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Land application of biosolids has proven a cost-effective method of waste disposal by beneficially recycling organic matter and
nutrients and improving soil quality; however, it may also pose potential threat to the environment and human health. The purpose
of this paper is to provide information on recent research progresses and regulation efforts regarding land application of biosolids,
including forms and types and nutrient values of biosolids, environmental and health concerns, and related best management
practices (BMPs) of biosolids application, with emphasis on its land application in agriculture. More research and regulations are
expected to minimize potential risks of biosolids land application, especially its long-term impacts.

1. What Are Biosolids?

Fifty years ago, partially treated wastewaters from thousands
of US cities were discharged into the nation’s rivers, lakes, and
bays. These receiving water bodies became heavily polluted
[1]. Since 1950s, federal legislation has been strengthened to
control water pollution. Municipal sewage treatment systems
or publicly owned treatment works (POTWs) were built,
although ocean disposal of residual solids was still permitted.
The Federal Water Pollution Control Act Amendments
of 1972 (PL 92-500, 1972) placed further restrictions on
the discharge of wastewater to waterways and encouraged
other disposal methods such as land applications. Recent
restrictions on ocean disposal (Ocean Dumping Ban Act,
1988) and cost increase of incineration and landfill make
land application an attractive option of disposal.

Wastewater usually undergoes two processes in treat-
ment factories. The primary step is a physical screening
or settling process to remove sediment but with all the
dissolved minerals still in the effluent. The secondary step
is a biological process where dissolved biological matter is
progressively converted into a solid mass using a cultivated
culture of indigenous, water-borne bacteria, thereby large
amount of biological oxygen demand (BOD) is removed
from the wastewater. A tertiary step, which is a chemical
and/or biological process, may also be employed to remove
nutrients especially N and P, which are the main concern
of eutrophication of waters [2]. After the tertiary step, the

effluent may be suitable for discharge into a stream, river,
lagoon, or wetland or used for irrigation of public area
such as golf courses, greenways, or park or injection to
groundwater.

To meet the regulatory requirements (40 CFR Part 503,
described below) for land application, the wastewater treat-
ment residuals (sewage sludge) have to undergo treatments
to reduce pathogens and attractiveness to vectors. Treatments
include aerobic digestion, anaerobic digestion, composting,
alkaline stabilization, and thermal drying. They may be also
used to control odor and inactivate heavy metals. Biosolids
is the term created in 1991 by the Name Change Task Force
at Water Environment Federation (WEF), the water and
wastewater industry’s main trade and lobby organization
in the USA, to distinguish treated sewage sludge from raw
sewage sludge and facilitate land application of processed
sewage sludge that would be more acceptable to the public.
Biosolids are sewage sludges that have undergone treatments
in accord with prevailing federal, state, and local regulations
to permit its land application and are defined by the US
Environmental Protection Agency (EPA) as “the nutrient-
rich organic materials resulting from the treatment of sewage
sludge” [3].

2. Regulations

Regulations that ensure the safe and responsible manage-
ment of sludge have been in effect since 1970s. As a result,
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sludge quality has dramatically improved since then. The
Clean Water Act amendments of 1977 and 1987 and the
Ocean Dumping Ban Act of 1988 (P.L. 100-688) prohibit
ocean dumping of sludge and require controls on sludge
use and disposal. Regulations entitled “The Standards for
the Use or Disposal of Sewage Sludge” were developed and
published by the US EPA on Feb. 19, 1993 as the 40 CFR
(Title 40, Code of Federal Regulations) Part 503 Biosolids
Rule (Part 503 Rule) and became effective on March 22, 1993.
The law has become known as the “503 Rule” [4]. The 503
Rule is based on the results of risk assessments for chemicals
that began in the mid-1970s, was more extensive than any
previous federal rulemaking effort for sludge, and established
biosolids quality requirements for its land application. These
requirements address pathogen and vector attractiveness
reduction, metal loading and concentration limits, and
nutrient limits [4].

2.1. Pathogens and Vector Attractiveness. As pathogens (e.g.,
bacteria, viruses, protozoa, helminths) can cause diseases,
pathogens in biosolids are required by the 503 Rule to be
reduced prior to land application to minimize potential for
diseases. There are two classes of pathogen reduction: Class
A and Class B. Class A pathogen reduction is necessary if
biosolids are to be applied to lawns, home gardens, or other
types of land, or bagged for sale, or land application and
requires pathogen densities be reduced to below detection
limits: less than 3 MPN per 4 grams total solids biosolids
(dry weight basis) for density of Salmonella sp., less than
1 PFU per 4 grams total solids biosolids (dry weight basis)
for enteric viruses, and less than 1 viable helminth ova per
4 gram total solids biosolids (dry weight basis) for viable
helminth ova [5]. There are 6 alternative methods for meet-
ing Class A pathogen reduction requirement: specific time-
temperature regimes, high pH-high temperature process,
other processes, unknown processes, processes to further
reduce pathogens (PFRPs), and a process equivalent to PFRP
[5].

Class B pathogen reduction is necessary for any other
application and requires a fecal coliform density in the
treated sewage sludge (biosolids) of 2 million MPN or CFU
per gram total solids biosolids (dry weight basis) [5]. Viable
helminth ova are not necessarily reduced in Class B biosolids.
There are 3 alternatives for achieving Class B pathogen
reduction: the geometric mean fecal coliform density of 7
treated samples must be less than 2 million CFU or MPN
per gram of biosolids (dry weight basis), use of a process of
PSRPs, and use of processes equivalent to PSRP [5].

Public access is not restricted for biosolids that meet
Class A requirements. Since Class B sewage sludge still
contains considerable pathogens, site restrictions that limit
crop harvesting, animal grazing, and public access for a
certain period of time are required.

As vectors (e.g., rodents, birds, insects) can spread
diseases by harboring and transferring pathogens, reducing
the attractiveness of biosolids to vectors reduces the poten-
tial for transmitting diseases from pathogens in biosolids.
Part 503 regulation contains 12 options for demonstrating

Table 1: Pollutant ceiling concentrations and cumulative loading
amounts for biosolids (adapted from [6]) and mean concentrations
measured in biosolids from the National Sewage Sludge Survey [7].

Trace metal
Ceiling

concentration
limit (ppm)a

Cumulative
pollutant limit

loading (kg ha−1)

Mean
(ppm)

Arsenic (As) 75 42 10

Cadmium (Cd) 85 39 7

Copper (Cu) 4300 1503 741

Lead (Pb) 840 301 134

Mercury (Hg) 57 17 5

Molybdenum (Mo) 75 —b 9

Nickel (Ni) 420 421 43

Selenium (Se) 100 100 5

Zinc (Zn) 7500 2805 1202
a
Dry weight basis.

bThe February 25, 1994 Part 503 Rule amendment deleted the molybdenum
cumulative limit loading for sewage sludge applied to agricultural land but
retained the molybdenum ceiling concentration.

a reduction in vector attraction of sewage sludge: reduction
in volatile solids content, additional digestion of anaer-
obically digested sewage sludge, additional digestion of
aerobically digested sewage sludge, specific oxygen uptake
rate (SOUR) for aerobically digested sewage sludge, aerobic
processes at higher than 40◦C, addition of alkali, moisture
reduction of sewage sludge containing no unstabilized solids,
moisture reduction of sewage sludge containing unstabilized
solids, injection, incorporation of sewage sludge into the
soil, covering sewage sludge, and raising the pH of domestic
septage [5]. Options 1 through 8 and Option 12 are designed
to reduce the attractiveness of sewage sludge to vectors, while
Options 9 through 11 are to prevent the vectors from coming
in contact with the sewage sludge.

2.2. Trace Elements. Trace elements in biosolids are of
particular concern in regard to their effects on human and
animal health. The US EPA [8] analyzed their risks to
humans, animals, plants, and soil organisms from exposure
to pollutants in biosolids via 14 different pathways for
land-applied biosolids. Nine trace elements: arsenic (As),
cadmium (Cd), copper (Cu), lead (Pb), mercury (Hg),
molybdenum (Mo), nickel (Ni), selenium (Se), and zinc
(Zn), were deemed to be of sufficient risk to regulate. Land
application of biosolids must meet the ceiling concentrations
and cumulative loading rates for these 9 trace elements set in
the 503 Rule (Table 1). If the concentration limit of any one
of these elements is exceeded, the biosolids cannot be land-
applied. The application of biosolids will also be required to
cease, if it is estimated that the cumulative loading limit is
being approached.

Biosolids that meet Class A pathogen reduction require-
ments, metals limits (pollutant concentrations), and vector
control requirements are considered to be “Exceptional
Quality” (EQ) biosolids. Exceptional quality biosolids can
be used with few site restrictions except following normal
agronomic practices.
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For biosolids that do not meet EQ standards, certain
management practices are required: for example, do not
apply to flooded or frozen land; apply at agronomic rates
for N; stay 10 meters from waterways; must not harm
endangered species.

2.3. Nutrients. Although maximum nutrient application
rates in federal biosolids regulations are not well defined, the
503 Rule stipulates that agronomic rates cannot be exceeded.
To protect groundwater or surface water quality, nitrogen
is regulated through an agronomic rate approach, requiring
an estimate of crop N need and biosolids N availability [8].
Biosolids P applications are not regulated by the US EPA,
but increasing numbers of states are introducing regulations,
because of concerns about the effects of repeated manure
or biosolids applications on soil P and risk of P loss to
surface water. Maryland’s Water Quality Improvement Act
is the first state law in the Mid-Atlantic region to regulate
land applications of biosolids P in the same manner as
fertilizer and manure P [9]. And Shober and Sims in 2003
[10] recommended a national biosolids P risk assessment be
conducted to develop scientifically based national standards
for P management.

3. Forms and Types

There are a large number of different forms of biosolids
products including liquid, cake, and pellet form. Liquid
biosolids may come directly from the digester without
going through any dewatering/drying process, thus usually
having high water content (94–97%) and a low dry solid
content (3–6%) [11]. Cake biosolids with the texture of
a wet sponge can be created with digested liquid sludge
or undigested liquid sludge alkali-stabilized with quicklime
(calcium oxide) or hydrated lime (calcium hydroxide). Cake
biosolids usually have a solids content of 11–40%. Pellet
biosolids are produced by heating and dying to a solid
content of more than 90%.

From liquid to cake to pellet form, both volume and
weight of biosolids are subsequently reduced, increasing
economic value by reducing transportation or storage costs.
Pellet biosolids can be easily handled and spread with
conventional agricultural equipments.

Since soluble anions and cations are left in the liquid
phase, nutrient composition can be changed in the dewa-
tering processes during the production of cake and pellet
biosolids. For instance, ammonium dominates the inorganic
N in dewatered biosolids. Many nutrients may be dominated
by less bioavailable forms in dewatered biosolids therefore,
the loss of nutrients would be less from a dewatered
biosolids than from a liquid biosolids when applied to soils
[12]. Dewatered biosolids are more persistent but slower in
nutrient release, while liquid biosolids are faster in providing
nutrients for plant uptake.

4. Nutrient Value of Biosolids

Biosolids are a valuable source of nutrients although it
contains lower N (2–8%), P (1.5–3%), and K (0.1–0.6%)

Table 2: Means and variability of nutrient concentrationsa in
biosolids collected and analyzed in Pennsylvania between 1993 and
1997 [12].

Nutrient
Total

Kjeldahl N
(%)

NH4-N
(%)

Organic N
(%)

Total P
(%)

Total K
(%)

Mean 4.74 0.57 4.13 2.27 0.31
Standard
deviation

1.08 0.30 1.03 0.89 0.27
a
Concentrations are on a dried solids basis.

compared to commercial fertilizers, especially high-grade
ones [13, 14]. A survey of nutrient levels in biosolids con-
ducted by Stehouwer et al. [15] using more than 240 samples
collected and analyzed from 12 POTWs in Pennsylvania
between 1993 and 1997 showed average N, P, and K contents
of 4.74%, 2.27%, and 0.31%, respectively (Table 2). These
biosolids were aerobically digested, anaerobically digested, or
alkali-treated.

Around 50–90% of N in biosolids is in organic com-
pounds [16]. Processes such as digestion or composting
result in the loss of organic N because the readily degradable
organic matter undergoes mineralization during digestion or
composting. For instance, a loss of N by 15.6% via ammonia
volatilization was observed in biosolids composting [17].

Phosphorus is largely present as inorganic phosphates
of Fe, Al, and Ca. For example, in the biosolids used
by Shepherd and Withers [18], 72% of total P was HCl-
extractable, 33% was NaHCO3-extractable, 23% was NaOH-
extractable, and 18% was water soluble. Hydrochloric acid-
extractable P was mainly associated with Ca, while NaHCO3-
and NaOH-extractable P were mainly associated with Al and
Fe [19]. The relatively small content of H2O-extractable P
may be due to the Fe, Al, and Ca in biosolids which are
added during the treatment processes as metal salts and lime
[20]. Compared to manures, biosolids have a lower N-to-P
ratio, around 3.1–3.4 [18]. Biosolids have limited amount
of K [21], which is partitioned into the aqueous fraction or
effluent at the wastewater treatment plant.

Biosolids contain several essential micronutrients for
plants (e.g., B, Cl, Cu, Fe, Mn, Mo, and Zn) which are
not provided by most conventional chemical fertilizers [22,
23]. Therefore, biosolids can be applied on micronutrient-
deficient soils (e.g., alkaline soils [24], sandy soil [25]).

Nutrient values of biosolids vary with sources of wastew-
ater and wastewater treatment processes. Processes such as
digestion or composting result in the loss of organic matter
through decomposition, increase concentrations of P and
trace metals, decrease ammonia-N by volatilization, and
decrease K by leaching. Lime-stabilized biosolids contain
lower N, P, and metal concentrations, but higher Ca concen-
tration than digested biosolids, due to the large amount of
lime added to the material.

However, nutrient composition of biosolids is signifi-
cantly altered by stabilization processes. The rate of nutrient
release (or mineralization) is also affected by the processes.
Mineralization of N from aerobically digested biosolids (e.g.,
32.1%) was reported to be significantly higher than that from
anaerobically digested biosolids (e.g., 15.2%) [26, 27].
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Besides, soil type [26], temperature [28], soil moisture
content, aeration, and species and number of soil microor-
ganisms play a role in organic matter mineralization in
biosolids. More N in municipal biosolids was mineralized
in a Dystrochrept soil, whereas more N in pulp and
paper industrial biosolids mineralized in a Typic Udivitrand
soil [27]. Mineralization of N was significantly higher at
20◦C (average 22.8%) than at 10◦C (average 9.7%) [27].
Mineralization rate is also closely related to C : N ratio. The
higher the C : N ratio, the lower the N mineralization rate. In
some cases, the mineralization process was more influenced
by soil type than by rate and type of sludge applied [26].

The primary nutrients in biosolids are in organic forms,
not as soluble as those in chemical fertilizers, and released
more slowly. Therefore biosolids can nourish the plants at
a slower rate over a longer period of time with higher use
efficiency and a lower likelihood of polluting groundwater
when applied rate is appropriate.

Although maximum nutrient application rates in federal
biosolids regulations are not well defined, the 503 Rule
stipulates that agronomic rates cannot be exceeded. Also
groundwater or surface water is not permitted to be contam-
inated by biosolids applications.

5. Land Application of Biosolids: Benefits

Due to population increase and urbanization, biosolids
production has been on the rise. And land application is
generally considered the most economical and beneficial way
of biosolids disposal [29]. The most recent national biosolids
survey indicated that about 6.5 million dry metric tons of
biosolids were produced in the US and approximately 60%
of the total (i.e., 4 million dry tons) were land-applied to
soils in the US in the year 2004 alone [30]. US EPA estimates
that biosolids are applied to approximately 0.1% of available
agricultural land in the United States on an annual basis [31].

Biosolids are nutrient-rich organic materials with an
organic matter content of up to 50%. Therefore, biosolids
can be utilized as a soil conditioner to improve physical,
chemical, and biological properties of soils, especially those
degraded or disturbed soils. Besides acting as a food
source for microorganisms, organic materials are the major
binding agents for aggregate formation and stabilization
[32]. Optimum soil structure, in turn, improves many other
important soil physical and chemical properties such as
bulk density, porosity, water and cation exchange capacity,
aeration and drainage, microbial communities and soil
fauna, thus contributing to disease suppression, and reduced
soil erosion [33].

In a 4-year trial with a sandy loamy silt soil by Krause
[34], aggregate size and stability increased with increased
soil organic matter (OM) after biosolids (2–4% DM content)
incorporation. Similar results were also reported by Lindsay
and Logan [35] in a 4-year trial where anaerobically digested
biosolids are applied to a silt loam soil at 11 rates ranging
from 0 to 300 Mg ha−1. Bulk density significantly decreased,
and porosity, moisture retention, percentage of water-stable
aggregates, mean weight diameter of aggregates, and liquid

and plastic limits increased in the surface soils (0–15 cm)
with biosolids application. Increase in aggregate stability was
related to the increased organic C in the soil incorporated
with biosolids [36].

Reduced bulk density and improved water holding
capacity in the short-term [37] may be mainly due to
biosolids’ direct dilution effect, its high organic matter
content, and partly due to its effect on aggregate formation
and stabilization. Improved pore size distribution by long
term application of biosolids in soil may be linked to the
increased volume of macropores or micropores, depending
on the texture of the soil [38, 39]. Biosolids-treated soil was
less sensitive to compaction than untreated soil due to the
improved pore volume [34].

Improvements in soil physical properties after biosolids
application coincided with an increase in soil organic C
[34, 35, 38]. Many of the soil physical properties differences
were associated with addition of organic matter, and these
effects persisted for at least 4 years according to Lindsay and
Logan [35]. Regression analysis indicated that approximately
80% of the observed variations in the percent water holding
capacity increases, at both field capacity and wilting point,
could be attributed to variations in soil texture and soil
organic C increases [40]. In a sandy and poorly buffered soil,
10 t ha−1 y−1 or 100 t ha−1 of urban biosolids incorporated
every 2 years for 20 years resulted in a 2.5-fold increase in
organic C content [41].

Biosolids have the advantage of high organic matter
content and have been used to remediate sites previously
contaminated with trace metals by binding and converting
the metals to less soluble fractions [42, 43].

Soil degradation mainly involves damage to soil structure
[44]. Due to the beneficial effects of biosolids on soil
structure, interest in using biosolids on degraded soils,
such as metal-contaminated mine tailings, disturbed urban
soils, landfill cover soils, and eroded land to reestablish the
vegetation and the ecosystem, is on the rise. Turf grass
establishment on a disturbed urban soil with low organic
matter and nutrient contents was significantly (P < 0.05)
enhanced by biosolids application [45]. Other similarly
beneficial effects of biosolids application on degraded soils,
such as increased aboveground plant biomass yield [46],
restored vegetative cover [37, 43], and reestablished ecosys-
tem viability with active microbial communities [47] were
also reported.

Besides improving soil quality, biosolids application
can supplement or replace commercial fertilizer. Biosolids
addition increased total soil N concentration and extractable
P in comparison with fertilizers with the additional benefit
that a fraction of the N added in the biosolids had been
conserved in the systems through partitioning to soil organic
matter [48]. Composted biosolids supply plant available Fe
and may represent a sustainable alternative to more costly
chelated Fe fertilizers used in soils with elevated pH [49].

An advantage of using biosolids to supplement or replace
fertilizer is its ability to slow-release nutrients. Biosolids
release N and other nutrients over several growing sea-
sons as soil bacteria slowly process through decomposition
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(i.e., residual effect). Binder et al. [50] reported that approx-
imately 40, 20, 10, and 5% of the total biosolids-N were
recovered by the crops in the 1st, 2nd, 3rd, and 4th year,
respectively, after a single biosolids application. The relative
yield increase was 33%, 21%, 14%, and 9% in the 1st, 2nd,
3rd, and 4th year, respectively, after application. Slow release
of nutrients is more beneficial to crops as the nutrients
become available when needed, while most nutrients in
commercial fertilizers are water soluble, readily subjected to
leaching losses if they are not rapidly taken up by the crops,
especially N. Therefore, the use of biosolids as an N source
is being considered as one of the best management practices
(BMPs) for N management in Florida citrus groves [51].

Studies have shown that application of biosolids resulted
in similar or higher yields than inorganic fertilizers [52],
especially when applied for multiple years [53]. In a 4-
year study, biosolids and urea were applied for the first
2 years, and prairie grass (Bromus willdenowii Kunth) in
the biosolids-applied plots began to produce higher yields
than that in the urea-applied plots from the 2nd year [53].
Higher grain and straw yield of wheat (Triticum aestivum)
and higher concentrations of elements (N, P, K, Fe, Zn, Mn,
Cu, Co, Cd, and Pb) in wheat plant were observed with
biosolids treatment as compared to control [54]. Nutrient
uptake and crop growth enhancement with biosolids were
also reported by Brown et al. [48]. Biosolids composts as
horticultural substrates have been widely used in vegetable
crop transplant production. The benefits have been reported
by several researchers (Table 3).

Alkali-stabilized biosolids can be used as liming material
to alleviate soil acidity and Al toxicity. pH was increased from
5.7 to 6.9 for an acid clay sandy loam and from 4.5 to 6.0
for a strongly acid sandy loam, while potassium chloride-
extractable Al was decreased from 0.1 to 0.0 cmol kg−1 for
the former soil and from 4.0 to 0.1 cmol kg−1 for the latter
soil [55]. As a result, barley (Hordeum vulgare) showed better
growth and higher grain yield in the biosolids-amended
plots as compared to the unamended control [55]. Alkaline-
stabilized dewatered biosolids were observed to have a liming
value of 300 g kg−1 DM CaCO3 equivalent on average [56].

In addition to increasing yield, biosolids application
improves forage quality by correcting trace metal imbalances.
Native grass species in Colorado rangelands had low Cu-
to-Mo ratios (<1.2 : 1) before biosolids application [57],
which induced Cu deficiencies in cattle and sheep [58].
After receiving a one-time application of biosolids from
5 to 40 Mg ha−1, Cu-to-Mo ratios in the forage from the
biosolids-treated plots increased above the 2 : 1 ratio recom-
mended by Miltimore and Mason [58], which corrected Cu
deficiency in cattle and sheep [57].

6. Land Application of Biosolids: Precautions

Concerns and negative reports on biosolids application are
related not only to that sludge contains heavy metals or
organic compounds found in wastewaters from domestic
and industrial sources but also to that excessive nutrients
cause eutrophication of waters. And more than often, odors

Table 3: Benefits of biosolids composts used in growing media for
vegetable transplants (modified from [59]).

Composta Growth response Reference

BS
Tomato and cabbage dry wt. and stem
diameter = peat-lite

[60]

BS
Broccoli, cabbage, eggplant, lettuce, pep-
per, and tomato dry wt. increased linearly
over 8-week period

[61]

BS
% emergence slightly < peat-lite, plant
height > peat-lite

[62]

BS/MSW Lettuce and cabbage dry wt. = peat-lite [63]

YT + BS
Tomato dry wt., leaf area, and stem diame-
ter > peat-lite

[64]

a
BS: biosolids; MSW: municipal solid waste; YT: yard trimmings.

and pathogens are the concerns preventing the public from
accepting biosolids land application. Therefore, precautions
need to be taken in these aspects.

6.1. Odors. For some reason, federal biosolids regulations
do not regulate odors. Unfortunately, odor is one of the
reasons for lack of public acceptance and complaints of
biosolids when land-applied. And odor complaints among
other concerns have led to a dramatic increase in local
ordinances that ban or restrict the use of biosolids in
recent years. Although more research is needed to identify
potential health effects of biosolids odors, nuisance odors
can have detrimental effects on aesthetics, property values,
and the quality of life in communities subjected to them. So,
eliminating or mitigating odors is among the great challenges
in gaining public acceptance of biosolids. Although many of
the odor-causing bacteria in biosolids have been destroyed in
the biosolids stabilization process, some actions can be taken
to control odors at land application sites. Some of these steps
could include actions such as minimizing the length of time
biosolids are stored selecting remote sites and fields away
from neighbors, directly covering or incorporating biosolids
into the soil, cleaning tanks, trucks, and equipment daily,
and avoiding land application when wind conditions favor
transport of odors to residential areas [65].

6.2. Excess Loading of P and Other Nutrients. Because of
a relatively low N : P ratio (about 3.1–3.4) [18], which is
also lower than optimal for crop growth, application of
biosolids based on crop N requirement can result in build-
up of P in soil and subsequent P transport to surface or
subsurface waters as dissolved and particulate P, causing
eutrophication [66]. Therefore, an optimum P management
practice is to apply biosolids based on crop P requirement.
According to the laboratory characterization by Ajiboye et al.
[20] and He et al. [21], labile P fractions in biosolids are
significantly smaller than other P sources (e.g., fertilizers,
manure, and yard waste). Furthermore, labile P fractions
are different in biosolids stabilized by different processes.
Biosolids produced via biological P removal (BPR) processes
have higher labile P fractions than those produced by
digestion or composting [67]. In biosolids, Fe-associated P
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is less susceptible to loss than Al-associated P, which is less
susceptible than Ca-associated P. Iron-and Al-bound P can
shift to Ca-P and soluble P when sludge is treated with lime
[68]. Most of the P in biosolids is in a recalcitrant form,
suggesting that biosolids P may be less subjected to runoff
loss as compared with other amendments when applied to
agricultural lands as runoff P is positively related to the
amounts of P extracted by either water or NaHCO3 [69].
Phosphorus loss from soil also depends on the degree of
P saturation (DPS) in soil or, more importantly, the soil P
storage capacity (SPSC). If the soil is more saturated with
P or has a low SPSC, it will have less capacity to retain
added P and more susceptible to losses of P in runoff
and leachate [70–73]. Coarse-textured soils have a low P
adsorption capacity due to low contents of clay and reactive
Fe and Al oxide in the soil [74]. Application of Fe- or Al-
biosolids can increase the SPSC to provide additional sites
for P adsorption [68, 75].

Nitrate N concentration higher than the maximum
contaminant limit (MCL, 10 mg NO3-N L−1) for drinking
water established by US EPA [76] is detected when high
application rate of biosolids is used especially on coarse-
textured soil and mine reclamation [77–79].

As mentioned previously, biosolids application can
increase Cu-to-Mo ratio and correct Cu deficiency in rumi-
nant animals [57], but often Mo availability is also increased
by biosolids application, and its increase outcompetes Cu
and suppresses Cu uptake by the animals, especially from the
alkaline-stabilized biosolids applications [80].

6.3. Heavy Metals. There is public concern about the heavy
metal pathways after entering the soil with biosolids land
application: they may accumulate to hazardous levels in the
soil after repeated application of biosolids, and they may
migrate from the site to surface or subsurface waters.

Regarding metal behavior and fate in soils, its uptake by
plants, and transfer along the food chain, there are plateau,
time bomb, and soil-plant barrier hypotheses. The plateau
hypothesis considers that the trace metals are so tightly held
by the organic matter in biosolids and hydrous oxides of
Fe and Mn and clays in the soil that their bioavailability
or toxicity is greatly decreased and that they are retained
in the soil’s surface horizon, or in the plow layer instead of
being taken up by plants or leaching down the soil profile.
Therefore, the metal concentrations of plant tissue will reach
a plateau as biosolids mass loading increases and remain
at this plateau after termination of sludge application [81].
Reports both for and against this theory have been published.
In a field trial reporting the results of 14 years of continuous,
heavy biosolids applications, Dowdy et al. [82] reported that
more than 50% of trace metals were so strongly adsorbed that
they could be extracted only with a very strong nitric acid
digest. At application rates up to 476 dry tons ha−1, trace
metals remained mainly in the zone of incorporation, even
during long-term application. At application rates less than
100 dry tons ha−1, essentially no movement of heavy metals
was observed [83]. However, McBride et al. [84] reported
that the high-Fe and high-Al sludge amendments did not

improve the soils’ affinity for Cd. Subsurface transport of
Cd, Cr, and Mo can be mediated by biosolids colloids with
average metal elution in association with biosolids colloids
ranging from 65 to 80% of the input metal concentration
[85, 86].

Some scientists support the “time bomb model”, arguing
that these metals could be released and become available
and toxic to plants (thus a time bomb) with time following
termination of biosolids application and the organic matter
undergoes biodegradation [87, 88].

Data obtained from repeated applications of biosolids
over 10 years did not indicate an increase in Cd concentra-
tion in plant tissue or from organic matter breakdown over
time even at loading doses reaching 1,080 t ha−1 [89]. These
results support the soil-plant barrier theory and indicate that
plants play an important role in protecting the general food
chain since they tend to provide an effective barrier against
the uptake of most trace metals. But biological activities in
the soil may be negatively impacted by biosolids. McGrath
and coworker [90, 91] have published a series of papers on
this topic. The amount of both free-living and symbiotic N2

fixing organisms was decreased [92]. In contrast, Zerzghi et
al. [93] reported that 20 consecutive years of Class B biosolids
application to arid southwestern desert soils in Arizona had
no deleterious effect on soil microbial diversity.

6.4. Organic Pollutants. Synthetic organic compounds used
in food production, personal care products, plastics man-
ufacturing, and other industrial processes such as flame
retardants (e.g., TBB, TBPH), dioxins, and steroid hormones
may end up in biosolids [94, 95] and migrate to the natural
environment [96, 97]. Many of these compounds are toxic or
carcinogenic to organisms exposed to critical concentrations
over certain periods of time, and their presence in biosolids
causes great concern also because they are persistent, difficult
to degrade, and they bioaccumulate. But no organic chemi-
cals are currently regulated under Part 503 just because the
chemical has been banned for use and manufacturing in the
USA, or it has been detected in 5% or fewer of the sludges
tested in the National Sewage Survey, or the 1-in-10,000
cancer risk limit was less than the concentration measured
in 99% of the sludges tested [94].

6.5. Pathogens. In biosolids, the primary source of pathogens
is human wastes. Pathogens are generally classified as
primary (e.g., bacteria, viruses, protozoa, and helminths)
or secondary (e.g., fungi). A primary pathogen can invade
and infect a healthy person, whereas a secondary, or oppor-
tunistic, pathogen invades and infects highly debilitated or
immunosuppressed individuals. Composting, if conducted
properly, is a very effective method for disinfection and
destruction of pathogens primarily by exposing pathogens
to high temperatures (e.g., 55◦C) for a prolonged period of
time [98]. This temperature-time relationship in composting
biosolids is the basis of the US EPA biosolids PFRPs
(processes to further reduce pathogens), as stated in 40 CFR
Part 503 [4]. The specific pathogen reduction requirement
for both Class A and Class B biosolids in Rule 503 is technical
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requirement not based on risk assessment, and Class B
biosolids still contain significant levels of pathogens. Incom-
plete destruction, contamination from external sources, and
changes in environmental factors during storage can lead to
recurrence of pathogens [99]. Regrowth or reactivation of
fecal coliform was observed during incubation and storage
of dewatered biosolids by Qi et al. [100]. But the soil
environment is generally very hostile to pathogen survival.
When biosolids is applied to the soil surface, desiccation
and ultraviolet light will destroy the pathogens. If the
biosolids are incorporated into the soil, the pathogens’
survival will be affected by factors such as pH, organic
matter, soil colloidal matter, temperature, and competitive
organisms. With proper processes and precaution, the risks
from pathogens in biosolids should be minimal.

7. Best Management Practices
(BMPs) for Biosolids

Best management practices (BMPs) are operating methods
that ensure the proper land application of biosolids for
protection of the environment and human health. The
BMPs include agronomic loading rates, slope limitations,
soil pH limitations, buffer zones, public access restrictions,
grazing deferments, soil conservation practices, restrictions
for saturated and frozen soils, protection of endangered
species, and other site restrictions.

Mismanagement of biosolids can result in NO3
− leaching

into groundwater [77–79]. Repeated application at high rates
can cause accumulation of P in surface soils, which can
increase the risk of runoff/erosion losses of P to surface water,
resulting in eutrophication [76]. Therefore, the Phosphorus
Index (P Index) should be taken into consideration when
land-applying biosolids. The P Index was developed by the
US Department of Agriculture (USDA), Natural Resource
Conservation Service (NRCS), as a field-scale tool to assess
the potential for off-site P migration [101]. The primary
aspects of P Index include consideration of transport factors
such as soil erosion, soil runoff class, leaching potential, and
distance from a water body along with management factors
such as soil test P, P application method, and source and rate
of P application [102]. Biosolids application rate should be
based on N application rates if the local P index is low or
medium but should be based on matching P uptake if the P
index is high and should take account of the nutrient content
in the soil, the nutrient requirements of the crop, and how the
nutrients will be provided by the biosolids. Taking account of
both the initial content of trace elements in the biosolids and
in the field is also one of the BMPs requirements on the use
of biosolids.

Besides application rate, placement methods can have
large effects on nutrient availability and water quality.
Redeposition of ammonia volatilized from surface applied
biosolids may contaminate surface water and sandy soils.
Surface-applying biosolids without incorporation will max-
imize ammonia volatilization, whereas soil incorporation
immediately after application can minimize N losses. The
amounts of NH3-N volatilized during a 180 d incubation

period accounted for 18% of the total mineralized N for
the surface-applied biosolids. Soil incorporation not only
increased N mineralization by more than 60% in the
biosolids but reduced NH3 volatilization by 5-fold [103].
Also, it is likely advantageous to apply biosolids near the area
of maximum root growth.

Timing of application should be based on the local
weather and soil type so that nutrient release matches plant
need instead of being leached by heavy rain. For instance,
in the mid-Atlantic region of the US, loss of N by leaching
was greater, and plant available N and crop yields were
lower when biosolids were applied in mid-December to
early January than in March [104]. When the ground is
still covered with snow or when rainfall is likely, avoid
applications [11].

Studies indicated that pH is a controlling variable
for the redistribution of water-soluble, exchangeable, and
nonexchangeable heavy metals in biosolids-applied soils.
Zinc solubility increased by biosolids amendment in soils
with pH < 5.0, while in soils with pH > 5.8, biosolids
addition, compared with no biosolids addition, lowered the
exchangeability of Zn and favored Zn partitioning into the
nonexchangeable forms [105]. Soil pH should be taken into
consideration when planning biosolids land application to
minimize heavy metal pollution risk.

Other BMPs include, but not limited to the following:
that microbial analysis of Class A material should be done
at the last possible time before application or after storage
in order to address the potential repopulation of pathogenic
bacteria [106]; that coapplication with water treatment
plant residuals (WTRs) can reduce P availability [107]; that
nonapplication or buffer zones should be established around
surface water bodies, wells, and wetlands; that those sites
with slopes in excess of 8–12% or close to groundwater
should be avoided to minimize runoff or leaching, respec-
tively, loss of nutrients and water pollution. Leaving a time
period for reaction of the biosolid-borne metals with the soil
would be desirable prior to growing a crop [108].

8. Conclusions and Perspectives

Land application of biosolids is a beneficial way to recycle
organic matter and nutrients, to improve physical, chem-
ical, and biological properties of soils, and to re-establish
vegetation and restoration of degraded ecosystem. However,
caution needs to be exercised when biosolids are repeatedly
applied or at heavy application rates as heavy metals,
organic pollutants, and pathogens in biosolids, though at low
concentration, may pose a threat to the environment and
animal and human health with time. In the future, long-
term monitoring is still needed to evaluate the potential
impacts of biosolids land application on soil quality and the
environment including surface and ground water, air, and
plant/animal health as well as food quality. More protective
regulations are expected based on scientific monitoring and
assessment data. Community-specific outreach programs
addressing public risk perceptions to assist solid waste man-
agers in developing and implementing successful biosolids
land application systems that are acceptable to the public
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are also needed as a recent descriptive-correlational study
conducted in the southeastern United States revealed that
the public was inadequately informed about biosolids land
application [109].
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