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Abstract 

Continuous use of phosphorus (P) fertilizers has created severe environmental 
concerns. Control of non-point source of P contamination is the biggest 
challenge. In current study, residues from the water treatment facilities (WTR) 
and blast furnace slag (BFS) were tested for their ability to reduce the P runoff. 
Residues from water treatment facilities have been extensively tested under crop 
or grass cover but less is know when applied to bare lands. Similarly, BFS has 
been studied for its use as a filtering material in wastewater treatment plants, but 
its use on agricultural lands for P control has not been reported yet. A silty clay 
loam soil was amended with BFS and WTR at the rate of 50 g kg-1 soil. 
Chemical P was applied at the rate of 400 kg ha-1. Bared soil surface with two 
roughnesses (low and high) was exposed to two artificial rainfall intensities (35 
and 75 mm h-1). Each treatment was exposed to three rainfall events with a 
constant rainfall depth of 70 mm. Results of the study showed that, regardless of 
rainfall intensity and soil roughness, dissolved reactive P (DRP) reduced over the 
runoff time from both amended pots while from control pots an increasing trend 
was observed. Water treatment residues reduced the mean DRP concentration by 
27.3% and DRP load by 32% as compared to un-amended plots. Though the 
trend was declining but P concentrations were higher from BFS amended plots 
compared to control. DRP concentrations were lower under high rainfall 
intensity than low rain intensity due to the dilution factor. This study affirms the 
ability of WTR to reduce the P mobility from bare soils as well however further 
studies are needed to test the effectiveness of BFS under filed conditions.  
Keywords: dissolved reactive phosphorus, simulated rainfall intensity, soil 
roughness, blast furnace slag, water treatment residues. 
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1 Introduction 

Agriculture is the primary source of non-point source of Phosphorus (P) 
pollution which is degrading the streams and lakes quality. To reduce this P 
transport to surface water bodies, many strategies and management practices 
have been investigated. Some management practices include conservation tillage, 
crop residue management, cover crops, buffer strips, contour tillage, runoff water 
impoundment, and stopping land application of biosolids once the threshold soil 
test P value is reached. But P based compost application or stopping P 
application will not serve the goals [1] because there are still many highly P 
contaminated soils which are posing threats to the environment. Analogously, to 
reduce the dissolved P in runoff water or to increase the P holding capacity of 
soil, a number of soil amendments have also been attempted. As P is fixed by 
oxides of iron, aluminium and calcium carbonates present in soil, any material 
which has high contents of these elements will ultimately increase the soil P 
holding capacity.  
     Blast furnace slag (BFS) is one of the materials which have been used for P 
removal in wastewater-treatment systems [2]. Blast furnace slag is a non-metallic 
co-product which is produced in iron industries. It consists primarily of silicates, 
alumino-silicates, and calcium-alumina-silicates. Because of the high Al and Ca 
contents this material has been extensively studied for its ability to fix the P. 
These investigations showed that the material has strong potential for P-removal 
[3]. However, use of BFS on agricultural lands to reduce the P mobility has not 
been investigated yet. Similarly, drinking water treatment residuals (WTR) are 
effective due to their high P sorbing capacity. Drinking water treatment residuals 
are often rich in amorphous Fe or Al oxides due to the use of Fe or Al salts as 
coagulants during drinking water treatment. Several field and lab studies have 
been conducted to evaluate the use of WTR as a P sorbent and reported that 
WTR significantly reduces the P losses. Water treatment residues are applied on 
the surface, incorporated into soil, or co-blended with different P sources. 
However, performance of WTR under different soil roughness conditions has not 
been fully explored. Therefore, the current study was designed to evaluate i) the 
potential use of BFS on arable lands to reduce DRP concentration through 
runoff, ii) the effect of soil roughness on the performance of WTR, and iii) 
interaction of soil roughness conditions and rainfall intensities under different 
soil amendments. 

2 Materials and methods 

2.1 Rainfall simulator  

An indoor dripper-type rainfall simulator installed at the Arid Land Research 
Center, Tottori University, Japan was used in this study. Rain simulation was 
done from a height of 12 m. The experimental area (2.3 m2) was equipped with 
an adjustable-angle steel plate to adjust the slope angle of the plots and was 
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protected against the air currents by plastic sheets. The deck was adjusted to a 
slope of 8%.   

2.2 Soil and soil amendments used 

A silty clay loam soil (Fulvudand) was used in this study. The soil was air dried, 
then crushed mechanically and sieved using a 2 mm mesh sieve. Water treatment 
sludge was collected from the Kyo-ritsu water purification plant, Hiroshima, 
Japan. Ground granulated blast furnace slag (BFS) was collected from Aichi 
Steel Corporation, Aichi, Japan. Water treatment sludge was in the form of 
granules (<5mm) which were crushed to powder (<0.5 mm).  
     A steel pan of 1.0 × 0.5 × 0.16 m with four drain holes, and side and back 
walls 0.03 m higher than the soil surface, was used to prepare the soil plots. First 
of all, each pan was filled with a gravel filter of 0.04 m depth to facilitate the 
lateral flow of the water without causing water logging in the pan. Before 
packing, the top 5 cm of soil was amended with BFS or WTR at the rate of 5g 
per 100g of soil. The same soil was mixed with chemical P fertilizer in the form 
of KH2PO4 at the rate of 400 kg P ha-1. The packing was done by hand in a 
systematic way using a wooden plank and care was taken to make all the plots as 
homogeneous and uniform as possible.  

2.3 Overland flow and runoff sampling 

Levelled and firm soil surface of each treatment was then changed to low or high 
rough using two hand spades. To achieve the low soil roughness a spade with a 
2cm long blade was used, while to achieve high soil roughness a spade with 
blade of 5cm length was used. Two rainfall intensities 30 and 65 mm h-1 were 
used for each treatment with the rainfall depth of about 60mm for each run. Each 
treatment was subjected to three consecutive runs. The first run was carried out 
on a dry surface (dry run) while the other two runs were done over the wet 
surface (wet run). Each subsequent run was carried out within the time period of 
12 h. Three soil amendments, two soil roughness levels, two rainfall intensities 
and two replications with three runs gave a total of 72 runs. 
     Runoff water was collected over the time and allowed to settle for 1 h, and 
then a subsample was filtered through a 0.45 m cellulose acetate membrane 
filter for DRP, Al, Fe, and K analysis. Quantification of DRP, Al, Fe and K was 
done on ICP-AES with in 24 h of collection. Data collected during the study 
were statistically analyzed using StatView software.  

3 Results  

3.1 Effect of low rainfall intensity (30 mm h-1) 

Overall mean DRP concentration was higher under low rainfall intensity as 
compared to high rainfall intensity. Changes in DRP concentration with the 
passage of runoff time were observed and results are shown in Figs. 1 to 4. 
During the runoff event, irrespective of soil roughness, DRP concentration in un-
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amended (control) plots was lower at the start of the first run (Figs. 1 and 2) and 
increased with the increase in time of runoff over the surface. Dissolved reactive 
P concentration continued to increase during the second run from un-amended 
plots with low soil roughness (LSR) (Fig. 1). However, at the start of the third 
run, DRP concentration was lower in runoff water as compared to the first and 
second runs, and increase was less with the time of runoff (Fig. 1). Contrary to 
un-amended plots, DRP concentration started to decrease with the time of runoff 
over the plots amended with water treatment residues (WTR) and blast furnace 
slag (BFS) (Fig. 1).  
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Figure 1: Effect of low rainfall intensity (30 mm h-1) and low soil roughness 
on nutrients concentration in runoff water. 

 

     Change in soil roughness from low to high did not change the overall trend of 
DRP concentration in runoff water under 30 mm h-1 rainfall intensity (Fig. 2). 
Among the two soil roughness conditions, it was observed that DRP 
concentration in runoff water was considerably less under the high soil 
roughness as compared to the low roughness condition. The difference of soil 
roughness on DRP under low rainfall intensity is more obvious in the control and 
WTR amended plots (Figs. 1 and 2). 
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Figure 2: Effect of low rainfall intensity (30 mm h-1) and high soil roughness 
on nutrients concentration in runoff water. 

3.2 High rainfall intensity (65 mm h-1)  

Similar to low rainfall intensity, the trend of DRP in runoff from amended plots 
did not change significantly with the increase in rainfall intensity under both soil 
roughness levels. Under the low soil roughness, DRP concentration in control 
treatment increased with the time of runoff (Fig. 3). A similar trend was 
observed during the second run and maximum DRP concentrations were 
recorded during the third run. In WTR amended plots, DRP concentration 
decreased over the time of runoff during the first run (Fig. 3). In the second run, 
DRP concentrations were higher at the start of the run, but later trend was linear, 
while in the third run DRP concentration in runoff water was relatively steady 
(Fig. 3). Similarly, in BFS amended plots, DRP concentration decreased with 
time of runoff in all three runs and minimum DRP concentrations were recorded 
in the third run (Fig. 3).  
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Figure 3: Effect of high rainfall intensity (65 mm h-1) and low soil 
roughness on nutrients concentration in runoff water. 

 
 
 

     Under high soil roughness, DRP concentration remained stable with the 
runoff time in the control plots (Fig. 4). During the second run, DRP 
concentration increased until 30 min of runoff and then became stable (Fig. 4). In 
the third run, DRP concentration from the control plots remained steady until the 
first 20 min of runoff, and then it slightly decreased to a steady level (Fig. 4).  
     Plots amended with WTR showed decrease in DRP concentration during the 
first run (Fig. 4), while in the second run DRP concentration remained relatively 
stable. Concentration of DRP in runoff remained steady during the third run, but 
a slight decrease was observed toward the end. In the BFS amended plots, 
decrease in DRP concentration was sharp in the first run (Fig. 4), but in the 
second run DRP concentration remained steady (Fig. 4). During the third run, 
DRP concentration was also steady but slightly declined toward the end of 
runoff.  
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3.3 Iron, aluminium and potassium concentration in runoff 

Changes in Fe, Al and K concentrations are also shown in Figures 1 to 4. It was 
observed that the overall mean Al concentration in runoff water was higher under 
low rainfall intensity. Increasing the soil roughness from low to high also 
increased the Al concentration in runoff. Among the amendments, Al 
concentration did not change greatly. However, Al concentrations were slightly 
higher from WTR under HSR. A trend similar to Al was observed for Fe 
concentration under both rainfall intensities and soil roughness. No variation in  
Fe concentration was observed from any of the three soil amendments. While K 
concentration in runoff water did not change with any change in rainfall intensity 
or soil amendment, however, K concentration was slightly higher under high soil 
roughness conditions. 
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Figure 4: Effect of high rainfall intensity (65 mm h-1) and high soil 
roughness on nutrients concentration in runoff water. 

4 Discussion  

It was observed that, under both soil roughness levels, overall DRP 
concentrations decreased with the increase in rainfall intensity from 30 mm h-1 to 
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65 mm h-1. Reduced DRP concentration under high rainfall might be due to the 
dilution factor as a high volume of runoff water flows over a short period of 
time. Previous studies examining nutrient concentrations in runoff related to 
rainfall intensity have also hinted at dilution as a key process affecting N and P 
concentrations in runoff [4]. Slight increase of DRP concentration in control 
treatment might be due to the different physico-chemical and hydraulic 
processes. In the first dry run, soil was dry and P was also applied in dry form, so 
with the onset of rain event dissolution of P occurred, which is highly water 
soluble, so DRP concentration started to increase over time. Smith et al. [5] 
compared different P fertilizers and suggested that the fertilizer granules released 
P to the water during the wetting process. Among the two soil amendments, 
WTR appeared to be very effective in reducing DRP runoff from the bare soil. 
Mean DRP concentration in runoff water was reduced by 27.3% and DRP load 
by 32% from the WTR amended plots as compared to the control treatment. 
Incorporation or surface application of WTR has been reported to reduce 
dissolved and extractable P in soil by several researchers [6, 7]. In BFS amended 
plots, the trend of DRP concentration in runoff was similar to the WTR. 
However, the overall DRP concentrations in all BFS amended plots were higher 
than the WTR and control treatment. Blast furnace slag has been extensively 
explored as substrates for P removal from constructed wetland systems, both in 
the laboratory and field [8]. Phosphorus adsorption capacity of BFS varied 
among the different studies, which is expected due to the variation in 
experimental setup, material used and different P loads studied. However, we 
could not find any study showing the efficiency of BFS in soils to compare our 
results.  
     Overall Al and Fe concentrations did not vary significantly under any soil 
amendment and were in the limits of USEPA drinking water standards [9]. 
Slightly higher Al concentrations from WTR amended plots was anticipated due  

to the higher Al contents of WTR as well as high indigenous soil Al contents. It 
was observed that K concentrations were higher in runoff as compared to other 
nutrients observed, which might be due to the higher soil native K contents as 
well as K added in the form of KH2PO4 with P dose. Munodawafa [10] stated 
that amount of nutrient loss is also depends on the fertility status of the soil and 
the abundance of a particular nutrient in the soil. 
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