Project Title:

Carbon Nanoparticle Addition to Fertilizers as a Strategy to Improve Lettuce Yields and
Nitrogen Recovery while Reducing Nitrate Leaching

Project Investigator:

Arun D. Jani, Assistant Professor of Crop Management, Department of Biology and Chemistry,
California State University, Monterey Bay, Seaside, CA 93955, Phone: (831) 582-4791, email:
ajani(@csumb.edu

Cooperating Personnel:

1. Kyle Brasier, Vilmorin North America, 1745 San Felipe Rd Ste. 1, Hollister, CA 95023; 2.
Richard Shang, Vulpes Corporation 4625 Lindell Blvd., St. Louis, MO 63108; 3. Richard Smith,
University of California Cooperative Extension, 1432 Abbott St., Salinas CA 93901

Abstract:

The large amounts of nitrogen (N) fertilizer used to sustain lettuce (Lactuca sativa L.) production
in California threaten ground and surface water quality. To address water quality concerns, the
Central Coast Regional Water Quality Control Board recently adopted Ag Order 4.0, which will
require growers to reduce N application rates over time. In this project, we are investigating the
use of low cost, plant-based carbon nanoparticles (CNPs) as a liquid fertilizer additive to
improve romaine lettuce yields and nitrogen recovery, while reducing nitrate leaching from soils
of the Salinas Valley and Imperial Valley. Plant-based carbon nanoparticles are highly porous
and can temporarily sequester nitrate (NO3) in their pore space. Once CNPs enter a plant by the
roots, they breakdown releasing NO3 for plant use. Research has also shown that CNPs may
stimulate root growth, increasing the likelihood of NO3 uptake by roots. In this research, CNPs
were tested on diverse soils commonly planted to lettuce through a series of greenhouse pot
experiments. Our goal was to use results from the pot experiments to determine whether field
testing of CNPs in lettuce production would be justified. Our results showed that in most cases
using CNPs as a liquid fertilizer additive did not impact lettuce yields, N uptake, and NO3
leaching. Field testing of CNPs in lettuce production is not recommended at this time.

Objective:

Evaluate the impact of CNPs on lettuce yields and N recovery, NO3-N leaching, and postharvest
soil NO3-N concentrations.

Procedures:

Five separate pot experiments were conducted in a temperature-controlled greenhouse operated
by Vilmorin-Mikado in Salinas, CA from September 2022 to April 2024. Treatments in each
experiment were the same, but different soils were used. Soils were collected from Salinas
(sandy loam, sandy clay loam, and loamy sand), Winterhaven (clay loam), Gilroy (clay loam),
CA. Salinas soils were collected from research farms operated by USDA ARS and Vilmorin-
Mikado. The Winterhaven clay loam was provided by a collaborator, Stephanie Slinski of the
Yuma Center of Excellence for Desert Agriculture in Yuma, AZ, while the Gilroy soil was
collected from another Vilmorin-Mikado research farm. By expanding the soils used in this
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research to include an Imperial Valley soil (i.e., Winterhaven), it will be possible to gain a
greater understanding of the effectiveness of CNPS in N management in another major lettuce
region of CA. Initial properties of the five soils are presented in Table 1. It should be noted that
the Winterhaven clay loam soil was leached for two weeks prior to use to draw down its
extremely high NO3-N concentrations. At the start of the pot study, the Winterhaven sandy loam
soil NO3-N reading was 50 ppm.

Table 1. Baseline properties of soils collected from Salinas, Winterhaven, and Gilroy, CA for use in this project.

Salinas Winterhaven Gilroy
Soil property Units Sandy loam  Sandy clay loam  Loamy sand Clay loam Clay loam
Sand % 81.2 60 86.9 35.6 29.4
Silt % 7.5 18.8 8.1 26.9 36.8
Clay % 11.3 21.2 5 37.5 33.8
pH (H,0) 6.2 72 7.0 7.7 7.1
Organic matter % 1 3.2 0.7 1.4 4.1
Cation exchange capacity meq 100 g'1 6.8 12 5 354 27.1
NO;-N ppm 12 6.6 7 426 21
P ppm 21 77.8 34 42.8 88
K ppm 112 218 114 365 410
Ca ppm 872 1880 704 3600 3260
Mg ppm 137 215 134 589 1130
SO4-S ppm 27 42.6 25 6438 -

The following treatments were evaluated in this experiment:

0 mg/L CNPs + 0 Ib N/ac (Control)

400 mg/L CNPs + 0 1Ib/ac N (400 CNP)

0 mg/L CNPs + 100 1b N/ac (N only)

50 mg/L CNPs + 100 1b N/ac (N + 50 CNP)
100 mg/L CNPs + 100 Ib/ac (N + 100 CNP)
200 mg/L CNPs + 100 1b N/ac (N + 200 CNP)
300 mg/L CNPs + 100 Ib N/ac (N + 300 CNP)
400 mg/L CNPs + 100 1b N/ac (N + 400 CNP)
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Note: Early in the experiment on the Winterhaven clay loam soil before treatments were applied,
pots that were allocated to treatment #4 (N + 50 CNP) fell of the greenhouse bench, and plants
were damaged. Therefore, this treatment for the Winterhaven clay loam soil is not included in
the report.

The initial properties of the CNPs use in the study are shown in Table 2. Application rates of
CNPs were based on findings by Xin et al. (2022), while N rates were within the range reported
in the Leaf Lettuce Production in California guide by Smith et al. (2011). Nitrogen-free
Hoagland solution was used to supply all other essential nutrients to ensure there were no
nutrient deficiencies that may confound our results. All treatments were applied in liquid form to
simulate fertigation (Figure 1). Treatments were applied in liquid form since many lettuce
growers use fertigation via drip tape. Nitrogen-free Hoagland solution was used as background
solution, while urea and CNPs were added to the solution depending on treatment.



Figure 1. Mixing plant-based carbon nanoparticles, urea, and Hoagland solution to make
treatments for the experiment (large image). Applying treatments to pots (smaller images).

‘Bluerock’ lettuce plants were started from seed in flats and transplanted to 0.5-gal pots after
approximately 28 days. Before soil was added to pots, it was sieved to pass 0.5-inch screen to
remove large rocks and debris. Treatments were implemented in two separate applications. The
first application occurred one week after transplanting with 25% of total N applied to treatments
receiving N. Two weeks later, the remaining 75% of N was applied. For both applications, pots
received 125 mL of the treatment solution. Care was taken to apply solution directly to soil
without touching leaves. Watering occurred as needed using a watering can. Plants were
harvested six weeks after transplanting.



Table 2. Carbon nanoparticle properties at application

Property Units Values
C % 62

N % 1.5

O % 35

H % 1.5
C/N 41
Particle diameter nm 20 - 130
Surface charge mV -67.6

Pots were fitted into containers to catch leachate, which was collected on a weekly basis, or
when available, and filtered in the lab (Figure 2). Soil plant analysis development (SPAD) was
also measured on a weekly basis as an indicator of plant N concentrations (Figure 3). There is a
positive relationship between SPAD readings and N nutrition in plants. Measurements began one
week after the first application of treatments. Following lettuce harvest, soil samples were
collected from pots using a small soil probe (Figure 4). Both leachate and soil samples were
stored temporarily at 39 °F before being analyzed for NO3-N concentrations using nitrate test
strips. Note: The amount of leachate that accumulated in containers placed below the sandy
loam soil was inadequate to measure NO3-N concentrations.

Figure 2. Leachate accumulated in containers was collected on a weekly basis. It was filtered and
then analyzed for NO3-N concentrations.



Figure 3. Soil plant analysis development (SPAD) is an indicator of foliar N status and was
measured weekly beginning one week after the first application of treatments.
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Figure 4. Following harvest, handheld soil probes were used to take soil samples from pots to
measure postharvest NO3-N concentrations.



All data were analyzed using analysis of variance in R statistical software and SigmaPlot.
Treatments were considered fixed effects, while replication was a random effect. In cases of
statistical significance, pairwise comparisons for all response variables were made using Fisher’s
least significant difference (LSD; 0=0.05). R statistical software and SigmaPlot were used for
data analysis.

Results and Discussion

Carbon nanoparticles only had a positive impact on lettuce yields and N uptake when the sandy
loam was used. Yields were 72% higher under 400 CNP compared to the control, which
suggested simply using CNPs without supplemental N can substantially improve yields on sandy
loams (Figures 5 and 6A). Yields under 400 CNP were also statistically similar to yields under N
only. Considering the relatively low initial soil NO3-N concentration (12 ppm) in the sandy loam
(Table 1), these results seemingly suggested under low to moderate soil NO3-N concentrations,
CNPs may facilitate NO3-N acquisition by roots. However, similar results were not found on
other soils with low to moderate NO3-N concentrations. On both the sandy clay loam and loamy
sand, which had even lower initial NO3-N concentrations of 6.6 and 7.0, respectively (Table 1),
yields were similar under 400 CNP and the control.

On the sandy loam, highest yields were achieved under N + 100 CNP. We initially believed this
finding was important as it seemed to provide some evidence that optimal yields might occur at
relatively low CNP application rates. Current estimates of CNP application costs amount to $5 to
10 per acre. An optimal rate of 100 ppm would fall closer to the lower end of that cost range,
which would make the use of CNPs within the financial grasp of growers. However, for the other
four soils used in this research, yields were not affected by supplementing N fertilization with
CNPs (Figure 6A).

On both clay loams, lettuce yields did not respond to N fertilization, which was likely because
initial soil NO3-N concentrations exceeded 20 ppm (Table 1) and may never have been a
limiting factor in either pot study. This idea was supported by NO3-N leachate data for these
soils (Table 3), which ranged from 15 to 50 and 8.6 to 27 ppm through the studies in
Winterhaven and Gilroy, respectively. End-of-study soil NO3-N concentrations in both clay
loams were also generally high relative to concentrations found in the sandy loam, sandy clay
loam, and loamy sandy (Table 4), further indicating N was not a limiting factor in clay loams.

SPAD data collected midway through the experiment to asses how lettuce was responding to
treatments in terms of N uptake did not always correspond to final N uptake (Figure 7). These
results suggest N uptake during weeks five and six drove final yields and N uptake.

As with yields, lettuce N uptake on the sandy loam responded positively to several treatments
containing CNPs (Figure 6B). The impact of different treatments on N recovery closely
resembled the treatment effects on yields for this soil. Lettuce under 400 CNP accumulated 78%
more N than the control. There were statistically similar amounts of N accumulated by lettuce
under 400 CNP and N only. Nitrogen accumulation was highest under N + 100 CNP. At first,
these results seemed to provide evidence that CNPs facilitate N uptake by lettuce on soils
containing low to moderate amounts of NO3-N. However, as with yield data, we did not observe
similar findings on any other soil used in the study (Figure 6B). On the sandy clay loam and
loamy sand soils low in NO3-N, lettuce responded to N fertilization but not CNP application. On



clay loams, which were apparently not limited in NO3-N, N uptake was similar across all
treatments, including those in which N fertilizer was not added.

400 CNP Control

Figure 5. Plants on the left only received 400 ppm of plant-based carbon nanoparticles (CNPs),
while plants on the right did not receive CNPs. Plants were grown on a sandy loam soil collected
from Salinas, CA and did not receive any N fertilizer.
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Figure 6. Yields (A) and N uptake (B) of lettuce grown on different soils collected from Salinas,
Winterhaven, and Gilroy, CA. Plants were grown in pots for six weeks. ‘Control’ had no N or
CNPs added. Treatments in which N was added received 100 1b N/ac. Units of CNPs are ppm.
Within each soil type, bars that share the same letter are not significantly different at a=0.05

according to Fisher’s LSD.
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Figure 7. Soil plant analysis development (SPAD) readings taken at week 4 of each pot
experiment. ‘Control’ had no N or CNPs added. Treatments in which N was added received 100
Ib N/ac. Units of CNPs are ppm. Within each week, bars that share the same letter are not
significantly different at 0=0.05 according to Fisher’s LSD.



Table 3. Estimates of NO;-N concentrations in leachate collected periodically from containers below pots. The amount of leachate
accumulated in containers attached to pots containing sandy loam and sandy clay loam soils from Salinas, CA was not sufficient for NO;-N

testing. The number of sampling events depended on the availability of leachate and varied by soil type. Note: For treatment "N + 50 CNP"
in the Salinas loamy sand, only one replicates had leachate, so the treatment was not included in statistical analyses.

Salinas - Loamy sand Winterhaven - Clay loam Gilroy - Clay loam

Leachate NOs-N (ppm)

Treatments Sampling I Sampling2 Sampling 3 Sampling I Sampling 2 Sampling3 Sampling 4 Sampling I Sampling 2

Control 4.3 1.1 0.4 15.0 46.3 37.5 38.3 27.0 8.6
400 CNP 3.5 2.5 1.2 22.5 48.2 42.5 38.4 27.0 10.8
N only 222 8.9 1.2 50.0 50.0 35.2 383 27.0 10.8
N+ 50 CNP - - - 38.5 50.0 50.0 46.3 27.0 10.8
N+ 100 CNP 6.7 9.9 10.9 34.1 48.1 46.3 50.0 27.0 10.8
N+ 200 CNP 3.0 9.6 3.1 35.1 43.8 43.8 50.0 27.0 10.8
N+ 300 CNP 4.9 2.5 3.8 27.8 50.0 50.0 30.6 27.0 10.8
N +400 CNP 53 18.7 19.5 27.5 46.3 41.3 46.3 27.0 10.8

P value 0.283 0.359 0.283 0.268 0.87 0.88 0.29 1.00 0.46




Table 4. Estimates of soil NOs-N concentrations at harvest.

Salinas Winterhaven Gilroy
Sandy loam  Sandy clay loam Loamy sand Clay loam Clay loam

Treatment’ NOs-N (ppm)

Control 2.5 0.3 0 2.1 30.3
400 CNP 2.3 1.5 2.3 19.0 6.1
N only 2.3 0.3 1.6 19.7 8.5
N+ 50 CNP 2.0 0.0 - 42.6 24.6
N + 100 CNP 2.0 0.0 6.9 22.1 31.5
N + 200 CNP 3.0 1.3 3.1 26.9 12.1
N+ 300 CNP 2.0 6.0 3.5 37.6 12.1
N + 400 CNP 2.3 1.5 3.1 46.2 39.7
P value 0.251 0.313 0.215 0.07 0.906

" The control had no N or plant-based carbon nanoparticles (CNPs) added. Treatments in which N was
added received 100 Ib N/ac. Units of CNPs are ppm.

Conclusions

In this research, CNPs were tested as a fertilizer additive to determine impacts on lettuce yields
and N uptake using a wide variety of soils commonly planted to lettuce in the Central Coast
region and Imperial Valley. Our preliminary results showed that CNPs improved lettuce yields
and N uptake on a sandy loam with low initial NO3-N concentrations. However, subsequent
studies on sandy clay loam and loamy sand soils with lower initial NO3-N concentrations did
not produce similar results. On these soils, and on higher fertility clay loams, lettuce did not
respond to CNP addition to fertilizer. Considering the limited, inconsistent effect of CNPs
under controlled conditions in this research, it would not be warranted to evaluate the impact of
CNPs as a N management tool under field conditions at this time.
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