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Abstract – Pig manure rich in nitrogen, potassium and 

phosphorus was subjected to anaerobic digestion and phase 

separation via centrifugation. Several recovery scenarios for 

the liquid phase of a waste with 2.3% DM (Dry Matter) are 

analyzed in this paper. The physico-chemical 

characterization of the effluent is used to justify the use of 

solar energy in the drying process. The results of an 

experimental study of the drying kinetics of the effluent using 

infrared radiation-based drying indicate that evaporated 

mass flow increases with the increase of heat flux. Several 

evaporation tests were performed in the laboratory using a 

solar simulator. The device consists of a stainless steel plate 

with a tilt angle of 30° that is covered with transparent glass. 

The liquid circulates as a film on the steel plate and is 

exposed to a 6000Watt solar simulator. The measured inlet 

mass flow varied from 0.53 to 1.29g/s.m². The local heat flux 

measurements, the temperatures and the effluent and water 

evaporated flow rates are recorded and compared. The 

measurements indicate that a greater inlet flow results in a 

lower evaporated flow. The results also demonstrate that 

preheating the liquid significantly improves the evaporated 

flow. Comparing drying with and without the cover glass 

indicates that glass cover ameliorates evaporation and 

reduces convection heat losses. 
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I. INTRODUCTION

Due to climate change and the depletion of fossil energy 

resources, agricultural biogas is of increasing interest. 

Agricultural biogas has the well-known advantages of 

reducing greenhouse gas emissions and being a source of 

renewable energy. In particular, the use of excess animal 

manure resorption has potential to be a renewable thermal 

energy source. 

In France, the pig industry is concentrated in the area 

west of Brittany and Pays de la Loire and corresponds to 

66% of the national production. Pig manure is a varied 

source of nutrients and the composition of major elements, 

such as nitrogen, phosphorus and potassium, as has been 

well established by many previous studies [2], [3] and [4]. 

After anaerobic digestion, several studies have been 

performed to determine the characteristics of the digestate. 

The question is whether digestate fertilizer is still of value. 

These analyses indicate that the rate of dry matter 

increases after anaerobic digestion from 8.1 to 8.9%. 

Therefore, the rate of organic matter decreases from 59.3 

to 44kg/t. The ratio carbon to nitrogen (C/N) is an 

indicator of the evolution degree of organic matter, which 

is the material’s ability to eventually break down and 

explains the increase in the C/N ration after methanation. 

The slurry has a C/N ratio of 4.8. After anaerobic 

digestion, this ratio increases to 6.2 [5]. 

Coudure et al. conducted a study that investigated the 

unmixed manure before and after anaerobic digestion. 

This study considered the average characteristics of the 

biogas slurry before and after methanation and the 

efficiency of electricity production via biogas. The pH of 

the slurry after anaerobic digestion is on average 7.62, 

which is slightly greater than the pH measured before 

anaerobic digestion. The average Kjeldahl nitrogen 

content is 2.38%. The average ammonia nitrogen content 

is 1.94%. The average of the total nitrogen is 79.8% [6]. 

The large number of Britannic farms led to the necessity 

for treatment standards (more than 400 installations in 

2008) to reduce the nutrient surpluses from manure. Over 

three quarters of these installations in France perform 

biological treatment with phase separation [1]. The 

thermal energy produced by the biogas plant allows for 

dehydration of the digestate directly or as a solid fraction 

after a first mechanical separation phase. This second 

option is much less energy intensive than the first one. 

However, this method is best for small surpluses because 

it allows for removing only a small amount of nitrogen. 

Indeed, the techniques of centrifugal filtration and 

decantation are ineffective at removing the soluble 

components. In addition, methanation promotes the 

mineralization of nitrogen (and other elements), which is 

already largely soluble in liquid animal waste [5]. After 

phase separation, several studies have been performed on 

possible development scenarios for this effluent after 

centrifugation. Solar evaporation uses renewable energy 

and retains most of the nutrients. Based on further analysis 

of this effluent and references from literature, a value 

characterizing the liquid was determined.  

The most common use of solar energy is solar 

distillation, given the increasing demand for fresh water in 

agriculture and industry. Chaker et al. [9] studied a 

spherical distiller for the management of water in arid and 

remote areas including southern Algeria. They also 

indicated that solar distillation depends on many factors, 

including global irradiation, ambient temperature, wind 

speed and temperature of the water. Their results 

demonstrated the importance of a transparent Plexiglas 

cover in the distillation process; the cover reduces losses 

by convection and promotes evaporation. 

Many studies have been performed on water film 

evaporation in recent years [10], [11] and [12]. Li et al. 

[11] conducted an experimental study of falling water film
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evaporation on newly designed enhanced tube bundles and 

exploited the influence of the Reynolds number on the 

heat transfer coefficient and temperature on convective 

heat flux. Schwartze et al. [12] studied water film 

evaporation in moist air with different humidities.  

Srithar et al. studied the recovery of tannery effluent 

using an open solar flat collector. This effluent is rich in 

total dissolved solid, especially chlorides. The aim of their 

study was to reduce pollution of the land in semi-urban 

and urban areas. An experimental study to augment 

evaporation of effluent tannery was conducted. The 

principle of the study was to increase effluent temperature 

by passing the effluent over flat plate collector as thin film 

and then sprinkling it through nozzles to increase the 

contact area of liquid with air [13], [14] and [15].  

Many studies have been performed regarding the heat 

drying of sludges [16], [17], [18] and [19]. This 

wastewater has less than 5% DM. The DM contains 

nutriments and must be recovered. The sludge is collected 

in a domestic wastewater treatment plant after secondary 

settling, thickening and belt filter dewatering. Drying 

experiments were performed by Leonard et al. on 

wastewater having a DM of 20% in a micro-dryer 

specially designed for handling small individual samples 

with mass ranging between 0.5 and 5g. The micro-dryer is 

composed of two parts: the air conditioning and feeding 

system and the drying chamber. The weighing device is 

connected to a PC that records the mass every 5s. The 

micro-dryer can be operated at temperatures ranging 

between 20 and 180°C. The air superficial velocity in the 

drying chamber is between 0.3 and 5m/s. They used X-ray 

microtomography as an innovative technique to follow the 

evolution of size, shape and texture of soft materials 

during a drying operation.  

The purpose of this study is the recovery of animal 

effluent rich in nutriment to obtain a product useful in 

agriculture for soil fertigation. 

This work concerns the development of a liquid effluent 

by thermal evaporation and is divided into two main parts. 

The first part is a physico-chemical characterization of the 

effluent. The second part is a study of the drying kinetics 

of the effluent using an infrared radiation dryer. An 

experimental study is conducted using a solar simulator. A 

comparison between evaporated mass flows is made. 

II. NOMENCLATURE

C/N [-] Ratio Carbon / Nitrogen 

DM [%] Dry Matter 

e [mm] Thickness

ICP [-] Optical Emission Spectrometry 

IR [-] Infrared 

m
*

[g/s] Evaporated flow 

T [°C] Temperature 

UV [-] Ultraviolet 

X [m] Horizontal axis

Y [m] Vertical axis

Subscripts 

ev Evaporated 

in Entry 

p Plate 

f Film (liquid) 

III. EFFLUENT CHARACTERIZATION

Physico-chemical analysis was performed to 

characterize the product to be treated. The liquid phase of 

pig manure samples was processed via a methanation and 

phase separation by centrifugation prior to the analysis. 

The results of the analysis are presented in Table I.  

To determine the humidity and dry matter of the sample, 

the sample was placed in an oven at a temperature of 

105°C until the weight stabilized. Determining the rate of 

organic matter requires calcination of the sample in a 

furnace after the determination of dry matter, and the 

mineral matter is the difference between the total content 

and the organic matter content.  

The Kjeldahl method allows for the determination of the 

total nitrogen. This method involves mixing the sample 

with concentrated sulfuric acid and a catalyst. The sample 

is then subject to a temperature ramp and mineralization. 

Finally, the mineralization of the nitrogen content is 

achieved after distillation and trapping of the nitrogen in 

boric acid. 

The ammonia nitrogen is determined by nitrogen 

fixation at a cold temperature by stripping the air from the 

nitrogen contained in the sample into boric acid. The 

nitrogen content is then determined in this acid. The 

determination of urea nitrogen follows the same principle: 

measuring the nitrogen content in an acid cold sample; 

however, in this case, the urea nitrogen content is released 

in the sample through the use of the enzyme urease. 

Determining the nutrient levels (phosphorus, potassium, 

calcium and magnesium) was performed by extracting the 

sample in hot aqua regia (hydrochloric acid and 

concentrated nitric acid mixture) and then performing an 

assay and dosage at the ICP (optical emission 

spectrometry). The assay follows the ICP measurement 

principle and is based on the nebulization and the 

ionization of the liquid sample in argon plasma. The atoms 

in the sample are excited to a higher energy level. 

Table I: Physico-chemical analysis of the digestate after 

centrifugation 

Analysis 
Results on raw 

(g/100-g) 

Results on 

dry (g/kg) 

water content at 105°C 97.7 - 

dry matter 2.30 - 

organic matter 1.08 468.40 

organic carbon 0.54 234.20 

pH (21°C) 8.9 - 

Fertilizing elements 

C/N ratio 1.70 - 

total nitrogen 0.32 138.79 

ammonia nitrogen 0.22 95.42 

ureic nitrogen < 0.10 < 43.37 

organic nitrogen 0.10 43.37 

phosphorus (P2O5) 0.048 20.82 

potassium (K2O) 0.61 264.56 

calcium (CaO) 0.025 10.84 

magnesium (MgO) 0.0029 1.26 
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The return to steady state is accompanied by the 

emission of a series of electromagnetic waves in the range 

of the visible and UV spectrum, which is characteristic of 

each element. The different wavelengths are separated 

using a spectrometer. The radiation intensity is 

proportional to concentration of the element. The analysis 

results indicated that the fertilizer value of the liquid is 

still high. 

IV. EVAPORATION OF THE LIQUID FILM OF

EFFLUENT AT REST 

A. Experimental devices
The device used for this experiment consists of a

balance and an infrared dryer manufactured by Sartorius. 

This dryer is controlled by a computer and allows for the 

measurement of the mass while changing several 

parameters, such as temperature and time (Fig. 1.a and 

1.b). The balance has an accuracy 10-3g. The temperature

of the lamp is between 40 and 160°C.

Once the sample is in place, a plot of the sample mass is 

shown on the computer using software that is designed to 

measure the mass as a function of time. 

The radiative flux that reaches the surface of the sample 

is measured using a flow meter connected to a data logger 

that has an uncertainty of ±0.5mV. The variation of the 

radiation flux as a function of the temperature of the 

infrared lamps is shown in Fig. 1.c. 

The radiation flux increases with an increase of the 

temperature of the lamp. There is a maximum of 

916.9W/m² when the temperature of the lamp is 160°C. 

B. Experimental results
Several configurations were performed to study the

tendency of the liquid to dry when it is at rest. 

Fig.1. Evaporation test bench for static film effluent: 

(a) bench test; (b) device photograph; (c) flux curve as

function of IR lamp temperature 

B.1. Effect of the drying liquid surface to on

thickness at a constant temperature
A comparison of the drying rate is performed for two

samples having the same thickness but different surfaces

while maintaining the heat flux of the infrared radiation

source at approximately 916.9W/m².

Table II: Characteristics of the samples 

e = 1.1 mm Volume Mass Surface (cm²) 

Configuration 1 7.8 ml 7.577 g 78 

Configuration 2 4.1 ml 3.325 g 33 

We obtained the results shown in Fig. 2. 

Fig.2. Drying curves for the given configurations 

Fig. 2 shows that the drying curve passes through two 

phases: a phase of rapid decrease of the liquid mass and 

another with a slow decrease. When the sample is exposed 

to the infrared radiation, its water content decreases until 

the mass stabilizes. The evaporated mass flow decreases as 

a function of time. The maximum of evaporated mass flow 

is at the beginning of the evaporation process. 

A digestate with water content greater than 95% 

evaporates due to the free water contained in the sample. 

This process explains the rapid increase in the weight of 

the digestate. When the water content is between 30-40%, 

the sample no longer contains free water in its cavities. 

The remaining material is then considered saturated with 

bound water, which is difficult to evaporate and requires 

more energy for evaporation. Therefore, there is a slow 

decay of the curve until stabilization. This process 

explains the decrease of evaporated mass flow as a 

function of time. 

The results also indicate that, even if the thickness of the 

sample remains constant, samples having a greater portion 

of water will take longer to dry. 

The configurations shown in Table III were considered. 

The samples were dried at a heat flux of 916.9W/m². 
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Table III: Sample characteristics 

Volume = 7.8 ml Surface (cm²) 

Configuration 1: e = 1.1mm 71 

Configuration 3: e = 2.3mm 33 

The results indicate that the drying times of the two 

samples are very similar. A sample from configuration 3 

has a drying time of 255min. This result shows that the 

thickness of the liquid has no influence on the drying 

kinetics because the drying remains a surface 

phenomenon. 

In the remainder of the work, configuration 2 is used, 

and a varying infrared lamp temperature is used. 

B.2. Effect of the lamp temperature with a constant

temperature and area
In configuration 2, the drying time is the minimum. This 

configuration is used in the following tests. The sample is 

dried at different heat fluxes of the IR lamp.  

Fig.3. Drying curves of the digestate for several infrared 

lamp heat fluxes 

The drying curves have the same features. The curves 

have two phases: a fast decay phase and slowly decaying 

phase. We discover that, when the temperature of the lamp 

is higher, the drying is faster. The drying time is a 

minimum when the flux is approximately 916.9W/m². At 

this temperature, the final weight was 0.867g. 

When we introduce the liquid to dry, its temperature 

increases, thereby increasing the evaporated mass flow. 

Subsequently, the mass flow decreases. When the heat 

flow is at its maximum, the maximum evaporated flow 

occurs in the first part of the decreasing curve. When the 

drying time is between 130 and 150min, the minimum 

evaporated mass flow occurs when the heat flux at its 

maximum. Thus, the evaporated mass flow depends on the 

heat flux until 130min; subsequently, the evaporated mass 

flow is inversely proportional to the heat flux. 

The evaporated mass flow can be presented according to 

Fick’s law as the opposite of the concentration gradient 

between the water vapor in the air and that at the interface 

of liquid film. At t=0s, the air is supposed dry; its vapor 

concentration is low, so evaporated mass flow is at its 

maximum. During the evaporation process, vapor released 

from the liquid makes the air more saturated, which 

explains the decrease of the evaporated mass flow. 

Figure 4 presents increases of the maximum and average 

of the evaporated mass flow for different heat fluxes. The 

maximum is 0.11g/s.m² for a heat flux of 917W/m². The 

average of evaporated mass flow is 0.07g/s.m² for the 

same heat flux. The evolution of the evaporated mass flow 

is related to the heat flux. It increases with the increase of 

the heat flux. 

Fig.4. Average and maximum evaporated mass flow for 

different IR lamp heat fluxes 

V. EVAPORATION OF FLOWING LIQUID FILM

OF THE EFFLUENT 

A. Experimental device
This process consists of flowing the aqueous liquid

effluent on an inclined plate subject to solar flux. The 

purpose is to produce solid fertilizer from aqueous liquid 

waste, such as anaerobic digestate. The system should be 

inexpensive and consume as little energy as possible to 

enable widespread adoption of the system by farmers who 

make methane. 

This device is an evaporator composed of stainless steel 

plate with a tilt angle of 30°. This plate is 2m long and 1m 

wide. The plate is covered by a pane of heat-resistant glass 

having a thickness of 6mm. The liquid is injected from the 

top of the plate with an injection nozzle. Fluid flows along 

the plate and is recovered in a gutter (Fig. 5.a). 

The steel plate is insulated on the underside with glass 

wool. The steel plate is heated using a 6000W solar 

simulator. The solar simulator is placed parallel to the 

plate at a distance of 2m, such that heat flux is focused on 

of the upper part of plate at a flux density similar to that of 

the sun.  

4



Thermocouples were fixed to the stainless steel plate, as 

shown in Fig. 5.b. The thermocouples are positioned into 

three rows of nine lines. The first line of thermocouples is 

approximately 20cm from the top and 15cm for the edge. 

The thermocouples are spaced at a distant of 20cm. K-type 

thermocouples used in this study had a margin of error of 

± 2.5°C. 

(b) 

(c) 

(d) 

Fig.5. (a) Schematic diagram of the evaporator; (b) layout 

of thermocouples on the plate; (c) cartography of flux; (d) 

plate temperature profile 

Once steady state is achieved, the liquid was injected 

from the top of the plate using a pump that feeds dispense 

manifold. The inlet mass flow measurement was 

performed by weighing the liquid before and after 

injection for a predetermined time before the start of solar 

simulator. 

The evaporated mass flow was measured when the solar 

simulator was powered and after stabilization of the 

temperature. The measurement was performed by 

weighing the liquid at the outlet of plate over a given time. 

The uncertainty of the mass flow measurement is 

approximately 13%, as determined by the uncertainties of 

the balance and the time period measurement. 

In another set of measurements, the same tests will be 

performed by removing the glass cover. Thus, the plate is 

directly exposed to solar simulator. The results of these 

measurements and the tests with the cover are compared. 

The cartography of the flux is shown in Fig. 5.c. We chose 

the same points as the thermocouples (three columns of 

nine lines). The solar flux is measured using a 

pyranometer with accuracy ±4–10µV/W/m². 

The maximum flux is at Y=0.45m, according to the 

different positions X1, X2 and X3. The flux is 874W/m² at 

Y=0.45m for position X2. The minimum flux is 116W/m² 

at Y=1.85m for position X1. The mean flux along the plate 

is approximately 452W/m². 

The temperature profile of the steel plate when steady 

state is reached is shown in Fig.5.d. Because the heat flux 

of solar simulator is focused on the second column, the 

temperatures are the greatest at that column. When 

x=45cm, the plate temperature is greater. 

At steady state, the maximum temperature of the glass is 

approximately 40°C. 

B. Experimental results
The total heat flux presents the sum of the solar

simulator heat flux, with an average of approximately 

452W/m², and the heat flux from the preheated liquid. The 

heat flux required for liquid preheat is calculated using 

Q=mCp∆T. The calorific capacity of the digestate is 

constant over temperature ranges of 20 to 67.5°C and has 

an average of 0.166J/g.°C, which is much less than that of 

water, which has an average of approximately 4.08J/g.°C 

for the same temperature range. 

A solar drier was used by Hongfei et al. [7] for the 

desalination of water. This plate was inclined by 20°. The 

plate area was approximately 1m². The plate was covered 

with double glazing. Hongfei et al. used a 1000W solar 

simulator. They found that evaporated mass flow increases 

with the increase of heat flux. Tests were performed with 

three different heat fluxes and varying the inlet mass flow. 

The best evaporated flow is approximately 0.24g/s for 

665W/m² and a minimum inlet flow of 0.85g/s. As a 

result, if the inlet mass flow is low and the heat flux is 

high, then the evaporated mass flow is higher. 

To compare the results with those of Hongfei et al., tests 

are conducted by evaporating a water film flowing on the 

plate covered with glass for various illumination powers 

and various inlet temperatures of the liquid.  
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The total heat flux represents the sum of the simulator heat 

flux and the heat flux required to preheat the liquid to 

allow it to evaporate. The results are presented in Fig. 6.  

Fig.6. Representative curves of the evaporated water flow 

as a function of the heat flux 

The maximum evaporated mass flow of water is 

approximately 0.115g/s.m² when the inlet mass flow is 

0.53g/s.m² for total heat flux of 476W/m². Evaporated 

mass flow increases when heat flux is between 452 and 

500W/m². The best evaporated mass flow is 0.12g/s.m² for 

an input of 0.53g/s.m². At 521W/m², the evaporated mass 

flow remains constant. The fluid behaves as if it was 

heated to between 452 and 500W/m². The same tests were 

performed for liquid effluent. The results are presented in 

Fig.7. 

Fig.7. Variation of the evaporated mass flow of the 

effluent as function of the heat flux for different inlet mass 

flows 

The evaporated mass flow of the effluent increases 

when the total heat flux increases and when the inlet mass 

flow decreases. The evaporated mass flow is at its 

maximum when total heat flux is 455W/m². 

The maximum evaporated mass flow is 0.155g/s.m² 

when the inlet mass flow is 0.53g/s.m² if the liquid is 

heated to 454W/m². Whereas, at 454W/m², the evaporated 

mass flow is 0.158g/s.m² for the same inlet flow.  

The results indicate that, for the same inlet temperature, 

at various heat fluxes for water and the effluent, the latter 

has a better evaporation rate. Because the calorific 

capacity of the effluent is lower, it requires less heat flux 

to be heated to the same temperature compared to water.  

Next, the plate was directly exposed to solar simulator, 

and then we repeated the same tests. A comparison of 

these results to the previous results is presented in Fig.9.  
Fig.8. Comparison between the evaporated mass flows of 

water and effluent 
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The evaporated flow reaches its maximum when the 

inlet flow is at its minimum. In addition, the tests with a 

glass cover were found to have improved performance 

because the glass cover ameliorated the evaporated flow. 

Therefore, evaporation is not only related to heat flux but 

also to the glass cover. Note that the best evaporated flow 

is when the effluent is heated at 454W/m² and when a 

cover glass is used. For a minimal inlet flow of 0.53g/s.m², 

the evaporated flow is approximately 0.155g/s.m², 

compared to the flow of 0.105g/s.m² obtained when the 

plate is not covered with glass under the same conditions. 

The evaporated flow decreases with the increase of the 

inlet flow. 

Fig.9. Comparison between the evaporated mass flow of 

the effluent when the plate is used with and without the 

glass cover 

Dufresne [8] is among the researchers who studied this 

phenomenon. He explained that the glass allows the solar 

radiation to pass while absorbing all of the infrared 

radiation. Thus, the glass absorbs the infrared radiation 

emitted by plate and is heated. As the glass temperature 

increases, it emits itself more infrared radiation; as a 

result, its temperature will increase until it loses as much 

energy as it receives. The radiation emitted by the glass is 

half emitted to the outside and lost, with the rest partly 

absorbed by the plate. Because the plate is now receiving 

more energy than it loses, its temperature will rise until it 

loses as much energy as it receives. This infrared radiation 

emitted by the extra plate is absorbed by the glass. These 

rays are transmitted several times until equilibrium is 

reached, wherein the plate temperature is higher than in 

the device without glass. As a result, the evaporated flow 

in better when the glass is used. This effect of the glass is 

the greenhouse effect. The purpose of the glass is to let 

radiation pass and inhibit the dissipation of the heat that 

forms between plate and glass under the influence of 

sunlight. The glass is used to limit the heat loss between 

the glass and the air and between the liquid and the air. 

The evolution of the evaporated mass flow for different 

drying modes is summarized in Fig. 10. 

Using an infrared lamp, the evaporated mass flow 

increases with the increase of the heat flux. The maximum 
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evaporated mass flow is approximately 0.1g/s.m² for a 

heat flux of 400W/m². The average of the evaporated mass 

flow is 0.06g/s.m² for the same heat flux. Comparing the 

solar simulator setups, the evaporated mass flow is better 

when the plate is used with the glass cover. The maximum 

evaporated mass flow is approximately 0.11g/s.m² when 

the plate is used without a glass cover and is 0.14g/s.m² 

when the plate is used with a glass cover. 

Fig.10. Variation of the average and maximum mass flows 

for different heat fluxes and for different drying modes 

The average of the evaporated mass flow is 

approximately 0.06 g/s.m² when the plate is used without a 

glass cover and approximately 0.14g/s.m² when the plate 

is used with a glass cover for the same heat flux. 

VI. CONCLUSION

A study of the liquid phase behavior of pig manure 

digestate, which is rich in nutrients, was conducted. The 

digestate drying kinetics at rest indicated that this 

phenomenon is not dependent on the thickness of the 

sample but is a surface phenomenon.  

A study was performed on the evaporation of a digestate 

flowing down a film on a 30° inclined plate for different 

heat fluxes and the inlet temperatures of the liquid. A 

preliminary study using tap water was conducted. The 

same phenomenon was observed when a digestate was 

used. The evaporated mass flow was found to increase 

with a decrease in the inlet flow and with an increase in 

the total heat flux. Comparing the evaporation of the two 

liquids, water requires more power to be evaporated 

because of the low heat capacity of the effluent.  

The plate temperature is higher when the plate is used 

with a glass cover, than its temperature when the plate is 

used without the glass cover. Therefore, the evaporated 

flux is better when the plate is used with the glass cover 

because the glass reduces heat losses due to convection. 

Using a glass cover, the evaporated mass flow is better 

when the inlet mass flow is the lower than 0.53g/s.m² and 

the plate is exposed to a total heat flux of 454W/m².  

Evaporation using solar simulator increases the dry 

matter content of liquid from approximately 2.3% to 30%. 

Using the same heat flux of the IR lamp, the obtained 

product is free of water. The choice of the method of 

effluent evaporation depends on the nature of the fertilizer 

and agricultural soils. 
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