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Abstract

Agrochemicals and fertilizers are central to modern agriculture and are credited with the
large increase of crop yield as a part of the Green Revolution of the 1960’s. Timely and
targeted fertilizer application to crop root zones enhances effectiveness and reduces unin-
tended release to the environment. This is particularly important for highly mobile liquid
fertilizers (e.g., nitrate) that can be mobilized with infiltrating water to bypass root-bearing
soil volumes. We report a novel liquid fertilizer delivery method using foam as carrier. The
high degree of control and mechanical stability of liquid fertilizer foam (defined dispersed
gas bubbles in a continuous liquid phase) injection into coarse soils (most susceptible to
preferential flows) is proposed a novel delivery method to targeted root zone volumes at
concentrations and geometry that promote uptake and reduces losses. This note and pre-
liminary communication meant to serve a proof of concept report comparing foam and
conventional liquid fertilizer applications. The results indicate that foam-delivery reduced
fertilizer leaching thus improving its retention in soil for similar flow conditions of lig-
uid delivery. Theoretical estimates suggest that the effects of fertilizer retention could be
enhanced in more localized (3-D) injection of foam fertilizers and other agrochemicals thus
enhancing agronomic efficiency and reducing environmental risk of contamination.

1 Introduction

Agricultural activity is one of the largest sources of water pollution (Mateo-Sagasta,
Zadeh et al. 2018). The global growth of crop production heavily depends on the inten-
sive use of chemical fertilizers, such that fertilizer consumption has increased tenfold
worldwide since the 1960s (Mateo-Sagasta, Zadeh et al. 2018). This intense level of
fertilizer application leads to fertilizer leaching, which is one of the main sources of
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groundwater pollution. Annually, the costs of agricultural pollution surpass billions of
dollars. For example, a national investigation in the USA found that agricultural nitro-
gen pollution has an annual cost in the range of US$59-US$340 billion (Mateo-Sagasta,
Zadeh et al. 2018). This cost is in the range of €35-€230 billion per year in the Euro-
pean Union (Mateo-Sagasta, Zadeh et al. 2018). These figures illustrate the importance
of devising innovative and more effective approaches for fertilizer application.

Following surface application of fertilizers, their downward transport with percolat-
ing water is essential for their introduction to root zones. However, transported too rap-
idly to larger depths below the reach of roots reduces their efficiency and may pose vari-
ous environmental hazards (Kronvang et al. 1999, Hanna, White et al. 2001, Lehmann
and Schroth 2003, Maharjan and Venterea 2014). Agricultural fertilizer leaching is
known to pollute groundwater, reduce soil productivity, damages aquatic ecosystems,
and indirectly impact human health. The World Health Organization (WHO) considers
rising nitrate concentrations in water resources a threat in many European countries.
For example, in the UK, an average annual increase of 0.7 mg/l has been observed,
with concentrations nearly doubling over the past 20 years in some regions. High levels
of nitrate in drinking water can disrupt the blood’s ability to carry oxygen and cause
methemoglobinemia (Johnson 2019). Recent findings have shown potential relation-
ship between a high level of nitrate/nitrite in the body to other health effects such as
increased heart rate, nausea, headaches, and abdominal cramps (WHO). Eutrophication
caused by the accumulation of nutrients in water can also change the aquatic ecosystem
(Ngatia, Grace III et al. 2019). Enriched nutrients in surface water bodies are potential
for algae blooms (Pedersen and Borum 1996) that adversely affect aquatic life and water
quality (Roy, Finck et al. 2006).

A variety of agronomic practices have been developed to enhance the efficiency of ferti-
lizer application and reduce leaching to the environment. These include amounts and timing
of fertilizer application (management) and delivery methods in liquid or solid forms close
to crop row or direct injection to the crop root zone (Goh, Hérdter et al. 2003, Lehmann
and Schroth 2003; Kramer et al. 2006). Here, we propose a novel method for improving the
efficiency of liquid fertilizer delivery to crops using foam as a carrier through utilization of
its unique characteristics and hydrodynamic stability (Fig. 1).

Leaching

Fig. 1 Foam as a potential vehicle for fertilizer delivery in soil to reduce leaching rate
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Foam is defined as dispersed gas bubbles within a continuous liquid phase. Foam exhib-
its an apparent viscosity of a few orders of magnitude higher than its constituent gas and
liquid in porous media, leading to well-defined displacement fronts and low mobility (Sho-
jaei et al. 2018a, b; Shojaei et al. 2018a, b). The low density of foam reduced susceptibility
for gravity-induced mobilization and leaching and ensures large volumes for interactions
with roots and soil surfaces (Shen et al. 2011). Shen et al. (Shen et al. 2011) have used
foam as a carrier to deliver nanoparticles for vadose zone remediation. They observed the
fractions of nanoparticles in the soil column were much higher when the particle-laden
foam was injected through the columns compared to direct injection of the water suspen-
sions (Shen et al. 2011). Maire et al. (Maire et al. 2019) investigated the targeted deliv-
ery of hydrogen for aquifers’ bioremediation using foam. They injected H, either alone,
or as foam, in a 2D saturated cell packed with glass beads. Their results showed that foam
retained greater volumes of H, gas (3.5 times higher than traditional biosparging). The
retained foamed-gas persistently lowered relative permeability of water by 1.7 to 5 times,
reducing contaminant diffusion to groundwater (Maire et al. 2019). Other studies have
shown the potential of foam for targeted delivery in porous media and improve sweep effi-
ciency by reducing downward flow of the solution (Hirasaki, Hughes et al. 2005, Zhong
et al. 2011, Ding et al. 2013, Davarzani, Colombano et al. 2015, Maire et al. 2015, Por-
tois et al. 2018a, b). Foam has also been used for delivering other agrochemicals such as
pesticide (Tiernan and Woogerd 1994; Howe 2004), herbicide (Monaghan and Line 1998;
Lampe 2016), and also for drug delivery (Purdon et al. 2003; Tamarkin et al. 2006; Shinde
et al. 2013).

The use of foamed liquid fertilizer makes use of readily available liquid fertilizer deliv-
ered to targeted soil volumes without reliance on infiltrating water for transport to the roots.
Although foam bubbles are thermodynamically unstable, they remain stable for months
or years (Shojaei, Méheust et al. 2021). For example, foam has been proposed for CO2
sequestration efforts that require stability of the gas bubbles over extended periods (how
long?) [30]. Stable foam offers control over fertilizer placement, while offering prescribed
local concentrations (favoring root uptake of nitrate). Moreover, its application is agrotech-
nically feasible using methods similar to anhydrous ammonia injection into soil (without
the risk of direct volatilization, adsorption, and transformations (Sommer 1997, Sommer
and Jacobsen 1999)).

Agronomic and environmental considerations and technological advances make the use
of foam as a potential carrier for fertilizer (and other agrochemicals) feasible and promis-
ing. Foam generation requires the use of gas injection into aqueous for emulsification (Sho-
jaei, de Castro et al. 2019) using advanced surfactants to improve adsorption efficiency (Li
2003; Bansiwal et al. 2006; Huang et al. 2019). To evaluate the potential efficacy of foam
as a carrier for targeted fertilizer delivery in soil, we performed two sets of experiments,
applying commercially available fertilizers to the soil column with foam and without foam.

2 Materials and Methods

Leaching experiments (Maguire and Sims 2002; Kalbe et al. 2014) were conducted
in soil columns made of acrylic cylinders of 30 cm height and 4 cm diameter. Similar
leaching experiments in soil comments have been performed and reported in the litera-
ture (Misra et al. 1974; Wehrhan et al. 2007; Ding et al. 2010; Meza et al. 2010, Zaheer,
Wen et al. 2017). Bottom of the column was covered with a stainless steel mesh with
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40-um opening size to prevent soil loss. Levington John Innes soil (Evergreen Garden
Care (UK) Limited) which is a commercial soil was used in the leaching experiments.
Before the experiments, soil was sieved through a 710 um mesh. The elemental compo-
sition of the study soil is presented in.

OMEX 30 N, which contains 50% urea-N, 25% ammonium-N and 25% nitrate—N
was used as fertilizer and WATER MAX was used as a surfactant agent both provided
by OMEX Company in the UK. The volume concentration of surfactant in the solution
was chosen 10%. Foam was generated by injecting compressed air and OMEX 30 N/
WATER MAX solution simultaneously into a foam generator fitted with a sintered disk
(Scientific Glass, UK). The gas flow rate was controlled using a mass flow controller
(Bronkhorst, UK) connected to a computer. The digital mass flow controller was oper-
ated through a computer to inject gas at a constant rate of 10 ml/min, using FlowDDE
and FlowView (Bronkhorst, UK) as the interface and the operating platform, respec-
tively. The surfactant solution was injected using a syringe pump (Harvard Apparatus,
USA) at varying flow rates to achieve the required foam quality. The quality of foam in
all the experiments was fixed to 80%. Foam quality is the ratio of gas volume to foam
volume (gas + liquid).

The schematic of the experimental setup is depicted in Fig. 2a.

Studies show leaching could happen in both dry and wet soil, but it is higher in the
later one (Sommer and Christensen 1992). We performed the leaching experiments in
six columns filled with wet soil. Hence, in terms of the experiments, two pore volumes
of deionized water were added to each column each day for three days and then left
for another three days for water drainage. Then, 20 ml of fertilizer and surfactant were
added to three columns directly as a liquid solution and into three other columns as
foam each day for five days. At the end of the experiments, 50 ml of deionized water
was added to each column each day for another three days. All the leachate samples
were collected from the outlet and at the bottom of the columns every 24 h. Figure 2b
shows a flowchart demonstrating the steps taken to conduct the leaching experiments.

(a) (b) Start of the
experiments
B '
Mass Flow » Adding two pore volumes of deionized water
Meter daily for three days to each column
(days 1,2 and 3)

)
GV
4 \;‘%~

L
Soil Leaching Column

)

» Waiting three days for water to drain

b 4 (days 4. 5 and 6)
Foam )
T Generator ﬁ;{i t
] / g{g » Adding 20 ml of fertilizer and surfactant to three columns
é s directly as a liquid solution or as foam bubbles depending
a "u on the experiment daily for five days
= Leachafe sample » Collecting leachate samples every 24 hours
< (days 7.8.9. 10and 11)
2 —§ » Adding 50 ml of deionized water daily for three days
4 > » Collecting leachate samples every 24 hours
(days 12. 13 and 14)
End of the experiments
Syringe pump

Fig.2 a Schematic design of the experimental setup used in this study to evaluate foam performance as a
carrier for fertilizer delivery in soil. b The experimental procedure followed to conduct the leaching experi-
ments
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Autoanalyzer, ICP, and electric conductivity tests were performed on the leaching sam-
ples. For electric conductivity test, as the concentration of the solution was above the detec-
tion level of the kit, 5 ml of the leachate was diluted with 20 ml of water (reverse osmosis
water). Then, the electric conductivity meter was dipped into the solution, the probe was
rinsed with reverse osmosis water after each sample and the reading in mS was recorded.

3 Results and Discussion

Figure 3 shows the elemental composition of the leaching samples measured by
AutoAnalyzer.

Figure 3 shows the breakthrough of fertilizer in the soil column occurred one day ear-
lier when applied using foam. This is due to foam having a larger volume than the solu-
tion itself which reaches the outlet earlier. However, the subsequent leaching solutions had
fewer fertilizer components when applied using foam suggesting a higher fertilizer reten-
tion in soil. The transport of the fertilizer in soil is influenced by the gravity and prefer-
ential flow paths. Foam bubbles have a lower density that makes them less susceptible to
gravity and hence leaching. Also, foam bubbles have less downward mobility that reduce
the chance of preferential flow paths in the soil column and provides better uniformity of
contact between the fertilizer and soil and a higher adsorption rate.

(a) Ammonium (b) Urea
0.5 1.0
044 —*With Foam 0.8 { ~—*WithFoam
=+=Without foam —+=Without Foam
= 0.3 = 0.6
c\) > Q —>
© 0.2 4 Adding Fertilizer O 04 Adding Fertilizer ing/Av
0.1 1 — 0.2 4
Adding water
0.0 Sy 0.0 y——r—— T
0O 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
Time (Day) Time (Day)
Nitrate Total N content
©os s
0.4 ~o—With Foam 0.4 4 —o—With Foam
—+=Without Foam =+=Without Foam
= 0.3 1 8 0.3 4
o D ———— = >
O 0.2 {1 Adding Fertilizer © 02 1 Adding Fertilizer
0.1 1 «—> 0.1 4
o Adding water Adding water
0.0 o T T T T T T 0.0 Yy ; T T T T T
o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
Time (Day) Time (Day)

Fig.3 a—d show the variation of the concentration (C) of Ammonium, Urea, Nitrate and total N content
with respect to the initial concentration (Cy) over time, respectively. Total N content is the summation of
Ammonium, Urea, and Nitrate. These results were obtained using Autoanalyzer and ICP tests. The initial
fertilizer solution contained 8.8, 8.3, 8.7, and 35.8 w % of Ammonium, Urea, Nitrate and total N content,
respectively
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In our investigations, we considered the application of liquid fertilizer which is influ-
enced by the occurrence of preferential liquid pathways limiting its efficiency (Jiao et al.
2004; Grant et al. 2019). Gravity-driven fertilizer dropout is ubiquitous in coarse-textured
soil, and also fertilizer can quickly reach to the shallow water tables (Bonczek and McNeal
1996). As foam has a lower density and higher viscosity, it can control the transport of fer-
tilizer in soil and reduce the leaching rate. Investigation of foam flow in porous media for
other applications showed foam has an excellent ability to reduce the mobility of fluid at
high permeability pathways specially in coarse-textured soil (Needham 1968; Islam and Ali
1988; Portois et al. 2018a, b). Therefore, the proposed delivery method would be most suit-
able for coarse-textured soils and shallow water tables where leaching is critical (Table 1).

Foam injection and flow in soil are common in remediation practices [42]. The same
approach could be potentially used to inject and deliver fertilizer based in foam to the root
zone in soil. Moreover, subsurface drip irrigations are becoming more popular in the agri-
cultural industry due to their high water application efficiency. Those tools and facilities
could be used to deliver fertilizer based in foam to the root zone effectively. Also, fertilizer
based in foam might be injected to the root zone at a given depth using a perforated rod
(He et al. 2018) or from the surface by disk permeameter (Perroux and White 1988).

4 Summary and Conclusions

Fertilizer leaching is caused by gravity fingering associated with the density contrast
between the soluble fertilizer and the air in the pore space (Gichter et al. 1998; Kalkhajeh
et al. 2021). Heterogeneity in the soil aggravates this effect by channeling the applied ferti-
lizer through the medium to large pores within the soil matrix (meso and macro-pores), and
leaving the root zone behind (Addiscott and Bland 1988). In high rainfall areas, fertilizers
can also easily be leached into the groundwater and washed into waterways via surface
runoff (Grant et al. 2019). The intensive fertilizer application leads to nutrient leaching,
resulting in underground water pollution, damage to aquatic ecosystems, and environment.
Nitrate concentrations in groundwater from fertilizers have steadily increased in many
European countries in the last few decades and have doubled over the past 20 years in sev-
eral places. In the UK, the range of nitrate concentration is between 2 mg/l and greater than
50 mg/l with an average annual increase of 0.7 mg/l in some areas. This compares to the
World Health Organization (WHO) recommended a maximum of 10 mg/l nitrate concen-
tration in drinking water. Studies have shown strong associations between a high level of
nitrate/nitrite in the body and adverse health effects.

Fertilizer leaching in soil is common in certain climates and soil types leading to
reduced fertilizer efficiency and poses contamination risk to ground and surface water
resources. Fertilizer leaching rates are dependent on a number of factors including the
structure and properties of soil and fertilizer mobility and other properties. In agriculture,
certain methods have been devised to control fertilizer mobility in soil. This technical note

Table 1 Elemental composition and concentrations in the study soil obtained by Inductively Coupled
Plasma (ICP) test in mg/1

P K Mg B Na S Ca Cu Fe Mn Mo Zn

58 426 521 6.4 82 176 3267 4.5 273.8 11.37 0.16 4.96

@ Springer



Localized Delivery of Liquid Fertilizer in Coarse-Textured... 793

and preliminary communication meant to serve as a proof of concept study offering a novel
approach to control fertilizer delivery. Within this context, we investigated foam’s potential
as a carrier for fertilizer delivery to manage and decrease the leaching rate. We observed
reduced leaching of nutrients when the fertilizer was applied to the soil column using foam.
This study could pave the road for designing new fertilizer based in foam with a high reten-
tion capacity to address the leaching issue in soil especially in coarse-textured areas in the
world such as coastal regions which suffer from high leaching rates (Sexton, Moncrief et al.
1996, Nyamangara et al. 2003). Different methods can be followed to apply this new novel
method on a large scale. Different methods can be followed to apply this novel method on
a large scale. Foam injection is common in soil remediation practices (Wang and Mulligan
2004). The same approach could be used to inject and deliver foam-based fertilizer to the
root zone in soil. Subsurface drip irrigation systems that are widely used, for instance, for
growing maize, due to their high water delivery efficiency, could also be used for foam
injection into the root zones in soil (Camp 1998).
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