilation, and air-

conditioning systems. If properly designed, PCO units can feature low power consumption, 

potential long service, and low maintenance requirements. Ozone that can be produced 

during PCO operation and other UV systems in the laboratory animal environment is 

advantageous due to its deodorizing power. Another advantage of PCO is that the UV 

sterilizing system eliminates hazards and waste disposal issues associated with chemical 

sterilization techniques. 

Configurations and Reactor Designs 

Typical and basic arrangement of a PCO unit as described by Kowalski (2003) is 

shown in Figure 4.  
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Figure 4. Possible arrangement for UV lamp and TiO2 photocatalyst (Kowalski, 2003). 

 

 Other PCO reactor configurations and designs have been explored. These include 

fixed-supported powder layer; annular-packed bed; fluidized photocatalyst bed; use of 

honeycomb monolith as TiO2 support; packed-bed design; fiber optic-based reactor; 

immobilized photocatalyst on fiberglass; solid glass beads; hollow, coiled glass tubes; 

pillared clays and zeolites; and a  photo-CREC air unit with venturi,  developed by Chemical 

Reactor Centre (CREC) of the University of Western Ontario. Various researchers (de Lasa 

et al., 2005; Ibrahim and de Lasa, 2000; Tompkins et al., 2005) have described the various 

configurations and designs just mentioned, including their advantages. Ibrahim and de Lasa 

(2000) assessed the photocatalytic conversion of the model pollutant (toluene) in a photo-

CREC-air reactor under certain experimental conditions.  They claimed that the system 

displays high energy efficiency and achieves total pollutant mineralization. In the unit 

evaluated, TiO2 was supported on a filter mesh with good contacting of near UV light, TiO2, 

and air. Initial photodegradation rates of toluene at 100ºC in the photo-CREC-air were 0.005 

to 0.05 μmole/gcat.s. Apparent quantum yields were promising, i.e., greater than 100% and 

as high as 450% in many instances (Ibrahim and de Lasa, 2000). 

 Similar to other heterogeneous chemical reactions, catalyst supports in PCO are used 

to maximize active surface area. Catalysts can be fixed (anchored) on supports by means of 

UV lamp 

Filters with 
TiO2 coating 

Inlet air  Outlet air  
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physical surface forces or chemical bonds. Typical supports for PCO photocatalysts include 

activated carbon, fiber optic cables, fiberglass, glass rings, glass beads, glass wool, thin films, 

membranes, quartz sand, zeolites, silica, stainless steel, and polymers (Tompkins et al., 2005; 

de Lasa et al., 2005). 

 Jacoby et al. (1996) have used an annular geometry in the investigation of 

heterogeneous photocatalysis for control of VOCs in air.  Likewise, Xu et al. (2005) 

evaluated the efficacy of an upper-room air UVGI system for the inactivation of airborne 

bacteria. In this configuration, the light source irradiates the upper part of the room while 

minimizing radiation exposure to persons in the lower part of the room.  

 Designs were tested, considering as performance qualifiers the levels of 

photoconversion of various classes of pollutants at different concentrations, temperatures, 

relative humidity, pressures, space times, and irradiation times (de Lasa et al., 2005). 

Considerations for Design and Commercialization of PCO Systems 

Although PCO has a lot of advantages, there are still technical barriers in the 

widespread application of this technology (CAE News, 2003). In designing commercial PCO 

units, several important factors must be considered. One is the type of microorganisms or 

compounds to be treated. Different microorganisms have different physico-chemical 

characteristics and, therefore, may respond to specific stimuli differently (Huang et al., 

2000). For instance, Kowalski (2003, 2006) presented a table of different microorganisms 

categorized under biological weapon agents, which indicates their characteristics, as well as 

their different response or susceptibility to UVGI (with wavelength of about <254 nm), 

through the UVGI rate constants.  

 Reactor configuration, or the design of reactor geometry with respect to the 

irradiation source and catalyst locations, should be carefully investigated. Selection of 

radiation sources should consider output power, light intensity, source efficiency, spectral 

distribution, shape, dimensions, maintenance, and operating requirements (warm-up and 

cooling periods). Design of reactor irradiation devices should consider mirrors, reflectors, 

and windows, including construction materials, shape, dimensions, and cleaning procedures. 

 Controlling process variables, such as oxygen concentration, residence time, light 

illumination, properties of catalytic coating (photocatalyst), air movement pattern and 
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velocity, and other conditions, are important components for the design of an effective PCO 

system and for optimization of the process.  

 Technical issues need to be considered in operating PCO systems. One of them is the 

need for a stable catalyst—its life, fouling, poisoning, and deactivation. Titanium dioxide is 

the most commonly used photocatalyst because of its stability and activity, but its band gap 

energy is too high for use with solar radiation (Zeltner and Tompkins, 2005). 

 Other considerations are the reaction rate inhibition due to humidity, mass transport 

issues, products of incomplete oxidation, and inorganic contamination (Jacoby et al., 1996; 

Indoor Environment Center, 2006). For example, water vapor molecules compete with other 

feed-stream gases, especially reactant species and molecular oxygen, for sites on the 

photocatalyst surface. For some compounds, however, humidity has a positive effect. 

 In mass transport issues associated with flow systems, high flow rate may decrease 

residence time and favor low conversion. Intermediate or undesired by-products can be 

formed as a result of incomplete oxidation, and may even be more toxic than the 

microorganisms or organic compounds being treated. Inorganic contamination of dust and 

soil may also reduce the illumination. 

 Another constraint in the commercialization of PCO is the need for light of suitable 

intensity and power. The light source should give a relatively uniform distribution of light 

throughout the chamber to use the photocatalyst effectively (Zeltner and Tompkins, 2005). 

The reactor should be accessible enough for cleaning and/or replacement of both the light 

source and photocatalyst.  

 Use of UV light in PCO may produce ozone, which can make the air foggy.  

Furthermore, UV light is rarely available in ambient indoor air, so it is not advisable to 

depend on ambient light alone. Performance and costs must be compared to existing air-

cleaning technology in the design and commercialization of PCO systems.  

Research and Development Needs  

 PCO is still in the developmental stage; principles and performance are not yet well 

understood. Actual performance data on PCO systems are limited in the present. Kinetic data, 

most especially for microorganisms, are also not yet well established and fully available. 

Added to this is the lack of performance indicators that will enable the comparison of 



POSTER MANUSCRIPTS 

 622 

photoreactor performance on the basis of photochemical and thermodynamic principles (Yue, 

1985; Serrano and de Lasa, 1997). At present, commercial and residential applications are 

still questionable. PCO may be comparatively expensive; the initial cost for obtaining the 

equipment is high. Although most cost studies have focused on VOCs and did not take into 

account the benefits of air disinfection, performance characteristics are expected to improve 

with further research and development (Kowalski, 2006). 

 Current PCO systems can be improved by exploring new configurations and better 

light sources. There is also a need to develop better photocatalysts such as hybrid or metal-

doped photocatalysts that can limit by-product formation, enhance reaction rates, increase the 

rate of target specie adsorption onto the catalyst surface, and respond to different 

wavelengths including visible light.  Use of PCO in a mixed (multi)-gas air stream and the 

formation of reaction by-products need to be investigated also. PCO systems that can treat 

relatively large gas flows in devices with low pressure drop, generating good photocatalyst 

irradiation and providing efficient reactant species-photocatalyst contact, must be developed. 

Most studies on use of PCO on viruses, bacteria, and fungi were done in water and on 

surfaces.  As such, there is a need to assess the technology in air under realistic conditions of 

indoor air environment, especially with use of nanoscale TiO2. Furthermore, reliable data, 

including kinetic data on the performance of PCO against these microorganisms, must be 

collected. 

Summary 

Photocatalytic oxidation is one of the most promising technologies that can be used 

for disinfecting air. It has potential applications in agricultural and food processing 

industries; however, it is still in its developmental stage and its performance is not yet fully 

understood. Moreover, kinetic data are still not well established and fully available, 

especially for treating microorganisms. Although insufficient data are available on the 

effectiveness of PCO systems against biological agents, PCO systems, combined with filters, 

are expected to operate against both microbial pathogens and chemical agents. Several 

configurations and designs have been developed, but, there is still need to improve current 

designs to achieve more effective systems that will be able to address current operational 

issues and that can be made available for commercialization purposes. 



POSTER MANUSCRIPTS 

 623

Acknowledgments 

This work was partly supported by the Kansas State University Targeted Excellence Program 

and the Kansas Agricultural Experiment Station. 

References  

Blake, D.M., P.C. Maness,, Z. Huang, E.J. Wolfrum, J. Huang, and W.A. Jacoby, 1999. 

Application of the photocatalytic chemistry of titanium dioxide to disinfection and the 

killing of cancer cells, separation, and purification methods, vol. 8, no. 1, p.1050. 

de Lasa, H., B. Serrano, and M. Salaices, 2005. Photocatalytic reaction engineering. Springer 

Science+Business Media, Inc., New York. 

ASHRAE, 1995,  ASHRAE Applications Handbook, pp. 20.1-20,22. 

CAE News, 2003. Architectural engineering research-new photocatalytic oxidation 

technology holds promise for air purification.  Department of Civil, Architectural, and 

Environmental Engineering, University of Miami. volume 2, Issue 1.  

Frazer, L., 2001. Titanium dioxide environmental knight? Environmental Health.  

Goswami, D.Y., D.M. Trivedi, and S.S. Block, 1997. Photocatalytic Disinfection of indoor 

air,  Journal of  Solar Energy Engineering, vol. 119, pp. 92-96. 

Huang, Z., P.C. Maness, D. Blake, E.J. Wolfrum, S.L. Smolinski, and W.A. Jacoby, 2000. 

Bactericidal mode of titanium dioxide photocatalysis, Journal of Photochemistry and 

Photobiology A: Chemistry, vol. 130, no. 2, pp. 163 –172. 

Ibrahim, H., and H. de Lasa, 2000. Photocatalytic reactor for the destruction of airborne 

pollutants, reaction engineering for pollution prevention, edited by Abraham, A. Martin, 

and R. Hesketh, Elsevier Science B.V. pp. 127 – 135. 

Indoor Environment Center, 2006. Photocatalytic oxidation. Indoor Environment Center, The 

Pennsylvania State University, University Park, PA.  Available at 

http://www.engr.psu.edu/ae/iec/abe/control/photocatalytic.asp. 

Jacoby, W.A., D.M. Blake, J.A. Fennel, J.E. Boulter, J.A. Fennel, L.M.Vargo, M.C. George, 

and S.K. Dolberg, 1996. Heterogeneous photocatalysis for control of volatile organic 

vompounds in indoor sir, Journal of the Air & Waste Management Association, vol. 46, 

pp. 891 – 898. 

Kowalski, W.J., 2003. Immune Buildings System Technology. Mc-Graw Hill, New York. 



POSTER MANUSCRIPTS 

 624 

Kowalski, W. J., 2006. Aerobiological Engineering Handbook. Mc-Graw Hill, New York. 

Kowalski, W.J., and W.P.Bahnfleth, 2004. Proposed standards and guidelines for UVGI 

disinfection. IUVA News, vol.6, no.1, pp.20 – 25.  

Kowalski,W.J., W.P. Bahnfleth, and D.D. Carey, 2002. Engineering control of airborne 

disease transmission in animal laboratories, Contemporary Topics in Laboratory Animal 

Science, vol. 41, no. 3, pp. 9-17. 

Maneerat, C., Y. Hayata, N. Egashira,, K. Sakamoto, Z. Hamai, and M. Kuroyanagi, 2003. 

photocatalytic reaction of TiO2 to decompose ethylene in fruit and vegetable storage, 

Transactions of the ASAE, vol. 46, no. 3, pp. 725–730. 

Maness, P.C., S. Smolinski, D.M. Blake, Z. Huang, E.J. Wolfrum, and W.A. Jacoby, 1999. 

Bactericidal activity of photocatalytic TiO2 reaction: toward an understanding of its 

killing mechanism, Applied and Environmental Microbiology vol. 65, no.9, pp.4094 – 

4098. 

Matsunaga T., R. Tomada., T. Nakajima, and H. Wake H., 1985. Photochemical sterilization 

of microbial cells by semiconductor powders, FEMS Microbiol Lett., vol. 29, pp. 211 – 

214. 

No Odor Inc. 2006. TiO2-titanium dioxide. Available at http://www.noodor.net/id62.htm. 

Pal, A., X. Min, L.E. Yu, S.O. Pehkonen, and M.B. Ray, 2005. Photocatalytic inactivation of 

bioaerosols by TiO2-coated membrane, International Journal of Chemical Reactor 

Engineering, vol. 3, p. A45. Available at http://www.bepress.com/ijcre/vol3/A45. 

Serrano, B., and H. de Lasa , 1997. Photocatalytic degradation of water organic pollutants. 

Kinetic Modeling and Energy Efficiency, Industrial and Engineering Chemistry 

Research, vol. 36, pp. 4705 – 4711. 

Tompkins D.T., B.J. Lawnicki., W.A. Zeltner, and M.A. Anderson, 2005. Evaluation of 

photocatalysis for gas-phase air cleaning-Part 1: Process, technical, and sizing 

considerations, ASHRAE Transactions, vol. 111 (Pt 2), pp. 60-84. 

Xu P., E. Kujundzic, J. Peccia, M.P. Schafer, G. Moss, M. Hernandez, and S.L. Miller, 2005. 

Impact of environmental factors on efficacy of upper room air ultraviolet germicidal 

irradiation for inactivating airborne mMycobacteria, Environmental Science & 

Technology, vol. 39, no. 24, pp.9656-9664. 



POSTER MANUSCRIPTS 

 625

Yue, P.L., 1985. Introduction to the modeling and design of photoreactors, 

photoelectrochemistry, photocatalysis, and photoreactors, p. 527. 

Zeltner W.A., and D.A. Tompkins, 2005. Shedding light on photocatalysis, ASHRAE 

Transactions, vol. 111 (Pt 2), pp. 523 – 534.  

 



 


