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Abstract: Alluvial soils naturally possess abundant soil nutrients. Nevertheless, excessive nitrogen addition
and inappropriate use of nitrogen fertilizers lead to conditions where soil nutrients become immobilized,
ultimately reducing productivity. This study investigates the potential of natural nano-material zeolite which
is important land reseourceto improve nutrient utilization efficiency and mitigate the harmful effects of
excessive fertilizer application. Specifically, the research explores the incorporation of clinoptilolite zeolite and
processed sewage sludge blends, alongside reduced recommended nitrogen fertilizer doses, to evaluate their
impact on soil quality and plant growth. A greenhouse experiment was conducted (three-year study),
comprising eight treatments with varying proportions of zeolite and sewage sludge. The efficacy of these
treatments in enhancing soil carbon pools, nutrient indices, and plant growth responses was assessed. Results
indicate that a combination of 50% recommended fertilizer dose, 4-6% zeolite, and 5-10% sewage sludge
significantly improved multiple aspects of plant growth, including leaves, tillers, culms, and panicles, leading
to increased straw and grain yields. The addition of 6% zeolite in conjunction with sewage sludge positively
influenced plant tillering capacity. Certain treatment combinations exhibited a greater impact on plant height
at different growth stages. For example, the treatment with 75% recommended fertilizer dose, 4% zeolite, and
5% sewage sludge significantly affected plant height at 40 and 55 days after treatment. Additionally, the
combination of 50% recommended fertilizer dose, 6% zeolite, and 10% sewage sludge promoted plant height,
carbon levels, and various yield parameters in later stages. Principal component analysis effectively
distinguished treatments incorporating zeolite and sewage sludge based on plant responses. The combination
of 6% zeolite and 10% sewage sludge, along with a 50% recommended fertilizer dose, positively influenced soil
carbon fractions, nutrient levels, and the growth response of rice plants.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

The Green Revolution undoubtedly alleviated the food security concerns of developing nations
[1]. However, the intensive use of inorganic fertilizers and extensive cultivation have led to issues
such as nutrient immobilization and declining productivity in the soils of these nations [2]. With only
2.4% arable land, Indian agriculture systems face the daunting task of feeding a population of 1.3
billion people, with the demand for food continuously rising[3]. This puts immense pressure on land
for cultivation. Therefore, there is an urgent need to assess soil function, particularly regarding
nutrient immobilization, while simultaneously meeting the increasing food demand. Among various
agricultural commodities, rice holds a year-long tradition and is the largest produced commodity in
India. Over the years, rice production has gradually declined, with major causes identified as erratic
soil carbon status, improper fertilizer use, pest infestation, and farmer socioeconomic status[4]. In the
current scenario, it is crucial to restore soil health through efficient nutrient mineralization and
enhance productivity. Recent soil research suggests that amendments with nano-materials improve
soil reactions, increase surface area, and enhance nutrient dynamics. Natural nanomaterials like
zeolite amplify the reactive surfaces of soil for biogeochemical reactions, enhance soil cation exchange
capacity [5], improve nutrient and water retention efficiency[6,7], and exhibit molecular sieving and
absorption capabilities. These properties are highly desirable for stabilizing soil nutrient
mineralization and function. Additionally, zeolite as a soil amendment enhances plant metabolic
activity, reduces nitrogen loss, solubilizes phosphate, and improves soil nutrient release potential [8].

Erratic soil carbon status is considered a significant concern for rice productivity. Sewage
sludges, rich in organic matter, ameliorate water holding capacity, contain nitrogen, phosphorus,
potassium, and other micronutrients. Thus, applications of sewage sludge improve the physical and
chemical properties of soil and significantly enhance biological activities[9]. Various nano-enabled
strategies have been proposed to enhance crop production and meet the increasing global demands
for food, feed, and fuel while practicing sustainable agriculture[10] . Recent research has
demonstrated the role of clinoptilolite zeolite as a soil amendment in enhancing cation exchange
capacity and yields[11]. Studies have also shown that clinoptilolite zeolite plays a crucial role in
retaining soil nutrients and stabilizing nutrient mineralization[12]. When combined with organic
effluents, it improves soil pH, cation exchange capacity, organic carbon, and nutrient availability [13].
The application of clinoptilolite zeolite has a long-term positive impact on enhancing yield [14] and
improving the physical, chemical, and biological properties of soil [15].

The synergistic application of sewage sludge organic matter and clinoptilolite zeolite has the
potential to stabilize soil nutrient mineralization and may change the soil carbon fractions, thus
ensuring the availability of essential nutrients throughout all stages of plant growth. Therefore, the
objective of this study was to assess the effects of combining sewage sludge and zeolite on soil health
indicators and plant growth parameters in a three year controlled greenhouse environment
experiment.

2. Materials and Methods

2.1. Experimental Design

The experiment was conducted during the Kharif seasons of 2017-2018, 2018-2019 and 2019-2020
at a greenhouse located in the agriculture research farm of the Department of Agronomy, Lovely
Professional University, Phagwara, India. A Complete Randomized Design (CRD) was employed,
with rice variety PR126 grown in pots as the experimental units. The study consisted of eight different
treatments, each replicated three times and three year pooled data has been used for interpretation.
The treatments used were as follows:- TO- Control (No Fertilizers); T1-RDF100 (100% Recommended


https://doi.org/10.20944/preprints202312.0043.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2023

3

Dose of Fertilizer); T2- RDF100+Z4+SS5 (100% Recommended Dose of Fertilizer + 4% Zeolite + 5%
Sewage Sludge); T3- RDF100+Z6+5510 (100% Recommended Dose of Fertilizer + 6% Zeolite + 10%
Sewage Sludge); T4- RDF75+Z4+5S5 (75% Recommended Dose of Fertilizer + 4% Zeolite + 5% Sewage
Sludge); T5- RDF75+Z6+5510 (75% Recommended Dose of Fertilizer + 6% Zeolite + 10% Sewage
Sludge); T6- RDF50+24+SS5 (50% Recommended Dose of Fertilizer + 4% Zeolite + 5% Sewage Sludge);
T7- RDF50+Z6+5510 (50% Recommended Dose of Fertilizer + 6% Zeolite + 10% Sewage Sludge).

Alluvial soil (Sandy Loam Soil) was collected from the agricultural farm of Lovely Professional
University in Punjab, India (31.25° N, 75.70° E). The top 25 cm of soil was used for the pot experiment.
Soil samples were collected from randomly selected points in each pot at different time intervals: 25,
40, 55, 70, and 85 days after transplanting 25-day-old rice saplings. The collected soil samples were
air-dried, sieved, and analyzed. Electron microscopic images were also captured for the creation of
zeolite-soil matrix studies (Figure 1).

Figure-1
(a) Scanning Electron Microscope image- Zeolite (b) SEM Soil+Zeolite

2.2. Soil Analysis

The determination of soil organic carbon was carried out using the Walkley-Black chromic acid
wet oxidation method, as described by Allison et al [16]. In this method, 1g of soil was weighed and
mixed with 10 ml of 0.1667M KzCr207 solution and 20 ml of concentrated H2SOs. The unreduced
dichromate was then back-titrated with 0.5M FeSOs solution. Soil microbial biomass carbon (Cmic)
was determined following the procedure outlined by Vance et al; [17]. This involved the extraction
of organic carbon (C) from fumigated and unfumigated soils using K2Cr20y. For this, 20g of soil was
subjected to fumigation and unfumigation conditions. The soil was then extracted with 75ml of 0.5M
K2Cr207 in a 250 ml flask, and the organic C in the extract was measured using dichromate digestion.
The amount of labile carbon present in the soil was determined according to the method given by
Blair et al [18]. This involved taking 2.0g of soil in a centrifuge tube and oxidizing it with 25 ml of 333
mM KMnOs solution by shaking it on a mechanical shaker for 1 hour. The concentration of KMnOx
was measured at a wavelength of 565 nm using a spectrophotometer, and the change in concentration
was used to estimate the amount of carbon oxidized. Soil available nitrogen was determined
following the Subbiah and Asija [19] method. In this method, 10g of air-dried soil was mixed with
100 ml each of 0.32% KMnOs and 2.5% NaOH solutions in a Kjeldahl's flask. The distillate collected
was titrated with 0.02M NaOH solution to a colorless endpoint after adding 25 ml of 0.01M HaSOs
and a few drops of methyl red indicator. Soil-available phosphorus was determined using the Olsen
method [20]. A 2.5g sample of soil was weighed into a 250ml shaking bottle and mixed with a pinch
of phosphorus-free activated charcoal and 50 ml of extractant solution (0.5M sodium bicarbonate, pH
8.5). A mixture of 5ml of soil extract and 5ml of 1.5% ammonium molybdate was then prepared, and
the intensity of the blue color was measured spectrophotometrically at 660nm. The available
potassium in the soil was determined according to the method described by Toth and Prince [21]. In
this method, 25ml of 1M ammonium acetate solution at pH 7.0 was added to a 5g soil sample, and
the potassium content in the filtrate was measured using a flame photometer. Micronutrients such as
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zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn) were estimated using the atomic absorption
spectrophotometer method. Soil extracts were prepared using diethylenetriaminepentaacetic acid
(DTPA). For this, 10g of soil and 20ml of the DTPA extraction solution were mixed, and the resulting
filtrate was used for analysis, following the procedure outlined by Vocasek and Friedericks [22].

2.3. Plant Analysis

The measurements of plant height and tiller numbers were taken at specific intervals after
transplanting, specifically at 25, 40, 55, 70, and 85 days. Plant height was determined by measuring
the distance from the base to the tip of the highest leaf, while tillers were individually counted to
determine the number of tillers per plant. The number of leaves per plant was also counted at the
same intervals. The stem girth was measured using a Vernier caliper meter at 25, 40, 55, 70, and 85
days after transplanting. The stem girth measurement involved measuring the diameter of the basal
portion of the whole plant. Additionally, the length of the culm was measured from the soil surface
to the base node of the panicle, and the panicle length was measured from the base node to the end
of the panicle. These measurements were taken at the same intervals. At 80 and 100 days after
transplanting, the panicle length and number of panicles were recorded. The number of seeds per
panicle was counted at 85 and 100 days after transplanting. Grain weight was determined by
weighing the grains per pot for each treatment at the time of harvest. The straw yield of each pot was
also recorded separately at the time of harvest, which was conducted 20 days after reaching 85 days
after transplanting.

2.4. Statistical Analysis

The collected data was analyzed using standard procedures in SPSS 22. Duncan's Multiple
Range Test (DMRT) was conducted to determine the significance level, with a threshold of P<0.05.
Different letters were used to indicate significant differences or separations of means in all tables and
graphs.To assess the correlation between plant and soil parameters, Pearson Correlation analysis was
performed. The software utilized for principal component analysis was Past 4.0 [23].

3. Results and Discussion

The control pot exhibited a soil organic carbon (SOC) content of 0.42%, indicating a marginal or
poor status of nutrient mineralization. However, treatments incorporating zeolite and sewage sludge
resulted in a significant increase in SOC. At 25 days after transplanting (DAT), treatment T6 showed
an SOC of 0.83% (Table 1), while treatment RDF50+Z6+5510 displayed 0.85% SOC. The highest and
significant SOC values were observed in treatment RDF50+Z4+SS5 (0.87) and RDF50+Z6+5510 (0.91)
at 40 DAT. Zeolite plays a role in enhancing soil surface area, which facilitates the release of organic
carbon. Studies conducted by Aminiyan et al [24] also demonstrated that the application of zeolite in
combination with certain plant residues efficiently enhances carbon pools.

To investigate soil carbon pools, labile carbon was determined at different intervals in the pot
soils (Table 2). At 25 DAT, treatment RDF50+Z6+5510 exhibited significantly higher labile carbon
content (1.27 mg/kg). At 40 DAT, treatment RDF75+Z6+5510 recorded higher labile carbon values (1.4
mg/kg), while at 55 DAT, RDF50+Z6+5510 showed the highest labile carbon values (1.39 mg/kg),
followed by RDF75+Z6+5510 (1.33 mg/kg) and RDF50+Z4+5S5 (1.30 mg/kg). At 70 DAT, labile carbon
was again found to be higher in treatment RDF50+Z6+5510 (1.48 mg/ kg), followed by RDF50+Z4+SS5
(1.38 mg/kg). Zeolite-treated pots exhibited a 156% improvement in labile carbon compared to pots
treated with the recommended dose of fertilizer alone, indicating the nutrient and carbon retention
properties of zeolite. The application of sewage sludge in combination with microporous
nanomaterials like zeolite enhanced the soil's reactive surface area and consequently increased labile
carbon levels. Long-term studies [25] have shown significantly higher carbon management levels in
soils treated with sewage sludge. Soil organic carbon levels were significantly correlated with soil
labile carbon, highlighting the precise role of zeolite in amplifying soil reaction rates. The
enhancement of surface area improves soil microbial functions and protects soil organic matter,
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leading to a greater accumulation of labile carbon [12]. Treatment RDF50+Z4+SS5 and
RDF50+Z6+S510 exhibited significantly higher microbial biomass carbon compared to the other
treatments (Table 3). The microbial biomass carbon was positively correlated with soil organic carbon
and labile carbon, indicating that the combination of clinoptilolite zeolite and sewage sludge
enhances microbial population and, consequently, microbial biomass carbon. A study conducted by
Aminiyan and Akhgar [26] yielded similar findings, demonstrating the positive impact of zeolite on
the soil carbon fractions through the promotion of microbial growth.

Table 1. Soil Organic Carbon (%) as affected by Zeolite-Sewage Sludge applications during critical
stages of rice growth.

Treatments 25DAT 40DAT 55DAT 70DAT 85DAT
Control 0.404 0.424 0.424 0.444 0.42¢
RDF100 0.62° 0.66° 0.68v 0.71v 0.76>
RDF100+Z4+5S5 0.53¢ 0.56¢ 0.59¢ 0.66¢ 0.664
RDF100+Z26+5510 0.56¢ 0.59¢ 0.61¢ 0.65¢ 0.69
RDF75+74+SS5 0.55¢ 0.58¢ 0.61¢ 0.65¢ 0.654
RDF75+Z6+5510 0.56¢ 0.66° 0.70v 0.72b 0.74bc
RDF50+Z4+SS5 0.832 0.872 0.952 0.982 1.012
RDF50+Z6+5510 0.852 0.912 0.942 0.972 1.012

Table 2. Labile Carbon (mg kg') as affected by Zeolite-Sewage Sludge applications during critical
stages of rice growth.

Treatments 25DAT 40DAT b55DAT 70DAT 85DAT
Control 0.50¢ 0.53¢ 0.52¢ 0.53¢ 0.54¢
RDF100 0.754 0.854 0.924 1.074 1.144

RDF100+Z4+SS5  0.85<« 0.964 1.014 1.094 1.224
RDF100+Z6+5510 0.95¢b¢ 1.12¢ 1.1c 1.24¢ 1.33¢
RDF75+Z4+S55 1.050 1.20¢ 1.26b¢ 1.32b¢ 1.43b¢
RDF75+Z6+5510  1.06° 1.42 1.33% 1.35b¢ 1.47°
RDF50+Z4+SS5 1.010 1.25bc 1.302be  1.382b 1.500
RDF50+26+5510  1.272 1.3720 1.392 1.482 1.622

3.1.

Table 3. Microbial biomass carbon (mg C kg') in soil as affected by Zeolite-Sewage Sludge
applications during critical stages of rice growth.

Treatments 25DAT 40DAT b55DAT 70DAT 85DAT
Control 169n 169h 166h 168s 165h
RDF100 214e 2118 227¢ 244 267¢

RDF100+Z4+5S5  201f 199¢ 2564 234¢ 2558
RDF100+Z6+5S510 191s 2384 2178 275¢ 2904
RDF75+Z4+SS5 2254 251 268¢ 275¢ 277¢
RDF75+Z6+5510 253 224 245¢ 2604 3150
RDF50+Z4+S55 2632 2742 2790 280¢ 300¢
RDF50+26+5510  239¢ 264p 2962 3092 3332

The initial available nitrogen content in the soil was 0.098 g/kg, which significantly increased
after soil treatment. At 25 DAT, treatment RDF50+Z6+5510 displayed significantly higher available
nitrogen values (0.30 g/kg), and similar trends were observed at 40 DAT (Table 4). The period
between 25 and 40 DAT was crucial, as it coincided with the peak activity of plant roots, which absorb
nitrogen for vegetative growth. At 55 DAT, treatment RDF75+Z6+5510 exhibited significantly higher

doi:10.20944/preprints202312.0043.v1
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available nitrogen values (0.23) compared to the other treatments. Treatments RDF50+Z4+5S5 and
RDF50+Z6+5510 showed a tendency to enhance soil available nitrogen, particularly during the early
stages of crop growth, and later stabilized nutrient mobilization. This could be attributed to the
efficient nutrient absorption and reduced leaching characteristics of zeolite. Studies have shown that
zeolite, when combined with organic manures, prevents ammonia leaching by providing a structural
matrix-like framework, thereby improving soil nutrient retention [27]. The initial available
phosphorus content, which is crucial for plant functions, was recorded at 0.015 g/kg. Treatment
RDF75+Z6+S510 consistently showed higher significant values of available phosphorus throughout
the cultivation period (Table 5). This suggests that zeolite, along with organic matter, creates a
reactive matrix that efficiently holds and stabilizes available nutrients, even at higher concentrations
of mineral fertilizers. According to research by Omogbohu and Akinkunmi [28], an appropriate
concentration of phosphorus is required to satisfy soil sorption sites, enabling phosphorus to be made
available to plants. Zeolite-like nanomaterials provide the framework to hold such crucial soil
nutrients throughout cultivation [8]. Soil-available potassium, another crucial element for plant
biochemical reactions, was initially reported at 0.075 g/gm and significantly increased among the
treatments at later stages (25 DAT). Treatment RDF50+Z6+5510 exhibited significantly higher
available potash values.

The utilization of zeolite has a tendency to improve the availability of potassium in the soil [29]
due to its slow nutrient release characteristics and increased surface area for oxidation (Table 6).
Treatment RDF50+Z6+5510, despite receiving only 50% of the recommended fertilizer dose, benefits
from the organic carbon provided by sewage sludge and the enhanced soil reactions facilitated by
zeolite, leading to more stable nutrient mineralization and availability [8]. To compare soil carbon
with soil available macronutrients (NPK), box plots were constructed using data from soil carbon
pools and macronutrient measurements taken at 25, 40, 55, 70, and 85 DAT (Figure 2). It is evident
that treatments RDF50+74+5S5 and RDF50+Z6+5510, which received 50% RDF, 4-6% zeolite, and 5-
10% sewage sludge, significantly influenced soil carbon pools (SOM, LB, MBC). The levels of soil
carbon also have an impact on the availability of soil macronutrients (NPK).

Table 4. Soil available nitrogen (g/kg) as affected by Zeolite-Sewage Sludge applications during
critical stages of rice growth.

Treatments 25DAT 40DAT b55DAT 70DAT 85DAT
Control 0.093f  0.071<  0.035¢ 0.035¢  0.0284
RDF100 0.12f 0.11¢ 0.0744  0.077<  0.084¢

RDF100+Z4+555  0.16¢¢  (.16° 0.13¢ 0.12v 0.10¢
RDF100+Z6+5510 0.21bc 0.19° 0.16bc 0.14> 0.14>
RDF75+74+SS5 (0.18< 0.18v 0.202b 0.14> 0.17°
RDF75+Z6+5510  0.159 0.19» 0.232 0.16° 0.19»
RDF50+Z4+SS5 0.25p 0.21° 0.14> 0.16° 0.19»
RDF50+Z26+5510  0.302 0.262 0.16b¢ 0.222 0.252

Table 5. Soil available phosphorus (g/kg) as affected by Zeolite-Sewage Sludge applications during
critical stages of rice growth.

Treatments 25DAT 40DAT 55DAT 70DAT 85DAT
Control 0.011¢  0.011e¢  0.011c 0.013¢  0.011¢
RDF100 0.014>  0.015¢  0.017¢ 0.021>  0.022°

RDF100+Z4+S55  0.015%®  0.016b4 0.0186> 0.0242>  0.0280°
RDF100+Z6+5510 0.015® 0.014¢  0.017° 0.0212»  0.0273P
RDF75+74+SS5 0.0172>  0.018®  0.01962 0.023=>  0.0270°
RDF75+Z6+5510  0.018»  0.019=  0.0212 0.0252  0.0362

RDF50+Z4+S55 0.0152>  0.016b«d  (0.0190:t 0.0222>  (.0276°
RDF50+Z6+5510  0.0172>  0.0172>< 0.0196®> 0.0232>  (0.0283P
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Table 6. Soil available potassium (g/kg) as affected by Zeolite-Sewage Sludge applications during
critical stages of rice growth.

Treatments 25DAT 40DAT b55DAT 70DAT 85DAT
Control 0.066f  0.066f  0.064f 0.0628  0.062f
RDF100 0.069¢  0.078  0.126c  0.131dc  0.133¢

RDF100+Z4+SS5  0.072¢  0.084¢  0.122¢  0.126f  0.1374
RDF100+Z6+5510 0.081¢  0.095¢  0.128>  0.138  0.145°
RDF75+Z4+5SS5 0.083¢  0.099> 0.132=  0.139»>  0.145°
RDF75+Z6+5510  0.086*  0.093¢  0.118  0.129¢f 0.1374
RDF50+Z4+555 0.0774  0.094c  0.122¢  0.134«¢ 0.141c
RDF50+Z6+5510  0.0892  0.1062  0.132=  0.144=  0.155°

The box plots depicting macronutrients (NPK) demonstrate that the soil treated solely with
mineral fertilizer exhibits substantial variation in nutrient availability throughout the cultivation
period. However, treatments incorporating a higher percentage of zeolite and sewage sludge ensure
nutrient availability and stability during the cultivation period.
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Fig 2: Effect of different treatments of zeolite and sewage sludge (Box plot representation) on a) organic carbon b) Labile
Carbon, ¢) Microbial Biomass Carbon, d) Macronutrient (NPK) levels. TO- Control; T1- RDF100,T2- RDF100+Z4+SSS; T3-

Treatment RDF50+Z6+S510 exhibited significantly higher levels of Zinc (0.0046 g/kg). The
concentration of soil iron during the initial stages was measured at 0.0072 g/kg, and later on,
significantly higher levels were observed in treatment T6 (Data not shown). The incorporation of
zeolite and sewage sludge in the treatments improved the concentration of copper and manganese
in the soil. Zeolite, with its enhanced cation exchange properties, facilitated the mobilization of
micronutrients in the soil, thereby increasing their concentration [30]. Additionally, the use of organic
matter such as sewage sludge may contribute to the stabilization of the ability to absorb positively
charged ions. Principal component analysis of soil micronutrients segregated the treatments into two
groups: those with combinations of zeolite and sewage sludge (RDF 100 +Z 6 +SS 10, RDF 75 +Z 6 +SS
10, RDF 50 +Z 4 +SS 5, and RDF50+Z6+5510), and those without zeolite and sewage sludge (Control
and RDF100). This further confirms the role of zeolite in retaining micronutrients in the soil. The
count of leaves per plant was conducted at 25, 40, 55, 70, and 85 days after transplanting. The
treatment RDF100 exhibited the maximum number of leaves, with 65 recorded, indicating that the
addition of zeolite and sewage sludge enhances soil nitrate availability, leading to an increase in leaf
numbers [31]. At 40 days after transplanting, the leaf count was significantly higher in treatment
RDF50+Z6+5510, suggesting a proportional reduction in RDF combined with the use of
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nanomaterials that enhance soil nutrient availability [32]. The incorporation of zeolite, RDF, and
sewage sludge in all treatments at 40 days after transplanting resulted in a 137% higher leaf count
compared to the control. Such an increase in leaf number is crucial during the vegetative growth stage
of plants[33]. The number of tillers indicates the efficiency of plant nutrient uptake, and the
observations from the experiment revealed that the number of tillers was significantly higher in
treatment RDF50+Z6+5510, with a count of 18.33 at 25 days after transplanting. Similar trends were
observed at 40 and 85 days after transplanting. At 55 days after transplanting, treatment T7 exhibited
the highest number of tillers (35.33), followed by RDF50+Z4+SS5 (32). The results at 70 and 85 days
after transplanting also showed significantly higher numbers of tillers in the pots treated with
RDF50+Z6+5510, with values of 36.66 and 38, respectively. All pots treated with zeolite and sewage
sludge demonstrated a positive impact compared to treatments without fertilizer or only RDF
without zeolite and sewage sludge.

At 25 days after transplanting (DAT), the plant height was significantly higher in treatment
RDF75+Z6+5510 (56.33) and RDF100+Z4+SS5 (56.75). However, in later stages of growth, the plant
height was significantly higher in treatment RDF50+Z6+S510, possibly due to the slow nutrient
release activity of sewage sludge, which stabilizes the nutrient flow during the later stages of plant
growth. Another study by Rabai et al [34] also suggests that zeolite amendments improve plant height
in later stages. The culm length was significantly higher in treatment RDF100+Z4+SS5 (18.67) and
lowest in the control (12.37). At 40 days after transplanting, the culm length was significantly higher
in treatment RDF50+Z6+5510 (21.04), probably due to the impact of sewage sludge and RDF provided
during the earlier stages of plant growth. The highest significant value for culm length was found in
treatment RDF50+Z24+SS5 (23.33) at 55 DAT and 70 DAT (28.66). After 25 DAT, there was no
significant growth in culm length for the next two crop stages; however, after 70 DAT, the culm length
steeply increased.

This study highlights the role of organic matter in stabilizing the soil nutrient flow and
enhancing culm length during the later stages of cultivation. At the initial stages of crop growth, leaf
length was high in treatment RDF100+Z4+5SS5, RDF75+Z6+5510, and RDF50+Z6+5510 (25 DAT);
however, at later stages, treatment RDF75+Z6+5510 consistently showed higher positive impacts and
enhanced leaf length. The vegetation growth period (40 and 50 DAT) of the crop was most crucial in
determining yield. In the control pot, leaf length was significantly lower (43.7 and 48.4 cm)
respectively. Leaf length was comparatively good in RDF75+Z6+5S510 at 25, 40, and 50 DAT. There
was not much difference between the highest two treatments (RDF100+Z4+SS5 and RDF50+Z6+5510)
compared to treatment RDF75+Z6+5510 (Data not shown). The reason why RDF75+Z6+5510 showed
the maximum significantly higher values may be attributed to the absorption of nutrients by the
zeolite in earlier stages and their release at later stages for the plant. Zeolite application promotes leaf
area and overall plant height [35]. Stem girth was recorded significantly higher in treatment
RDF50+Z6+5510, measuring 49.06 mm at 25 DAT, compared to the control, which had significantly
lower values. It is evident that an increased number of tillers enhance stem girth and nutrient
availability. Zeolite mediates continuous nutrient availability and improves stem girth [36].

The count of panicles, which represents a fraction of yield, was conducted at 85 and 100 days
after transplanting (DAT). The highest numbers of panicles were observed in treatment
RDF50+Z4+SS5 (25.33 and 26.33) and treatment RDF50+Z6+5S510 (25.33 and 24.33) at 85 and 100 DAT,
respectively (Figure 3). These results indicate that both RDF50+Z4+SS5 and RDF50+Z6+5510 had a
significant impact on panicle development. In both treatments, the recommended dose of fertilizer
was reduced while additional zeolite and sewage sludge were provided, which may have enhanced
soil nutrient mineralization. Zheng et al [37] explained the role of zeolite in promoting the number of
panicles and overall rice yield. Treatment RDF100+Z6+5510 (101), RDF75+Z4+SS5 (103.33), and
RDF75+Z6+5510 (102.66) significantly influenced the number of grains at 100 DAT, while the control
treatment (83) and RDF100+Z4+5S5 (96) had the lowest effect. Zeolite and sewage sludge amended
pots showed an average increase of fourteen percent compared to the control treatment and RDF100
(Figure 4). The application of zeolite may contribute to the controlled release of nutrients throughout
the various stages of crop growth, thereby enhancing yield parameters [38].
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Figure 3: Effect of zeolite on the number of panicles at (A) 85 DAT and (B)100DAT in rice plant under greenhouse
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Figure 4 Effect of zeolite on the number of grains in rice under greenhouse conditions. T0- Control; T1- RDF100;T2-
RDF100+Z4+SS5; T3- RDF100+Z6+SS10; T4- RDF75+Z4+SS5; T5- RDF75+Z6+SS10 ; T6- RDF50+Z4+8S5; T7-

RDF50+Z6+SS10

Treatment RDF50+Z6+SS10 (330.33) exhibited the highest grain yield, followed by
RDF50+Z4+SS5 (309.5). The increase in the number of panicles positively influenced the grain yield
(Figure 5). The zeolite-treated pot showed a significantly higher grain yield compared to the control,
which aligns with the findings of Zheng et al. [37]. According to Sepaskhah and Barzegar [39], the
application of nitrogen with zeolite facilitated the slow release of fertilizer, leading to improved rice
crop yield. The straw yield in the zeolite-treated pot was 103 percent higher, indicating that the
application of zeolite along with sewage sludge enhanced plant biomass and dry weight. Previous
research by Aainaa et al [36] supports the positive impact of zeolite application on yield parameters,
and incorporating organic matter may provide a standardized approach for further investigation of
the precise impact of nano-materials.

There is a significant correlation between soil nutrients, organic carbon, labile carbon, microbial
biomass carbon, and plant growth and yield parameters (Table 7). Total organic carbon exhibited a
significant correlation with available nitrogen (0.76*), available phosphorus (0.60**), and available
potassium (0.64**). Similarly, labile carbon showed a significant impact on available nitrogen
(0.527**), available phosphorus (0.78**), and available potassium (0.81**). The organic carbon fraction
displayed a strong correlation with leaf number (0.6*%), tiller number (0.71**), plant height (0.8%), clum
length (0.51*), and stem girth (0.76**). Soil carbon fractions (labile carbon, organic carbon, and
microbial biomass carbon) exhibited a strong correlation with growth and yield parameters,
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indicating that the use of nanomaterials may improve rice growth and yield. Bybordi and Ebrahimian
[40] suggested that zeolite application significantly affected macronutrients (NPK) and
micronutrients such as Zn and Fe. Long-term experiments conducted by Brock et al [41]
demonstrated a positive correlation between soil organic matter and yield in organic farming, with
potential variations in correlations under conventional farming systems.

Table 7. Relationship of soil indicators with rice growth and yield parameters as influenced by
zeolite sewage sludge formulations.

Avil

Avil

Avil

Tot

oc 08N zm Fe wMn cu e 0 % MBC LN LT PH CL LU
Avil
5004
P
Avil
6154 846
K
Zn 687" 747 783%
Fe 739" .803* .869** .854*
Mn 469" 843" 829% 725" 779
Cu  .690% .672% 746" 827* 839" 787
LC 789% 788* 810" 865" 856" .781** 825%
All’lﬂ 586" 286 246 505% 427 332* 527 681
Tli;t 7% 282 318* 586™ 480%™ 280 A79™ 720%* 873
l\éB 853 816 B4 84 885 774 799" 969" 630" 716%
LN 608 569** 786" 686" 673 JO0A™ 77 796" 420 502% 779%
LT 714" 480" .698% 678" 648" .625% 683* 816** 538" 658" 793+ 939%
PH  399* 718% 765" 401* 582 677 418" 548% -076 -009 584" .622% 533%
CL 516" .881* 830" 617 755 744" 596" 653" 041 085 715 536 446" 864
LL 273 578" .628% 234 426" 576 295 429% -150 -089 443" 581 477 950% 705
SG 760" .635% 771 833" J6A™ 717 786 920" 640" 722" 894% 915 93" 505" 528%  417%

Principal component analysis (PCA) has been commonly employed as a multivariate method
for classifying treatments, as demonstrated in a study by Ullah et al [42]. In a recent investigation
conducted by Sachin and Isler [43], PCA was utilized to classify the differences in zinc and iron
treatments and their effects on soybean yield components. The results of the research study
demonstrate that treatment T7-RDF50+Z6+5510 exhibited higher values for soil carbon fractions
(organic carbon, microbial biomass carbon, and liable carbon) compared to the other treatments
(Figure 6), indicating that zeolite application may enhance soil carbon stability during the cultivation
period. The principal component ordination analysis of major macronutrients (available nitrogen,
phosphorus, and potassium) in the soil showed significantly higher values for treatment T7-
RDF50+Z6+5510, suggesting that zeolite application may also improve soil nutrient availability
(Figure 7). The Principal Component Analysis (PCA) plot of plant growth response revealed
significant differences among the treatments, with Treatment TO showing more negative scores and
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Treatment RDF50+Z6+S510 exhibiting higher positive scores. The Principal Component Analysis
(PCA) plot effectively differentiated the treatments based on the variations observed in growth and
yield data. Principal component 1, representing the plant growth response, accounted for a
substantial 89.3% of the overall variation (Figure 8), highlighting significant distinctions among the
treatments. Specifically, the Control and RDF100 treatments stood apart from the other treatments.
By comparing the PCA scores of PCl and PC2, it was evident that treatment TO exhibited
predominantly negative scores, while treatment RDF50+Z6+5510 demonstrated notably higher
positive scores.
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Fig 6. PCA ordination of different treatments as influenced by soil carbon fractions (Organic Carbon, Microbial Biomass Carbon and Liable Carbon)
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Moreover, treatments RDF100+Z4+SS5, RDF100+Z6+5510, and RDF75+Z6+5510 clustered
together, while treatments RDF75+Z4+5S5, RDF50+Z4+SS5, and RDF50+Z6+S510 also formed a
distinct cluster, exhibiting enhanced positive values of plant growth response. The findings of this
study validate the effectiveness of Principal Component Analysis (PCA) in assessing and establishing
relationships among treatments, particularly in the context of nano-material soil applications. PCA
proves to be an efficient tool for evaluating the impact and effectiveness of nano materials in relation
to soil parameters and rice yield. Based on the findings of the present study, it can be concluded that
the application of zeolite at a concentration of 6% and sewage sludge at a concentration of 10%, along
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with a 50% recommended dose of fertilizer, elicit positive responses in rice plant growth.

Additionally, the use of zeolite at 4% and sewage sludge at 5% of the recommended dose of fertilizer
also results in improved plant growth.
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Fig 8. PCA ordination of different tr as infl d by plant growth response (leaf numbers, leaf length, stem girth, clum length, plant height and number of tillers)

The study highlights the significant role of soil carbon fractions, namely labile carbon, soil
organic carbon, and microbial biomass carbon, in influencing the growth and yield characteristics of
rice plants. Changes in soil carbon fractions have a direct impact on plant growth, indicating that the
utilization of nano-materials in soil has the potential to enhance soil carbon fractions and contribute
to more sustainable utilization of natural resources. However, further research focusing on soil
molecular studies is necessary to gain a deeper understanding of the changes in soil microbial ecology
resulting from the application of zeolite and sewage sludge.
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