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ABSTRACT 

 
Utilization of landfilling and ocean dumping for biosolids disposal is declining due to 

environmental and monetary concerns.  Biosolids are suitable for use as a soil 

amendment for various crops and native vegetation.  Therefore, it may be beneficial to 

integrate soil into cultivated soil or mine tailings.  However, biosolids from wastewater 

treatment plants inherently contain elevated numbers of pathogenic microorganisms.  

Therefore, the efficacy of cost-effective methods to reduce pathogens to accepted levels 

was evaluated in solar drying beds in La Paz County, Arizona.  The research 

demonstrated that biosolids could be effectively treated during warm, dry periods, as 

biosolids were converted from Class B to Class A microbial quality within two weeks 

during the summer of 2004.  However, alternatives must be utilized for rainy, cold 

seasons.  Also, public opinion and outreach cannot be ignored as important factors to 

consider in the future of biosolids treatment and reuse.     
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1.  INTRODUCTION 

 

1.1.  BIOSOLIDS OVERVIEW 

The two products of sewage treatment are biosolids and wastewater.  Many 

different technologies are used at wastewater treatment plants to effectively treat sewage, 

and various options have been utilized for disposal and/or reuse of these residuals.  

However, there are many environmental impacts, health risks, and public acceptance 

issues to consider.  To avoid potential problems, management agencies at many different 

levels implement standards based on biological and chemical components of concern.  

These standards must be updated constantly, as new contaminants are continuously being 

discovered or becoming better understood.   

The volume of sewage input in the United States is consistently increasing, and 

conventional disposal avenues are being pushed to their limits, due in part to ever-

increasing municipal solid waste (MSW) volume.  As an alternative, residuals of sewage 

treatment can be “reused” in a beneficial manner.  Current beneficial uses of wastewater 

include golf course irrigation supplementation, groundwater recharge, and in-stream 

flow.  Reuse of biosolids is a relatively new and controversial area.  The United States 

Environmental Protection Agency (US EPA) has begun encouraging beneficial biosolids 

reuse: 

Biosolids are the nutrient-rich organic materials resulting from the 

treatment of sewage sludge (the name for the solid, semisolid or 

liquid untreated residue generated during the treatment of domestic 
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sewage in a treatment facility). When treated and processed, sewage 

sludge becomes biosolids which can be safely recycled and applied 

as fertilizer to sustainably improve and maintain productive soils 

and stimulate plant growth (US EPA, 1994). 

 

Partially as a result of the US EPA’s promotion of biosolids land application, various 

parties have conducted research on the potential benefits of biosolids reuse.  Many 

positive effects have been observed, including improved soil structure, increased nutrient 

bioavailability, increased vegetative cover, and protection from erosion.  

 

1.2.  BENEFITS OF BIOSOLIDS LAND APPLICATION 

 Positive effects on ecological systems following land application of biosolids 

have been well documented.  “Ecosystem function” at mine tailings was restored within 

two years following application of biosolids and lime.  Survival and metal uptake in 

earthworms, ryegrass, and fathead minnows was not significantly different from the 

controls (laboratory conditions).  Furthermore, CO2 and NO3
- levels were elevated, 

indicating an active microbial community (Brown et al., 2005).  A similar study in Idaho 

observed that the application of biosolids with other residuals increased plant cover in 

mine tailings.  In the subsurface, an increased pH level implied that potential heavy metal 

leaching from the tailings was decreased (Brown et al., 2003).  Kramer et al. (2000) 

observed significant increases in native plant production on biosolids-amended copper 

mine tailings.  Similar observations were made in Pennsylvania, where vegetation 
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covered previously bare mine tailings within 15 months after biosolids application 

(Logsdon, 1993). 

Biosolids application greatly affects soil water holding capacity and soil porosity 

(Epstein, 1998).  Observations following simulated rainfall by Moffet et al. (2005) 

showed that erosion could be greatly reduced in relatively impermeable desert soils by 

surface application of biosolids.  Biosolids and other composts have been demonstrated 

to reduce interrill erosion and runoff rates on highway embankments as well (Persyn et 

al., 2004).   

The increase in soil porosity and water-holding capacity in conjunction with an 

increase in nutrient availability following biosolids application can result in increased 

vegetative production.  Navas et al. (1999) documented the ability of biosolids 

application to stimulate vegetative regeneration in historically poorly-managed 

agricultural areas in Spain.  In this study, yield increased proportionally with increased 

biosolids application rates. 

 The restoration of vegetation following severe fires is essential for erosion 

prevention.  Decreased plant cover can result in severe erosion and subsequent 

sedimentation and contamination of adjacent waters.  Plant cover and biomass at a 

severely burned location in Colorado increased with higher biosolids application rates 

and therefore decreased soil erosion potential (Meyer et al., 2004). 

Biosolids are often a viable alternative to inorganic fertilizers.  Cogger et al. 

(2001) observed similar tall fescue production due to application of aerobically-digested 

biosolids compared to that of inorganic nitrogen application.  Also, nitrate levels in 
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biosolids-applied soils remained higher than those in inorganic-fertilizer applied soils.  

Prescott and Blevins (2005) observed similar increases in the growth of cedar, hemlock, 

and fir in Vancouver following the application of biosolids and the addition of nitrogen 

and phosphorus.  Six years of biosolids application on Colorado shrubland and grassland 

greatly increased nitrogen mineralization rates.  In addition, mycorrhizal activity on grass  

roots increased by at least 20% (Barbarick et al., 2004).  Mata-Gonzales et al. (2002) 

observed increased biomass in desert grasses following biosolids application.  Kelty et al. 

(2004) observed higher short-term nitrogen availability following liquid sludge 

application.  This nutrient availability increase was sustained for a longer period 

following application of pelletelized biosolids.  

Biosolids land application may be an effective method of reducing bioavailability 

and leachability of heavy metals.  Application of biosolids and lime to mine tailings in 

Colorado decreased the availability of all metals analyzed (cadmium, lead, and zinc) 

(Brown et al., 2004).  However, these observed benefits vary as a function of biosolids 

chemical attributes.  Availability of heavy metals for plant uptake may vary due to 

biosolids pH and soil pH (Basta and Sloan, 1999).  Basta et al. (2001) observed that 

treatment of heavy-metal-contaminated soil by addition of anaerobic biosolids actually 

increased the phytoavailability of zinc, and did not reduce the uptake of cadmium or lead 

by lead.  Based on these studies, the addition of lime may be necessary if acidic biosolids 

are applied. 
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1.3.  CONCERNS REGARDING LAND APPLICATION  

 Success stories of biosolids land application are fairly common.  However, 

potential negative environmental impacts must be carefully studied.  Managers must keep 

in mind that biosolids particles remain onsite indefinitely.  Particularly in arid regions, 

intact aggregates of biosolids can be observed for decades (Walton et al., 2001).  The US 

EPA rules restrict short-term activities on land application sites based on pathogen 

concentration, while chemical concentrations, such as heavy metal concentrations, limit 

cumulative application amounts at a site.  Application rates are limited further by the 

amount of nitrogen in the biosolids (Crohn, 1996).  These many concerns are discussed 

below in further detail. 

 Eutrophication is of concern whenever fertilizers, organic or inorganic, are 

applied near surface waters.  Eutrophication is the increase in nutrient availability in 

waterways as a result of inflow to lakes and streams with elevated nitrogen, phosphorus, 

and carbon availability.  The potential effects of eutrophication are algal blooms and 

subsequent oxygen depletion; large fish kills have been observed in many cases.   

Basing biosolids application rates on nitrogen limits may result in excess soluble 

phosphorus.  As with animal manure, phosphorus application from biosolids greatly 

exceeds crop necessity when application rates are based on nitrogen need.  For this 

reason, care must be taken to avoid runoff to adjacent water bodies, and consideration 

should be given to phosphorus loading as well as nitrogen (Maguire et al., 2000).  Future 
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trends in biosolids application policy may reflect these suggestions.  As of 2003, 24 states 

had already implemented such restrictions (Shober and Sims, 2003).  

It should be noted, however, that biosolids phosphorus has been demonstrated as 

less-soluble than other organic soil amendments, and therefore less likely to cause 

eutrophication of adjacent waterways  (Ajiboye et al., 2004).  Increased soil phosphorus 

levels as a result of the application of biosolids are relatively short-lived; after three crops 

of winter wheat, phosphorus levels decreased in the top 20 cm of soil, despite initial 

applications of six to nine times the legal limits (Barbarick and Ippolito, 2003).  

 Leaching is of concern in terms of groundwater quality.  For example, nitrate 

transfer to the water supply can result in methemoglobinemia, commonly known as “blue 

baby” syndrome.  Easton and Petrovic (2004) observed higher loss of phosphorus in 

water which came from areas fertilized with biosolids compared to those fertilized with 

synthetic fertilizer.  However, nitrate loss was lower from biosolids-fertilized areas than 

those fertilized with urea.  This discrepancy was observed in both runoff and leachate. 

 It has been demonstrated that elevated NO3
- presence in agricultural areas may 

persist for several croppings after application of biosolids; therefore, adhering to the 

recommended application rates is crucial (Barbarick and Ippolito, 2003).  However, such 

restrictions are also necessary for the application of inorganic fertilizers.  Furthermore, 

these findings demonstrated that biosolids might be a viable source of long-term nitrogen 

supplementation. 

 Heavy metal contamination of groundwater following land application of 

biosolids is an obvious concern.  Copper, lead, zinc, nickel, and cadmium, for example, 



 
 
17

may be present in biosolids.  The concentrations often depend on industrial input to the 

wastewater treatment facility.  Gove et al. (2001) observed zinc and copper leachate 

concentrations, which were within the World Health Organization limits.  However, 

levels of nickel and lead greatly exceeded those guidelines.  Sawhney and Bugbee (1996) 

observed rapid leaching of arsenic from biosolids following integration with plant growth 

medium. 

Granato et al. (2004) observed transfer of nickel and zinc from biosolids-amended 

soils to corn.  However, they concluded that the US EPA part 503 rule overestimated 

transfer of metals to corn.  Oliver et al. (2005) showed that biosolids containing copper 

did not increase the risk of environmental copper contamination. Moral et al. (2002) 

showed that addition of nutrients besides N and P could be beneficial, as calcareous soils 

are often deficient in iron, manganese, copper, and zinc.  These varying results indicate 

that concentrations of these many elements in biosolids should be closely monitored prior 

to land application. 

 Organic contaminants in biosolids must be considered due to risks for public 

health.  Because input to wastewater treatment plants includes storm water runoff, 

atmospheric deposition, and unauthorized disposal of wastes, the products of wastewater 

treatment often contain volatile organics, chlorinated compounds, PCBs and other 

compounds of environmental concern.  Mixing these residuals with clean soil should is 

often sufficient to reduce levels of organics below those considered environmentally 

detrimental (Bright and Healy, 2003).   However, the effects of known organic 

contaminants are not well understood, especially at low levels, and new organic 
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contaminants (e.g. endocrine disruptors) are constantly created by human activities 

(Kester et al., 2005; Overcash et al., 2005). 

 Odor is one of the primary complaints from the public regarding biosolids 

treatment and reuse (Goldstein, 2000; Rainey, 1998; Muirhead et al., 1993).  Chemicals 

responsible for the undesirable smells include ammonia and various sulfides.  Different 

treatment regimes for biosolids result in different odor composition.  Generally, 

supplemental treatment of biosolids to Class A specifications is sufficient to decrease 

odor emissions.  However, in some instances, dewatered biosolids have been observed to 

release odors more unpleasant than those emitted by liquid sludge, even though ammonia 

emissions decreased (Rosenfeld et al., 2001).  Caballero (1997) demonstrated that 

activated carbon filters could be utilized to limit odor emission from close composting 

facilities below odor thresholds.  Biofilters have been successfully utilized in Maine for 

indoor composting operations (Glenn, 1998).  However, the application of such filters in 

open-air systems may not be feasible.  Where outdoor facilities are desirable, placement 

should be as far from communities as economically feasible.   Choosing remote areas for 

land application is also desirable to reduce complaints. 

 Public acceptance of biosolids re-use has become a focus of the biosolids 

treatment and reuse industry.  In fact, the term “biosolids” was introduced as a 

euphemism for “sewage sludge” in attempt to lessen the negative response from the 

public (Beecher et al., 2004).  As reuse became the trend, biosolids proximity to the 

public increased, resulting in increased interest in environmental and health risks.  

Concerns result from the relatively young technology for advanced biosolids treatment 
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and the obvious differences (e.g. smell, mineral content) between biosolids and other 

organic soil amendments.  To complicate the situation further, the arguments on both 

sides of the land application debate often become driven by emotion instead of science.  

Considering both emotional response and scientific knowledge for biosolids management 

will result in policies that are more widely accepted  (Beecher et al., 2005).   

A Washington state organization launched a public outreach campaign after 

biosolids land application was halted at one site due to public pressure.  Although 

agricultural application in eastern Washington was an option, application to western 

forests was much more cost-effective.  Acceptance was accomplished through public 

education and partnership with concerned entities (Touart, 1998).   

Acceptance issues become especially important in densely populated regions such 

as the eastern United States.  In these areas, placement of treatment and reuse sites away 

from communities is not an option.  New Jersey has been attempting to displace the 50% 

of its biosolids that had been disposed of via ocean dumping until 1991 due to public 

concern (Wardell, 1994). 

Sacramento County, California launched a large public outreach campaign after 

determining that education of the community would be the limiting factor for reuse 

(Block, 1997).  Public acceptance in the future will depend on public knowledge that (1) 

biosolids reuse is safe, and (2) biosolids reuse is indeed beneficial (Logan, 1995; Logan, 

1997).  Minnesota has also made attempts to educate the public on wastewater treatment 

and management.  Public outreach has included farm demonstrations, museum 

demonstrations, and classroom presentations.  Following these demonstrations, take-
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home planter kits were provided which included biosolids-amended potting material 

(Stark, 1993).  

Pathogens in biosolids are one of most important factors impacting biosolids 

quality.  Possible pathogens include bacteria, viruses, and parasites (Soares et al., 1995).  

Pathogen concentrations in sewage are directly related to the occurrence of these 

pathogens in the community contributing to the sewage flow.  However, regardless of 

initial levels, pathogen become relatively concentrated in biosolids.  The US EPA has 

devised restrictions aimed at eliminating the possibility of infection to humans from land-

applied sewage sludge.  The primary concerns are direct contact with biosolids-related 

microbes (contact with biosolids or aerosols) and distribution of pathogenic 

microorganisms to humans through vectors.  To reduce the occurrence of these pathways, 

biosolids reused in the United States must either meet Class A qualifications, or meet 

Class B levels and be subject to land-use restrictions (Gerba and Smith, 2005).  Ways to 

ensure that public exposure to pathogens are limited; they include standardized testing for 

fecal coliforms and Salmonella spp., a standardized terminology for vector attraction 

reduction, strict implementation of land use restrictions following application of Class B 

biosolids, and retesting for key parameters if biosolids are not applied soon after initial 

confirmation of exceptional quality status (Wu and Smith, 1999). 

Restricting crops grown on land application sites, restricting access to these sites 

by people and their pets, and reducing vector attraction before applying biosolids can also 

reduce the possibility of transmission of pathogens from biosolids to humans and 

animals.  Also, biosolids can be incorporated into the soil immediately after application 
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(Godfree and Farrell, 2005).  An example of such technology is a biosolids injector, 

which incorporates liquid biosolids below the surface of agricultural soils.  Another 

benefit is the significant reduction in odor adjacent to these agricultural fields during 

application.  

 Dowd et al. (2000) studied risk of the infection for humans in the proximity of 

biosolids application areas.  The study showed that some risk of illness from aerosolized 

bacteria and viruses might exist during land application of biosolids containing elevated 

numbers of pathogens.  For this reason, large reductions or elimination of pathogens in 

biosolids is in the best interest of the public.  In addition, eliminating pathogens prior to 

land application should reduce public opposition to reuse. 

 Dust levels near biosolids treatment and reuse areas are of primary concern for 

pathogen transmission to humans.  Managers at these locations can minimize dust impact 

by watering roads and providing the appropriate air filters in manned equipment (Epstein 

el al., 2001). 

 Trevisan et al. (2002) detailed several potential pathways for fecal coliforms 

following land application.  Transfer was defined as uptake by plant biomass or 

movement of microbes into soil particles.  They speculated that fecal coliform mortality 

occurred as a result of predation by protozoa, ultraviolet penetration, and pH within the 

soil.  Management recommendations to reduce pathogens included relatively light 

applications of biosolids to allow for disinfection by ultraviolet light.  
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1.4.  BIOSOLIDS MANAGEMENT TRENDS 

During the 1990s, biosolids reuse research and biosolids reuse were more 

extensive than ever before (Goldstein, 1999).  In 1992, 18% of biosolids produced in 

Ontario Canada were applied to land (Gies, 1995).  Spain has been attempting to promote 

biosolids to farmers as an alternative to conventional fertilizer application.  The process 

has included incorporation of demonstration projects for farmers, and the creation of 

biosolids management units (Sala et al., 1998).  The city of Columbia, Ohio also shows a 

trend of increased biosolids beneficial use.  In 1978, none of the biosolids produced were 

reused.  As of 1995, biosolids management was focused on cropland application (Hoff, 

1995).  In 1998, the city decided to allocate biosolids between incineration, composting, 

land application, and landfills.  Landfilling is gaining acceptance as one beneficial use, as 

biosolids addition results in accelerated digestion of landfill material and increased gas 

production.  The cost of landfilling biosolids is hard to forecast, however, as disposal 

prices fluctuate immensely (Hoff, 1998).  Sacramento County, California determined that 

land application of biosolids would be the least costly option, even before considering 

that increasing biosolids volumes could not be supported by the infrastructure of local 

landfills (Block, 1997).  

Reuse faces growing challenges, as opposition to biosolids reuse has become 

increasingly passionate and organized.  Many states continue to increase the percentage 

of “beneficial reuse”, but reuse in many states has peaked or begun to decline.  Many 

localities have banned or placed burdensome restrictions on biosolids land application 
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(Goldstein, 1999; Rainey, 1998).  In Mohave County, Arizona, required fees to apply 

Class B biosolids have made application onto farmland economically unfeasible (Reed, 

2005).  California, which increased its reuse of biosolids in 1999, did not do so during 

2000, and one additional local ordinance was put into place to further restrict land 

application.  Limiting factors for biosolids application were determined to be odor, 

pathogens, and urban sprawl.  Local opposition and concerns about groundwater 

contamination were also mentioned (Goldstein, 2000). 

 

1.5.  FECAL COLIFORMS AND SALMONELLA AS INDICATOR MICROORGANISMS 

 Because assaying for specific pathogen species in environmental samples would 

be extremely burdensome, the concept of indicator microorganisms is regularly applied 

for risk assessments.  Desirable qualities for indicators may include abundance relative to 

the species of interest, relatively inexpensiveness and ease of detection and enumeration, 

and direct indication that the species of interest is present.  To err on the conservative 

side, scientists should choose indicators that are hardier in the environment than species 

of concern.   

Indicators can also be used as a general index of soil or water quality.  For 

example, total coliforms are regularly used to monitor water quality in drinking and 

recreational water.  Coliforms are gram-negative, aerobic or facultatively anaerobic, rod-

shaped bacteria.  Common examples of coliforms are the genus Escherichia and 

Klebsiella.  The physiological characteristic of interest for biological assays is that these 

bacteria ferment lactose at 35 oC.  Fecal coliforms are a subset of total coliforms that are 
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directly indicative of fecal contamination.  Because these organisms thrive in the 

digestive tracts of various animal species, they are adapted to metabolize in higher 

temperatures.  As a result, fecal coliforms can be detected because of their ability to 

ferment lactose in growth media incubated at 44.5 oC.  Total coliforms and fecal 

coliforms have long been used to establish water quality standards.  For example, it is 

generally accepted that limiting concentrations of coliforms to less than one per 100mL 

of drinking water is sufficient for prevention of waterborne disease (Maier et al., 2000, 

pp. 491-503). 

 The US EPA adopted the concept of pathogen indicators for determining the 

suitability of biosolids for reuse.  Specifically, concentration of fecal coliforms and 

Salmonella spp. must fall below ceiling limits.   Class B biosolids have a most probable 

number (MPN) of fecal coliforms less than 2,000,000 per dry gram. Class A biosolids 

must have a MPN of fecal coliforms less than 1,000 per dry gram, and a MPN of 

Salmonella spp. less than three per four dry grams.  In addition to Salmonella spp. and 

fecal coliform criteria, helminths and enteric viruses must be below detected levels.  In 

order to be classified as “Exceptional Quality” (EQ) biosolids, metal concentrations must 

also fall below ceiling values (US EPA, 1994).   

The US EPA part 503 lists several alternatives for achieving Class A biosolids, 

including thermal treatments (e.g. pasteurization), high temperature-high pH treatments, 

composting, and irradiation.  Collectively, these methods are called Processes to Further 

Reduce Pathogens (PFRP).  Composting windrows are one popular and effective method.  

To meet Class A qualifications, the US EPA suggests monitoring elevated temperatures, 
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and turning biosolids windrows.  Temperature-time monitoring should be effective in 

predicting Class A pathogen levels, but spatial variation in composting rows must be 

taken into account.  As a more expensive alternative, biosolids may just be assayed on a 

regular basis (Hay, 1996).  This supplemental treatment of biosolids reduces health risks 

while providing equivalent nutrient benefits to land-applied areas.  The relative 

availability of macronutrients may decrease after further treatment to Class A limits, but 

varies as a result of the specific method utilized. Cogger et al. (1999) observed similar 

nitrogen benefits from heat-dried and thermophilically digested biosolids (Class A) 

compared to liquid Class B biosolids. 

In addition to requirements for pathogen reduction, vector attraction must be 

reduced before biosolids can be land-applied.  Vectors are defined as organisms that have 

the potential to transmit disease from biosolids to humans.  Common vectors are insects, 

rodents, and birds (US EPA, 1994).  A suggested method of decreasing vector attraction 

in liquid biosolids is injection below the soil surface.  Alternatively, liquid or semi-solid 

biosolids may be applied on the surface if they are incorporated within six hours of 

placement.  Alternatively, biosolids that are dried to greater than 75 %TS without 

addition of solids, or greater than 90 %TS even with addition of flocculent, meet EPA 

guidelines for reduction in vector attraction.  Therefore, there is a great incentive to 

increase %TS above 90 because it eliminates the need for immediate integration with 

soil, or the purchase of specialized injection machinery. 

As an alternative to well-establish treatment methods, any treatment that 

demonstrates effectiveness in the reduction of fecal coliforms or Salmonella spp. can be 
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used to generate Class A biosolids.  This generalized statement for Processes Equivalent 

to a PFRP allows for the development of new technologies while allowing biosolids 

managers to reuse biosolids under the less-restrictive rules for Class A biosolids 

application.  Potential benefits include the development of increasingly cost-effective 

treatment. 

 

1.6.  DRYING TECHNOLOGY    

In the southwestern United States, the majority of treated sewer sludge is recycled 

via land application of Class B biosolids.  In recent years, however, increasingly 

burdensome restrictions and public apprehension regarding land application of biosolids 

onto agricultural fields have made it imperative to explore methodologies for production 

of Class A biosolids using various technologies, including dewatering, heating, and 

drying methods. Reducing the water content of biosolids also reduces the cost of 

transportation from the drying facility to the site of land application, as the application 

farmlands are increasingly located away from the wastewater plants due to suburban 

sprawl. In addition, the storage capacity of dried biosolids increases through volume 

reduction; they are generally easier to handle for transportation and land application. 

Historically, the primary objectives of sludge solar drying were stabilization of 

volatile solids and reduction in mass for ease of shipping and efficiency for incineration.  

However, dewatering also leads to inactivation of pathogens, which broadens the 

possibilities for biosolids re-use by minimizing associated health risks. Methods used to 

disinfect biosolids include composting, heat drying, thermophilic aerobic digestion, 
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irradiation, lime stabilization and pasteurization (Tchobanoglous et al., 2003). The 

disadvantages of these disinfection methods are the large upfront monetary investments 

needed for capital equipment purchase and the structures to house the equipment, the 

costs for fossil fuel to power the systems, the costs to maintain and repair complex 

mechanical machinery, and the need for skilled personnel to operate and maintain the 

equipment.  A number of large sanitary districts in the United States have chosen to 

contract out the disposal of biosolids.  One large sanitary district has chosen a number of 

alternative methods including landfilling, composting, lime stabilization, and solar 

drying.  The costs of these disposal methods range from $20 to $40 per wet ton of 

biosolids and are inclusive of administrative and transportation costs to contracted 

facilities (Bao, 2005).   

The primary processes that reduce pathogen levels during solar exposure are 

desiccation and heat. Several experiments have detailed the decrease in bacterial survival 

as a result of desiccation or increased temperatures.  Ward et al. (1981) suggested that 

dewatering of biosolids by evaporation might be inadequate for pathogen inactivation.  

However, permanent disinfection was possible with greater than 85.0 %TS, and may 

have been possible at a lower %TS with higher treatment temperatures. Trevisan et al. 

(2002) studied the leaching of fecal bacteria in a field after slurry spreading. Bacteria in 

the soil were affected by soil structure, texture, and soil moisture level.   Pepper et al. 

(1993) amended soil with anaerobically digested sludge, 4-6 % total solids, in both 

laboratory and field study settings. The laboratory experiments demonstrated that the 

indicator organisms, fecal coliforms, decreased over time, while the rate of reduction 
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increased with increased temperature.  In laboratory studies by Hong et al. (2004) the 

effects of microwave radiation were compared to the application of external heat on the 

levels of fecal coliforms in sludge.  External heating allowed for greater fecal coliform 

growth until a temperature range of 48 °C – 57 °C was reached.  After this point, cellular 

membrane destruction of fecal coliforms occurred, causing a rapid decrease in their 

levels. Fecal coliforms were not detected in activated or anaerobically digested sludge 

after applying external heat at a level of 65 ºC (Pepper el al., 1993). Han et al. (1997) and 

Watanabe (1997) et al. also suggest that heating sludge to levels above 55 oC results in 

rapid and lasting inactivation of fecal coliforms.  Iranpour et al. (2002) observed 

inactivation of Salmonella spp. at temperatures above 55 oC. 

A wide variety of pathogen reduction methods are in practice, ranging from the 

extremely energy intensive to relatively passive methods.  For example, in Utah, long-

term storage was demonstrated to reduce fecal coliform and Salmonella spp. below 

detectable levels.  With minimal mixing, temperatures climbed to an average of 57.4 oC, 

suggesting that maximum temperature could result in pathogen destruction (Ahmed and 

Sorensen, 1997).  Although this low-tech method may be appropriate in certain 

situations, it does not provide for rapid treatment and disposal.   

Although superheating of biosolids results in drastic reduction in pathogens, it is 

very costly, and reduces biosolids value.  Therefore, it may be beneficial to destroy 

pathogens at the threshold temperature (i.e. 55 oC) (Ward et al., 1976).  Also, 

superheating depends on combustion of fossil fuels, which contributes to greenhouse 
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gases.  Upfront, operational, and maintenance costs for such systems can be 

overwhelming.  The same is true for incineration of biosolids.   

Vermiculture has demonstrated effectiveness in reducing pathogen levels in 

biosolids below Class A limits.  Timely reduction in Helminth ova, Salmonella spp., and 

fecal coliforms can be achieved in biosolids inoculated with earthworms (Eastman et al., 

2001; Ndegwa and Thompson, 2001).  

Pathogens in biosolids can also be inactivated via air-drying. Brashear and Ward 

(1983) determined that inactivation of poliovirus in sludge increased gradually as %TS 

increased to 80%.  Rapid inactivation occurred as %TS was elevated further.  In arid 

regions such as portions of the Middle East, solar drying beds are cost-effective except 

when rainfall is present.  Sand drying beds in particular allow for dewatering through 

drainage and evaporation (Hossam et al., 1990). As an alternative for regions with higher 

precipitation, biosolids drying beds can be covered.  El-Ariny and Miller (1984) 

determined that biosolids drying rates in Louisiana beds could be increased by additional 

solar heating, or by covering.  However, the up-front and maintenance costs of these 

more sophisticated systems may only be economically feasible for high volumes of 

biosolids.   

Primary limitations for pathogen inactivation in biosolids drying beds are 

aggregation of biosolids, irregular temperature distribution, incomplete mixing of 

treatment piles, and bacterial regrowth (Hay, 1996).  

 Although pathogens may be undetected, treated biosolids are not sterilized.  In 

fact, many treatment methods rely on bacterial metabolism to achieve desired 
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temperatures.  Bacterial pathogens have been observed in composted biosolids that 

remained above 55 oC for long periods of time.  Pathogens at low levels may regenerate 

given favorable environmental conditions, although elevated populations of competing 

microbes may inhibit regeneration (Hay, 1996).  Regrowth of Salmonella spp. is of 

specific concern, as regrowth potential in composted biosolids is well documented.  The 

primary factors determining regrowth potential include primary treatment method at the 

treatment plant (e.g. activated sludge, biological towers, clarifiers only), extent of 

elevated temperature exposure, moisture level of biosolids, and competition between 

microbial species (Soares et al., 1995).  The US EPA has suggested that by minimizing 

pathogen concentration in biosolids to Class A levels, and reducing vector attraction to 

below ceiling limits will be sufficient to eliminate regrowth (US EPA, 1994). 

 For the research detailed below, biosolids were treated using solar drying beds in 

an arid region of the southwestern United States.  Traditionally, biosolids treatment 

methods have been ineffective and environmentally unfriendly (i.e. ocean dumping).  

Alternatively, biosolids have be effectively treated utilizing combustion of fossil fuels or 

energy and technology-intensive methods such as composting.  If the effectiveness or 

solar drying beds could be proven in field situations, this method would be demonstrated 

as a viable alternative in regions where the availability of complex methods or treatment 

are economically or technically unfeasible.    
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2. MATERIALS AND METHODS 

 

2.1.  DESCRIPTION OF THE EXPERIMENT 

During the summer of 2004 (June 7-28) and the following winter (December 20, 

2004-March 19, 2005), a research project was carried out in La Paz County, Arizona, to 

evaluate the effectiveness of solar drying beds in arid regions.  Of particular interest was 

the seasonal variation in reduction of bacterial pathogen indicators.  In order to determine 

the parameters responsible for pathogen inactivation, environmental conditions were 

continuously monitored within and outside of drying beds.  To evaluate the permanent 

disinfection of biosolids, treated samples were transported to Green Valley, Arizona, and 

monitored for pathogen regrowth in sand beds.  Biosolids were also integrated with soil 

at Green Valley, and the soil was monitored for levels of pathogen indicator 

microorganisms. 

 

2.2.  INTRODUCTION TO RESEARCH SITE 

   The biosolids solar drying experiments were conducted adjacent to the La Paz 

County Landfill, located 18 km north of Quartzsite, Arizona.  At this site, 6 ha of land 

had been cleared of vegetation.  This facility processes Class B biosolids from the Los 

Angeles County Sanitation District wastewater treatment facilities.  These biosolids are 

anaerobically digested, flocculated with a polyacrylamide compound, and centrifuged at 

high speed to produce an end product that is approximately 27.0 %TS and Class B 

microbial quality. Upon arrival at the drying site, biosolids are placed into windrows one 
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to two meters in height.  After meeting Class A qualifications, the biosolids are shipped 

to California, where they are applied to agricultural land used to grow non-food crops 

(primarily cotton).  This treatment process was not originally designed to produce Class 

A biosolids, but early testing (laboratory analysis, field temperature observations) 

indicated that reduction in pathogen indicators might be feasible.   

 

2.3.  EXPERIMENTAL DRYING BED SETUP 

During the summer 2004 experiment, pathogen reduction was studied in three 

drying beds established southeast of the existing commercial treatment operation 

(approximately 50 m from the nearest utilized large-scale drying bed).  Biosolids were 

unloaded adjacent to the experimental beds via bay doors on the bottom of the shipping 

trucks.  The loads were merged into a single pile with a front-end loader and separated 

onto the three experimental beds.  The dimensions of each bed were 3 m (east to west) by 

15 m (north to south).  Adjacent experimental beds were initially separated by 3 m of 

bare soil.  Biosolids were spread to a depth of 25-30 cm on each bed using the leading 

edge of the loading bucket.  Figure 2.1a illustrates the experimental drying bed layout. 

The drying bed layout was modified during the winter of 2004-2005 in an attempt 

to increase the efficiency of the experimental design and tilling practices.  During the 

summer trial, it was observed that biosolids were dispensed from the shipping vehicles 

homogeneously at a depth of 25-30 cm and a width of 1.3-1.5 m.  This narrow width 

would allow for the avoidance of biosolids compacting due to tractor tires used during the 

tilling operation.  For this reason, it was determined that these dimensions would more 
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effectively serve the objectives of the study, and were implemented during the winter 

drying experiment.  Shipping trucks dispensed three rows adjacent to the weather station.  

The length of the rows was at least 15 m.  However, the experimental bed was considered 

the 10 m in the longitudinal center of the row.  The drying process was studied for an 89-

day period during colder, wetter environmental conditions.  

 

2.4.  SENSORS AND DATA ACQUISITION UNIT 

A battery-powered (solar-trickle recharged) weather station and remote 

communication system with a datalogger and Cellular Division Multiple Access (CDMA) 

modem was placed approximately 3 meters from the experimental beds in the southeast 

corner of the facility during both experimental periods. Thermocouples and moisture 

probes were placed in each bed to monitor the conditions of the biosolids.  Two sensor 

stands were spatially located in the north and south halves of each bed (refer to Figure 

2.1a).  

  During the summer experiment, each stand supported three thermocouples located 

5, 10, and 15 cm above the soil surface, as shown in Figure 2.1b.  A water content 

reflectometry probe was anchored onto each sensor stand, 7.5 cm above the soil surface.  

Data were collected every five seconds, averaged hourly, and stored to the data logger.  

Stored data were remotely downloaded daily to an on-campus server from the datalogger 

using a CDMA digital modem connection.  

During the winter experiment, probe stands were modified in an attempt to 

minimize biosolids disturbance during probe removal and replacement (necessary during 
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tilling treatments).  Three thermocouples were attached to a ¾”-diameter wood dowel, 

7.5 cm, 15 cm, and 22.5 cm above the soil surface.  The dowels could easily be pushed 

vertically into the drying beds.  Two moisture probes were pushed horizontally into each 

biosolids bed at the midpoint of the biosolids depth.  The cohesive property of biosolids 

was utilized to keep the probes in place.  Data were collected every five seconds and used 

to create hourly averages of all readings.  During both experiments, two sensor locations 

were utilized in each experimental bed.  
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Figure 2.1.  (a) A schematic of the experimental drying beds during the summer 2004 
experiment in La Paz County, Arizona, (b) Sensor locations on a stand designed for this 
field experiment. 

(a) 

(b) 
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 Thermocouples were calibrated with a one-point calibration before each 

experiment. Thermocouple tips were placed in ice water and readings were recorded.  

Deviations from 0 oC were added or subtracted for each thermocouple by entering the 

deviation into the datalogger program.   

The volumetric water content reflectometry probes were calibrated in treated 

biosolids obtained from the La Paz County Landfill.  A five-gallon bucket was filled with 

windrowed biosolids at the treatment site, and then transported to the University of 

Arizona.  Each water content reflectometry probe was placed in the biosolids, and the 

readings for the period were recorded.  A biosolids sample was taken and dried for 24 

hours at 104.5 oC to determine the initial volumetric water content, which was calculated 

as follows: 
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Where Wtare is the weight of the container, Wwet is the wet mass of the biosolids and 

container, Wdry is the weight of dried biosolids and container, •w is the density of water, 

and •b is the dry bulk density of the biosolids, defined as follows: 
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Where V is the total volume of the sampling container. 

 After the first set of readings was obtained, water was added and thoroughly 

mixed with the biosolids.  Each of the probes was then re-inserted into the biosolids, and 

recordings for the period were again obtained.  After all readings were taken for that 
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moisture content, another sample was taken to assess water content.  This process was 

repeated for increasing water content until the period readings were not deviating in 

response to water addition (nine point calibrations, 7.6% VWC to 58.8% VWC).  VWC 

versus period was plotted, and a third-order regression equation was obtained.  The 

equation coefficients were inserted into the datalogger program, so that the period was 

automatically converted to volumetric water content during the experiment trials. 

 

2.5.  TILLING TREATMENTS 

During the summer, three tilling operation schemes were applied: (1) no tilling 

(control); (2) tilling Tuesday and Friday (moderate tilling); and (3) tilling Monday 

through Saturday (intensive tilling), as shown in Table 2.1. Tilling was performed using a 

5-m wide culti-mulch rotary tiller attached to the rear of a tractor. Each tilling operation 

was performed with care based on the following operations protocol: (i) remove biosolids 

on and around both probe stands, then remove probe stands and sensor wires from tiller 

reach and return biosolids to probe-stand area; (ii) line up the tractor north of the drying 

bed and, while facing north, have the tractor move south (in reverse) over the biosolids 

until the front edge of the tiller passes the plane of the drying bed; (iii) slowly lower the 

tilling attachment until it makes contact with the soil and initiate tiller rotation; (vi) drive 

the tractor forward through the bed while tilling; and (v) remove biosolids from sensor 

locations, place probe stands in cleared areas and cover sensors with biosolids, while 

assuring that the biosolids depth around the probe stands are representative of the typical 

bed depth. 
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This sequence is representative of one turning event for one drying bed.  If the 

moderately-tilled and intensively-tilled beds were both tilled on a given day, all four 

probe stands were removed and replaced at the same time (removed before either drying 

bed was tilled, and replaced after both had been tilled).  The intensively-tilled bed was 

tilled first, and the moderately-tilled bed was tilled immediately after. Probe removal and 

replacement times were recorded so that skewed data could be removed from the data set. 

The data points during these periods reflected ambient air conditions and were not 

representative of drying bed conditions. 

During the winter, the tilling operation schemes were modified as follows: no 

tilling (control), tilling Tuesday and Friday (moderate tilling), and tilling Monday 

through Friday (intensive tilling).  Tilling was applied between 11:00 am and 1:00 pm 

using the previously detailed tilling protocol.  The one modification was that biosolids 

did not need to be removed from the sensor locations prior to re-insertion.  The wooden 

dowel stands allowed for the sensors to be pushed vertically into the bed until contact 

was made with the underlying soil.  Following the 20-day experimental period, the drying 

beds were sampled once per week until March 19, 2005 (Day 89).  The moderately and 

intensively-tilled beds were tilled every Saturday after the initial 20-day period, weather 

permitting (Day 26, 33, etc.).  Following these 89 days, environmental conditions were 

no longer considered representative of winter conditions, so the study was terminated.  

As observed in Figure 2.2, moisture from the underlying biosolids was transferred to the 

surface of the drying beds. 
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Figure 2.2:  (a) Tilling mechanism during operation, (b) the West6 drying bed 
immediately after tilling, La Paz County biosolids drying experiment, summer 2004. 

(a) 

(b) 
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2.6.  SAMPLING AND SHIPPING 

Composite samples were collected from each drying bed on sample days 

according to the EPA’s sludge sampling guidelines (US EPA, 1989).  The Day 0 sample 

for the summer experiment was taken from biosolids unloaded from shipping containers 

and piled with a front-end loader in preparation for placement on the experimental beds.  

On subsequent sampling days, one grab sample was taken from each quadrant of each 

experimental bed.  The top layer (approximately 5 cm) of biosolids at each grab sample 

location was removed with a hand trowel, and one scoop (approximately 500 ml) of 

biosolids from below was taken and placed into a sterilized plastic bucket.  The grab 

samples were mixed thoroughly in the bucket with the hand trowel, and a subset 

(approximately 300 mL) of the mixed sample was transferred to a sterilized 500-mL 

bottle.  The three beds were sampled within 30 minutes.   

The Day 0 sample for the winter experiment was composed of one scoop from 

each experimental bed less than five minutes after the biosolids were placed.  The top 

layer (approximately 5 cm) of biosolids at each grab sample location was removed with a 

hand trowel, and one scoop (approximately 500 ml) of biosolids was collected and placed 

in a sterilized bucket.  The grab samples were mixed thoroughly in the bucket with the 

hand trowel, and a subset (approximately 300 mL) of the mixed sample was transferred 

to a sterilized 500-mL bottle.  On the following sample days, four grab samples were 

taken from each bed.  Because of the linear nature of the beds relative to the summer 

experiment, one sample was taken from each quarter of the length of each bed.  The three 
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beds were sampled within 30 minutes.  For all samples, the 500-mL bottle was sealed and 

placed on ice inside an insulated cooler.  The cooler was driven to Lake Havasu City, 

Arizona, and shipped overnight to the University of Arizona Environmental 

Microbiology Laboratory.  

 

Table 2.1.  Tilling schedule for experimental drying beds, La Paz County biosolids solar 
drying experiment, Summer 2004 and Winter 2004-2005.  
 

 Summer (June 7-June 28, 2004) Winter (December 20, 2004-March 19, 2005) 
Exposure Tilling Sample Tilling Sample 
Day East2 West6 Taken East2 West5 Taken 
0          
1 X X Day 1 X X Day 0*,1 
2  X    X   
3  X Day 3   X Day 3 
4 X X  X X   
5  X Day 0*, 5       
6          
7  X Day 7   X Day 7 
8 X X  X X   
9  X    **   
10  X Day 10   X   
11 X X  X X Day 11 
12  X        
13          
14  X    X   
15 X X Day 15 ** ** Day 15 
16  X    **   
17      **   
18 X X  X X   
19      X Day 19 
20      ***  *** 
21   Day 21     

* A Day 0 sample was collected directly from unloaded biosolids. ** The beds were not tilled because the 
plots were too saturated to allow tractor operation. *** Following Day 21, the drying beds were tilled every 
Saturday, with the exception of Days 54 and 61. 
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2.7.  LABORATORY PROCESSING OF SAMPLES 

Upon arrival in Tucson, Arizona, each composite sample was assayed to 

determine the MPN of fecal coliforms and Salmonella spp. according to EPA Methods 

(US EPA, 1989).  Three-tube replications were performed, rather than five-tube 

replications, due to laboratory limitations for space and labor.  During the assay process, 

percent total solids (%TS, non-water percentage) were also determined.  Staff at the 

Environmental Microbiology Laboratory cultured the Day 0 sample to confirm the 

absence of enteric viruses and helminth ova, required in qualifications for both Class A 

and Class B biosolids. 

%TS was analyzed for each biosolids sample collected.  Two 15 to 25 g subsets of 

wet biosolids from the 500 mL bottles were placed on tin dishes.  These samples were 

dried in an oven for 24 hours at 104 oC to determine the dry weights of the samples.  

%TS was then obtained from the following equation: 

 %100% ×
−

−
=

tarewet

taredry

WW
WW

TS  (2.3) 

Where Wtare is the weight of the tin dishes used, and Wdry and Wwet are the dry weights of 

the biosolids and tin and wet weight of the biosolids and tin, respectively.  The mean of 

the two samples dried from each bed was the %TS used to determine the correction 

factors for pathogen indicator concentrations for that sample.  

 The Most Probable Number (MPN) method is an enumeration technique 

frequently used for bacterial counts.  The MPN is the mean number of organisms that 

produces a given number of “positives” during serial dilution into appropriate media.  For 
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example, the following method would be used to determine the MPN of total coliforms in 

a 10 mL water sample.  One mL of water is transferred to a dilution tube containing 9 mL 

of clean water.  This new dilution becomes the 10o tube.  Then, one mL from the 10o tube 

is transferred into 9 mL of water to create the 10-1 dilution (meaning that it contains 0.1 

mL of the original sample).  Subsequent dilutions can be performed until the magnitude 

of dilution is greater than the suspected concentration of organisms in the original 

sample.   

 From each of these dilution tubes, 1 mL is transferred into media providing for 

easy detection of coliforms.  Generally, the MPN method uses either three or five testing 

tubes at each dilution.  If coliforms are detected in a given tube, that tube is considered 

positive.  Once the number of positives is determined for each dilution, an MPN table is 

consulted.  The sample must be diluted to extinction, meaning that no tubes are positive 

at the highest dilution.  The MPN for a sample is then given by the following equation: 

 
dilution

TMPN 1
×=  (2.4) 

Where T is the MPN value obtained from the relevant table, and dilution is the middle 

dilution of the last three dilutions with a positive.  For example, suppose a five-tube 

replication is performed, and the number of positives at the 10-4, 10-5, and 10-6 dilutions is 

2, 1, and 1, respectively.  No positives are detected at the 10 -7 dilution.  The number of 

positives at the 10-3 dilution is irrelevant. 2-1-1 is referenced in a 5-replication MPN 

table.  The MPN for this sample is then given by: 

 900
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The three-tube MPN method was used for enumeration of fecal coliforms, using 

the three day process described below: 

Lauryl triptose broth (LTB) was used to test for fermentation by total coliforms, 

and Escherichia coli (EC) broth was used to test for fecal coliforms.  Inverted 

fermentation tubes were placed inside 25mL test tubes, and 10mL of LTB or EC was 

added with a pipette.  The tubes and broth were then sterilized in an autoclave.  The test 

tubes were stored in a refrigerator until the morning that the samples arrived for 

processing. 

Upon arrival, 10g of wet biosolids were placed in 90mL of sterile buffered 

peptone water.  This mixture was placed on a shaker for a minimum of 10 minutes to 

suspend the biosolids.  The 100mL solution was considered the 10-1 dilution (i.e., the 

density of wet biosolids was assumed to be approximately equal to water).  Immediately 

after vortexing the solution, one mL was transferred with a pipette into 9mL of buffered 

peptone water in a sterilized test tube, this tube became the 10-2 dilution, and so on until 

the dilution was believed more than adequate to observe extinction of fecal coliforms in 

the sample.  After the serial dilution was completed, one mL from each dilution was 

transferred into each of the three tubes containing LTB.  The inoculated fermentation 

tubes were placed into either a water bath (summer experiment) or incubating room 

(winter experiment) at 35 oC for 48 hours.   

Tubes were scored negative for total coliforms if less than 10% of the 

fermentation tube volume was occupied by air.  These tubes were discarded.  Positive 

tubes were set aside for inoculation of EC fermentation tubes.  Without vortexing, 0.1 mL 
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of broth from the LTB tube was transferred to an EC tube.  The EC tube was then 

vortexed.  Inoculated tubes were placed in a water bath at 44.5 oC for 24 hours before 

scoring for fecal coliforms.  MPN of fecal coliforms could then be calculated as 

previously described.  However, the relative count is MPN per dry gram, so an 

adjustment for %TS was made as follows: 

 
TSg

MPN
g

MPN
wetdry %

1
×=  (2.6) 

The MPN method was also utilized for Salmonella spp. enumeration during a six-

day assay detailed below. 

Day One: 

Ten grams of biosolids were placed into four 250 mL plastic bottles (A thru D) 

containing 90 mL of buffered peptone water.  After shaking for ten minutes, the 

biosolids-peptone solution from bottle D was distributed as follows:  ten mL were 

pipetted into each of three empty 25 mL test tubes (A, B, and C), and one mL was 

pipetted into each of three 25 mL tubes (A, B, and C) containing nine mL of buffered 

peptone water.  To summarize, three bottles were inoculated with 10 g of biosolids, three 

tubes were inoculated with 1g (A, B, and C), and three tubes were inoculated with 0.1 g 

of biosolids.  Thus, a triplicate MPN dilution was created.  These nine solutions were 

incubated at 35 oC for 24 hours.   

Day Two: 

0.1 mL from each dilution and replication was transferred to 10 mL of Rappaport-

Vassiliadis (RV) broth, designed for the enrichment of Salmonella spp.  Trace amounts of 
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Novobiocin were dispensed into the RV broth to eliminate gram-positive bacteria in the 

solution.  Inoculated RV broth was incubated in a water bath at 42 oC for 24 hours.   

Day Three: 

 An inoculating loop was used to spread RV broth onto Hektoen Enteric Agar, 

which selects for gram-negative bacteria and provides for differentiation between many 

such organisms.  Spreading was done in three passes to isolate organisms present in the 

RV broth, as shown in Figure 2.3.  In each successive pass, the relative densities of 

organisms decreased, and colonies became sparse after Pass 1.  Different inoculating 

loops were used for each pass to allow time for sterilization and cooling while spreading 

in a timely fashion.  After plating, the petri dishes were incubated at 35 oC for 24 hours. 

 

  
 

 

 

 

 

Figure 2.3.  Steps for bacterial isolation plating on Hektoen Enteric Agar.  Arrows 
indicate the direction the inoculation loop travel for each pass.  
 
Day Four: 

 Hektoen Enteric Agar plates were inspected for possible Salmonella spp. colonies.  

On Hektoen, Salmonella colonies appear black without a halo, or with a thin colorless 

halo.  Plates without suspected Salmonella spp. colonies were discarded and recorded as 

“negatives” on the MPN datasheets.  Two suspected colonies from each positive Hektoen 

plate were inoculated onto Tryptic Soy Agar (TSA) media, a nutrient media suitable for 

Pass 1 Pass 3 Pass 2 
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growth of most common bacteria.  The inoculating loop was touched to the surface of a 

well-isolated colony.  The loop was then used to spread the colony onto the TSA through 

three-step isolation, as described for isolation on Hektoen Enteric Agar.  The one 

deviation is that two colonies from each Hektoen plate were spread onto the TSA, as 

shown in Figure 2.4.  These plates were then incubated at 35 oC for 24 hours. 

 

 

 

 

 

 

 

 

 

Figure 2.4.  Steps for Salmonella spp. isolation plating on Tryptic Soy Agar.  One colony 
was spread on side A, and a second colony on side B.  Arrows indicate the direction the 
inoculation loop travels for each pass.  C indicates where a line was drawn on the outside 
of the petri dish prior to inoculation. 
 

Day Five: 

 Suspected Salmonella spp. colonies were transferred from TSA plates to slants of 

triple sugar iron (TSI) and lysine iron agar (LIA) prepared in test tubes.  A colony from 

each half of the TSA plate was transferred to TSI and LIA, respectively, as follows:  (1) 

an inoculating needle was pressed to the center of a well-isolated colony on the TSA 

plate and retracted.  (2) The needle was inserted to the base of the slant and retracted.  (3) 

The needle was pulled back until on the surface of the slant.  (4) The needle was streaked 

on the surface of the slant during removal.  Screw caps were placed loosely on slant tubes 

1 

3 

4 

5 
6 

2 
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to ensure aerobic conditions. The slants were then incubated at 35 oC for at least 18, but 

less than 24 hours.  TSA plates were returned to the incubation room, in preparation for 

latex confirmation tests as needed (described below). 

Day Six:   

 Inoculated slants of LIA were inspected for alkaline (purple) production in the 

base of the slant and hydrogen sulfide production (blackening).  TSI slants were 

inspected for alkaline (red) slants and acid (yellow) bases, with or without hydrogen 

sulfide production.  If these conditions were observed, the corresponding sample was 

confirmed positive for Salmonella spp.  If they were not met, a latex Salmonella test kit 

was used to confirm the negative result.   

The latex test kit is used to detect the presence of Salmonella spp. by monitoring 

for a reaction of the suspected bacteria with latex particles seeded with Salmonella 

antibodies from rabbits (rabbit IgG).  Control latex is also provided, which is composed 

of latex particle seeded with normal rabbit serum. 

One drop each of the reacting and control reagents, respectively, was placed on 

the testing card.  An inoculating loop was used to transfer the center of a well-isolated 

colony on the TSA plate to one of the drops on the test card.  The colony was integrated 

with the first test drop by rotating the inoculating loop around the test circle, until the test 

circle was entirely covered with latex (10-15 seconds).  Next, a second colony was taken 

from the TSA plate and integrated with the control latex.  The card was then rocked in a 

circular motion for one to two minutes.  After rocking, the test reagent was inspected for 

agglutination.  A sample was confirmed positive for Salmonella spp. if agglutination 
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occurred with the test latex and did not occur on the control latex sample.  A sample was 

negative if agglutination did not occur with either latex.  If a sample had agglutinated the 

control latex, it would have been re-tested, but this situation was not encountered during 

the course of the study. 

 

2.8.  ANALYSIS OF OBSERVED ENVIRONMENTAL CONDITIONS 

 In order to generalize biosolids treatment effectiveness at the study site, historic 

weather data were collected from a weather station located in Parker, Arizona, and owned 

by the University of Arizona La Paz County Cooperative Extension.  Data collected from 

this and other areas in the state are available to the public through the Arizona 

Meteorological Network (AZMET).  Data from June 1987 to June 2005 were analyzed 

using Microsoft Excel (data from January 1987 to present are available).  A preliminary 

analysis showed that correlation of key environmental parameters was very high between 

the La Paz County Landfill and the Parker AZMET weather station.  An example 

correlation for relative humidity is shown in Figure 2.5. 
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Figure 2.5:   Relative Humidity correlation, La Paz County Landfill experiment weather 
station versus Parker, Arizona Arizona Meteorological Network weather station, 
December 21, 2004 through March 6, 2005. 
 

Arithmetic means for average daily temperature, average daily relative humidity, 

and average daily wind speed were determined as follows: 

 
n

xxx
x n+++

=
...21  (2.7) 

Where x  is the arithmetic mean, x1 through xn are observed values, and n is the number 

of observations.  Total precipitation during the dates of each drying experiment was also 

calculated. 

 These historical values were used to determine Gumbel plotting position values 

for each environmental parameter.  Probability of Exceedance (POE) was determined as 

follows: 

R2 = 0.8864
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1+

=
n

mPOE  (2.8) 

Where m is the rank (1 is the best observed), and n is the number of observations.  For 

this analysis, probability of exceedance was defined as the probability of observing 

conditions “more favorable” for pathogen reduction.  For a given environmental 

parameter, the most ideal observed value was given a rank of one; the next was assigned 

at two, and so on.  Because the processes that determine pathogen inactivation at this site 

had not been well-documented, “more favorable” was defined after data from the summer 

experiment were analyzed. 

 

2.9.  PATHOGEN REGROWTH ANALYSIS 

Upon conclusion of the summer drying experiment (June 28, 2004), 15 kg of 

Class A biosolids from the West6 (intensively-tilled) experimental drying bed (89.46 

%TS) were transported to the Green Valley Wastewater Treatment Facility, located in 

Green Valley, Arizona.  On July 5, 2004, these biosolids were spread onto a 1 m by 3 m 

sand bed with drainage, at a 3% slope.  Biosolids depth averaged 2 cm.  As during the La 

Paz County Landfill experiment, a datalogger stored environmental data.  Thermocouples 

were attached to a plastic ruler and inserted into the base of the biosolids.  A moisture 

probe was placed between the sand and biosolids.  As in the previous phase of the 

experiment in La Paz County, hourly averages were calculated, and the data was 

downloaded daily. 
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2.10. REGROWTH SAMPLING PROCEDURE 

Composite samples were collected 1, 3, 10, and 14 days after the first rainfall 

event (5, 7, 14, and 18 days after placement on sand bed; refer to Table 2.2).  Four grab 

samples (one from each quadrant of the bed) were collected using a hand trowel.  The 

samples were placed inside a plastic bag and thoroughly mixed to create a composite 

sample.  The plastic bag was placed on ice inside an insulated cooler.  The specimens 

were driven to the University of Arizona and analyzed as described for the La Paz 

County drying experiment. 

Table 2.2.  Schedule of biosolids bacterial re-growth analysis on sand drying bed, July 
2004, Green Valley Wastewater Treatment Facility, Green Valley, Arizona. 

Exposure 
Day

Date Sampling 
Day*

0 5 July, 2004 N/A
5 10 July, 2004 1
7 12 July, 2004 3

14 19 July, 2004 10  

* - Days elapsed since first rainfall event 
 

2.11. BACTERIAL PATHOGENS IN SOIL FOLLOWING BIOSOLIDS LAND APPLICATION 

Following the summer 2004 drying experiment, Class A biosolids from the West6 

(intensively-tilled) drying bed were transported to the Green Valley Wastewater 

Treatment Facility for soil integration.  Two containers, 3m x 0.5m x 0.5m, were filled 

with dry, non-sterile soil to a depth of 30 cm.  De-ionized water was added to the soil on 

July 3, 2004, until the gravimetric water content was approximately 10%.  On July 5, 

biosolids were applied to one bed at a rate of 50 dry tons per hectare.  Biosolids were 
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integrated by turning into soil with a shovel, then using a hand-rotated soil aerator.  The 

second bed was a control; no biosolids were applied, but the soil was moistened and 

aerated.  

 

2.12. SOIL PATHOGEN SAMPLING PROCEDURE 

 Samples were collected on days 0, 1, 3, 5, 7, and 14, and assayed for fecal 

coliforms and Salmonella spp.  Each composite sample consisted of three samples 

collected with a soil auger, one from each third of the soil bed.  A soil auger was 

sterilized by submersion in 10% chlorine bleach.  The auger was then doused with 

sodium thiosulfate to neutralize the bleach.  After drying with a paper towel, the soil 

auger was bored into the soil bed to a depth of 15 cm, then retracted.  The sampler’s 

finger was used to dislodge soil at the bottom of the column.  A subset of the remaining 

soil column (approximately 100 mL) was transferred to a sampling bag by placing the 

bottom of the auger in a sample bag and tapping the auger.  The procedure was repeated 

for the next two sampling locations.  The three samples were mixed by shaking and 

kneading the bag.  Sample bags were placed on ice inside an insulated cooler and driven 

to the University of Arizona for analysis.  The samples were analyzed for fecal coliforms 

and Salmonella spp., as were the biosolids in the other phases of the experiment.         
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3. RESULTS 

 

Summarized in this section are observations from the summer 2004 and winter 

2004-2005 drying experiments (La Paz County, Arizona), pathogen regrowth analysis 

(summer 2004, Green Valley, Arizona), and pathogen monitoring following biosolids 

land integration (summer 2004, Green Valley, Arizona).   

The key observation for each of these experiments is microbial quality, 

specifically in regard to the presence of pathogen indicators.  The most critical levels for 

treatment at the La Paz County Landfill are, of course, Class A levels based on fecal 

coliforms (less than 1,000 MPN g-1) and Salmonella spp. (less than 3 MPN 4g-1).  

Conditions within the biosolids drying beds and at the site are also presented as a 

precursor to discussion of the parameters governing decline in detected pathogen 

indicator organisms.  Included in this section are detailed temperature observations and 

moisture content measurements.  

Class A ceiling values are also critical for the discussion of bacterial pathogen 

regrowth potential following the addition of water.  Therefore, the results for this section 

also focus on bacterial quality in relation to rainfall volume and biosolids moisture 

content.   

 Likewise, pathogen indicator levels are discussed in the results section of the 

biosolids soil integration study.  The scope of this study was to make preliminary 

observations to guide future studies of pathogen levels in cultivated soils.  This section 

may be relevant for future analysis of bacterial pathogen fate and transport following 
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integration of biosolids for the previously discussed increase in nutrient availability, soil 

water holding capacity, and/or cation exchange capacity.  

 

3.1. ENVIRONMENTAL DATA SUMMARY 

 Environmental conditions observed during the first 21 days of each experiment 

are summarized in Table 3.1.  No rainfall events occurred during the summer experiment.  

Six rainfall events occurred in the first 21 days of the winter experiment, for a total depth 

of 31.2 mm.  The average maximum temperature was approximately 24 oC higher during 

the first 20 days of the summer experiment than during the first 20 days the following 

winter.  The difference in average minimum temperature was relatively lower (~17 oC 

cooler during the winter experiment).  The average maximum solar radiation was more 

than twice as high during this portion of the summer experiment than during the 

following winter. 

Table 3.1:  Summary of environmental variables, La Paz County biosolids solar drying 
experiment, experimental days 0-21, Summer 2004, Winter 2004-2005, La Paz County 
Landfill, Arizona. 
 Average Maximum 

Air Temperature, 
oC 

Average 
Minimum Air 

Temperature, oC 

Average 
Relative 

Humidity, % 

Average Maximum 
Daily Solar 

Radiation, W/m2 

Average 
Wind Speed, 

m/s 

Total 
Rainfall, 

mm 

Summer 38.4 23.2 12.6 992.7 3.2 0 
Winter 14.9 6.3 62.9 457.5 2.2 31.2 

 

 As detailed previously, the winter experiment was extended for over two months 

following the analogous 21-day study due to the relatively low inactivation rates 

anticipated during the cooler season as compared to the previous summer.  For the 89-day 

duration of the winter experiment, the average daily maximum temperature was 18.7 oC 
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and the average daily minimum was 8.2 oC.  The average relative humidity was 64.0%.  

Measurable rain occurred on 21 days (total 119.90 mm) before the conclusion of the 

experiment on Day 89.  The average wind speed was 1.7 m/s.  The average maximum 

daily solar radiation for the experiment was 604.7 W/m2.    

 

3.2.  CONDITIONS IN BIOSOLIDS DRYING BEDS 

Because of rainfall absence, no moisture was added to the drying beds by 

precipitation during the summer drying experiment.  Initial biosolids moisture content 

was assumed to be the same for the three beds upon placement onto plots; i.e. %TS was 

30.07 for all treatments on Day 0.  On Day 21, %TS had increased to 41.60, 89.52, and 

89.46 in the control, East2, and West6 Beds, respectively (refer to Figure 3.1).  Intensive 

tilling (West6, 6 times per week) drastically enhanced the drying process during the first 

two weeks.  Moderate tilling (East2, 2 times per week) slightly improved drying rates 

during the first week as compared to the control.  After biosolids reached 40 %TS in the 

East2 bed, desiccation rates increased dramatically compared to the control (Days 10-21).  

It is also notable that the biosolids %TS was actually higher as a result of the East2 than 

the West6 treatment.  It appears that desiccation rates were slowing in the West6 bed as 

the %TS approached 90. Daily average volumetric water content for the summer 

experiment is shown in Figure 3.2.  This figure shows the same general trend in biosolids 

moisture content as the %TS measured in the laboratory.  However, it should be noted 

that differences between the East2 and West6 drying beds biosolids moisture content are 

not observable in this plot.  Also, the water content reflectometry probe calibration 
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showed inadequacy.  Although biosolids on Day 0 can be assumed to have uniform water 

content, the probe showed a higher content in the East 2 bed.  The probes in the West6 

and Control beds show this correlation.  As discussed further in the conclusions, perhaps 

these probes are only effective in looking at qualitative trends when used in media with 

time-variant physical and chemical properties.  Therefore, the %TS analyzed in the 

laboratory should be considered more accurate than volumetric water content readings. 

 
 

Figure 3.1. Percent total solids (%TS) versus time, La Paz County Landfill biosolids 
summer 2004 drying experiment, La Paz County Landfill, Arizona. 
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Figure 3.2. Volumetric water content (VWC) readings, Summer 2004 La Paz County 
Landfill biosolids drying experiment, La Paz County Landfill, Arizona. 
 

Due to consistent rainfall during the winter 2004-2005 experiment, the %TS in 

the drying beds did not increase consistently during the 89-day study (refer to Figure 3.3).  

The drying rate was further limited by the much lower ambient and biosolids 

temperatures, lower wind speeds, and much higher relative humidity compared to 

observed environmental conditions for the summer experiment (Table 3.1).  VWC for the 

winter experiment is displayed in Figure 3.4.  A general decrease in water content was 

observed in the West5 drying bed in the first 50 days.  However, after Day 50, the large 

influx of rainfall and the inability to till the beds resulted in elevated water content for the 

next two weeks.  Note that again, calibration error for the water content reflectometry 

sensor for the East2 drying bed shows a relatively higher VWC in the East2 bed at initial 

biosolids placement.  
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Figure 3.3. Percent total solids (%TS), rainfall, versus time, La Paz County Landfill 

biosolids winter 2004-2005 drying experiment, La Paz County Landfill, Arizona. 
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Figure 3.4. Volumetric Water Content (VWC) reflectometer readings, winter 2004-2005 
La Paz County Landfill biosolids drying experiment. 
 

Temperature readings varied greatly between drying treatments during the 

summer experiment.  In general, average daily temperatures in each of the experimental 

drying beds were initially elevated above air temperature, and then declined until 

approaching air temperature averages.  During the later stages of the experiment, 

temperatures within the control and East2 beds mimicked air temperature whereas the 

West6 bed temperatures remained higher than air temperature.  In addition to this higher 

temperature at the end of the experiment, tilling appeared to extend the time and amount 

of initial temperature increase (refer to Figure 3.5a).   

During the summer experiment, drying bed average daily temperatures trended 

toward approaching the average daily ambient temperature.  This condition was observed 

in the Control bed after Day 4 and in the East2 bed after Day 11.  However, this was not 
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achieved in the West6 bed during the 21-day period.  The maximum hourly average 

temperatures in the control, East2, and West6 beds were 45.74 oC, 63.43 oC, and 66.74 

oC, respectively (refer to Figure 3.5c).  These maximums occurred on Days 1, 4, and 3, 

respectively.  The average daily temperature data is displayed in Figure 3.5a. 

During the winter experiment, the initial biosolids temperature was approximately 

25-30 oC, and the temperature decreased to approximately 22 oC within 24 hours for all 

treatments.  Following the initial tilling day, the East2 and West5 drying bed 

temperatures were 2-5 oC warmer than the Control.  However, the maximum bed 

temperatures were initial temperatures (upon placement in the beds).  In the Control bed, 

the temperature was elevated above ambient temperatures for the first 3 days.  Following 

that, the maximum daily bed temperatures were very close to ambient maximums.  Daily 

minimum temperatures within the Control bed were 3-5 oC above air temperature.  The 

overall average temperatures observed in the Control, East2, and West5 beds were 14.38 

oC, 16.92 oC, and 17.38 oC, respectively.   
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Figure 3.5 (a) Daily average temperatures in biosolids drying beds, Summer 2004 
biosolids drying experiment, La Paz County Landfill, Arizona, (b) Daily average 
temperatures in biosolids drying beds, Winter 2004-2005 biosolids solar drying 
experiment, (c) Hourly average temperatures in biosolids drying beds for the Summer 
2004 biosolids solar drying experiment, (d) Hourly average temperatures in biosolids 
drying beds, Winter 2004-2005 drying experiment, Days 0-21. 
 
 

(c) 
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 The biosolids drying bed temperature suggest that a large amount of heat 

generation by microorganisms occurred in the drying beds, especially during the early 

stages of each experiment.  Tilling increased the initial temperature during the summer 

experiment, and extended the duration of elevated temperature in the East2 and West6 

drying beds during that experiment.  During the winter experiment, heat generation by 

microorganisms was outweighed by heat loss due to convection.  However, biosolids 

temperatures in the two tilled beds were still higher over the duration of the experiment 

than temperatures in the Control bed. 

 

3.3.  PATHOGEN INDICATOR INACTIVATION 

As previously described, pathogen indicator populations were quantified using the 

most probable number (MPN) method.  Recall that the ceiling limits for Class A status 

are less than 3 MPN Salmonella spp. per four grams, or less than 1,000 MPN fecal 

coliforms per gram.  As shown in Figure 3.6 and Table 3.2, the control bed achieved 

Class A levels by Day 15 (0.1 MPN/g) based on fecal coliform criteria, and by Day 7 (0.4 

MPN/4g) based on Salmonella spp. criteria.  The moderately-tilled bed achieved Class A 

standards by Day 5, (94.9 MPN/g) based on fecal coliform criteria and by Day 3 (1.1 

MPN/4g), based on Salmonella spp. criteria. Biosolids in the intensively-tilled bed 

achieved Class A standards by Day 7 (1.0 MPN/g) based on fecal coliform criteria and by 

Day 5 (0.3 MPN/4g), based on criteria for Salmonella spp. Tilling of biosolids in open 

solar drying beds increases the inactivation rate of fecal coliforms and thereby reduces 

the exposure time necessary for significant pathogen reduction.  Also notable is that a 
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peak in Salmonella spp. counts was observed in the control bed on Day 3, which was not 

detected in the moderately or intensively-tilled beds.  Spatial variation in bacterial 

activity within the drying beds cannot be ruled out as the cause of this higher MPN.  In 

summary, biosolids met Class A classifications within two weeks of solar drying for all 

three drying treatments.  For tilled beds, a week of exposure was sufficient to reach Class 

A criteria.  This is much lower than the 90-day period suggested for most biosolids solar-

drying facilities. 

Although Class A standards were achieved for all treatments, the %TS for each 

treatment at the time of Class A designation varied. Based on the fecal coliform criteria, 

the control and moderately-tilled beds achieved Class A standards at 39.6 %TS and 42.1 

%TS respectively, whereas %TS had increased to 56.4 in the intensively-tilled bed. 

Similarly, Class A designation by Salmonella spp. criteria was reached at varying levels 

of %TS. This data reflects the rapid inactivation observed for these organisms during the 

first five days.  This decline could be the result of the initial rise in temperature above 40 

oC in all drying beds.  

 Reduction of biosolids pathogen indicators during the winter required much 

greater exposure time compared to the summer experiment.  Whereas biosolids from all 

three summer treatment methods resulted in biosolids meeting Class A standards for 

Salmonella spp. (less than 3 MPN/4g) and fecal coliforms (less than 1,000 MPN/g) by 

day 15, none of the winter treatments had fecal coliform levels below this ceiling limit 

before the termination of the study.  However, the Class A criteria for Salmonella spp. 

was achieved in by all treatments by Day 85 (Table 3.2).   
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 Although the MPN of Salmonella spp. was below 3 MPN/4 g on Day 15 in the 

West5 bed, successive assays demonstrated that this reduction was only temporary.  The 

control and moderately-tilled beds achieved lasting Class A status on Day 41 (Salmonella 

spp. criteria).  The intensively-tilled bed remained below 3 MPN/4 g Salmonella spp. 

after Day 85.  As shown in Table 3.2, a follow-up sample was taken 28 days after the end 

of the trial to confirm lasting Salmonella spp. inactivation.   Fecal coliform levels did not 

decrease below Class A maximums before Day 89. Based on data collected, biosolids 

tilling did not appear to enhance pathogen inactivation in winter.  
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Figure 3.6.  Fecal coliform levels versus time, La Paz County Landfill biosolids drying 
experiment, La Paz County Landfill, Arizona. 
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Table 3.2.  Salmonella spp. assay results for the La Paz County biosolids drying 
experiment (underlined values indicate values for Class A levels), La Paz County 
Landfill, Arizona.  
 

Summer:  MPN/4g* Winter:  MPN/4g* Day 
Control East2 West6 Control East2 West5 

0 38.58 38.58 38.58 1.40 1.40 1.40 
1 1.44 4.36 4.92 1.95 0.49 0.49 
3 327.64 1.08 4.76 32.10 10.10 67.35 
5 6.00 <0.37 0.28    
7 <0.36 <0.32 <0.21 >357.54 >374.20 >331.50 
10 <0.34 2.76 0.22    
11    >333.33 5.46 24.43 
15 <0.30 <0.20 <0.14 4.80 >289.16 2.38 
19    >386.40 39.02 29.75 
21 <0.29 <0.13 <0.13    
26    33.93 20.30 >241.02 
33    44.75 3.18 >175.44 
41    2.32 1.16 >192.00 
47    <0.45 <0.35 15.73 
54     1.00 1.15 7.52 
61    <0.47 1.29 1.53 
68    <0.47 0.92 >227.92 
76    <0.47 1.39 >174.55 
85    <0.47 <0.28 0.53 
89    <0.47 <0.29 0.29 

117       <0.30 <0.28 <0.21 
       *- values with “<” or “>” were below or above limits of detection, respectively  

  

 Overall, it appears that temperature, rather than the rate of desiccation, is the 

governing factor in fecal coliform reduction in this experimental location.  This 

conclusion was reached based on the following evidence:  the winter intensively-tilled 

bed followed a similar drying pattern to the summer control bed (34.0 % after 19 days in 

the intensively-tilled bed and 41.6 % after 21 days in the control summer bed), yet fecal 

coliform levels were below the limits of detection (3MPN/wet gram) for the control 

summer bed after 21 days; in the intensively-tilled winter bed, the fecal coliform level 

was 1.73x106 MPN/g. The primary difference in environmental conditions was the drying 
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bed temperature (which averaged approximately 45 oC in summer, and approximately 15 

oC during the winter). These results suggest that elevated temperature was the key factor 

for pathogen inactivation during the summer experiment. 

 Large variability of counts for Salmonella spp. throughout both experiments may 

be a cause for concern.  Note that assays of biosolids in the West6 (summer 2004) drying 

bed on days one, three, and five provided MPN of this indicator of 1.44 MPN/4g, 327.64 

MPN/4g, and 6.00 MPN/4g respectively.  Similar variation was observed in the West5 

winter drying bed on days 61 to 85.  These observations suggest that great spatial 

variation in bacterial populations in the drying beds may exist, or large temporal 

fluctuation in Salmonella occurs.  Although the sampling technique of collecting one 

grab sample per quadrant is designed to account for variation, microclimate variation in 

the beds may allow for isolated concentration of pathogens and/or pathogen indicators.  It 

is also possible that avian contamination caused spatial variation by providing an outside 

source of Salmonella bacteria. 

 

3.4.  DISCUSSION OF OBSERVED ENVIRONMENTAL CONDITIONS 

 Data from the historic weather analysis are presented in Tables 3.4 and 3.5.  As 

discussed previously, it appeared that maximum temperatures in the biosolids drying beds 

during the summer were the primary mechanism for pathogen indicator inactivation in 

tilled biosolids beds.  Because temperatures remained elevated even as %TS in the West6 

bed was greater than 50, moisture was not considered a limiting parameter. Therefore, 
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more favorable conditions were defined as those encouraging higher biosolids 

temperatures and increased desiccation rates.   

 Several mechanisms contribute to the energy balance between biosolids drying 

beds and ambient temperatures.  For this analysis, the relationships considered were 

ambient temperature, relative humidity, and wind speed.  Because the desired 

temperature inside the drying beds for pathogen indicator inactivation (greater than 55 

oC) during the experiment was always higher than ambient temperature, heat was lost 

from the beds due to convection.  For a one-dimensional model, heat loss by convection 

is described by the following equation: 

  )(" ch TThq −=  (3.1) 

Where q” is the heat loss, h is an empirical coefficient describing the properties of the 

materials and the wind speed, Th is the temperature in the warmer material, and Tc is the 

temperature in the colder material.  Therefore, Th in the case of the biosolids drying beds 

would be the biosolids temperature, and Tc is the ambient temperature (Datta, 2002).  As 

demonstrated by this equation, a higher ambient temperature will result in lower heat loss 

through convection.  Also, because higher wind velocities have a higher corresponding 

coefficient, h, higher wind speeds would result more heat loss from biosolids drying beds 

(again, assuming that biosolids bed temperatures are higher than ambient conditions). 

 Evaporative water loss was also considered for this analysis.  The flux of water 

from a wet surface is described in the following equation (Datta, 2002): 

  )( ∞−= CChq Satmwater  (3.2) 
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where hm is a mass loss coefficient, CSat is the saturated water vapor concentration at the 

surface temperature, and C• is the ambient concentration of water vapor.  Relative 

humidity is a common method of evaluating the concentration of water vapor in the 

atmosphere, as given by the following equation: 

  %100(%) ×= ∞

SatC
CRH  (3.3) 

where RH is relative humidity.  Therefore, a higher ambient relative humidity would 

result in less evaporative water loss from the biosolids surface.  The evaporative heat loss 

is then summarized by: 

(3.4) 

 Where q”evap is the heat loss due to evaporation, and vapH∆  is specific enthalpy of 

vaporization. Higher wind velocity is taken into account in the evaporative loss set of 

equations through the value of hm (i.e., a higher wind velocity results in a higher value of 

hm).  Therefore, for this analysis, higher wind velocities were considered less ideal for 

biosolids solar drying bed treatment based on heat loss.   

 Another consideration for biosolids internal temperature was solar radiation.  

Because solar radiation is a measure of energy influx, higher solar radiation input means 

an increase in biosolids temperature.  

 Finally, higher precipitation was considered detrimental to biosolids solar drying 

activities.  Although water is necessary for heat gain in the form of microbial metabolism, 

as previously mentioned, moisture was not considered a limiting parameter due to 

observations from the West6 summer drying bed.  Also, excess rainfall often caused 

vapwaterevap Hqq ∆×="
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saturation of biosolids during the winter experiment.  Not only could this cause oxygen-

limiting conditions within biosolids drying beds, but it makes management of biosolids 

beds much more difficult.  Tilling of biosolids beds had to be cancelled on several 

occasions during the winter drying experiment because of concern that the heavy 

equipment would be immobilized in the biosolids-soil mixture at the site (refer to Table 

2.1). 

 In summary, conditions considered more favorable for biosolids solar treatment 

activities for the purposes of this analysis were (1) higher ambient temperature, (2) lower 

relative humidity, (3) higher solar radiation, (4) lower precipitation, and (5) lower wind 

speed.   

Table 3.3.  Historic environmental conditions, June 7-28, Parker, Arizona AZMET 
weather station, 1987-2005. 
 

Year
Mean Temperature 

(C)
Mean RH 

(%)

Cumulative Solar 
Radiation 
(Langleys)

Precipitation 
(mm)

Wind Speed 
(m/s)

1987 30.29 28.2 627.4 0 3.33
1988 29.24 32.2 600.3 0 2.87
1989 30.49 30.6 611.6 0 3.54
1990 30.59 32.2 652.0 2 2.93
1991 28.40 26.1 640.6 0 3.42
1992 28.66 27.9 652.9 0 3.16
1993 30.30 27.5 680.9 0 2.69
1994 31.95 34.3 668.0 0 3.28
1995 28.33 27.2 688.2 0 3.81
1996 29.45 32.3 693.5 0 3.07
1997 28.73 29.6 704.7 0 3.65
1998 26.90 36.2 716.2 0 3.20
1999 30.09 29.4 704.3 0 2.99
2000 31.44 34.0 640.1 0 3.70
2001 30.09 36.2 622.3 0 2.80
2002 30.30 28.5 665.0 0 3.05
2003 28.05 35.5 671.3 0 2.83
2004 28.20 35.8 662.6 0 2.63
2005 29.06 34.1 653.6 0 2.89  
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Table 3.4.  Historic environmental conditions, December 21-March 19, Parker, Arizona 
AZMET weather station, 1987-2005.  
 

Year
Mean Temperature 

(C)
Mean RH 

(%)

Cumulative Solar 
Radiation 
(Langleys)

Precipitation 
(mm)

Wind Speed 
(m/s)

1987-1988 11.64 49.6 1225.5 42 1.18
1988-1989 12.83 43.3 1267.5 36 1.37
1989-1990 12.02 46.4 1223.4 9 1.21
1990-1991 12.13 51.7 1305.3 36 1.22
1991-1992 13.16 62.3 1225.8 95 1.21
1992-1993 12.77 71.3 1188.7 153 1.18
1993-1994 12.50 48.7 1297.2 16 1.21
1994-1995 14.59 72.5 1167.6 117 0.98
1995-1996 13.60 44.7 1253.0 9 1.36
1996-1997 13.16 53.2 1380.6 26 1.21
1997-1998 11.87 63.6 1292.2 90 1.12
1998-1999 12.47 45.6 1378.9 7 1.13
1999-2000 12.82 53.5 1345.6 9 0.93
2000-2001 11.05 61.3 1281.9 74 0.91
2001-2002 11.63 39.5 1369.5 2 1.06
2002-2003 12.80 58.3 1231.9 65 0.90
2003-2004 12.46 50.9 1293.3 24 0.90
2004-2005 12.88 68.6 1168.4 121 0.85  

 

 As shown in Table 3.5, temperatures and relative humidity more favorable than 

those observed during the summer experiment can be expected on a regular basis.  Solar 

radiation observed was the median for available historical data.  The probability of lower 

precipitation was zero because none was observed.  This is typical for the location (refer 

to Table 3.3).  Wind speed, however, was the lowest on record for the Parker AZMET 

station.   

 Overall, winter conditions appeared effective in providing a “worst-case” scenario 

regarding precipitation (and therefore ease of applying tilling treatments), relative 

humidity, and solar radiation.  On the other hand, the temperatures observed during the 
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winter experiment were favorable for pathogen reduction compared with historic 

conditions. 

 

Table 3.5.  Return periods for environmental parameters relevant to inactivation of 
indicator microorganisms (probability of experiencing “better” conditions during 
experimental periods), La Paz County Landfill biosolids solar drying experiment, La Paz 
County Landfill, Arizona. 

Summer 2004 Winter 2004-2005
Temperature 85.0% 26.3%
Relative Humidity 85.0% 84.2%
Solar Radiation 50.0% 89.5%
Precipitation 0.0% 89.5%
Wind Speed 5.0% 5.3%  

  

 Note that increased wind speed should be considered beneficial in regard to 

desiccation rates.  In situations where maximum temperatures are unlikely to be the 

mechanism for pathogen die-off, higher wind speed should be considered better for 

biosolids solar drying practices.  As previously described in the literature, high %TS by 

itself will result in permanent inactivation of pathogens.  Therefore, for the winter 

experiment, it may be useful to consider the probability of experiencing better wind 

conditions (i.e., 94.7 %).  This perspective would add to the concept that the winter 2004-

2005 biosolids solar drying experiment was effective in studying very poor conditions in 

regard to both seasonal and historic variation. 

  

3.5.  PATHOGEN RE-GROWTH ANALYSIS  

Results from the second phase of the experiment are shown in Table 3.6.  Rainfall 

events occurred on 5 different days following placement of biosolids on the sand bed (4, 

5, 6, 9, and 10 days after relocation of biosolids to the bed).   
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Table 3.6.  Results from Class A biosolids re-wetting analysis, July 5, 2004-July 19, 
2005, Green Valley Wastewater Treatment Facility, Green Valley, Arizona. 
 

Exposure 
Day %TS

Fecal 
Coliform 
(MPN/g)*

Salmonella 
(MPN/4g)*

1 82.59 <0.036 <0.145
3 91.99 <0.033 <0.130
10 93.14 0.967 1.870
14 95.01 0.095 0.397  

*- “<” indicates the lower limit of detection.  

%TS varied between 82.1 and 95.1.  Bacteria were detected 10 and 14 days after the first 

rainfall event.  Salmonella spp. returned to nearly 2 MPN/4 g, and fecal coliforms were as 

high as 0.967 MPN/g.  However, these counts did not exceed Class A limitations.   Also, 

the regrowth cannot be confirmed as the reason for the appearance of fecal bacteria.  

After an extended duration at undetected levels, it is unlikely that the bacteria remained 

viable.   

This data does not confirm nor deny the potential for pathogen regrowth 

following extensive treatment in solar drying beds.  Although minimal levels of 

pathogens were detected, contamination of the experiment by avian species at the site 

cannot be ruled out as a potential source.  Bird feces contain high levels of both fecal 

coliforms and Salmonella spp. 

 

3.6.  BIOSOLIDS LAND APPLICATION STUDY 

 Observations from land application assays are shown in Table 3.7.  Gravimetric 

water content in the soil beds varied between 3.7% and 5.8% in the control bed, and 

between 2.8% and 8.3% in the biosolids-integrated bed.  Rainfall events occurred on 4 
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days during the experiment (17.5 mm on DOY 190, 12.7 mm on DOY 191, 3.8 mm on 

DOY 192, and 27.2 mm on DOY 195).  No pathogen indicators were detected in the 

biosolids application bed or the control.   

Table 3.7.  Biosolids land application assay results, pathogens in soil following 
application of Class A biosolids, July 2004, Green Valley Wastewater Treatment Facility, 
Green Valley, Arizona. 
 

%TS
Fecal coliform 

(MPN /g)*
Salmonella 
(MPN/4g)* %TS

Fecal 
coliform 

(MPN/g)*
Salmonella 
(MPN/4g)*

187 0 97.23 <0.031 <0.123 95.71 <0.031 <0.125
188 1 95.73 <0.031 <0.125 96.24 <0.031 <0.125
190 3 96.37 <0.031 <0.125 96.29 <0.031 <0.125
192 5 93.76 <0.032 <0.128 94.16 <0.032 <0.127
194 7 93.34 <0.032 <0.129 94.89 <0.032 <0.126
201 14 91.75 <0.033 <0.131 94.85 <0.032 <0.127

DOY
Days Since 
Application

Biosolids-Integrated Control

 
*-“<”indicates the lower limit of detection. 

This data suggests that pathogen levels may be very low following integration of 

Class A biosolids into native soil; therefore, application of these biosolids appeared to be 

safe for human and animal contact.  However, this small-scale experiment does not lead 

to definitive suggestions for management of biosolids re-use practices.  Future 

experiments should quantify the potential for bacterial contamination of runoff and 

leachate from land application sites as well as contamination in the soil.  Also, the 

effectiveness of this study could have been increased had biosolids from all three summer 

and winter drying beds been applied in various environmental conditions.  However, the 

primary scope of this research was to examine effectiveness of solar drying and to 

provide a framework for future studies of pathogen contamination at biosolids land 

application areas. 
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4. DISCUSSION AND CONCLUSIONS 

 In the following section, the conclusions from the biosolids solar drying, pathogen 

regrowth, and land application studies are discussed in detail.  The primary discussion 

deals with the effectiveness of solar drying as a treatment technology.  The effectiveness 

of the experimental design is also analyzed.  Suggestions for future studies are provided.  

Finally, the dependence of the future of biosolids treatment on public perception and 

outreach are summarized.   

 

4.1.  PATHOGEN DISINFECTION IN SOLAR DRYING BEDS 

 It was observed that pathogen numbers can be quickly reduced in biosolids solar 

drying beds based on indicator microorganisms.  These results suggest that solar drying 

beds may be a suitable alternative for developing countries because of the relative ease of 

management.   However, open-air treatment sites must be carefully selected.  The ideal 

location would be arid and warm throughout the year.  It is apparent that seasonal 

variations in treatment effectiveness are an issue, even in these idealized environments.  

Estimates of capacity must be conservative to allow for longer storage of biosolids during 

abnormally wet periods, such as those observed during the winter experiment in La Paz 

County.   

 In order to be conservative, treatment entities can utilize several treatment 

options.  Closed, controlled facilities could be utilized when poor ambient conditions are 

anticipated.  As an example, biosolids from the LACSD are also treated at a composting 

facility in Barstow, California.  Because the infrastructure is in place, the LACSD can 
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shift its allocation of biosolids to this facility when the La Paz County Landfill is near 

capacity, which may occur during times of high biosolids production or abnormally cold 

and wet winters (Bao, 2005).  It is also possible that biosolids could be processed to the 

dryness threshold of 85 %TS with a simple rain cover.  However, future studies should 

analyze the effectiveness of this strategy.  

 

4.2.  TILLING AS A DRYING TECHNOLOGY 

 Tilling greatly enhanced solar drying efficiency during the summer experiment.  

For these intermediate-scale drying beds, the tilling process took less than 10 minutes per 

bed to complete.  Class A qualifications were achieved at least 8 days faster with tilling 

than in the control (based on fecal coliform criteria).  However, tilling does not appear to 

increase pathogen die-off rates during cold, wet periods.  Tilling elevated drying rates.  

However, the tilled beds drying rates were more significantly affected by rainfall events, 

possibly due to pulverization of the relatively impermeable crust observed on the surface 

of untilled biosolids. 

 The width of drying beds relative to the tractor wheelbase and tilling apparatus 

has a direct effect on tilling efficiency. Narrower drying beds during the winter 

experiment resulted in more thorough mixing.  Utilizing drying beds with a width less 

than the wheelbase of the tractor eliminated the need for height adjustments while tilling.  

Because of a more consistent depth relative to the bottom of the tires, tiller operators 

were able to operate equipment closer to the soil without worry that the tractor altitude 
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would rapidly drop (as result of tires rolling over biosolids of inconsistent depth and 

consistency) and thus come in contact with the bare soil below the beds.   

Ground contact can cause mechanical problems with the tilling operation.  Such 

problems were observed during the summer experiment when the bolt connecting the 

drive of the tractor with the tilling mechanism broke (5 times during the summer 

experiment).  As height adjustments were made, compressed and calcareous layers of soil 

below the drying beds suddenly stopped rotation of the tiller, creating sufficient stress to 

break the bolt.  Although no damage was done to either the tractor or tiller, operations 

were delayed for several minutes to replace the broken pin.  In larger-scale drying 

operations, this could result in significant reduction in efficiency.  Furthermore, safety of 

operators could be compromised, as crews must walk through biosolids beds to access the 

necessary panel to replace the bolt.  These workers would often come into contact with 

Class B biosolids.  No bolts were broken during the winter experiment, so narrower beds 

effectively eliminated this problem.  

 Management of drying bed size is another concern.  During the 21-day summer 

experiment, the West6 drying bed width increased approximately 31% (refer to Figure 

2.1a).  During a longer processing period, cross-contamination between adjacent beds 

could be a constant occurrence.  Also, biosolids aggregates may be expelled some 

distance from the drying bed, and thus increase contaminated areas.   To prevent these 

situations, more open space could be used to separate beds.  An intermediate turning 

frequency of tilling (such as that for the summer East2 drying bed (25% width increase)) 

could also reduce spreading, as could fewer tiller revolutions per minute. 
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4.3.  SALMONELLA AND FECAL COLIFORMS AS INDICATOR MICROORGANISMS 

 Fecal coliform levels provided more consistent data than Salmonella spp. during 

both drying experiments.  Although MPN data during the winter experiment suggested 

that biosolids had achieved Class A qualifications based on Salmonella levels on many 

occasions, subsequent samples did not confirm these results.  It is of note that fecal 

coliform levels were often above Class A ceiling levels when Salmonella spp.  were less 

than those required (3 MPN/4g).  The opposite was never true; i.e. Salmonella spp. were 

never greater than 3 MPN per four dry grams when fecal coliforms were below the Class 

A limit (1,000 MPN/dry gram).  These data suggest that fecal coliforms may be the more 

effective indicator for both research and practical application.  Perhaps fecal coliforms 

could be assayed relatively often during the treatment process, and Salmonella spp. 

inactivation could be confirmed once the limits for fecal coliforms were met.  As a 

further benefit from using fecal coliforms as indicators, the MPN method for fecal 

coliform takes only three days, whereas the MPN method for Salmonella takes six days. 

 

4.4.   EXPERIMENT DESIGN    

 Data collection methods were not without error.  Biosolids near sensor locations 

in the tilled beds were disrupted during removal and replacement of sensor stands.  As 

mentioned previously, the stands were modified during the winter experiment to 

minimize this error.  However, oxygen availability may have been slightly different 

immediately adjacent to the wooden dowels as well. 
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 It should be noted that the results for the pathogen re-growth and soil integration 

studies are valid only for biosolids treated in the intensively-tilled beds.  The ability of 

pathogen indicator levels to re-elevate cannot be ruled out for wetted biosolids from the 

intermediately managed bed or the control.  The maximum temperature inside the control 

bed was approximately 45 oC, and %TS at the end of the 21-day summer experiment was 

41.6.  Both of these are below the thresholds presented in the literature.  Therefore, 

although pathogen indicators were undetected after the study, it cannot be ruled out that 

viable pathogens were present. 

 

4.5.  DATA ACQUISITION 

 The data acquisition system was quite effective overall.  The datalogger and 

remote weather station functioned without issue.  Thermocouple readings appeared 

accurate, as confirmed by an alcohol thermometer during the summer drying experiment.  

However, one of the thermocouples began malfunctioning during the course of the 

summer experiment.  It appeared that the copper-constantan solder had weakened, 

perhaps due to regular disruption of the sensor stands during removal for tilling.  

It was observed that WCR sensors were effective only in providing qualitative 

data. The lack of accuracy was exacerbated by calibration error.  The physical and 

chemical properties of semi-solid biosolids (during the study) were much different from 

windrowed Class A biosolids used for calibration.  As with clayey soils, structure is 

drastically altered following removal of interstitial water.  Overall pore space will not 

return to initial levels because of rewetting.  This result was observed in the relatively 
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constant readings for the control drying bed during the summer.  The VWC interpreted 

from the calibration curves actually increased during the experiment, although %TS 

increased from 30 to 40. 

Also, during the treatment process, biosolids rows are turned several times.  

Because these beds are on bare soil, large amounts of sand may be integrated, changing 

the chemical and physical properties of the media.  For these reasons, even if WCR 

probes were calibrated for initial biosolids conditions, the readings would become less 

accurate during the treatment period. 

 

4.6.  SUGGESTIONS FOR FUTURE STUDIES 

Future studies could focus more on the quantification of specific processes 

responsible for pathogen inactivation.  Although the general trends were closely observed 

during the experiment, the field conditions do not allow for quantification of the 

processes involved.  For example, under more controlled conditions, it may be possible to 

quantify the heat generation within drying beds as a function of the treatment methods.  

Additional thermocouples could be placed at several depths below the drying beds in 

order to assess the amount of heat lost through conduction to the underlying soil.  From 

these values, it may be possible to more accurately predict the timing of pathogen 

inactivation based on thresholds presented in the literature.  If a one-dimensional analysis 

was to be completed, drying beds should be made much wider than those studied during 

the winter drying experiment.  Although not analyzed during this experiment, it may be 

assumed that the three-dimensional heat loss by convection on the sides of the drying 
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beds resulted in temperature variation along a cross-section of the beds.  As a quality 

control practice, thermocouples could be placed laterally to those in the center to ensure 

that temperatures were not lower toward the edges of the bed.     

It may also be possible to predict dewatering of biosolids through a more 

controlled study.  Although temperature appeared to be the key factor for indicator 

inactivation during this experiment, dewatering is still very important for the reduction of 

biosolids volume and weight.  Both of these elements are crucial for reduction of 

shipping cost.  As previously mentioned, biosolids are dewatered through evaporation 

and drainage in sand drying beds.  If drainage was collected and measured, it would then 

be possible to estimate the amount of water evaporated.  The convective evaporation 

coefficient could then be estimated based on wind data.  

Future biosolids pathogen re-growth analyses could assay biosolids (for 

Salmonella spp. specifically) on a daily basis to assure that Class A limits were at no 

point exceeded.  Variation in biosolids application depths could result in different re-

growth observations.  More moisture could remain in underlying biosolids if a buffer 

from ultra-violet light and wind was present.   Poorly drained soil below the biosolids 

could also raise re-growth potential.  Outside sources of fecal bacteria should be 

eliminated during future studies.  This could be achieved by studying re-growth in a 

laboratory setting or in covered solar beds. 



 
 
83

 

4.7.  THE FUTURE OF BIOSOLIDS TREATMENT AND REUSE 

 Although this study demonstrated that biosolids can be treated in a cost-effective 

method to those levels considered safe by the United States Environmental Protection 

Agency, the future of biosolids reuse in the United States is uncertain.  Local and national 

interest groups have demonstrated power in influencing biosolids management strategy, 

as has been observed in many areas of California, as well as isolated regions in the 

United States.   

 If biosolids reuse is to continue in the United States, an increased effort must be 

put forth to demonstrate to the general public that biosolids land application is in their 

best interest.  This positive atmosphere will be created as scientists continue to reveal the 

relatively low risk of disease from biosolids.  However, the advancement of research in 

the area will not change public opinion unless this knowledge is propagated through 

public outreach.  Scientists, government agencies, and public officials must make a 

conscious effort to present this conclusive data to the general public.  As credibility 

grows, so will public support to counter the influence of these increasingly well-

organized opposition groups. 

 In addition, management agencies should provide the public with the details of 

economical benefits obtained from all aspects of biosolids treatment and reuse.  For 

example, the public of La Paz County often voices their opposition to the operation of the 

biosolids treatment facility at the La Paz County Landfill in the local newspapers and on 

the Internet.  Although the potential area for biosolids treatment is very large, it is very 
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doubtful that treatment at the site will continue long into the future as currently 

performed; it is almost certain that the treatment operation will not be expanded at the 

site.  However, if public outreach in Arizona is expanded, it is possible that the trend 

could be reversed, and the benefits of revenue for the county and a high quality fertilizer 

product will continue to be available for farmers in the Californian Lower Colorado River 

Basin. 
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