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AbstractArticle Info

Importance of the work: The combination of zinc oxide nanoparticles (nZnO) and  
Azolla as fertilizer could reduce chemical fertilizer use and alleviate zinc deficiency.
Objectives: To evaluate the impact of pellet fertilizers containing nZnO and dried Azolla  
on Pathum Thani 1 rice growth and yield.
Materials and Methods: A one-factor completely randomized design was used. The weight 
contents of Azolla and nZnO in pellet fertilizer were 60.96% and 0.04%, 60.92% and 0.08% 
and 60.88% and 0.12%, respectively. The performance was evaluated of the different pellet 
fertilizers on rice growth, yield and yield components and on the concentration of zinc in 
plant organs.
Results: The pellet fertilizer significantly improved the SPAD index of Pathum Thani 1 rice,  
compared to the control. This improvement was not significantly different from the use 
of urea fertilizer. Similar to urea fertilizer, the pellet fertilizer significantly enhanced plant 
height, the number of tillers per hill, the number of panicles and the number of grains 
per panicle. However, the treatments did not significantly affect the weight of paddy and 
brown rice. The inclusion of nZnO led to a significant increase in zinc accumulation in the 
rice roots, leaves and grains. There was greater zinc accumulation in the treatments with 
increasing nZnO dosages.
Main finding: The Azolla-nZnO pellet fertilizer effectively improved rice growth and 
increased the zinc content in grains. This eco-friendly pellet fertilizer could be used to 
improve zinc nutrition in rice-consuming regions. Further study is required to improve its 
performance in promoting grain weight.
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Introduction 

	 Climate change poses risks to agricultural production and 
food security and is an obstacle to achieving the Sustainable 
Development Goals of the Thai government (Office of 
the National Economic and Social Development Council, 
2025). Rice, a key cereal crop that feeds billions of people,  
is susceptible to extreme weather events (Wassmann et al.,  
2009; Li et al., 2024). Rice farmers in developing tropical 
nations are particularly at risk of being affected by climate 
change (Firdaus et al., 2020). In Thailand, projections have 
indicated that the alterations in temperature and precipitation 
could reduce mean rice yield by up to 33% within 10 yr 
(Sinnarong et al., 2019). Furthermore, alterations in weather 
will reduce soil fertility, disrupt nutrient uptake and exacerbate 
mineral deficiency, including zinc, in rice-consuming regions 
(St. Clair and Lynch, 2010; Myes et al., 2015). Therefore, 
strategies to mitigate the impact of climate change and 
enhance rice productivity are required. However, relying more 
heavily on traditional chemical fertilizers presents several 
limitations, including high costs, the long-term deterioration 
of soil fertility, water eutrophication and a considerable 
contribution to greenhouse gas emissions (Kumar et al., 2019; 
Ashitha et al., 2021). Thus, more sustainable methods for 
promoting rice cultivation should be explored such as the use 
of organic fertilizers (Verma et al., 2020) and highly efficient 
nanomaterials (Verma et al., 2022).
	 A promising source of organic materials for agricultural 
use is Azolla, an aquatic freshwater fern in the Salviniaceae 
family, commonly found in Asia and Africa (Roy et al., 2016).  
Azolla can grow and reproduce rapidly in various environments 
and is resilient to elevated temperatures (Lestari et al., 2024). 
As such, Azolla is regarded as a renewable and inexpensive 
source of biomass, suitable for applications in biofuels 
(Miranda et al., 2016) and livestock feed (Katole et al., 2017). 
In addition, Azolla forms a symbiosis with Anabaena azollae, 
a phototrophic cyanobacterium that resides in its leaves, which 
enables nitrogen fixation (Setiawati et al., 2018). Consequently, 
Azolla is rich in nitrogen and has been used as a biofertilizer 
in agriculture, including rice cultivation (Yao et al., 2018). 
Azolla is utilized in fresh, composted or dried forms (Setiawati 
et al., 2018) to promote rice growth and yield (Razavipour 
et al., 2018). In addition, Azolla can improve long-term soil 
fertility by reducing ammonia volatilization, increasing soil 
microbial activity and providing organic matter (Subedi 
and Shrestha, 2015). However, the limitations of Azolla 

use in rice production include high labor requirements for  
its maintenance and incorporation into fertilizer regimes, 
as well as its deficiency in micronutrients (Li et al., 2020; 
Marzouk et al., 2023).
	 Enhancing Azolla-based fertilizers with materials that 
efficiently deliver micronutrients might address these 
limitations. Nanoparticles have been increasingly used to 
improve the productivity and yield quality of various crops 
(Singh et al., 2021). Zinc oxide (ZnO) nanoparticles are  
cost-effective materials widely used in medical, electronic  
and cosmetics applications (Dey et al., 2025). In agriculture, 
ZnO nanoparticles (nZnO) provide a crucial nutrient for  
plants, where, due to their small size and chemical stability, they 
can be readily transported into plant tissues (Reddy Pullagurala 
et al., 2018). As a result, the use of ZnO nanoparticles at low 
dosages can be highly effective in promoting plant growth. 
For example, the application of ZnO nanoparticles promotes 
photosynthesis and metabolism in rice (Sabir and Singh, 2013). 
For example, Zhang et al. (2021) found that the addition of 
nZnO to soil improved the photosynthetic potential of Nanjing 
9108 rice and increased plant weight, panicle number, grain 
weight and grain quality. Mazhar et al. (2023) used nZnO 
suspensions to improve the growth and yield of IR-6 rice more 
effectively than the use of bulk zinc sources. In addition, ZnO 
nanoparticles have been shown to alleviate stress induced 
by heavy metal contamination (Prakash et al., 2022) and 
drought conditions (Rameshraddy et al., 2017). Nevertheless, 
these studies did not examine the potential of nZnO to reduce 
reliance on conventional chemical fertilizers.
	 Since Azolla is rich in nitrogen and nZnO efficiently 
supplies a key micronutrient, their combined use may exert 
a synergistic effect on rice growth and reduce reliance on 
conventional chemical fertilizers. A few studies have examined 
this combined application. For example, the effects were 
investigated of nZnO foliar spray, combined with rice straw 
compost and gypsum amendments, on wheat yield and soil 
quality (El-Sharkawy et al., 2024). This integrated approach 
improved the grain yield and nutrient content relative to  
the use of individual fertilizer components. In rice, the 
combined use of nZnO and biochar was more effective 
in decreasing cadmium accumulation in roots; however, 
the addition of biochar had no impact on rice growth  
(Ali et al., 2019). Notably, these studies did not compare  
the performance of nZnO-organic material combinations 
to that of conventional chemical fertilizers. In particular,  
no reported studies have compared Azolla-nZnO pellet  
fertilizer directly with urea fertilizer in rice cultivation.  
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The absence of an assessment of combined organic-nZnO 
fertilizers compared to conventional treatments may discourage 
the agricultural sector from adopting these fertilizers on  
a larger scale.
	 The current study examined the combined use of nZnO  
and Azolla in rice production to address the existing research 
gap concerning nZnO-organic fertilizer approaches. By varying 
the content of nZnO, the combined fertilizer may serve as  
a viable alternative to urea fertilizer for enhancing rice growth 
and yield. The findings could provide insights into the relative 
efficacy of the combined fertilizer and serve as a guideline 
for the use of nZnO and Azolla as sustainable alternatives  
to conventional fertilizer practices.

Materials and Methods

Synthesis of ZnO nanoparticles, Azolla cultivation and preparation 
of pellet fertilizer

	 ZnO nanoparticles (nZnO) were synthesized by the  
co-precipitation method modified from Mazhar et al. (2023). 
A 0.1 M aqueous solution of zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O) and a 0.2M aqueous solution of sodium 
hydroxide (NaOH) were prepared under constant stirring 
until the solutions became clear and equilibrated to room 
temperature (22ºC). The NaOH solution was slowly added 
dropwise to the zinc nitrate solution during 30 min. The reaction 
was allowed to proceed for 12 hr under continuous stirring. 
The ZnO nanoparticles were washed four times with deionized 
water and subsequently dried at 80ºC in an open-air oven  
for 12 hr. The dried precipitates were ground into a fine  
powder and annealed at 550ºC for 4 hr. The nZnO were 
characterized using transmission electron microscopy (TEM) 
and X-ray diffraction (XRD) with Cu K-alpha radiation.
	 Initially, the Azolla microphylla  was provided by  
the Department of Agriculture, Thailand. To increase the 
biomass of Azolla, additional cultivation was conducted in  
a greenhouse using a rectangular well measuring 30 cm in 
height, 50 cm in width and 100 cm in length. An amount 
(437.5 g) of cow manure and 125 L of water were added to  
the well. After 3 d, the Azolla was added so that it covered  
10% of the water surface. The Azolla was harvested after  
20 d of cultivation and air-dried for 2 d.
	 The pellet fertilizer raw materials were thoroughly mixed 
according to three weight formulas. In the first formulation 
(Azolla-nZnO 1), the weight proportions of Azolla and 

nZnO were 60.96% and 0.04%, respectively. In the second 
(Azolla-nZnO 2) and third (Azolla-nZnO 3) formulations,  
the proportions were 60.92% and 0.08%, respectively,  
and 60.88% and 0.12%, respectively. In all three formulas, 
the mixture included cow manure (35%), hydraulic lime (3%) 
and molasses (1%). Then, the mixture was ground and cut into 
pellets (1 cm long) using a pellet mill. A pellet fertilizer with 
100% dried Azolla was also prepared. The fertilizer pellets 
were dried in the open air for 2 d before use.

Rice cultivation experiment

	 A completely randomized design experiment was conducted 
to evaluate the effects of the different pellet fertilizers on 
Pathum Thani 1 rice compared to Azolla, the nZnO control 
and urea fertilizer. Each treatment consisted of 10 pots, 
each containing a single rice plant, with three replicates per 
treatment. The Pathum Thani 1 rice seeds were provided  
by the Pathum Thani Rice Research Center, Thailand.  
The seeds were soaked in distilled water for 24 hr and germinated 
in seedling trays. After 7 d, the seedlings were transplanted into 
pots filled with local topsoil for the experiment. A soil sample 
was sent to the Science Center at Valaya Alongkorn Rajabhat 
University, Pathum Thani, Thailand for analysis. The properties 
of the soil and the characterization methods are presented in 
Table 1. Throughout the experiment, the rice plants were watered 
daily and subjected to seven distinct fertilizer treatments, as 
detailed below. In the control group, no fertilizer was applied. 
The six treatment groups received the following applications: 
1.5 g of 46% urea fertilizer; 6 g of Azolla pellet fertilizer  
without nZnO; 0.75 g of nZnO powder; 3 g of Azolla-nZnO  
1 pellet fertilizer; 3 g of Azolla-nZnO 2 pellet fertilizer;  
and 3 g of Azolla-nZnO 3 pellet fertilizer. The fertilizer application 
rates were selected to ensure that treatments containing urea 
or Azolla received equivalent amounts of total nitrogen.  

Table 1	 Properties of experimental soil characterization methods.
Soil property Value Method
pH 7.90 pH meter
Electrical conductivity (mS/cm) 1.02 Soil conductivity meter
Carbon-to-nitrogen ratio 1.80 Walkley and Black method and 

Kjeldahl method
Total N (%) 1.35 Titration
Total P2O5 (%) 1.30 Colorimetry
Total K2O (%) 1.04 Flame photometry
Moisture (%) 30.80 Drying and gravimetric method
Zinc content (ppm) 7.30 Inductively coupled plasma mass 

spectrometry
Soil texture Clay Hydrometer
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All treatments were applied on the first day after transplanting 
(DAT). Typically, Pathum Thani 1 rice reaches the reproduction 
period and the ripening period on 60 and 90 DAT, respectively, 
and is usually harvested during 100–120 DAT. The experiment 
proceeded until 120 DAT.
	 Growth parameters were recorded throughout the  
cultivation period. The number of tillers per hill was measured 
at 60 DAT. Plant height was measured with a ruler on  
60 and 90 DAT. Leaf SPAD indices at 40, 50, 60, 70, 80  
and 90 DAT were measured during 0900–1000 hours  
using a SPAD 502 Plus chlorophyll meter (Spectrum 
Technologies Inc.). Measurements were taken at three positions 
along the leaf blade at one-quarter, one-half and three-quarters 
of the distance from the leaf base. The values were averaged 
before being recorded. On the day of full harvest, the harvest 
date and yield components were recorded, consisting of the 
number of panicles per plant, the number of grains per panicle, 
percentage of good grains (defined as those free from chips 
or cracks) and the weight per 1,000 grains for both paddy and 
brown rice.
	 The rice root, leaf and grain samples were collected and 
sent to the National Nanotechnology Center (Thailand) for 
zinc quantification using inductively coupled plasma mass 
spectrometry (Shimadzu ICPMS-2030). Data were analyzed 
using one-way analysis of variance followed by Fisher’s least 
significant difference tests at the 0.05 significance level, with 
the SPSS software (version 13; SPSS Inc.). Normality and 
homogeneity of variance of the data used for the analysis were 
confirmed based on the Shapiro-Wilk test and Levene’s test, 
respectively, in the SPSS software.

Results and Discussion

	 The TEM images (Fig. 1) revealed that the synthesized 
nZnO had an average rod-like size of approximately 320 nm 
in length and 100 nm in width. There was a notable proportion 
of nZnO measuring below 50 nm in size. This morphology 
is typical of nZnO synthesized via the co-precipitation 
method (Wang, 2004). The XRD peaks (Fig. 2) confirmed 
the hexagonal wurtzite crystal structure of ZnO. Although  
the average particle size exceeded that of nZnO typically 
reported in other studies, the rod-shape morphology, with  
a width of 100 nm, may enhance cellular penetration  
compared to spherical counterparts (Qi et al., 2017; Castiglione 
et al., 2023; Li et al., 2023). This narrow width, along with  
the smaller particles below 50 nm, likely facilitates uptake  

Fig. 1	 Transmission electron microscopy images of synthesized  
ZnO nanoparticles, showing rod-shaped ZnO particles with average  
width of ~100 nm and an average size of ~320 nm.

Fig. 2	 X-ray diffraction spectrum of synthesized ZnO nanoparticles, with 
peak pattern consistent with the wurtzite crystal structure. 

and translocation in rice plants. Furthermore, studies have 
reported that nanoparticles larger than 100 nm can still be 
absorbed by plants, despite the smaller size exclusion limit of 
plant cell walls (Zhao et al., 2016; Ma and Yan, 2018; Ali et al., 
2021). Therefore, the nZnO treatments were expected to impact 
rice growth and zinc accumulation.
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	 The effects of the treatments on SPAD indices (Fig. 3)  
were significant across all six measurement days. Between  
40 and 80 DAT, the urea treatment had the highest SPAD  
index, but it was not significantly different from Azolla-nZnO 3 
(Fig. 3). At 90 DAT, both the Azolla-nZnO 3 and Azolla-nZnO 
2 treatments tended to have higher SPAD indices than the 
urea treatment (Fig. 3). In contrast, treatments with only dried 
Azolla or nZnO resulted in significantly lower SPAD indices 
than both the urea and the Azolla-nZnO treatments. Based on 
these results, the Azolla-nZnO pellet fertilizer enhanced the 
chlorophyll content as effectively as the urea fertilizer and with 
the optimal nZnO content, it might outperform the individual 
components.

Azolla-based fertilizer contained the same total nitrogen 
as urea fertilizer, its lower available nitrogen content  
led to fewer photosynthetic benefits. Similarly, nZnO alone 
was less effective than urea fertilizer, as zinc could not 
replace nitrogen for photosynthetic function. Nonetheless, 
the synergistic mechanisms within the nanomaterial-organic 
framework (Tang et al., 2024) enhanced the performance of 
Azolla-nZnO pellet fertilizer, making it comparable to that of 
urea fertilizer.
	 The rice treated with the Azolla-nZnO 3 produced the  
highest number of tillers per hill at 60 DAT (Table 2), 
significantly exceeding the values observed in the urea,  
Azolla-only (g and nZnO-only treatments, but not significantly 
different from the Azolla-nZnO 1 and 2 groups. At 60 DAT,  
plant height was the same in the Azolla-nZnO 2, 3 treatments  
and the urea fertilizer treatment (Table 2). The superior 
performance of the pellet fertilizer treatment relative to  
the Azolla-only and nZnO-only treatments was consistent  
with the research by El-Sharkawy et al. (2024), showing 
that combinations of nZnO and organic matter improved 
crop growth. The similarity in growth performance between  
the Azolla-nZnO 2 and Azolla-nZnO 3 treatments and the urea 
fertilizer treatment also aligned with the observed effects on 
SPAD indices. Based on these results, the enhancement in rice 
growth could be attributed to the increased chlorophyll content 
in the combined treatment groups.

Fig. 3	 Leaf SPAD values of rice at 40, 50, 60, 70, 80 and 90 days after 
transplanting under different treatments. Different lowercase letters denote 
significant (p < 0.05) difference among means at each time point, based on 
Fisher’s least significant difference test. Error bars = ± SD.

	 The enhanced effectiveness of the Azolla-nZnO pellet 
fertilizer stems from the synergistic effects of its components. 
Azolla is rich in nitrogen, an essential element of chlorophyll  
in rice (Prabakaran et al., 2022). In its dried powder form, 
Azolla increases the availability of phosphorus (Setiawati  
et al., 2018; Al-Bdairi and Kamal, 2021), a crucial constituent  
of adenosine triphosphate and nicotinamide adenine  
dinucleotide phosphate, both of which are required for 
the Calvin cycle (Kayoumu et al., 2023). Concurrently, 
nZnO supplies zinc, which promotes the activity of ribulose 
1,5-bisphosphate carboxylase/oxygenase (RuBisCO),  
an enzyme used in carbon dioxide fixation, by promoting 
the expression of RuBisCO subunit-coding genes (Rehman 
et al., 2012; Yoshihara et al., 2019; Guo et al., 2024).  
By integrating Azolla and nZnO into the pellet fertilizer,  
both nutrient-delivery mechanisms are likely sustained until  
the fertilizer is fully depleted. Notably, although the  

Table 2	 Number of tillers per hill at 60 d after transplanting (DAT) and 
plant height at 60 and 90 DAT of rice under different treatments.

Treatment Number of 
tillers per hill

Plant height (cm) 

60 DAT 90 DAT

Control 5.33±1.53c 55.2±4.0c 77.8±1.4f

Urea 14.67±1.55b 75.0±1.0a 129.3±7.9a

Azolla 7.52±2.31c 61.0±0.9bc 100.6±0.8de

Nano ZnO (nZnO) 7.44±0.51c 58.5±0.6bc 98.4±0.7e

Azolla-nZnO 1 15.70±0.61ab 65.4±4.5b 109.3±0.6cd

Azolla-nZnO 2 17.68±1.54ab 73.0±2.0a 115.0±2.3bc

Azolla-nZnO 3 18.85±1.23a 74.4±1.3a 120.2±0.7b

p value, CV (%) < 0.001, 44.4 < 0.001, 11.9 < 0.001, 14.2

Weight proportions of Azolla and nZnO in Azolla-nZnO 1 = 60.96% and 
0.04%, respectively; in Azolla-nZnO 2 = 60.92% and 0.08%, respectively, 
and in Azolla-nZnO 3 = 60.88% and 0.12%, respectively; CV = coefficient 
of variation.
Values (mean ± SD) in each column with different lowercase superscripts 
are significantly (p < 0.05) different, based on Fisher’s least significant 
difference test.
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	 However, by 90 DAT, plant height in the urea treatment 
group was significantly greater than in all other treatment 
groups (Table 2), including those treated with Azolla-nZnO.
This difference between 60 DAT and 90 DAT was likely due to 
the changing nutritional requirements of rice at different growth 
stages. Pathum Thani 1 rice transitions from the vegetative stage 
to the reproductive stage at around 60 DAT, with the ripening 
stage beginning around 90 DAT. Notably, the demand for 
nitrogen is typically highest during the reproductive stage (Sims 
and Place, 1968). Therefore, the high availability of nitrogen in 
urea fertilizer more effectively meets this requirement than the 
Azolla-nZnO treatments during the reproductive stage, resulting 
in greater plant height by the end of this period.
	 The yield parameters of rice under the different treatments 
are presented in Tables 3 and 4. The treatments significantly 
influenced the number of panicles, number of grains per panicle, 
percentage of good grains and days of full harvest. Specifically, the 
Azolla-nZnO 2 and Azolla-nZnO 3 treatments performed best in 
terms of the number of panicles and grains per panicle (Table 3).  
Their values were significantly greater than those of the Azolla-only 
and nZnO-only treatments (Table 3) but not significantly different 
from the urea treatment. For the percentage of good grains and 
days to full harvest, all non-control treatments yielded statistically 
similar results (Tables 3 and 4). However, none of the treatments had  
a significant effect on the weight of paddy or brown rice.

	 The lack of significant effects on paddy and brown rice 
weight may have been due to applying the treatments only 
once at the beginning of the experiment. It was likely that 
the nutrients supplied by the treatments were depleted during  
later growth stages, particularly during grain filling.  
This contrasts with a study by El-Sharkawy et al. (2024), 
where a twice-applied combination of nZnO and corn 
compost significantly increased grain weight. This increased 
application frequency likely explained the discrepancy in 
effects. Therefore, additional applications, especially at 
the onset of the reproductive stage, should be explored to 
enhance the effectiveness of the pellet fertilizer. Furthermore, 
the dissolution rate of the pellets might influence fertilizer 
performance. As the pellets released nutrients, their size 
decreased, which in turn reduced their surface area and  
slowed dissolution (Lakshani et al., 2023), thereby limiting 
nutrient release. Alternatively, the treatments may have simply 
been ineffective at improving grain weight. Grain filling is 
a complex process, involving starch biosynthesis and gene 
expression (Ma et al., 2023), which require multiple nutrients 
that may not have been adequately supplied by the treatments. 
Therefore, to better assess the potential of the pellet fertilizer, 
future studies should examine its application at later growth 
stages and evaluate its combination with other types of 
fertilizers.

Table 3	 Number of panicles and grains per panicle and percentage of 
good grains of rice under different treatments, on day of full harvest

Treatment Number 
of panicles

Number 
of grains 

per panicle

Good grains 
(%)

Control 2.82±1.05c 107.4±3.8c 72.11±3.2b

Urea 13.00±1.03a 157.9±3.4a 97.52±2.7a

Azolla 8.15±0.79b 132.4±4.0b 96.48±2.3a

Nano ZnO (nZnO) 5.17±0.76c 129.3±1.2b 98.20±1.7a

Azolla-nZnO 1 14.22±1.34a 135.2±1.0b 98.44±1.2a

Azolla-nZnO 2 15.15±1.03a 157.6±3.1a 97.52±4.0a

Azolla-nZnO 3 16.15±1.04a 158.9±1.7a 98.41±2.1a

p value, CV (%) < 0.001, 45.4 < 0.001, 12.1 < 0.001, 16.9

Weight proportions of Azolla and nZnO in Azolla-nZnO 1 = 60.96% and 
0.04%, respectively; in Azolla-nZnO 2 = 60.92% and 0.08%, respectively, 
and in Azolla-nZnO 3 = 60.88% and 0.12%, respectively; CV = coefficient 
of variation.
Values (mean ± SD) in each column with different lowercase superscripts 
are significantly (p < 0.05) different, based on Fisher’s least significant 
difference test.

Table 4	 Weight of paddy and brown rice and day of full harvest of rice 
under different treatments

Treatment Weight of 
paddy rice 

(g/1,000 grains)

Weight of 
brown rice 

(g/1,000 grains)

Day of full 
harvest (d)

Control 27.67±0.57 23.76±0.46 108.3±1.5b

Urea 27.71±0.64 24.01±0.30 115.2±0.6a

Azolla 27.74±0.61 24.04±0.40 113.0±1.7a

Nano ZnO (nZnO) 27.58±0.58 24.01±0.14 109.7±0.8b

Azolla-nZnO 1 27.75±0.70 23.87±0.28 114.4±1.3a

Azolla-nZnO 2 27.82±0.83 24.03±0.31 114.7±0.9a

Azolla-nZnO 3 27.92±1.01 24.02±0.32 115.2±1.1a

p value, CV (%) 0.99, 0.36 0.57, 0.40 < 0.001, 2.28

Weight proportions of Azolla and nZnO in Azolla-nZnO 1 = 60.96% and 
0.04%, respectively; in Azolla-nZnO 2 = 60.92% and 0.08%, respectively, 
and in Azolla-nZnO 3 = 60.88% and 0.12%, respectively; CV = coefficient 
of variation.
Values (mean ± SD) in each column with different lowercase superscripts 
are significantly (p < 0.05) different, based on Fisher’s least significant 
difference test.
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	 The treatments had significant effects on zinc accumulation 
in the rice roots, leaves and grains, as shown in Table 5. 
The nZnO-only treatment resulted in the highest level of Zn 
accumulation (Table 5), followed by the Azolla-nZnO pellet 
treatments in decreasing order of nZnO concentration. A similar 
trend was observed in previous studies (Bala et al., 2019; Yan et 
al., 2021). These findings indicate that zinc content in rice parts 
can be modulated by adjusting the nZnO content. Even without 
nZnO, zinc accumulation occurred due to native zinc content 
in soil, highlighting the importance of considering baseline 
soil zinc levels in future cost-effectiveness studies. Crucially, 
all nZnO-containing treatments led to significantly greater 
zinc accumulation in rice grains compared to the control, urea 
and Azolla-only treatments. Given widespread zinc deficiency 
in developing countries (Gibson et al., 2007; Rerksuppaphol 
and Rerksuppaphol, 2019), nZnO use in rice cultivation 
could help to address micronutrient malnutrition, with its 
nutritional benefits likely outweighing potential toxicity risks 
(Plum et al., 2010). The Azolla-nZnO pellet fertilizer showed 
promise for sustainable rice production due to Azolla’s facile 
cultivation and the simple, cost-effective synthesis of nZnO. 
The pelletization process is scalable and could biofortify rice 
grains with zinc. Unlike conventional methods, such as foliar 
spraying (Sánchez-Palacios et al., 2023; Bodeerath et al., 
2024), the pellet fertilizer enabled gradual zinc release with 
less input, reducing toxicity risks. However, controlling the 
nZnO particle size during synthesis remains a challenge and 
future research should explore industrial-scale nZnO sources 
for broader adoption.

	 In conclusion, the current study presented the first 
comparative evaluation of a pellet fertilizer composed of 
dried Azolla and nZnO against conventional urea fertilizer for 
improving rice production. The Azolla-nZnO pellet fertilizer 
effectively enhanced the chlorophyll content and key growth 
parameters in rice, performing comparably to urea, while 
significantly increasing zinc accumulation in the rice grains. 
This was caused by a synergistic interaction between the 
nitrogen from the Azolla and nZnO’s stimulation of carbon 
fixation. Due to its single application and incomplete nutrient 
profile, the pellet fertilizer had no significant effect on grain 
weight. However, the enhanced zinc content in the grain 
suggested its strong potential for sustainable rice production, 
particularly through zinc biofortification and the use of 
inexpensive, locally accessible materials. Further research 
should evaluate the effectiveness of multiple applications 
or co-application with traditional chemical fertilizers to 
improve yield. Monitoring key nutrient and zinc uptake could 
elucidate the synergy between zinc and Azolla, leading to 
optimized fertilizer use. Field-scale trials, encompassing 
large-scale Azolla cultivation and nZnO synthesis, are required 
to evaluate economic feasibility. Additionally, investigating 
nZnO combinations with other locally available organic 
materials may broaden this approach’s applicability where 
Azolla is unavailable.
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