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ABSTRACT 

In this study, Nitrogen leaching following surface application of biosolid with and without polyacrylamide (PAM) 
coating was investigated using soil column experiments. Three treatments including bare soil (C), a commercially 
available biosolid (BS) and PAM coated biosolid (PAM + BS), were applied to manually packed (bulk density: 1.3 
g·cm–3) growth chamber soil columns (GC columns: 5 cm diameter by 40 cm long) and greenhouse soil columns (GH 
columns: 15 cm diameter by 40 cm long). The application rates for BS and PAM + BS were 729 and 740 kg/ha, respec-
tively. The GC columns were incubated for 60 days in a dark chamber at 25˚C and no crop was grown in the columns. 
The GH columns were incubated for 60 days in a greenhouse and Ryegrass (seed rate: 252 kg/ha) was grown in these 
columns under 16 h daylight and at about 25˚C. The columns were irrigated weekly using 270 mL DI-water for GC 
columns and 850 mL for GH columns and leachate was analyzed for Ammonium (NH4-N), Nitrate (NO3-N) and total 
Nitrogen (TN). The GH column experiments were repeated with three times greater biosolid application rate (2187 
kg/ha) while keeping the PAM and Ryegrass seed rate constant. The leachate volume and NH4-N, NO3-N and TN con-
centration/load were not significantly different among the treatments for the GH columns but were significantly differ-
ent during the incubation period. The same was true for GC columns with the exception of NO3-N and TN concentra-
tion/load which, overall, were higher for the BS and PAM + BS treatments than for the C treatment. In the beginning of 
the incubation, the leachate from all treatments (GC and GH) contained the highest NH4-N concentrations (>USEPA 
target level: 0.1 mg/L) and decreased, in some cases rapidly, to near zero. The NO3-N concentrations were highest in 
the middle of the incubation and greater than the USEPA target level (10 mg/L). The NO3-N concentrations were lower 
for cropped GH columns compared to GC columns due to NO3-N uptake by plants. The three fold increase in biosolid 
application rate did not increase NH4-N concentrations in leachate but did increase NO3-N and TN concentrations/loads 
in leachate on average 2.5 to 2.7 times. The non-significant differences among treatment means for NH4-N, NO3-N and 
TN concentrations/loads for the GH columns suggest that land application of biosolid (with or without PAM) to 
cropped silt loam landscapes at the rates considered may be safe within the context of groundwater pollution. 
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1. Introduction 

Biosolids are derived from sewage sludge and their ap- 
plication to agricultural land and lawn gardens is now ex- 
tensively practiced as it is cheaper than inorganic fertil-
izers [1] and is a cost-effective method of disposal [2]. 
Biosolids can provide organic matter, water, nitrogen (N), 
phosphorus (P), sulfur (S), and micronutrients for crop 
production at a low or negative cost for the producer, and 
improve physical condition of the soil [3]. In the US, 
approximately 3.4 million dry tons of biosolids are land 
applied annually to farm, forests, range lands, mine lands, 
and other land use types [4-6]. In recent years, research-
ers have focused on biofuel crop production using bio-  

solids as a promising supplier of nutrients [7]. However, 
the need to effectively dispose of biosolids will continue 
to be a challenge as the world population increases. 

In addition to nutrients, biosolids can also contain 
metals, pathogens and toxic organic compounds and cre-
ate a nuisance to the environment if they are not properly 
treated prior to land application. Sludges that are treated 
to reduce but not eliminate pathogens are called Class B 
and those that are treated with a goal of pathogen elimi-
nation are called Class A [8,9]. Class A biosolids that 
meet the EPA standards for nine elements (arsenic, cad-
mium, copper, lead, mercury, molybdenum, nickel, sele-
nium, and zinc) may be distributed without restriction 
and without labeling as to their origin or pollutant con-
tent [8]. However, the EPA has suggested that sewage 
sludges are low risk as compared to hazardous waste [10]. *Corresponding author. 

Copyright © 2012 SciRes.                                                                               JWARP 



D. R. MAILAPALLI, A. M. THOMPSON 969

If the concentration of metals, pathogens, toxic organic 
compounds in biosolids already meets the international 
or national standards for agricultural reuse, the applica-
tion rate may depend mainly on the biosolids N:P content 
and the crop N:P requirement. A sustainable and accept-
able option for the long-term management of biosolids 
must be environmentally friendly, economically viable, 
and socially acceptable [11]. 

Land application of biosolids is generally via injection 
or surface application with and without incorporation 
into the soil [9]. Application of biosolids is prohibited for 
any land use when the ground is frozen [12]. On pasture 
land and forests, the material tends to be applied to the 
soil surface, as incorporation is more difficult than on 
crop land [4]. In agricultural lands, biosolids cakes are 
often disked into soil [4]. Land application of biosolids 
can improve agricultural productivity by increasing soil 
organic matter content and fertility [7,13,14]. Nitrogen 
mineralization in biosolid treated soils releases 4NH  that 
may serve as either a major plant nutrient or as a sub-
strate for nitrification [15]. Enhanced nitrification in-
creases soil NO3-N, which may then leach and poten-
tially elevate groundwater NO3-N concentrations.  

It appears that most biosolids have a small amount of 
soluble nitrate that is released at initial application and 
then the slow decay of organic matter releases nitrogen 
that is quickly scavenged by crops [16,17]. At a moni- 
tored biosolids spreading site in Colorado, nitrate in 
groundwater was found to have no net change; modest 
increases or decreases in concentrations over time bal- 
anced out [18]. In New Hampshire, Estes and Zhao [19] 
determined that biosolids applied to cropland had a 
minimal effect on groundwater quality because of the 
slow nitrogen release. In Pennsylvania, Shober et al. [20] 
found that long-term biosolids application to cropland 
increased soil nitrogen, implying that loss of nitrogen by 
leaching was slight. 

Since biosolids are slightly hydrophobic, they can eas- 
ily be transported in surface runoff and may affect qual- 
ity of surface water bodies. Mailapalli and Thompson [21] 
investigated the effect of Polyacrylamide (PAM) coated 
biosolid on sediment and P-transport under simulated 
rainfall. They found that the biosolid coated with PAM 
reduced sediment export by 77% and phosphorus (dis- 
solved reactive phosphorus and total phosphorous) ex- 
port by 50% to 67% compared to the amount transported 
from uncoated biosolid; the sediment and phosphorus 
loads were similar to loads for bare soil (unfertilized) 
conditions. The PAM coating made the biosolid prills 
more hydrophilic and heavier, which kept the prills in 
place on the soil surface, preventing them from being 
transported in surface flows. Furthermore, PAM gener- 
ally binds soil particles together and improves soil ag- 
gregate stability, which facilitates less transport of soil 

particles in runoff. However, increased soil aggregate 
stability can lead to increased infiltration and possibly 
increased nutrient transport to groundwater. Therefore, it 
is important to understand the effect of PAM coated bio-
solid on leachate quality. The objective of this research 
was to investigate the effect of biosolid and PAM coated 
biosolid application on Nitrogen (Ammonia-N, Nitrate-N, 
Nitrite-N and total N) leaching. 

2. Materials and Methods 

Soil column experiments were conducted in the Walnut 
Street Greenhouse facility of the University of Wisconsin 
(UW)—Madison to investigate leachate quality follow- 
ing application of a commercially available biosolid. 
Two sets of experiments were conducted: 1) Column ex- 
periments were conducted in a growth chamber (GC) and 
a greenhouse (GH) from May 12 to July 12, 2011 and 2) 
GH column experiments were repeated from Sep 2 to 
Nov 2, 2011. 

2.1. Field Soil 

The soil used to pack the columns was obtained from the 
top layer (0 - 30 cm) of Field #602 at the UW-Arlington 
Agricultural Research Station (Arlington, WI). The soil 
was air-dried and passed through a 2 mm sieve. The soil 
physical and chemical properties were analyzed at the 
UW Soil Plant Analysis Laboratory (SPAL) and the soil 
properties are presented in Table 1. Although the soil 
used for the two rounds of experiments was from the 
same field, soil properties were slightly different because 
 
Table 1. Characteristics of the soil used in the experiments. 

Soil First round Second round 

Soil group Saybrook Saybrook 

Sand, % 17 15 

Silt, % 62 65 

Clay, % 21 20 

Organic matter, % 3.8 3.1 

pH 5.6 6.7 

Soluble salts, dS/m 0.7 0.16 

Total P, % 0.05 0.04 

Total N, % 0.18 0.19 

Available P, ppm 14 11 

Available K, ppm 118 51 

Ca, ppm 2400 1638 

Mg, ppm 3000 541 

Fe, ppm 16562.2 12280.6 

Al, ppm 20,750 12,850 
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it was collected from different locations within Field 
#602. 

2.2. Soil Column Design 

Acrylic PVC columns of 15-cm and 5-cm diameters were 
used in the GH and the GC studies, respectively. The 
length of the column was 40-cm for both GH and GC 
columns. Figure 1 shows a schematic view of the PVC 
column. Three layers of cheese cloth were attached to the 
bottom of each column with a rubber band and tape to 
prevent soil loss through the bottom. Each column was 
plugged into a PVC cap with a drain hole in the bottom 
that allowed leachate to drain into a collection bottle. The 
GH and GC columns were drained into 250 mL and 100 
mL bottles, respectively. The columns were kept on 
15.2-cm wood blocks to facilitate free drainage into the 
collection bottles. 

2.3. Packing of Soil Columns 

Soil packing was performed to achieve a soil bulk den-
sity (BD) of 1.3 g/cm3. Each GH column was initially 
filled with pea gravel of 950 g up to 3-cm of column 
height. The pea gravel used in each GC column (5-cm 
dia.) was 110 g. The mass of field soil (<2 mm) used for 
GH and GC soil columns was approximately 7843 and 
923 g, respectively. The soil for each column was di-
vided into seven lifts and each lift was used to pack 5-cm 
of column height. Soil was manually packed using a 
PVC disc with diameter just smaller than the inner di-
ameter of the column. The top 2-cm of each column was  
 

Acrylic plastic pipe
 
Soil 
 
Gravel 
 
 
PVC cap 
 
 
 
PVC pipe 
 
 
Chese cloth 
 
Leachate collection 

 

Figure 1. Schematic view of soil column and setup. 

kept free to facilitate watering and crop growth. There- 
fore, the effective soil column height was 35-cm for both 
GH and GC columns. 

The columns were placed in plastic tubs with negligi- 
ble disturbance to the soil and watered (DI) from the 
bottom up to 2/3rd column height. The soil columns re-
mained in the tubs for about 48 hours to achieve com-
plete saturation. The saturated columns were carefully 
plugged into the PVC caps and glued together. The soil 
columns were allowed to drain for 24 hours and weighed 
to measure pot holding capacity (PHC), which is similar 
to field capacity (FC). The PHC was measured as the 
volume of water left in the soil after 24 hours of free 
drainage (PHC, cm3/cm3). The BD of the soil columns 
varied from 1.27 to 1.29 g/cm3 and the PHC varied from 
31 to 32%, which are close to those of the parent soil (FC 
= 32% @ BD = 1.2 g/cm3). The BD and PHC were not 
significantly different among the soil columns (Pr > 
0.05). 

2.4. Treatments 

The treatments considered in the first round of experi-
ments were 1) Bare soil (C), 2) Biosolid (BS: 728 kg/ha) 
and 3) PAM coated Biosolid (PAM + BS: 728 kg/ha + 
11.2 kg/ha PAM). The biosolid pellets were coated with 
liquid PAM (1.0%) and fines (0.5%). Details on the 
PAM and PAM coating method are available elsewhere 
[21]. The GH column experiments were repeated (second 
round experiments) with three times greater biosolid ap- 
plication rate while the PAM rate was the same as it was 
in the first round. Hence, the treatments considered in the 
second round of experiments were 1) C, 2) BS (2184 
kg/ha) and 3) PAM + BS (2184 kg/ha + 11.2 kg/ha 
PAM). The biosolid pellets were coated with liquid PAM 
(0.38%) and fines (0.13%). Ryegrass was grown in GH 
soil columns for both experiments. Table 2 presents the 
application rates for the biosolid, PAM and ryegrass seed 
(252 kg/ha) for both rounds of experiments. All treat- 
ments were replicated three times in all experiments. 

2.5. Experimentation 

The soil columns were setup randomly in the greenhouse 
and growth chamber. The temperature and relative hu-
midity in the greenhouse varied from 24˚C to 27˚C, and 
55% to 60%, respectively. Daylight was maintained for 
16-hours per day inside the greenhouse. The columns in 
the growth chamber were kept under dark conditions and 
at 25˚C. The soil columns were irrigated weekly using 
DI-water until the volumetric soil moisture exceeded the 
PHC by 30% to simulate conditions of irrigated soil in 
the field [22]. Extra DI water (20% of PHC) was pro-
vided to the columns to produce enough leachate for the 
analysis. The treatments (Table 2) were applied by hand  
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Table 2. Biosolid, PAM and seed application rates (soil col-
umn area: 1.83 × 10–6 ha). 

 Control Biosolid *PAM + Biosolid 

Growth chamber experiments (first round) 

PAM, kg/ha - - 11.2 

Treatment, kg/ha - 728 739.2 

Treatment, g/column - 0.44 0.45 

Greenhouse experiments (first round) 

PAM, kg/ha - - 11.2 

Treatment, kg/ha - 728 739.2 

Treatment, g/column - 1.33 1.34 

Rye grass, g/column 0.45 0.45 0.45 

Greenhouse experiments (second round) 

PAM, kg/ha - - 11.2 

Treatment, kg/ha - 2184 2195.2 

Treatment, g/column - 3.99 4.02 

Rye grass, g/column 0.45 0.45 0.45 

*For first round, coated Biosolid (100 g) = Biosolid (98.5 g) + Liquid PAM 
(1.0 g) + Fines (0.5 g); For second round, coated Biosolid (300 g) = Biosolid 
(298.5 g) + Liquid PAM (1.0 g) + Fines (0.5 g). 
 
on the soil surface on May 18, 2011, and allowed to rest 
for 24 hours for both GH and GC columns during the 
first round of experiments. All columns were weighed 
one hour before the columns were irrigated on May 19, 
2011 and the soil surface was covered with Whatman 
filter paper. The columns were irrigated using DI water 
of 850 mL and 270 mL for each of the GH and GC col-
umns, respectively. The DI water was applied slowly 
using a 250 mL measuring cylinder to minimize water 
movement towards the edges (circumference) of the soil 
column. The columns were allowed to drain overnight 
into Teflon bottles. The bottles containing leachate were 
replaced with a new set of Teflon bottles and taken to the 
Environmental Water Quality Laboratory in the Agricul-
tural Engineering Laboratory at UW-Madison on the 
following morning for leachate quantity and quality ana- 
lysis. 

In the second round of experiments, the treatments 
were mixed and incorporated into the top 0.5 cm soil 
layer, and the sides of the GH columns were covered 
with black polythene sheet to avoid light passing through 
the transparent PVC columns and to restrict the growth 
of algae around the soil columns. The second round of 
experiments started on Sept 1, 2011. The experimental 
conditions and procedure were the same as the first round 
of GH experiments, however the second round was car- 
ried out for 70 days. 

Soil columns were weighed weekly before each irriga- 
tion. Leachate samples were collected on the morning 

following the irrigation and weighed to determine vol-
ume. The volume of irrigation water and leachate were 
used to estimate leachate fraction for a particular irriga-
tion event. A subsample of approximately 60 mL from 
each leachate sample was acidified using H2SO4 (2 mL 
H2SO4/1 L DI water) and kept in the freezer for later 
analysis of Ammonia-N (NH4-N), Nitrate-N (NO3-N), 
Nitrite-N (NO2-N) and total N (TN) using an AQ2 Dis-
crete Analyzer (Seal Analytical Ltd., WI). 

2.6. Statistical Analysis 

The data including leachate fraction and nitrogen (forms) 
in the leachate were analyzed with SAS v. 9.1.3 (SAS 
Institute Inc., Cary, NC) using the two-factor ANOVA 
procedure. Mean values were compared with control 
pair-wise using the student’s t-test (Pr < 0.05) and a 
dunnett Post hoc test (Pr < 0.05). 

3. Results 

Leachate and nitrogen results of the incubation studies 
for both the first and second round are presented below. 
The NO2-N concentrations in the samples were very low 
(<0.0001 mg/L) and thus NO2-N results are not pre-
sented. 

3.1. First Round of Experiments 

3.1.1. Leachate 
The percentage leachate (leachate depth/irrigation depth) 
from GC and GH columns was slightly higher for PAM 
+ BS compared to C and BS during the 60-day incuba-
tion period, however their means were not significantly 
different (Tables 3 and 4). Furthermore, the percentage 
leachate for GC columns was about three times greater 
than that of GH columns as the GC columns had three 
times smaller diameter and similar porosity, and about 
three times lower water input than GH columns. The 
overall effect of treatment on percentage leachate was 
not significant, however, the effect of day of irrigation on 
percentage leachate was significant for both GC and GH 
columns (Table 5). The interaction of treatment and day 
of irrigation on percentage leachate was not significantly 
different for GC and GH columns (Table 5). 

3.1.2. NH4-N Concentration and Load 
The NH4-N concentration was highest in the beginning 
of the incubation, and then decreased to near zero in both 
GC and GH columns (Figure 2). This behavior has been 
observed by other researchers in aerobic incubation ex-
periments [23,24]. The NH4-N concentrations and loads 
were not significantly different among the treatments 
except for concentrations during the first 14 days for GC 
columns (Figure 2; Tables 3 and 4). Furthermore, the 
NH4-N concentrations were higher than the USEPA tar-  

Copyright © 2012 SciRes.                                                                               JWARP 



D. R. MAILAPALLI, A. M. THOMPSON 

Copyright © 2012 SciRes.                                                                               JWARP 

972 

 
Table 3. Treatment and incubation time effect on the leachate quality for GC columns in first round of experiments. 

Date Treatment Leachate % NH4 load × 10–4 g NO3 load × 10–3 g TN load × 10–3 g 

05/19/11 C 64.67d (5.32) 2.90l (<0.1) 1.70r (<0.1) 3.24y (<0.1) 

 BS 72.82d (2.78) 1.40l (<0.1) 5.30s (<0.1) 7.26x (<0.1) 

 PAM + BS 65.97d (1.67) 1.34l (<0.1) 5.10s (<0.1) 6.97x (<0.1) 

05/26/11 C 56.81d (11.0) 4.50l (<0.1) 3.80s (<0.1) 7.10y (<0.1) 

 BS 57.88d (3.76) 2.00l (<0.1) 8.50r (<0.1) 1.39x (<0.1) 

 PAM + BS 50.61d (1.92) 1.90l (<0.1) 9.20r (<0.1) 1.54x (<0.1) 

06/01/11 C 58.09e (1.85) 1.80l (<0.1) 3.70s (<0.1) 3.84y (<0.1) 

 BS 67.33de (6.64) 0.03l (<0.1) 6.10rs (<0.1) 5.94xy (<0.1) 

 PAM + BS 71.13d (3.05) 0.03l (<0.1) 4.90r (<0.1) 4.77x (<0.1) 

06/08/11 C 75.76d (3.98) 1.22l (<0.1) 4.10r (<0.1) 3.55x (<0.1) 

 BS 80.82d (2.47) 0.06l (<0.1) 6.27r (<0.1) 5.74x (<0.1) 

 PAM + BS 74.89d (2.49) 0.03l (<0.1) 4.70r (<0.1) 4.24x (<0.1) 

06/16/11 C 67.64e (6.36) 0.71l (<0.1) 2.23s (<0.1) 2.29x (<0.1) 

 BS 66.35e (6.79) 0.04l (<0.1) 4.14r (<0.1) 4.33x (<0.1) 

 PAM + BS 66.94d (1.28) 0.04l (<0.1) 3.33rs (<0.1) 3.89x (<0.1) 

06/24/11 C 66.72d (2.03) 0.49l (<0.1) 2.10s (<0.1) 2.19y (<0.1) 

 BS 80.40d (1.05) 0.04l (<0.1) 4.62r (<0.1) 5.22x (<0.1) 

 PAM + BS 76.07d (2.40) 0.03l (<0.1) 3.35rs (<0.1) 3.78xy (<0.1) 

07/02/11 C 49.54e (3.33) 0.20l (<0.1) 0.86s (<0.1) 0.98y (<0.1) 

 BS 70.74d (2.15) 0.04l (<0.1) 3.50r (<0.1) 3.96x (<0.1) 

 PAM + BS 72.96d (2.44) 0.04l (<0.1) 3.00r (<0.1) 3.63x (<0.1) 

07/09/11 C 66.43d (7.78) 0.25l (<0.1) 1.34t (<0.1) 1.46y (<0.1) 

 BS 78.60d (3.94) 0.05l (<0.1) 4.00r (<0.1) 4.04x (<0.1) 

 PAM + BS 77.10d (6.41) 0.05l (<0.1) 3.05s (<0.1) 3.16xy (<0.1) 

The treatment means are followed by standard deviations in parentheses. Means with the same letter within a particular day are not significantly different (Pr > 
0.05). 

 
geted NH4-N level (0.1 mg/L) for groundwater in the 
beginning of the incubation for GC columns and 
throughout the incubation for GH columns. The overall 
effect of treatment on NH4-N concentration and load was 
not significant for GH columns whereas it was signifi-
cant for GC columns (Table 5). However, the effect of 
day of irrigation on NH4-N concentration and load was 
significant for GH and GC columns. The effect of inter-
action of treatment and day of irrigation on NH4-N con-
centration and load was not significant for GC and GH 
columns (Table 5). 

3.1.3. NO3-N Concentration and Load 
For GC columns, NO3-N concentrations were highest for 
BS followed by PAM + BS followed by C. In many cases, 
the NO3-N concentrations and loads for GC columns 

were significantly different among the treatments 
whereas they were not significantly different for the GH 
columns (Figure 3; Tables 3 and 4). The NO3-N con-
centrations in GC columns were greater than the USEPA 
targeted NO3-N level (10 mg/L) for all treatments and 
days of irrigation. The NO3-N concentrations for the GH 
columns were higher than the USEPA target primarily in 
the middle of the incubation period and overall were 
lower compared to the GC columns (Figure 3). In both 
cases, the NO3-N concentrations increased in the begin-
ning and then decreased with time. However, the NH4-N 
decrease (Figure 2) did not increase the NO3-N concen-
tration after 28 days of incubation (Figure 3). The over-
all effect of treatment on NO3-N concentration and load 
was not significant for GH columns whereas it was sig-
nificant for GC columns (Table 5). The effect of day of  
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Table 4. Treatment and incubation time effect on the leachate quality for GH columns in first round of experiments. 

Date Treatment Leachate % NH4 load × 10–4 g NO3 load × 10–3 g TN load × 10–3 g 

05/19/11 C 16.00d (7.54) 4.70l (<0.1) 1.00r (<0.1) 5.30x (<0.1) 

 BS 15.94d (2.19) 2.30l (<0.1) 0.50s (<0.1) 4.20x (<0.1) 

 PAM + BS 21.37d (2.96) 2.50l (<0.1) 2.30s (<0.1) 2.10x (<0.1) 

05/26/11 C 19.46d (0.66) 7.50l (<0.1) 3.70r (<0.1) 8.50x (<0.1) 

 BS 19.71d (4.70) 4.80l (<0.1) 4.00r (<0.1) 6.30x (<0.1) 

 PAM + BS 24.41d (3.66) 3.10l (<0.1) 2.90r (<0.1) 5.80x (<0.1) 

06/01/11 C 24.84d (0.56) 5.90l (<0.1) 6.30r (<0.1) 7.10y (<0.1) 

 BS 25.49d (5.80) 3.50l (<0.1) 3.70r (<0.1) 3.80x (<0.1) 

 PAM + BS 31.25d (3.75) 1.50l (<0.1) 4.60r (<0.1) 4.60x (<0.1) 

06/08/11 C 20.39d (5.33) 1.10l (<0.1) 5.50r (<0.1) 5.40x (<0.1) 

 BS 20.39d (3.23) 2.60l (<0.1) 4.70r (<0.1) 4.20x (<0.1) 

 PAM + BS 24.11d (1.55) 0.10l (<0.1) 4.10r (<0.1) 3.80x (<0.1) 

06/16/11 C 13.88e (2.40) 0.13l (<0.1) 2.20r (<0.1) 2.60x (<0.1) 

 BS 15.68e (1.69) 1.20l (<0.1) 1.65r (<0.1) 2.20x (<0.1) 

 PAM + BS 20.22d (2.42) 0.12l (<0.1) 2.01r (<0.1) 2.40x (<0.1) 

06/24/11 C 15.88d (7.64) 0.15l (<0.1) 3.30r (<0.1) 3.70x (<0.1) 

 BS 16.22d (5.95) 1.00l (<0.1) 1.20r (<0.1) 1.80x (<0.1) 

 PAM + BS 20.80d (1.72) 0.06l (<0.1) 1.10r (<0.1) 1.50x (<0.1) 

07/02/11 C 16.47d (5.39) 0.10l (<0.1) 3.10r (<0.1) 3.80x (<0.1) 

 BS 18.64d (3.51) 0.65l (<0.1) 0.87r (<0.1) 1.10x (<0.1) 

 PAM + BS 22.94d (1.01) 0.08l (<0.1) 0.49r (<0.1) 0.70x (<0.1) 

07/09/11 C 18.43d (9.51) 0.21l (<0.1) 5.30r (<0.1) 5.42x (<0.1) 

 BS 22.43d (7.60) 0.45l (<0.1) 1.30r (<0.1) 1.78x (<0.1) 

 PAM + BS 25.68d (3.59) 0.50l (<0.1) 1.30r (<0.1) 1.49x (<0.1) 

The treatment means are followed by standard deviations in parentheses. Means with the same letter within a particular day are not significantly different (Pr > 
0.05). 

 
Table 5. Two-way ANOVA results: treatment and incubation time effect. 

Experiment Effect Leachate % NH4 conc. mg/L NH4 load mg NO3 conc. mg/L NO3 load mg TN conc. mg/L TN load mg

Trt NS *** *** *** *** *** *** 

DI *** *** *** *** *** *** *** 
GC columns 
(1st round) 

Trt x DI NS NS NS NS NS NS NS 

Trt NS NS NS NS NS NS NS 

DI *** ** ** * ** * * 
GH columns 
(1st round) 

Trt x DI NS NS NS NS NS NS NS 

Trt NS NS NS NS NS NS NS 

DI *** *** *** *** *** *** *** 
GH columns 
(2nd round) 

Trt × DI NS NS NS NS NS NS NS 

Trt is the treatment and DI is the day of irrigation; *p < 0.05, **p < 0.01, ***p < 0.001; NS is not significantly different. 
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Figure 2. NH4-N concentration in the leachate for (a) GC 
columns and (b) GH columns in the first round of experi-
ments. The dashed horizontal line indicates the USEPA 
targeted NH4-N concentration (0.1 mg/L). The treatment 
means with the same letter within a particular day are not 
significantly different. 
 
irrigation on NO3-N concentration and load was signifi-
cant for both GC and GH columns. The effect of interact- 
tion of treatment and day of irrigation was not significant 
for NO3-N concentration or load, for all columns (Table 
5). 

3.1.4. Total N Concentration and Load 
The TN concentrations (8 - 80 mg/L for GC columns; 9 - 
60 mg/L for GH columns) and loads in the leachate fol-
lowed the NO3-N trends (Figure 4; Tables 3 and 4). In 
the GC columns, TN concentration and load were greater 
for the BS treatment than PAM + BS and C treatments. 
Overall, the TN concentrations were lower for GH col-
umns compared to GC columns. In many cases, the TN 
concentrations and loads were significantly different 
among treatments for GC columns; whereas they were 
not significantly different for GH columns. The overall 
effect of treatment on TN concentration and load was  
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Figure 3. NO3-N concentration in the leachate for (a) GC 
columns and (b) GH columns in the first round of experi-
ments. The dashed horizontal line indicates the USEPA 
targeted NO3-N concentration (10 mg/L). The treatment 
means with the same letter within a particular day are not 
significantly different. 
 
significant for GC columns; whereas it was not signifi-
cant for GH columns. The effect of day of irrigation was 
significant for both GC and GH columns (Table 5). The 
effect of interaction between treatment and incubation 
time on TN concentration and load was not significant 
for GC and GH columns (Table 5). 

3.2. Second Round of Experiments 

3.2.1. Leachate 
Similar to the results from the first round of experiments, 
when comparing individually irrigations, the percentage 
leachate was not significantly different among the treat-
ments (Table 6). The overall effect of treatment on per-
centage leachate was also not significant (Table 5). 
However, the effect of day of irrigation on the percentage 
leachate was significant (Table 5). Furthermore, the ef- 
fect of interaction of treatment and day of irrigation was 
not significant (Table 5). 
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Figure 4. TN concentration in the leachate for (a) GC columns and (b) GH columns in the first round of experiments. The 
treatment means with the same letter within a particular day are not significantly different. 
 

Table 6. Treatment and incubation time effect on the leachate quality for GH columns in second round experiments. 

Date Treatment Leachate (%) NH4 load × 10–5 g NO3 load × 10–3 g TN load × 10–3 g 

09/02/11 C 60.24d (<0.1) 0.17l (<0.1) 20.00r (<0.1) 0.07x (<0.1) 

 BS 60.77d (<0.1) 0.10l (<0.1) 12.00r (<0.1) 0.01x (<0.1) 

 PAM + BS 60.31d (<0.1) 0.15l (<0.1) 9.00r (<0.1) 0.01x (<0.1) 

09/09/11 C 24.54d (17.32) 2.20l (<0.1) 1.30r (<0.1) 8.00x (<0.1) 

 BS 36.67d (7.62) 3.10l (<0.1) 2.30r (<0.1) 1.80x (<0.1) 

 PAM + BS 31.33d (7.14) 2.90l (<0.1) 2.40r (<0.1) 1.90x (<0.1) 

09/16/11 C 33.33d (18.37) 1.20l (<0.1) 1.70r (<0.1) 1.02y (<0.1) 

 BS 50.00d (7.87) 1.30l (<0.1) 4.80r (<0.1) 4.30x (<0.1) 

 PAM + BS 54.54d (<0.1) 2.20l (<0.1) 4.60r (<0.1) 3.70x (<0.1) 

09/23/11 C 27.55d (13.03) 5.00l (<0.1) 6.00r (<0.1) 5.00x (<0.1) 

 BS 34.66d (9.24) 6.00l (<0.1) 11.00r (<0.1) 9.40x (<0.1) 

 PAM + BS 34.44d (9.62) 5.90l (<0.1) 12.00r (<0.1) 13.10x (<0.1) 

09/30/11 C 27.06d (3.11) 1.90l (<0.1) 13.33r (<0.1) 12.40x (<0.1) 

 BS 19.22d (2.45) 1.10l (<0.1) 13.40r (<0.1) 12.70x (<0.1) 

 PAM + BS 21.49d (3.86) 1.70l (<0.1) 12.40r (<0.1) 12.90x (<0.1) 

10/07/11 C 17.67d (3.25) 3.10l (<0.1) 10.00r (<0.1) 9.00x (<0.1) 

 BS 16.22d (4.60) 1.10l (<0.1) 18.00r (<0.1) 13.00x (<0.1) 

 PAM + BS 20.80d (10.14) 3.00l (<0.1) 18.00r (<0.1) 11.00x (<0.1) 

10/14/11 C 25.45d (3.15) 1.80l (<0.1) 9.73r (<0.1) 9.00x (<0.1) 

 BS 23.33d (3.44) 1.90l (<0.1) 14.00r (<0.1) 13.00x (<0.1) 

 PAM + BS 23.33d (3.44) 1.90l (<0.1) 13.00r (<0.1) 11.00x (<0.1) 

10/21/11 C 9.63d (2.97) 0.78l (<0.1) 1.50r (<0.1) 1.78x (<0.1) 

 BS 16.68d (7.79) 1.70l (<0.1) 3.40r (<0.1) 3.40x (<0.1) 

 PAM + BS 11.84d (5.43) 1.10l (<0.1) 1.10r (<0.1) 0.88x (<0.1) 

10/28/11 C 15.40d (4.11) 2.90l (<0.1) 4.70r (<0.1) 0.02x (<0.1) 

 BS 10.77d (2.34) 1.80l (<0.1) 2.30r (<0.1) 0.02x (<0.1) 

 PAM + BS 14.66d (1.15) 2.70l (<0.1) 2.80r (<0.1) 0.01x (<0.1) 

10/28/11 C 13.78d (1.38) 1.49l (<0.1) 0.55r (<0.1) 0.05x (<0.1) 

 BS 7.78e (1.92) 1.29l (<0.1) 3.10r (<0.1) 0.03y (<0.1) 

 PAM + BS 10.89de (2.26) 0.95l (<0.1) 1.20r (<0.1) 0.04xy (<0.1) 

The treatment means are followed by standard deviations in parentheses. Means with the same letter within a particular day are not significantly different (Pr > 
0.05). 
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3.2.2. NH4-N Concentration and Load 
The NH4-N concentration in the leachate was highest in 
the beginning of incubation and then decreased rapidly 
for all treatments (Figure 5). The NH4-N concentration 
and load were not significantly different among the 
treatments (Figure 5 and Table 6) and the concentrations 
were mostly below the USEPA targeted level (0.1 mg- 
NH4-N/L) after two weeks of incubation. The NH4-N 
concentrations observed in this trial (three times higher 
rate of biosolid application) were lower than those ob-
served in the first round of GH columns. The overall ef-
fect of treatment on NH4-N concentration and load was 
not significant (Table 5). However, the effect of day of 
irrigation on NH4-N concentration and load was signifi-
cant. The effect of interaction of treatment and day of 
irrigation on NH4-N was not significant (Table 5). 

3.2.3. NO3-N Concentration and Load 
The NO3-N concentrations and loads in the leachate were 
not significantly different among the treatments (Figure 
6 and Table 6). As was the case in the first round of GH 
experiments, the NO3-N concentrations increased in the 
beginning of the incubation and then decreased with time. 
The NO3-N concentrations were greater than the USEPA 
targeted level (10 mg/L) in the middle of the incubation. 
Furthermore, the NO3-N concentrations were about 2.5 to 
2.7 times greater than in the first round GH experiments. 
Similar to the first round, the overall effect of treatment 
on NO3-N concentration and load was not significant 
(Table 5). However, the effect of day of irrigation on 
NO3-N concentration and load was significant (Table 5). 
The effect of interaction of treatment and day of irriga-
tion on NO3-N concentration or load was not significant. 
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Figure 5. NH4-N concentration in the leachate for GH col-
umns in the second round of experiments. The dashed hori-
zontal line indicates the USEPA targeted NH4-N concentra-
tion (0.1 mg/L). The treatment means with the same letter 
within a particular day are not significantly different. 

3.2.4. TN Concentration and Load 
The TN concentrations (0.02 to 80 mg/L) in the leachate 
followed the trends of NO3-N concentration (Figure 7). 
In most cases, the leachate from BS treatment had greater 
TN load than PAM + BS and C treatments but the dif-
ferences were not statistically significant. The overall 
effect of treatment on TN was not significant (Table 5). 
However, the effect of day of irrigation was significant. 
The effect of interaction between treatment and day of 
irrigation was not significant  

4. Discussion 

The percentage leachate is one of the key parameters 
influencing downward nutrient loads. Since all columns 
were initially maintained at the same BD, the initial 
physical properties were assumed similar for all treat-  
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Figure 6. NO3-N concentration in the leachate for GH col-
umns in the second round of experiments. The dashed hori-
zontal line indicates the USEPA targeted NO3-N concentra-
tion (10 mg/L). The treatment means with the same letter 
within a particular day are not significantly different. 
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Figure 7. Total Nitrogen concentration in the leachate for 
the GH columns in the second round of experiments. The 
treatment means with the same letter within a particular 
day are not significantly different. 
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ments compared in this study. The PAM + BS treatment 
did not yield more leachate volume compared to the C 
and BS treatments despite the potential for improved 
aggregate stability by the polymer [25,26]. Alleoni et al. 
[27] and Mailapalli and Thompson [21] observed similar 
leachate trends in their rainfall studies using soils 
amended with biosolid. Therefore, the effect of the single 
PAM application on improving aggregate stability may 
be limited to shallow depths [28]. The percentage 
leachate varied temporally during the incubation period 
for all treatments likely due to daily evaporation (in GC 
columns) and evapotranspiration (in GH columns) which 
varies with Ryegrass growth stage. 

The Nitrogen applied through BS or initially available 
in the soil is converted to NH4-N through mineralization 
by bacteria living in the soil (not measured). Since the 
biosolid was applied on the soil surface (in the first round) 
or mixed with the top 0.5 cm depth (in the second round), 
volatilization of ammonium into the atmosphere as am-
monia gas is possible [3]. For example, in the case of 
Urea, ammonium loss through volatilization may be as 
great as 46% [29]. Hence, the NH4-N concentration in 
the leachate was not significantly different among the 
treatments. The decrease in NH4-N over time (Figures 2 
and 5) was generally accompanied by an increase in 
NO3-N, (Figures 3 and 6) indicating that the NH4-N re-
leased from organic materials mineralization was nitri-
fied into NO3-N [15]. However, the NH4-N decrease did 
not increase the NO3-N concentration after 28 days of 
incubation; this may be due to plant or microbial uptake 
of NO3-N in GH columns or microbial uptake in GC 
columns or less mineralized NH4-N may be available for 
nitrification. The GC columns resulted in nearly constant 
NO3-N concentrations for BS and PAM + BS treatments 
as there was no uptake (no crop was grown) of NO3-N 
from plants. In the case of the GH columns, the NO3-N 
concentration in the leachate varied with crop growing 
period as some of the NO3-N was utilized by the Rye-
grass. The Ryegrass consumption of NH4-N and NO3-N 
was reflected in the lower TN concentration in the 
leachate compared to that for GC columns (Figure 4). 
Furthermore, the NH4-N concentration was always lower 
than the NO3-N concentrations in the leachate for all 
columns. The negative charge on clay particles retains 
positively charged NH4-N ions and prevents them from 
leaching. Nitrate ions are negatively charged and are not 
retained by negatively charged clay particles, thus lead-
ing to higher NO3-N concentrations in the leachate. 

The three fold increase in biosolid application rate 
may have increased NH4-N in the soil through minerali-
zation. However, the leachate NH4-N concentration did 
not increase compared to the first round (Figures 2(b) 
and 5) likely due to ammonium-clay binding as ex-
plained above. Additional ammonium in the soil in the 

second round may have led to the higher NO3-N concen-
trations. Furthermore, the nitrification process in the 
second round could have been enhanced as the columns 
were covered with black polythene sheet, which possibly 
increased the column temperature. The soil pH for the 
second round was 6.7, which is close to optimum pH (=7) 
for nitrification to occur, whereas the soil pH was 5.6 in 
the first round. The greater NO3-N concentration in the 
second round GH columns also led to greater concentra- 
tions of TN (Figure 6). 

5. Conclusion 

The leachate soil column studies indicated that biosolid 
application (with and without PAM) to soil seeded with 
Ryegrass did not increase nitrogen concentrations in 
leachate when compared to a bare soil control. Three 
times higher biosolid application rate resulted in an av- 
erage of 2.5 to 2.7 times higher Nitrate concentration in 
the leachate. Too much biosolid application to soil may 
not be recommended due to other economic and envi- 
ronmental consequences. Further studies are suggested to 
determine optimum rates of biosolid application based on 
agronomic requirements to minimize nitrogen loss in 
leachate. A one-time application of polymer coated bio- 
solid has the potential to provide nutrients to both urban 
and agricultural crops and to also control sediment and 
nutrient transport into surface waters without increasing 
N load to groundwater. The nitrogen leachate from the 
bare soil control columns was higher than the USEPA 
targeted levels (NH4-N: 0.1 mg/L; NO3-N: 10 mg/L), 
indicating that nitrogen leaching in excess of this target 
level was not solely due to the biosolid or polymer ap- 
plication. In the absence of crop growth there is the po- 
tential for increased nitrogen leaching with biosolid ap- 
plication. The results of this study indicate that a single 
application of biosolid (with or without polymer coating) 
may be applied to cropped/grassed silt loam surfaces at 
the rates considered without increasing N-loads to ground- 
water. 
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