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itrogen as fertilizer for turf grass

Christina Sze, a Benjamin Wang,a Jiale Xu,b Juan Rivas-Davilab

and Mark A. Cappelli*a

We investigated the use of plasma-fixated nitrogen, which produces nitrates (NO3
�) in water, as a possible

nitrogen fertilizer for recreational turf such as rye grass and bent grass. Experiments were carried out to

study the effects of nitrate concentration on growth, the further effects of adding phosphorous (P) and

potassium (K) to the plasma nitrated solution to make an N–P–K complete fertilizer, and to compare the

efficacy of plasma-fixated nitrogen to sodium nitrate (NaNO3) and potassium nitrate (KNO3). The results

indicate that the growth and biomass of the plants were strongly dependent on the concentration of the

plasma-fixated nitrogen. Adding P–K to the plasma-fixated nitrogen improved grass growth. Grass that

was supplied plasma-fixated nitrogen had improved growth compared to those supplied with equal

amounts of NaNO3 and KNO3. This work highlights the potential use of plasma-fixated nitrogen as

a fertilizer source for commonly used turf grass.
1 Introduction

Nitrogen is a key component of fertilizer and is essential to
plant growth and health. Currently, most nitrogen in fertilizers
is supplied as a nitrate, NO3

�, bound to ammonia (NH3) that is
manufactured using the Haber–Bosch process.1 However, the
Haber–Bosch process is energy-intensive and contributes to
greenhouse gas emissions. 1–2% of global energy consumption
and 1.44% of carbon dioxide (CO2) emissions are attributed to
this ammonia production.2 The harmful consequences of
traditional nitrogen production illustrate the need for alterna-
tive processes for producing fertilizers. In this paper, we
examine the efficacy of plasma-xated nitrogen as a more
sustainable fertilizer option, specically for the fertilizing of
commonly grown turf grass.

A gas discharge plasma, when generated in a molecular gas
such as air, is composed of electrons, positive and negative ions,
excited and neutral atoms, and other reactive molecular species
and radicals. Plasma xation of nitrogen in water, sometimes
referred to as "plasma-activated water", can be generated via air
plasma treatment either above or directly in water (i.e., the
water is exposed to a plasma stream, or a plasma is generated
directly in the water). This results in the formation of numerous
dissolved and chemically active species, oen generalized as
reactive oxygen and nitrogen species (RONS).3 The dissolved
reactive species can include nitrates, which are naturally
present in soil and can be absorbed by plants as a source of
nitrogen to promote plant growth. In this paper, we are
specically interested in the xation of nitrate ions (plasma-
ical Engineering, Stanford, USA. E-mail:

al Engineering, Stanford, USA

7895
xated nitrogen), produced in water from exposure to air
plasmas, for use as an exogenous fertilizer source for commonly
used turf grass.

The application of plasma-xated nitrogen in agriculture has
recently gained much attention because of its various inter-
esting properties and potential for sustainable production.
Plasma activated water has been shown to enhance seed
germination,4 plant growth,5–7 and have antiseptic properties as
a result of microbial reduction.8 However, most applications to
agriculture have focused on its use as a fertilizer for crops such
as corn,9 barley,10 and fresh produce such as lettuce.6

In this paper, we examine the use of plasma-xated nitrogen
in the fertilization of turf grass, specically rye grass and bent
grass. Turf grass is considered to be one of the largest irrigated
crops in the United States, covering a greater surface area than
even irrigated corn. Turf grass is commonly used in residential
and commercial lawns, golf courses, and recreational and
sports elds.11 As such, turf grass has the potential to sequester
a large amount of excess carbon from the atmosphere and
reduce greenhouse gas emissions.11,12 The use of sustainable
energy in the production of plasma-xated nitrogen for turf
grass growth would further reduce its carbon footprint.
2 Materials and methods

The focus of this study is to better understand the efficacy of
plasma-xated nitrogen as a fertilizer for rye grass and bent
grass. Prior to use, seeds of these two grasses were kept at room
temperature in cool, dry conditions. Coconut coir was used as
a soil growth medium.

Air plasmas were generated using an atmospheric dielectric
barrier discharge (DBD) reactor4,9,13 operating at 23 kHz driving
frequency and with a sinusoidal peak to peak voltage of 7 kV. In
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a typical experiment, the discharge drew 450 watts of input
power. Industrial water contained in a glass container is placed
close to the surface of the DBD (<1 cm) and treated until the
plasma-xated nitrogen solution reached a desired pH and
nitrate level.

The plasma-xated nitrogen stock solution was diluted with
industrial water to achieve solutions with lower nitrate
concentrations. These solutions had dilution factors of 2 : 1,
5 : 1, 10 : 1, 20 : 1, and 100 : 1, respectively, and were compared
for their efficacy in growth studies. The nitrate concentrations
and pH of each solution were measured prior to administering
the solutions, and the results are summarized in Table 1. The
nitrate concentration of the diluted plasma-xated nitrogen
solutions was measured using a nitrate ion-selective electrode
(Vernier GDX-NO3) as nitrates as nitrogen (NO3–N). The pH of
the solution was measured using a glass bodied pH sensor
(Vernier GDX-GPH).
2.1 Plasma-xated nitrogen chemistry

Plasma-xated nitrogen is generated via the reaction between
a DBD surface plasma, atmospheric air (primarily a mixture of
about 78% N2 and 21% O2), and a water interface, which
produces nitrogen oxides (NOx) and other reactive chemical
species such as OH, some of which are solvated into the water.
The NOx is formed from products arising from electron-impact
dissociation reactions involving N2 and O2.14 The interaction of
NOx with the water surface can lead to the formation of nitrites
(NO2

�) in solution. Other gas-phase oxygenated species, such as
hydrogen peroxide (H2O2) and ozone (O3) (also generated within
the plasma discharge) can be solvated and participate in
lowering the pH, forming additional dissolved reactive species
such as OH radicals and facilitating the formation of dissolved
NO3

�. The reaction mechanism that ultimately leads to the
nitrates, peroxides, and a lowering of the pH for the chemical
transformation of water into one that can be used as a fertilizer
is poorly understood. Despite this, a recent review proposed the
following mechanism for nitrate formation:15

e + N2(g) / N(g) + N(g) + e (1)

e + O2(g) / O(g) + O(g) + e (2)

N(g) + O(g) / NO(g) (3)

NO(g) + O(g) / NO2(g) (4)
Table 1 NO3–N concentration and pH of selected dilutions of
plasma-fixated nitrogen solution

Treatment NO3–N (ppm) pH

Water 2.54 6.79
100 : 1 2.86 6.21
20 : 1 7.22 4.21
10 : 1 14.56 3.51
5 : 1 31.61 3.06
2 : 1 85.71 2.63
Stock 168 2.36

© 2021 The Author(s). Published by the Royal Society of Chemistry
NO(g) + O3(g) / NO2(g) + O2(g) (5)

NO2(g) + O3(g) 4 NO3(g) + O2(g) (6)

NO(g) + NO3(g) 4 NO2(g) + NO2(g) (7)

NO2ðgÞ þNO2ðgÞ þH2OðsÞ/NO2
�
ðlÞ þNO3

�
ðlÞ þ 2Hþ

ðlÞ (8)

NOðgÞ þNO2ðgÞ þH2OðsÞ/2NO2
�
ðlÞ þ 2Hþ

ðlÞ (9)

NO2
�
ðlÞ þO3ðlÞ/NO3

�
ðlÞ þO2ðlÞ (10)

NOðlÞ þO2
�
ðlÞ/NO3

�
ðlÞ (11)

Here, eqn (1)–(7) represent homogeneous gas-phase reac-
tions (gas phase species are represented by subscripts (g)), eqn
(8) and (9) represent heterogeneous reactions of gas-phase
species with water at the interface (subscript (s) indicates
interfacial), and eqn (10) and (11) represent homogeneous
reactions of dissolved species in the liquid (subscript (l)). The
system of reactions proposed above will progress towards dis-
solved nitrates provided an over-pressure of nitrogen and
oxygen radicals are maintained within the plasma discharge.
One gas discharge design may be favored over another in its
ability to efficiently produce these reactive species, such as N
and O, and intermediate species such as NO2 and NO3. Key to
achieving high yields also rely on the transport of these inter-
mediates to the water interface before their destruction through
thermodynamically favored reverse reactions, such as those
described in eqn (6) and (7).
2.2 Experimental setup

The effect of (i) dilution on plasma-xated nitrogen on growth
effectiveness, (ii) the addition of phosphorous (P) and potas-
sium (K) to undiluted plasma-xated nitrogen solution, and (iii)
Fig. 1 The experimental setup for the grass growth studies. (1)
Plasma-fixated nitrogen generated with DBD reactor. (2) Daily
watering with water and plasma-fixated nitrogen during germination.
(3) and (4) Daily watering with plasma-fixated nitrogen post-germi-
nation. (5) Grass cut and processed. (6) Height measurements recor-
ded. (7) Grass dried in incubator for 2 days. (8) Dry mass measurements
recorded.

RSC Adv., 2021, 11, 37886–37895 | 37887
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plasma-xated nitrogen performance against other sources of
plant nitrogen are presented below. The general setup for all
three studies is shown in Fig. 1.

In the plasma-xated nitrogen dilution study, 50 uniform rye
grass seeds were placed in 250 mL plastic containers on top of
approximately 70 cubic centimeters of coco coir and covered
with approximately 20 cubic centimeters of coco coir. Equal
volumes of water and fertilizer were added daily to each
respective container. The amount of nitrate added to each
treatment group over time was recorded (Fig. 2c), and nal
measurements were collected aer 17 days following initial
planting.

To test the effect of adding P–K to plasma-xated nitrogen
stock solution, liquid fertilizer containing only P–K (Liquid
KoolBloom 0-10-10) was diluted by a factor of 1000 in industrial
water. This solution was added to 168 ppm NO3–N of plasma-
xated nitrogen stock solution to form an N–P–K complete
fertilizer solution. The diluted P–K fertilizer was also tested
without the added plasma-xated nitrogen in this study as
a control. 25 uniformly spaced rye grass seeds were placed in
250 mL plastic containers on top of approximately 250 cubic
centimeters of coco coir and covered with approximately
a quarter inch (or about 40 cubic centimeters) of coco coir.
Equal volumes of water and fertilizer solution were added daily
to each respective container. The amount of nitrate added to
each treatment group over time was recorded (Fig. 5b and d).
Four replicates for each treatment group were used in this
Fig. 2 (a) Photograph of rye grass growth results after 17 days for variou
control (left) and 2 : 1 dilution of plasma-fixated nitrogen fertilizer (right)
fertilizer dilution.

37888 | RSC Adv., 2021, 11, 37886–37895
study. Measurements were recorded aer 19 days following
initial planting.

To compare the performance of plasma-xated nitrogen
against other sources of plant nitrogen, 5 seeds were placed in
approximately 7 grams of coco coir with a quarter inch of coco
coir over the seeds, and either 2.5 mL of water (control),
100 ppm NO3–N plasma-xated nitrogen solution, 100 ppm
sodium nitrate as nitrogen (NaNO3, ASI sensors), and 100 ppm
potassium nitrate as nitrogen (KNO3, LabChem) were added
daily to each respective growth container until germination.
Aer germination, equal volumes of the solutions were added
daily to each respective treatment group. The amount of nitrate
added to each treatment group over time was recorded (Fig. 9).
Six replicates for each treatment group were used. Final
measurements were recorded aer 13 days following initial
planting.

For all of the growth studies, the seeds were placed in
a custom climate-controlled (T ¼ 22 �C) plant growth chamber
with 24 hour light exposure during the germination period and
14 hour light exposure during post-germination and plant
growth.
2.3 Growth analysis

Plant growth was evaluated based on average grass height and
nal dry mass of each treatment group. Each blade of grass was
cut at the crown of the plant and individually measured with its
natural curvature using a caliper (Mitutoyo Absolute Digimatic
s dilutions of plasma-fixated nitrogen. (b) Top view image comparing
's effect on the growth of rye grass. (c) Total nitrate schedule for each

© 2021 The Author(s). Published by the Royal Society of Chemistry
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200 mm). Grass samples were then dried in an incubator
(VEVOR 20L RT-65) for 2 days at 40 �C before being weighed
using a scale (Ohaus H-7293 Scout) to obtain dry mass
measurements. Average dry mass measurements per plant were
calculated by taking the dry mass and dividing by the number of
germinated plants per replicate group.

Germination yield was calculated by dividing the number of
germinated seeds by the total number of seeds in each cup
using the following equation:

G ¼ nG/nT � 100%

Here, G is the germination percent yield, nG is the number of
germinated seeds in each cup, and nT is the total number of
seeds in each cup.

2.4 Statistical analysis

Two-tailed, two-sample heteroscedastic t-tests were run to
determine whether there was a statistically signicant differ-
ence in the average heights of the treatment groups (signi-
cance level a < 0.05).

3 Results and discussion
3.1 Increased plasma nitrate concentration enhances grass
growth

The results of the plasma-xated nitrogen's effect on turf grass
growth are shown in Fig. 2. Aer 17 days of growth, the turf
grass with higher concentrations of plasma-xated nitrogen
(20 : 1, 10 : 1, 5 : 1, 2 : 1 dilution ratio from the 168 ppm NO3–N
stock) were visibly taller, thicker, denser, and greener compared
to the groups that received only water (control) or dilute
amounts of the fertilizer (100 : 1 dilution). Growth improved
with regard to height, color, and thickness as fertilizer
concentration increased (Fig. 2a). This difference is most clearly
illustrated when comparing the control (water) and the 2 : 1
treatment group in Fig. 2b, which had the greatest difference in
total nitrate added over the growth period.

Themean grass height of every treatment group that received
diluted plasma-xated nitrogen fertilizer, except for the 100 : 1
dilution, was found to be signicantly greater (r < 0.05) from the
mean height value measured for the control group. The height
distributions of the treatment groups are shown in a box plot in
Fig. 3a with the mean height plotted in green. As the fertilizer
and NO3–N concentration increases, the mean height and the
height distribution also increases, particularly for the highest
concentration (2 : 1 dilution) treatment group. Increasing
fertilizer concentration was also shown to increase grass
biomass (Fig. 3b). The greatest effect was seen in the 5 : 1 and
2 : 1 dilution treatment groups, which had a 38.3% and 59.57%
increase in dry mass when compared to the control, respectively
(Fig. 3c). It is apparent that adding even small amounts of
plasma-xated nitrogen (4.20 mg and 1.68 mg for the 2 : 1 and
5 : 1 groups) dramatically increased biomass. It is noteworthy
that the germination yield was not affected by the application of
the plasma-xated nitrogen. The value of G for the control
group was 78%, and G values for the diluted fertilizer groups
© 2021 The Author(s). Published by the Royal Society of Chemistry
were similar (G¼ 80%, 88%, 74%, 78%, and 78% for the 100 : 1,
20 : 1, 10 : 1, 5 : 1, and 2 : 1 dilutions, respectively).

Recent studies have found that the addition of nitrogen to
Aceraceae, a deciduous shrub, improved plant growth and
health through improved root morphology.16 While we have not
examined the physical morphology of our grass roots in detail,
we conjecture that the benets of added nitrogen, seen here as
an increase in height and biomass, may also be the result of
changes to root morphology. It is noteworthy that the more
concentrated, acidic fertilizers (2 : 1 and 5 : 1) did not appear to
� burn � the grass or its root system, suggesting the coco coir
acted as an effective buffer to counteract the acidity of the
fertilizer, in addition to the relatively low amount of solution
that was added compared to the growth medium.

In studying the effect of adding plasma-xated nitrogen on
the growth of the plants, we considered two other quantitative
measures for comparison that represent an efficiency factor for
the nitrates on growth. The rst is the ratio of the total added
nitrates (as nitrogen) for the ith sample, (NO3–N)i, measured
as mg of nitrogen, to the mean grass height of the ith sample
beyond that of the control, i.e.,

Gi ¼ ðNO3 �NÞi
grass heighti � grass height control

The second is the ratio of the total added nitrates as nitrogen
to the dry mass of the ith sample beyond that of the control, i.e.,

xi ¼
ðNO3 �NÞi

grass dry weighti � grass dry weight control

These two ratios allowed us to further quantify the efficacy of
the plasma nitrated water. Fig. 4a shows that the 100 : 1 dilution
case only required 0.00587 mg of NO3–N per additional milli-
meter of height, indicating that the 100 : 1 dilution had the
most efficient usage of nitrogen in increasing height. This
efficiency of nitrogen usage decreased as NO3–N concentration
increased, suggesting that more nitrogen was needed to
increase grass height by the same amount. This inverse rela-
tionship between nitrate concentration and nitrate efficiency in
increasing height suggests that it may be more economical to
fertilize more oen with smaller amounts of nitrogen, if grass
height is desirable. Fig. 4b shows the amount of nitrates
required to increase grass biomass by 1 mg. Similar to Fig. 4a,
the 100 : 1 dilution had the most efficient usage of nitrogen in
increasing biomass since it only required 0.32051 mg of NO3–N
per additional mg of biomass (on a per plant basis). However,
the inefficiency of nitrogen usage in increasing biomass
appears to peak at the 10 : 1 dilution and again at the 2 : 1
dilution of the fertilizer.

Determining the optimal dilution for increasing nitrogen
fertilizer efficiency is important toward reducing fertilizer costs
and runoff, and adjusting the amount of nitrates we add to the
plants over time is crucial for optimizing growth.13 While the
100 : 1 dilution had the best efficiency for increasing height and
mass, the growth rate was slow, and there was not a signicant
difference (signicance level a < 0.05) in height from the control
RSC Adv., 2021, 11, 37886–37895 | 37889
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Fig. 3 (a) Rye grass height as a function of plasma-fixated nitrogen levels. ‘*’ indicates a statistically significant different distribution from the
control. The light green ‘�’ indicates the mean grass height for each dilution group. (b) Average rye grass dry mass per plant as a function of
nitrate levels. (c) Percent change in dry mass per plant as a function of added nitrates amounts.
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group over the 17 day growth period. Therefore, the results
suggest that the 20 : 1 dilution may be the best in terms of
maximizing growth rate and nitrogen efficiency regarding
height. Similarly, the 5 : 1 dilution is likely the best in terms of
maximizing growth rate and nitrogen efficiency regarding
biomass. Further exploration is needed to determine the precise
relationship between nitrogen efficiency in increasing mass and
nitrate concentration, and particularly why certain dilutions
like the 10 : 1 dilution were very inefficient in using the added
nitrogen to increase mass.
3.2 Addition of phosphorus and potassium to plasma-
xated nitrogen

Phosphorus (P) and potassium (K) play a vital role in the growth
of plants, and make up the two other essential macronutrients
for plant growth.16,17 This study investigated the addition of P–K
to the plasma-xated nitrogen solution in order to form
Fig. 4 (a) Effect of dilution factor on G, the total amount of mg of nitra
dilution factor on x, on total amount of mg of nitrates added during the

37890 | RSC Adv., 2021, 11, 37886–37895
a N–P–K complete fertilizer solution and better understand the
effects of P–K on plasma-xated nitrogen. The results of adding
P–K to the industrial water control and the plasma-xated
nitrogen solution are shown in Fig. 5. For both the rye grass
and the bent grass, the P–K solution resulted in slightly shorter
and thinner grass blades, while adding N–P–K plasma-xated
nitrogen solution visibly enhanced grass growth and moder-
ately increased height (Fig. 5a and c). Visually, the rye grass and
bent grass treated with the N–P–K solution had thicker leaf
blades and were more green in color compared to the rye grass
and bent grass treated with the P–K solution and water
(control).

Fig. 6a and b show the measured germination yield for both
the rye grass and bent grass experiments, respectively. Rye grass
had an average germination yield of 87% for the control, 92%
for the P–K solution, 88% for the N solution, and 90% for the
N–P–K solution, as shown by the blue bars in Fig. 6a. Therefore,
the addition of P–K did not noticeably affect germination yield
tes added during the experiment per mm of plant height. (b) Effect of
growth per gram of dry mass of plant.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The effect of watering rye grass (a) and bent grass (c) with tap water, P–K solution, N solution, and N–P–K solution. Photograph of sample
plants watered with various solutions and the control treatment (industrial water) depicting growth on day 19. (b and d) Total nitrates given to N
and N–P–K groups during growth cycle. Abbreviation P–K (phosphorus potassium), N (plasma-fixated), N–P–K (nitrogen (plasma-fixated)
phosphorus potassium).

Fig. 6 Germination yield for (a) rye grass and (b) bent grass growth experiments, with N ¼ 25 seeds per replicate groups (total of 4 replicate
groups). The average germination yield is marked in blue (rye grass) and green (bent grass). Abbreviation P–K (phosphorus potassium), N (plasma-
fixated), N–P–K (nitrogen (plasma-fixated) phosphorus potassium).
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between experimental groups for the rye grass. The bent grass
had an average germination yield of 48% for the control, 54%
for the P–K solution, 75% for the N solution, and 69% for the
N–P–K solution, as shown by the green bars in Fig. 6b. The N
and N–P–K treatment groups had higher germination yields
© 2021 The Author(s). Published by the Royal Society of Chemistry
compared to the control and P–K groups, suggesting that the
plasma-xated nitrogen improved bent grass seed germination.

The addition of phosphorus and potassium to water and the
plasma-xated nitrogen solution had a small effect on rye grass
height, as shown in Fig. 7a. The mean height of each treatment
group is plotted in dark blue. The P–K treatment group had
RSC Adv., 2021, 11, 37886–37895 | 37891
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Fig. 7 Rye grass (a) height and (b) average dry mass per plant with N ¼ 25 seeds per replicate groups (total 4 replicate groups). The dark blue ‘�’
indicates the mean grass height for each fertilizer group. Abbreviation P–K (phosphorus potassium), N (plasma-fixated), N–P–K (nitrogen
(plasma-fixated) phosphorus potassium).
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a slightly lower height distribution compared to the control
(water). However, this did not constitute a signicant difference
(signicance level a < 0.05). In contrast, the addition of P–K to
the plasma-nitrated solution (N–P–K group) signicantly
increased the height distribution in comparison to the treat-
ment group that received only the plasma nitrate solution (N
group; r < 0.05). The N–P–K height distribution also has a wider
range and a higher maximum height than the N height distri-
bution, as well as a more symmetrical distribution.

Adding phosphorus and potassium to water alone had
a small effect on rye grass biomass. As shown in Fig. 7b, the
control and P–K treatment group had approximately equal
biomass with an average dry mass per plant of 1.44 mg and
Fig. 8 Bent grass (a) height and (b) drymass withN¼ 25 seeds per replica
height for each fertilizer group. Abbreviation P–K (phosphorus potassiu
potassium).

37892 | RSC Adv., 2021, 11, 37886–37895
1.40 mg, respectively. Similarly, the average dry masses per
plant of the N and N–P–K treatment groups were 4.24 mg and
4.64 mg, respectively, suggesting the addition of P–K to the
plasma-xated nitrogen solution had a signicant effect on
increasing grass biomass.

The results from the creeping bent grass seeds followed the
same trend with regards to P–K's effect on height and biomass
when added to water and plasma-xated nitrogen. The control
(water) and P–K groups had approximately the same height
distribution, and the N–P–K treatment group had an increase in
its median and range of height in comparison to the N treat-
ment group (Fig. 8a). The mean height of each treatment group
is plotted in red (Fig. 8a). The control and P–K groups had an
te groups (total 4 replicate groups). The red ‘�’ indicates themean grass
m), N (plasma-fixated), N–P–K (nitrogen (plasma-fixated) phosphorus

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Photograph of rye grass growth results after 13 days for
comparison of control (water), plasma-fixated nitrogen solution
(100 ppm NO3–N), KNO3, and NaNO3 solutions (100 ppm NO3–N). (b)
Total nitrate schedule for each fertilizer.
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average dry mass per plant of 0.29 mg and 0.24 mg, and the N
and N–P–K treatment groups had an average dry mass per plant
of 0.75 mg and 0.87 mg, indicating P–K had only a small effect
on grass biomass (Fig. 8b).

Our study suggests that adding phosphorous and potassium
without plasma-xated nitrogen has a small but insignicant
effect on decreasing plant growth, while adding phosphorous
and potassium along with plasma-xated nitrogen had
a signicant effect in enhancing plant height and biomass.
These results are consistent with previous literature that
showed adding phosphorous and potassium alongside nitrogen
enhances plant growth.16,17
Fig. 10 Rye grass (a) height and (b) average dry mass per plant withN¼ 5
plasma-fixated nitrogen (NO3–N), KNO3, and NaNO3 solutions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.3 Comparison of plasma-xated nitrogen to other nitrogen
sources

Rye grass grown using 100 ppm NO3–N plasma-xated nitrogen
had improved growth compared to rye grass grown with KNO3

and NaNO3 at NO3–N concentrations of 100 ppm NO3–N. The
plasma-xated nitrogen, KNO3, and NaNO3 groups were visibly
the same in height, color, and blade thickness, and all showed
signicant improvement in growth compared to the control (see
Fig. 9a). These observations are reected in the height distri-
butions shown in Fig. 10a. The mean height of each treatment
group is also plotted in purple in Fig. 10a. The plasma NO3

� had
a higher mean height of 95.2 mm compared to KNO3 (90.8 mm)
and NaNO3 (89.2 mm), although the level of signicance in
these differences is small (r > 0.05). The height distribution of
the plasma-xated nitrogen is wider than that of the KNO3 and
NaNO3, and the plasma-xated nitrogen had the highest
maximum height.

The plasma-xated nitrogen also produced a higher biomass
compared to the KNO3 and NaNO3 solutions. The plasma NO3

had an average dry mass per plant of 1.18 mg, while the KNO3

and NaNO3 groups had an average dry mass per plant of 1.93mg
and 1.86 mg, respectively (see Fig. 10b). Germination yield was
also roughly equal across the different nitrogen sources (G ¼
97%, 93%, and 96% for the plasma NO3

�, KNO3, and NaNO3,
respectively). This shows that the nitrate source from the
plasma-xated solution has a higher performance in terms of
growth and biomass compared to KNO3 and NaNO3 solutions of
equal nitrate levels. The KNO3 solution produced more biomass
due to the availability of potassium nutrient, compared to the
NaNO3 solution.
3.4 Field integration

The fertilizer developed in this paper can be easily integrated
into current lawn and turf grass systems through fertigation
seeds per replicate groups (total 6 replicate groups) for control (water),

RSC Adv., 2021, 11, 37886–37895 | 37893
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because the nitrogen is directly xated in water and can be
applied through the irrigation system. Rather than conven-
tional synthetic fertilizers that require signicant labor for
dispensing onto turf, modern fertigation systems are low-cost,
computerized, and require little to no labor to distribute the
fertilizer through the irrigation system.18 The reduced risk of
run-off by having a system that slowly adds nitrates into the soil
for plants is also extremely benecial to the environment. The
use of renewable sources of energy in the electrication of
fertilizer production has been explored as a means to reduce the
overall carbon footprint of this important industrial
process.1,3,4,19 Plasma-xated nitrogen strategies afford the
possibility for decentralized production on site. Smaller,
decentralized plants could be co-located with fertigation
systems to produce and distribute fertilizer only when necessary
and could also be adapted for localized climates and
conditions.20

The use of plasma-xated nitrogen systems will allow for the
development of sustainable decentralized production on site.
These decentralized plants would be able to be integrated into
fertigation systems and produce and distribute fertilizer only
when necessary. Economic analysis of the energy costs and
efficiencies have been extensively studied for a variety of plasma
xation technologies.18,20 These past studies have shown
potential in realizability of scalable production based on esti-
mated capital expenses and operating costs. The current Haber–
Bosch process has been fully optimized over the past century of
its use, with an energy consumption of about 0.48 MJ mol�1

ammonia produced. The use of non-thermal plasmas such as
those used here have a theoretical cost limitation of 0.2 MJ
mol�1 for NOx synthesis.3 The system used here is not opti-
mized for commercial production and is currently much lower
in yield when compared to that of the Haber–Bosch method.
The encouraging studies of plant uptake presented here
provides motivation for further research into studies of the
detailed gas and liquid phase chemistry to improve the overall
efficiency of such low-temperature plasma processes.

4 Conclusions

Experiments were conducted in order to understand how
effective plasma-xated nitrogen fertilizer is in enhancing
perennial rye grass and creeping bent grass growth. Dilutions of
a stock solution of plasma-xated nitrogen (168 ppm NO3–N)
were used to illustrate the measurable effects of various nitrate
concentrations on grass growth. Increasing the concentration of
plasma-xated nitrogen was found to increase overall height
and biomass. However, nitrogen efficiency in increasing height
was found to decrease with increasing nitrate concentration,
with the optimal dilution for nitrogen efficiency in enhancing
height being the 20 : 1 dilution. The optimal dilution for
nitrogen efficiency in enhancing biomass seemed to be the 5 : 1
dilution.

Solutions of plasma-xated nitrogen, phosphorous, and
potassium were tested to investigate the interactions of the
plasma-xated nitrogen on the two other plant nutrients.
Plasma-xated nitrogen added with phosphorus and potassium
37894 | RSC Adv., 2021, 11, 37886–37895
were found to improve growth and dry mass compared to just
plasma-xated nitrogen and phosphorus and potassium alone.

Finally, the effect of plasma-xated nitrogen on grass growth
were compared to two commonly used nitrate sources (potas-
sium nitrate and sodium nitrate), and was found to have
improvements in growth height and dry mass with the same
dosage of nitrates (100 ppm NO3–N), allowing for a more effi-
cient nitrate fertilizer. It have been shown that reactive nitrogen
and oxygen species found in the plasma-xated nitrogen solu-
tion improved seedling growth,9 leading to improved height and
mass of the plasma-xated nitrogen fed grass.

To summarize, we have investigated the use of plasma-
xated nitrogen as an exogenous nitrate fertilizer source for
two types of commonly used turf grass. Our ndings indicate
that plasma-xated nitrogen fertilizer, which contains active
nitrates (NO3

�), appears to be a promising candidate for use as
a sustainable and green exogenous nitrogen source for fertil-
izing turf grass.
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Z. Kozáková, Water, 2020, 12, 3545.

14 R. Zhou, R. Zhou, K. Prasad, Z. Fang, R. Speight, K. Bazaka
and K. K. Ostrikov, Green Chem., 2018, 20, 5276–5284.

15 R. Zhou, R. Zhou, P. Wang, Y. Xian, A. Mai-Prochnow, X. Lu,
P. J. Cullen, K. K. Ostrikov and K. Bazaka, J. Phys. D: Appl.
Phys., 2020, 53, 303001.

16 M. Razaq, P. Zhang, H. L. Shen and Salahuddin, PLoS One,
2017, 12, 1–13.

17 X. Xu, X. Du, F. Wang, J. Sha, Q. Chen, G. Tian, Z. Zhu, S. Ge
and Y. Jiang, Front. Plant Sci., 2020, 11, 1–13.

18 K. H. Rouwenhorst, F. Jardali, A. Bogaerts and L. Lefferts,
Energy Environ. Sci., 2021, 14, 2520–2534.
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