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Abstract

The purpose of this study was to evaluate the efficacy of eggshells and fruit peels as organic 
amendments to promote maize plant growth in both greenhouse and field settings. Eggshell 
powder increased the seedling emergence rate by about 10–20% over the control treatment 
in the greenhouse experiment. The combination of eggshells and fruit peels had the greatest 
impact on vegetative growth parameters in the field study, boosting vegetative growth by about 
35.6%, leaf area by 14.4%, and fresh biomass by 76.6%. The addition of eggshells and fruit 
peels improved soil chemical characteristics, especially soil nutrient availability, including 
phosphorus, potassium, calcium, and organic matter. This result is particularly relevant for 
sandy soils, which have low nutrient retention capabilities. Therefore, the experiment showed 
that eggshells and fruit peels can serve as efficient and eco-friendly soil amendments that 
enhance seedling emergence, vegetative growth, and soil fertility.
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Highlights

• Eggshell powder boosted seedling emergence by 
approximately 10–20% compared to the control 
in greenhouse trials.

• Combined eggshell and fruit peel amendments 
maximized field growth, increasing vegetative 
growth by 35.6%, leaf area by 14.4%, and fresh 
biomass by 76.6%.

• Soil chemical properties improved significantly, 
with enhanced availability of phosphorus, potas-
sium, calcium, and organic matter.

• Sandy soils benefit notably from these amend-
ments, addressing their inherently low nutrient 
retention capacity.

• Eggshells and fruit peels are validated as ef-
fective, eco-friendly organic amendments for 
improving maize seedling emergence, vegetative 
growth, and overall soil fertility.

Introduction

Nutrient intake plays an essential role in the 
growth and productivity of plants, and calcium 
forms an important constituent for the matura-
tion and development of fruits, vegetables, and 
other plant tissues. Calcium enhances the ability 
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of plants to resist pests by strengthening cell 
walls (Liang et al., 2009), aids in metabolic 
reactions through enzyme activation (Bhatla & 
Lal, 2023), increases the strength of cell walls 
(Obi & Nnabude, 1988), and works alongside 
nitrogen for the transportation of potassium and 
phosphorus (Trailokya et al., 2017). As far as soil 
amendments are concerned, ESs contain 2.2 g of 
calcium carbonate, making them a potentially 
viable source of this nutrient. Currently, eggshell 
waste poses a significant environmental concern 
due to disposal challenges. In light of the fact 
that globally more than 70 million tons of eggs 
are produced per year, the issue of disposal of 
eggshells becomes a serious challenge for waste 
management (Younas et al., 2024). In contrast, 
eggshell powders (ESPs) are highly regarded due 
to their potential as an environmentally friendly 
and safe plant fertilizer due to their high calcium 
content (Hossain et al., 2023; Younas et al., 2024). 
Eggshells are composed of 95% - 97% crystalline 
calcium carbonate bound in proteins and thus 
provide an abundant source of calcium required 
to improve the soil’s nutrient value in the form of 
potassium, sulfur, and phosphorus (da Silveira et 
al., 2018; Faridi & Arabhosseini, 2018; Gul et al., 
2024). Therefore, the application of ESPs to the 
soil improves the amount of calcium in the soil, 
which, in turn, promotes the growth of crops. It is 
known that chicken eggshells contain 2.07 ± 0.18 
g of elemental calcium, with 90% being utilized 
by plants (Ma’mor et al., 2023). Additionally, the 
incorporation of eggshell powder in sandy loam 
soil resulted in a 22% increase in germination 
and a 19% improvement in growth rate when 
compared to the control (Younas et al., 2024). 
In conclusion, recently, there has been a rising 
tendency to use eggshells as natural fertilizers. 
Using eggshell ash, specifically calcium carbon-
ate, from domestic and food industry wastages, 
is a rich nutrient source, especially calcium, 
with low levels of contaminants in soil, thereby 
preventing environmental pollution. Gul et al. 
(2024) have studied the use of calcium carbonate 
from eggshells in Fragaria and found improve-
ments in plant growth and a favorable impact on 

soil microorganism activity and soil quality. The 
greenhouse study conducted by Gul et al. (2024) 
suggested that the use of eggshell calcium carbon-
ate is beneficial for plant physiology and helps 
in maintaining environment-friendly farming. 
Moreover, the production of calcium carbonate 
fertilizer using kitchen waste can be used as an 
efficient technique for waste disposal and may 
increase the fertility of the soil. These outcomes 
indicate the feasibility of eggshell-based fertilizers 
in optimizing food production while addressing 
food security concerns in environmentally sus-
tainable agricultural settings, and are supported 
by modern studies. For example, a recent study 
showed that eggshells could be used as a direct 
soil amendment, calcium carbonate fertilizer, and 
compost enrichment (Younas et al., 2024). On the 
other hand, another study found that eggshells, in 
combination with agricultural lime, which was 
used to increase soil pH, phosphorus availability, 
and plant growth, showed no significant effect on 
plant dry weight (Sebonela et al., 2024). Conversely, 
a recent study demonstrated that eggshells can 
be used to produce gypsum fertilizer (Hossain 
et al., 2023; Fageria & Nascente, 2014).

In addition to eggshells, fruit peels also have 
nutritional value as food waste containing 
macronutrients and micronutrients required for 
plant growth (Ibrahim et al., 2017). Fruit peel 
amendments were found to increase soil nutrient 
levels, microbial activity, and overall soil fertil-
ity because of their high mineral content (Fabiyi 
et al., 2014). In recent studies, the presence of 
antimicrobial characteristics in plant materials 
has been established, suggesting possible applica-
tion of such compounds as natural protectors of 
plants (Singh, 2017). The powder obtained from 
various fruit peels can be used to adjust soil pH, 
improve soil composition, supply nutrients, and 
enhance resistance against nematodes, particu-
larly in citrus plants (Mercy et al., 2014; Fabiyi 
et al., 2014). Fruit peels are a nutritious source 
and, therefore, suitable for use in agriculture. 
However, despite these advancements, previous 
studies have focused on using either eggshells or 
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fruit peels, with limited attention given to their 
combined use. Additionally, there is insufficient 
empirical evidence, especially concerning arid 
and semi-arid regions, regarding the effective-
ness of the two materials when applied together. 
Banana peels contain high levels of potassium 
(42–78 g kg⁻¹), calcium (3–19 g kg⁻¹), sodium 
(0.2–0.6 g kg⁻¹), iron (100–500 mg kg⁻¹), and 
manganese (70–300 mg kg⁻¹) (Bhavani et al., 
2023; Vetere et al., 2025). Orange peels contain 
pectins (20–30% dry weight), limonene (up to 
90–95% of essential oil content), and sugar-rich 
compounds that contribute to fertilizing and 
protective effects (Rafiq et al., 2018; Gopalraaj 
& Velayudhannair, 2025). Pomegranate peels are 
rich in phenols and flavonoids (up to 150–250 mg 
GAE g⁻¹ extract), hydrolyzable tannins, and es-
sential macro- and micronutrients such as K, N, 
Ca, P, Mg, Na, B, Fe, Zn, Cu, and Mn (Rowayshed 
et al., 2013; Khanyile et al., 2024; Tsegay et al., 
2024). Therefore, this study provides a novel 
contribution by evaluating both the individual 
and combined effects of eggshell powder (ESP) 
and fruit peel residues (FPs) on maize growth and 
soil quality under controlled greenhouse and real 
field conditions. Unique in its approach of applying 
waste valorization to agricultural practice, this 
study provides valuable knowledge regarding 
sustainable ways of nutrient recycling relevant 
to dryland agricultural practices. Indeed, recent 
studies have been conducted on the importance 
of valorizing fruits and food waste for sustainable 
agriculture. For example, a recent study found that 
fruit peels could improve soil fertility and enhance 
plant growth significantly (Sharma et al., 2024; 
Nosova et al., 2025; Merino et al., 2023). Taking 
advantage of these findings, this study attempts 
to explore the effect of food waste derivatives 
(eggshell powder, ESPs; fruit peel powder, FPPs; 
ESP + FPP) on the growth performance of corn 
(Zea mays L.). The main research question is based 
on the following hypothesis: The reutilization of 
food waste, especially eggshell and fruit peels, 
in agriculture as soil additives may serve as an 
environmentally friendly practice to increase soil 
fertility and crop production in sustainable ways.

Materials and Methods

Measurement of Soil Properties

Chemical and Physical Properties of Collected 
Soil Samples

Soil analysis was carried out to ascertain changes 
in physical properties, such as texture, bulk density, 
and water content, and chemical properties, such 
as pH, EC, OM, N, P, K, and Ca, due to ESP and 
FPP amendment applications (a detailed descrip-
tion of each measurement is provided below). All 
analyses were performed before and after amend-
ment application to allow direct comparison of 
treatment effects on soil properties.

Calculation of NPK Content

The NPK (Nitrogen, phosphorus, and potassium 
(NPK) analysis was conducted using standard 
soil and plant analysis techniques. Total nitrogen 
(N) analysis was performed using the Kjeldahl 
digestion procedure described in the Soil Survey 
Laboratory Methods Manual and the Environmen-
tal and Life Sciences Research Centre protocols 
(2019), which involves acid digestion, distillation, 
and subsequent titration. Available phosphorus 
(P) analysis was conducted using the Olsen pro-
cedure described in the Soil Survey Laboratory 
Methods Manual and Environmental and Life 
Sciences Research Centre protocols (2019), which 
involves reacting soil extracts with ammonium 
molybdate and measuring absorbance at 882nm 
colorimetrically. The level of potassium (K) in the 
soil was measured by flame photometric analysis 
of neutral ammonium acetate extracts. All other 
chemicals were analysed according to standard 
procedures. Such techniques were selected due 
to their proven efficiency and wide use in soil 
fertility analysis.

Saturated Hydraulic Conductivity (Ks)

The testing of saturated hydraulic conductivity 
(Ks) was done in order to analyse the impact of 
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amendments on soil hydraulic characteristics. 
Samples of soil were taken from all the plots 
subjected to soil amendments and then packed in 
cylinders at the field bulk density. The saturated 
hydraulic conductivity of the soils was tested 
using the constant-head permeameter test, which 
is the procedure that was used in the physical 
characterization of soils. The soils were gradu-
ally saturated starting from the bottom end in 
order to prevent air entrapment, and the volume 
of water that passed through the soil at a fixed 
head was noted. The calculations were done 
based on Darcy’s Law. The test was conducted 
in triplicate. Testing for the soil Ks was meant 
to determine the effects of biochar and compost 
on soil properties.

Field Experiment

Collection and Preparation of Eggshell Powders 
(ESs)

The ESs were obtained from different restaurant 
sources, washed and cleaned with tap water to 
ensure complete removal of any membrane mate-
rial, then further rinsed with distilled water. The 
dried eggshells were then crushed into a powder 
using an electric laboratory mill, then sieved using 
a 250 µm sieve to get the ESPs (Rowayshed et al., 
2013). This particular particle size was selected 
to allow easy mixing in the soil and effective 
nutrient extraction.

Determination of Exchangeable Bases (Ca2+, 
Mg2+, K+, Na+)

The exchangeable bases Ca²⁺, Mg²⁺, K⁺, and 
Na⁺ were analyzed using the standard method of 
extracting soil samples with ammonium acetate 
at pH 7.0 (Nicolás et al., 2012; Islam et al., 2019). 
Briefly, 5 g of the air-dried soil sample was extracted 
with 1 M NH₄OAc for 30 minutes of shaking. 
The suspension was filtered, and the filtrate was 
used for quantification: exchangeable Ca²⁺ and 
Mg²⁺ were measured using atomic absorption 
spectrophotometry (AAS), while Exchangeable 

K⁺ and Na⁺ were determined using a flame 
photometer. Results were expressed in cmolc 
kg-1 and calculated from the extracted cation 
concentration and soil weight (Braus & Whit-
man, 2021). This analysis was conducted to better 
understand nutrient availability changes induced 
by the applied amendments.

Collection and Preparation of Fruit Peel Powders 
(FPs)

Banana (Musa acuminata), orange (Citrus sinensis), 
and pomegranate (Punica granatum) fruit peels were 
collected from local vendors. Initially, the samples 
were washed with water to remove any contaminants. 
Distilled water was then used for rinsing. The samples 
were air-dried at ambient temperature, 25–28 °C, 
until a constant weight was reached. Dried samples 
were then ground into powder using the same meth-
ods as ESs, with the use of a laboratory grinding 
apparatus to produce fine powder, which was sieved 
through a 250 µm mesh to obtain homogeneous 
samples. The ratio used, 2:2:1 (for banana, orange, 
and pomegranate, respectively), was based on their 
weight. It allowed for an accurate contribution for 
each skin type in the mixture (Khairnar & Nair, 
2019). This ratio was selected to balance macro- 
and micronutrient contributions from each fruit 
type based on preliminary nutrient analysis. Each 
peel type was initially processed separately before 
mixing to ensure consistency and reproducibility 
of the amendment composition.

Natural decomposition of these organic matter 
samples (ESPs and FPs) was allowed to occur 
under controlled greenhouse conditions. For 
these specimens, the moisture content of the 
soil was kept at about 60% of the total water-
holding capacity to ensure that microbial growth 
is facilitated without nutrient loss. The fruit peel 
samples were subjected to air drying for 25–28 
days to slow down decomposition initially. There 
were no microbial treatments used to break down 
these specimens; only the natural microbes pres-
ent in the soil were utilized for decomposition. 
Each fruit powder was processed separately for 
banana, orange, and pomegranate peels. After 
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that, individual fruit powders and mixtures thereof 
were also employed for conducting both field and 
greenhouse trials. This was the composition that 
gave the balanced nutritional components, subject 
to the preliminary NPK analyses performed.

Determination of Soil Organic Matter

This was analysed using the Walkley-Black wet 
oxidation method as described by El Mouridi et al. 
(2023). In brief, 1.0 g of air-dried and sieved soil (<2 
mm) was digested with 10 mL of 1 N potassium 
dichromate solution and 20 mL of reagent-grade 
sulphuric acid. After gentle swirling, the soil 
sample was allowed to stand for 30 minutes for 
complete oxidation of organic matter. After oxida-
tion, 200 mL of distilled water was added to the 
soil sample, followed by the addition of 10 mL of 
orthophosphoric acid and 1 mL of diphenylamine 
indicator. The remaining dichromate oxidizing agent 
was back-titrated using 0.5 N ferrous ammonium 
sulphate solution until the mixture turned from 
violet-blue to green in colour (El Mouridi et al., 
2023). This method was chosen due to its suitability 
for detecting changes in organic carbon resulting 
from organic amendment application. The organic 
carbon percentage was calculated from the titration 
data using the following formula:

Organic C (%) = (V1 - V2) × N × 0.003 × 100 / 
Weight of soil (g) (Equation 1)

where V1 is the volume of titrant used for the 
blank sample, and V2 is the volume of titrant 
used for the soil sample, and N is the normal-
ity of the ferrous ammonium sulphate solution. 
The organic carbon value was converted to soil 
organic matter using the factor 1.724, assuming 
that organic matter contains approximately 58% 
carbon. Results were expressed as a percentage 
of soil organic matter (% SOM).

Assessment of the pH levels of different FPs

The pH for all peels was measured using the 
method explained by Jariwala and Syed (2016). 

Briefly, 1 g of each fruit peel powder sample was 
mixed with 100 mL of distilled water and stirred 
continuously for three days using a magnetic stir-
rer. Unlike the extraction method described by 
Jariwala and Syed (2016), this procedure aimed 
to stabilize the fruit peel solution and monitor its 
pH before application to soil. This step ensured 
that the amendments would not adversely affect 
soil pH upon application.

Greenhouse experiment

In this experiment, eggshell powders (ESPs) were 
uniformly mixed with 1 kg soil in each pot with 
five different levels (Table 1): T1 (4 g kg-1 soil; 
165 cm² surface area), T2 (8 g kg-1), T3 (12 g kg-

1), T4 (16 g kg-1), T5 (20 g kg-1), and an untreated 
control (CR). Pots were kept in an environment 
with temperatures ranging from 25–30 °C and a 
relative humidity of 60–70%. ESPs were uniformly 
mixed with soil to produce homogeneous levels of 
nutrients in the soil before seed sowing. Based on 
plant growth performance, the treatment producing 
the most favourable results was selected for further 
testing under field conditions. The experiment used 
a completely randomized design with four replicate 
pots per treatment (n = 4), with five plants sown 
in each pot. The growth rate was determined by 
measuring parameters such as leaf length, leaf 
breadth, shoot length, and root length at the end of 
the greenhouse experiment. These treatment levels 
were selected to identify the optimal ESP dose for 
plant growth before field application.

Assessment of seed germination using different 
doses of ESPs

Pots were divided into eight groups according to 
the different treatments as follows: (T1) ESPs (4 
g), (T2) ESPs (8 g), (T3) ESPs (12 g), (T4) ESPs (16 
g), (T5) ESPs (20 g), (T6) FPs (20 g), (T7) ESPs + 
FPs (20+20), and (T8) Control (No ESPs/FPs were 
added). The pots were arranged in a completely 
randomized design; treatments were tested in 4 
replicates. In each pot, five maize seeds were sown, 
and their germination progress was monitored daily. 
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The inclusion of combined treatments allowed as-
sessment of potential synergistic effects between 
ESPs and FPs. The germination percentage was 
determined using the following formula:

Germination (%) = Number of seeds germinated 
x 100 / Total number of seeds sown (Equation 2)

Site Description

The research location is found in the Al-Abdali 
area in northern Kuwait (30.00° N, 47.72° E). It 
is an arid desert environment that experiences 
very hot summer seasons, mild winters, and 
little rainfall (usually less than 150 mm), with 
high evapotranspiration. Summer temperatures 
exceed 45 °C, while winters remain mild. The 
soils found in the area are mainly sandy to sandy 
loam and exhibit low organic matter, low fertil-
ity levels, and poor water retention capabilities. 
Saline soils and alkaline conditions are also 
common, resulting from high evaporation rates 
and low precipitation. As a result, agriculture in 
the region relies heavily on soil improvement and 
irrigation management to sustain fertility and 
productivity. The soil at the experimental area 
is classified as Typic Gypsiargid, which is fine 
loamy to mixed hyperthermic (Hassan, 2015). 
This site was purposefully selected to represent a 
dryland agricultural setting with a demonstrated 
need for soil fertility improvement.

Experimental Design

Two field experiments were carried out from 2021 
to 2022 and 2022 to 2023, respectively, at a farm 

Table 1. Doses of ESP used in the greenhouse experiment
Treatments Doses of ESP (g kg-1 of soil)

T1 4
T2 8
T3 12
T4 16
T5 20
CR -

T1: ESPs = 4 g kg-1 of soil; T2: ESPs = 8g kg-1 of soil; T3: ESPs = 12 g kg-1 of soil; T4: 
ESPs = 16 g kg-1 of soil; T5: ESPs = 20 g kg-1 of soil; CP: Control (No ESPs added).

owned by Mr. Hamed Bin Saleh Bin Mohammed 
Al-Khori, located in Al-Abdali. Four repetitions 
were used for each treatment. The area for each 
trial was divided into four large plots (2 m × 2 
m), each representing one of the following treat-
ments: CR (control); ESP (1,212.12 kg ha⁻¹) (T1); 
FPs (1,212 kg ha⁻¹) (T2); and FP (1,212.12 kg 
ha⁻¹) + ESP (1,212.12 kg ha⁻¹) (T3). The total 
area of the experiment was 256 m² (16 m × 16 
m). The growth parameters evaluated included 
plant height, leaf area, stem diameter, and fresh 
weight of harvested maize. To avoid any bias 
from soil heterogeneity that could have resulted in 
differences between experimental units because 
of variation in soil nutrients, moisture, and other 
microclimatic features, we adopted a randomized 
complete block design (RCBD) that allows better 
comparison of different treatments (Table 2). The 
selection of the crop was based on the importance 
of maize as a significant cereal crop on a global 
scale and a primary source of feed for livestock 
animals. Maize is sensitive to soil quality in terms 
of soil calcium, potassium, and organic matter 
content. Therefore, the crop is highly appropri-
ate for testing the fertilizing effect of the studied 
soil additives (ESP, FP). Application rates were 
set to be equal to 1,212.12 kg ha⁻¹ as a result of 
preliminary greenhouse experiments.

The experimental layout consisted of a randomized 
complete block design (RCBD) with four blocks 
(B) and four treatments (T), one of which is a 
control treatment (CR). The following explains 
the treatments used: T1 (ESPs): This represents 
the treatment where eggshell powder was added 
to the soil. T2 (FPs): This stands for the treatment 
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where fruit peel powder was applied to the soil. 
T3 (FPs + ESPs): This implies the simultaneous 
addition of both fruit peel powder and eggshell 
powder. T1: ESPs (1,212.12 kg ha⁻¹); T2: FPs 
(1,212.12 kg ha⁻¹); T3: ESP (1,212.12 kg ha⁻¹) + 
FPs (1,212.12 kg ha⁻¹).  This experiment included 
four rows (blocks), each consisting of four plots 
(P), thus making 16 plots in total. Each plot had an 
approximate size of 2 m × 2 m (4 m²), resulting in a 
planted land area of approximately 64 m². The total 
experimental land area was 16 m × 16 m (256 m²).

Climatic Conditions During Field Experiments

The experimental studies were conducted in two 
growing seasons (2021/2022 and 2022/2023), while 
climatic data were collected from the nearby me-
teorological station (Shuwaikh region). Variables 
monitored included the average air temperature, 
total precipitation, and relative humidity for 
each growing season. In 2021/2022, the mean 
air temperature measured around 25.5 °C, while 
in the second growing season (2022/2023), the 
mean value was slightly higher, at approximately 
28 °C. Precipitation occurred relatively rarely 
and was typical of an arid environment; in this 
regard, annual precipitation amounts ranged be-
tween 100 and 160 mm, mostly falling in winter 
(November-March), while there was almost no 
rainfall in summer. Relative humidity varied be-
tween 25% and 50%, with lower values recorded 
in summer and higher values in winter. Changes 
in temperature and precipitation were considered 
significant climatic parameters that may affect 
plant development and nutrient dynamic, because 
high temperature and dryness may influence 
decomposition rates and nutrient leaching from 
organic amendments (DGCA, 2023).

Table 2. illustrates the experimental design of RCBD, whereby the arrangement of CR and treatments (T1-T3) is shown to 
be distributed within the four blocks and plots therein.

CR (B1P1) T1 (ESPs) (B1P2) T2 (FPs) (B1P3) T3 (FPs+ESPs) (B1P4)

T2 (FPs) (B2P1) CR (B2P2) T3 (FPs+ESPs) (B2P3) T1 (ESP) (B2P4)

T1 (ESPs) (B3P1) T3 (FPs+ESPs) (B3P2) CR (B3P3) T2 (FPs) (B3P4)

T3 (FPs+ESPs) (B4P1) T2 (FPs) (B4P2) T1 (ESPs) (B4P3) CR (B4P4)

Harvesting and Biomass Measurement

Maize plants were harvested uniformly at the 
same vegetative growth stage across all treatment 
groups to ensure comparability. The maize plants 
were harvested by carefully uprooting the plants 
from the experimental pots. After harvesting, the 
root systems were extracted gently without dam-
aging the roots. The freshly harvested roots were 
cleaned using water and dried with paper towels 
before weighing. The fresh shoot and root masses 
were measured immediately after the maize was 
harvested to prevent loss of moisture. All biomass 
measurements represented the cumulative weight 
of plants collected from each pot, with harvest 
timing and sample handling procedures standard-
ized to ensure reliable comparison of biomass 
responses among treatments (Poorter et al., 2016).

Dry Shoot and Root Biomass Determination

After harvesting the maize plants, they were carefully 
removed from the pots. The root system of the plants 
was then gently excavated and cleaned using clean and 
fresh water to remove any soil particles. The shoots 
and roots were immediately separated. Samples were 
dried using absorbent paper to remove all surface 
moisture. Following this procedure, the samples 
were transferred to labeled paper bags. Shoots and 
roots were oven-dried at 65–70 °C to determine dry 
mass. The time taken to achieve a constant weight 
was 48 to 72 hours. The dried samples were then 
allowed to cool down in a desiccator before being 
weighed using an analytical balance. This process 
ensured that the samples did not absorb moisture 
from the air. The final dry weight was thus used to 
calculate the biomass of the plants per pot (Pérez-
Harguindeguy et al., 2013).
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Statistical analysis

Statistical analyses were carried out using Graph-
Pad Prism, version 10. Statistical significance was 
defined at P ≤ 0.05 for rejecting the null hypothesis. 
Experimental design was incorporated into the 
statistical model. A completely randomized de-
sign (CRD) was used in greenhouse experiments, 
whereas the analysis of variance (ANOVA) test was 
conducted to determine whether the treatments 
had any effect. In the case of field experiments, 
a randomized complete block design (RCBD) 
was adopted, which means that the ANOVA test 
model contained a fixed factor (treatment) and 
a random factor (block), considering that field 
experiments contain natural variability. If the 
effects of treatments were found to be significant, 
then Dunnett’s multiple comparison test was used 
to conduct pair-wise comparisons between the 
treatment group and the control group, as stated 
in the study’s objective (Gomez & Gomez, 1984). 
However, the purpose of conducting Dunnett’s 
test was to compare the results of treatments with 
the control. Moreover, Tukey’s test was also ap-
plied whenever all possible pairwise comparisons 
needed to be made.

Results and Discussion

Physical and Chemical Characteristics of Native 
Soil Samples and Their Implications

The native soil (before the introduction of any 
amendments) had a high percentage of sand (92.8%) 
and small amounts of silt and clay, implying that the 
texture class is coarse, with rapid water drainage 
and low nutrient retention. Indeed, the recorded 
values of saturated hydraulic conductivity (Ks ≈ 375 
mm h⁻¹) confirmed the high level of permeability 
of the soil surface horizon. Permeable soils may 
help with aeration but hinder water availability 
for crops in dry environments due to high levels 
of evaporation. The presence of gypsic horizons 
in deeper soil layers may have decreased the soil’s 
overall permeability, hindering root develop-

ment and limiting water drainage from deeper 
soil layers. Overall, all those properties point to 
significant limitations for agricultural purposes 
without introducing soil amendments that can 
increase water retention capacity and nutrients 
in the soil. Therefore, one needs to understand 
that high responsiveness to treatment exhibited 
in this experiment is a product of inherent poor 
soil fertility and water retention capacity. Indeed, 
the chemical analysis results confirmed the lack 
of nutrients such as phosphorus, magnesium, or-
ganic carbon, and moisture. Hence, the increased 
yields due to the use of amendments must be 
explained by increased nutrient availability rather 
than by hypothetical mechanisms that cannot be 
quantified. Although there were high levels of 
potassium in the soil, the low cation exchange 
capacity due to soil texture meant that nutrients 
were easily leached. This information implies that 
plants’ growth is more dependent on nutrients’ 
availability than their presence in the soil (Devi 
et al., 2023). This can be confirmed based on the 
data presented in Table 3.

Role of Soil pH and Nutrient Availability

The measured soil pH of 7.05 indicates the 
near-neutral range that generally supports high 
levels of nutrient solubility and their bioavail-
ability. Since organic treatments can potentially 
impact rhizosphere conditions, this factor was 
not quantified in the current study and must 
be considered in interpreting data carefully. 
As reported previously, sandy soils have lower 
buffering capacity compared to organic-rich 
soils, meaning that any small shifts in pH brought 
about by the addition of organic matter can have 
a substantial effect on nutrient availability in the 
rhizosphere (Wang et al., 2017). Thus, enrichment 
of the studied soil with organic substances, such 
as FP powder and other amendments (Nicolás 
et al., 2012), likely increased nutrient solubility, 
thus improving conditions for uptake in the rhi-
zosphere and contributing to the development of 
leaves. The relevance of this factor is especially 
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Table 3. Chemical analysis of the native soil used in the study (FAO, 2006).

Soil parameters Mean Value (unit) Class

pHs 7.05 Slightly neutral

Mg 65.3 (mg/Kg) Low

P 8.99 (mg/kg) Low

K 263.76 (mg/kg) High

moisture 1% by volume Very low

Organic carbon 1.125% Very low

CaCO3 equivalent  6.9% Slightly calcareous

Munsell soil color 10 YR 6/3 Pale brown

Sand % 92.8

Silt + clay % 7.2

Texture class USDA-NRCS Sand

high in arid or semi-arid regions, where the lack 
of soil moisture and low amounts of organic 
matter often lead to nutrient insufficiency and 
reduced plant performance (Burezq et al., 2019; 
Havlin, 2014). The obtained positive outcomes 
correlate with existing research (Khalsa et al., 
2022; Neina, 2019); nevertheless, the strength 
of the observed response is most likely attribut-
able to poor initial conditions of the soil rather 
than the effectiveness of enrichment treatments 
themselves. In less fertile soils, such amendments 
can lead to significant improvements in terms 
of crop development since nutrient availability 
becomes an acute issue. Meanwhile, studies 
carried out in loamy and clay soils characterized 
by high nutrient retention and buffering capac-
ity usually report smaller responses due to the 
higher fertility of soils (Devi et al., 2023). The 
above information suggests that the efficacy of 
ESPs and FPs as amendments depends heavily 
on external environmental factors, including soil 
and climate, making it impossible to generalize 
the outcomes across all settings. Thus, repeating 
the experiment in soils enriched with organic 
matter would likely yield different outcomes, 
with smaller changes in nutrient availability. Such 
soils will have relatively high cation exchange 
capacity and stronger acidity due to the pres-
ence of microbes and humic acids. At the same 
time, the ability of plants to absorb nutrients will 
be somewhat worse due to high soil fertility, 

meaning that further improvement of condi-
tions is unlikely to produce substantial effects. 
Nevertheless, the mechanisms involved in the 
process can be applied in other settings as well.

pH and NPK Characteristics of ESPs and FPs 
and Their Effects on Soil Fertility and Maize 
Growth

As demonstrated by the present experimental re-
sults, maize seedlings grown in soils treated with 
eggshells and fruit peels exhibited better growth 
rates in terms of plant height, stem diameter, leaf 
surface area, and fresh biomass compared with 
the untreated group. Moreover, maize exposed 
to both eggshells and fruit peels exhibited better 
growth performance than maize growing in soils 
treated with eggshells and fruit peels separately. 
Therefore, it seems that both types of powder 
create a more favorable nutrient environment 
in soils when applied in combination with each 
other. This effect suggests the synergism between 
the organic substances used in soil improvement. 
Based on the results obtained, the differences 
in maize growth rates can be attributed to the 
different compositions of ESPs and FPs used as 
nutrient resources (Table 4). From the information 
in Table 4, it is clear that eggshells are character-
ized by a neutral pH and relatively low amounts 
of nitrogen, phosphorus, and potassium nutrients, 
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which means that eggshells cannot serve as efficient 
sources of macronutrients in soils but, instead, 
can help with altering the soil pH. At the same 
time, fruit peels have an acidic nature (pH 3.6 ± 
0.18) and significantly higher concentrations of 
macronutrients (nitrogen, phosphorus, and potas-
sium). Hence, the better maize growth in soils 
containing both types of organic waste is likely 
associated with the ability of calcium contained 
in eggshells to promote vegetative growth and 
nutrient transport.

The role of calcium in plant physiology has been 
well established by multiple studies (Robinson, 
2022; Mercy et al., 2014; Nikose, 2015). How-
ever, calcium may also promote plant growth 
and development by stimulating the absorption 
of nutrients from the soil and strengthening the 
cell walls and cell membranes of roots, stems, 
and leaves. Although the specific contribution 
of calcium to maize growth was not directly 
measured in this study, its role can reasonably 
be considered one of the key factors behind 
the enhanced growth observed in ESP-treated 
soils, based on its well-established physiological 
functions. However, the observed improvements 
in maize growth can still be explained by the 
presence of macronutrients in FPs rather than 
physiological changes induced by calcium and 
other nutrients found in ESPs. Nitrogen helps 
plants produce chlorophyll and grow greenery, 
phosphorus promotes the formation of healthy 
roots, while potassium regulates the stomata of 
leaves, increasing water-use efficiency. Therefore, 
the combination of nitrogen, phosphorus, and 
potassium found in fruit peels leads to increased 
nutrient content in soils that, in turn, positively 
affects plant growth. Furthermore, the benefits 
associated with soil modification caused by fruit 
peels and eggshells are especially important for 
sandy soils with poor nutrient content and weak 
pH regulation properties. As mentioned above, 
the combination of alkaline ESPs and fruit peels 
with different pH levels will allow modification 
of the rhizosphere’s pH value, thus contributing 
to better nutrient supply. Previously, researchers 

noticed positive results concerning the impact of 
food waste on plant growth performance (Rob-
inson, 2022; Mercy et al., 2014; Nikose, 2015). 
Additionally, the use of organic materials rich in 
calcium is considered an important component 
of organic calcium fertilizers and other organic 
fertilizers obtained from food waste (Hossain 
et al., 2023; Younas et al., 2024). Even though 
many studies note the ability of amendments to 
enhance plant growth rates, such results can be 
associated with different types of soils that may 
or may not have limited nutrient content. In soils 
rich in organic matter, the effect of amendments 
on crops’ growth is likely to be weaker since there 
are no nutrient limitations to overcome. However, 
in nutrient-poor soils with limited nutrient reten-
tion, the effect of organic materials is expected 
to be more significant. Thus, the effectiveness of 
ESPs and FPs is relevant to the studied type of 
soil. Overall, the results of the research indicate 
that ESPs and FPs contribute to the enhancement 
of plant growth rates by serving as both nutrient 
supplies and soil modifiers, suggesting the need to 
combine materials with complementary chemical 
features to achieve desired results (Burezq et al., 
2019; Havlin, 2014; Robinson, 2022; Mercy et 
al., 2014). However, further studies are required 
to confirm the exact interactions between these 
materials and their effects on nutrient dynamics 
and plant physiology.

Effect of ESPs and FPs on Maize Seed 
Germination

The germination test showed that all the treat-
ments with added ESPs and/or FPs showed sig-
nificant improvements in maize seed germination 
compared to the control treatment without any 
added amendments (Table 5). The improvement 
in germination is most likely related to enhanced 
substrate conditions, but the specific mechanisms 
(e.g., nutrient signaling or microbial interactions) 
were not evaluated in this study. The germina-
tion was found to increase with the increase in 
the amount of added ESPs, implying that there 
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is a dose-response effect. Thus, conclusions 
should be limited to observed improvements in 
germination performance rather than attributing 
effects to specific biochemical or physiological 
pathways. For example, germination was about 10 
to 12% lower when the lowest dose of ESPs was 
applied compared to the highest dose of ESPs, 
implying that the more the amount of amend-
ments, the higher the germination of the seeds. 
The treatment with higher rates of amendments, 
such as 20 g of ESPs, 20 g of FPs, and the com-
bined treatment of ESPs and FPs, showed 100% 
germination, implying that the two amendments 
can overcome the challenges to germination. The 
similar germination response of the two amend-
ments with higher rates of application, as well as 
the combined treatment, suggests that it was not 
the nutrient effect of the amendments that maxi-
mized germination, but the nutrient availability 
and the overall improvement of the substrate that 
maximized germination. The low germination 
response of the control treatment, on the other 
hand, highlights the limitations of the substrate, 
implying that the amendments played a crucial 
role in improving germination. The substantial 
differences observed among the treatments (P < 
0.001) further emphasize the substantial effect of 
amendment type and dose on germination perfor-
mance. The positive relationship between increasing 
ESP dose rates and germination performance sup-

ports previous research reporting improved maize 
seed emergence with eggshell amendment. Such 
improvements have also been reported by Radha et 
al. (2023), where high percentages of germination 
were achieved with eggshell-based amendments. 
Yasin et al., (2025) also reported the positive effect 
of eggshell-based organic amendments on early 
growth stages of maize plants. These observations 
suggest that ESPs and FPs not only provide nutrients 
to seeds but also contribute to improving physical 
and chemical conditions necessary for germina-
tion. The observed improvements in germination 
performance suggest that organic amendments 
prepared from food waste can be used to improve 
germination of maize seeds, especially with higher 
rates of amendment.

Assessment of growth parameters

Leaf length and leaf breadth (cm)

Leaf length and leaf breadth of maize increased 
significantly with eggshell powder (ESP) application 
compared with the control (Table 6), indicating a 
clear positive effect of the amendment on vegeta-
tive growth. Statistical analysis confirmed highly 
significant treatment effects for both leaf length and 
leaf breadth (P < 0.001). The highest amount of ESP 
(20 g) resulted in maximum readings, where the 

Table 4. The pH and NPK of selected FPs

Type of Fruit Peels pH N (mg g-1) P (mg g-1) K (mg g-1)

Banana peels 8.0 6.0b 5.2a 2.7a

Orange peels 5.8 10a 3.0b 2.0a

Pomegranate peels 5.5 11a 3.2b 2.1a

Table 5. Effect of ESPs and FRs on the germination of maize seeds.
Treatments Dose (g kg-1) Type of Food Waste Germination (%)
T1 4 ESPs 88
T2 8 ESPs 92
T3 12 ESPs 94
T4 16 ESPs 96
T5 20 ESPs 100
T6 20 FPs 100
T7 20 + 20 ESPs + FPs 100
CR - - 74
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mean length and width of leaves were measured at 
90.5 ± 0.10 cm and 9.07 ± 0.36 cm, respectively, 
as compared to 65.6 ± 0.60 cm and 6.32 ± 0.21 
cm in the control. The values in intermediate 
ESP concentrations (4–16 g) were also relatively 
higher than the control, significantly (P < 0.05). 
Such results correlate with past research, showing 
increased growth in leaves when using calcium 
and organic additives. Indeed, increased leaf 
growth has been seen to result from increased 
nutrient provision and improvement in soil con-
ditions (Khalsa et al., 2022; Devi et al., 2023). 
In the current experiment, the increase in leaf 
size could possibly result from increased nutri-
ent availability, allowing for better expansion 
of cells. On the other hand, it has already been 
proven that calcium plays an important role in the 
construction of the cell walls in plants (George 
et al., 2012; White & Broadley, 2003). However, 
since such processes have not been measured in 
the current experiment, it is reasonable to consider 
the observed positive changes in terms of better 
soil conditions due to higher nutrient levels.

Shoot length and root length (cm)

The lengths of shoots and roots (cm) were statisti-
cally different (P < 0.05) depending on the treat-
ment, as shown in Table 6, with highly significant 
differences found between the treatments through 
an analysis of variance (ANOVA; P < 0.001). It is 
important to emphasize that the increase in the 
values in question reflects a better overall growth 
environment for plants, but not improved nutri-
ent uptake efficiency, as this parameter was not 
studied in this experiment. The highest value of 
ESP resulted in the largest increase in the length 
of the shoots (95% CI: 66.3–68.5 cm) compared 
with the control sample (95% CI: 53.4–55.6 cm). 
These improvements in the development of shoots 
and roots are in accordance with previous works 
reporting improved vegetative growth after soil 
modification using calcium-enriched and or-
ganic amendments (Khalsa et al., 2022; Devi et 
al., 2023). The increase in the length of roots is 
especially significant, since it increases the pos-

sibility of accessing water and nutrients, which 
is important for further vegetative development. 
Similar effects can be observed when sandy soil 
is enriched with amendments that increase the 
level of nutrients and facilitate the development 
of roots, resulting in increased biomass of shoots 
(Devi et al., 2023). In the current study, the dose-
response curve indicates that higher application 
rates of ESP led to improved soil conditions, which 
might have been caused by better nutrient uptake 
and soil chemical balance. As already mentioned, 
calcium is known to promote cell elongation and 
root development, although these physiological 
parameters were not measured in the current study 
(George et al., 2012; White & Broadley, 2003). 
Thus, the obtained data might be considered as 
proof of improved soil nutrient availability, but not 
as proof of specific physiological mechanisms. In 
conclusion, ESP proved to be a good soil amend-
ment for improved establishment of plants and 
their vegetative development. At the same time, 
the degree of improvement in the current research 
might be related to the relatively low fertility and 
coarse texture of the soil, and similar effects are 
unlikely to be observed in more fertile soils.

Fresh Shoot and Root Biomass

It is evident that ESP usage significantly affected 
fresh shoot and root biomass production in maize, 
as presented in Table 7. Treatment analysis of vari-
ance showed highly significant results regarding 
fresh shoot biomass and fresh root biomass (P < 
0.001). Hence, ESP addition led to increased bio-
mass generation in the greenhouse environment. 
The values shown in Table 7 refer to total biomass 
per pot containing five plants grown in 1 kg of 
soil. Compared to the control, all ESP treatments 
showed enhanced biomass production, with the 
highest total biomass recorded in the highest ESP 
addition concentration. Intermediate concentrations 
showed a significant enhancement as well, meaning 
the response was dose-dependent. Such biomass 
increase correlates with the research findings that 
organic amendments, along with calcium-based 
compounds, lead to growth promotion due to bet-
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ter soil conditions regarding their chemical state, 
nutrients, and physical parameters (Wortman et 
al., 2017; Khalsa et al., 2022; Devi et al., 2023). 
Improved root growth and development as a re-
sult of soil amendment allowed better water and 
nutrient uptake, which positively affected shoot 
biomass and thus increased biomass production 
(Wortman et al., 2017; Devi et al., 2023). Similar 
results are seen in research showing that soil 
amendment led to increased root development 
and biomass generation due to improved nutrient 
supply (Khalsa et al., 2022). One cannot ignore 
the contribution of calcium, which might play 
an important role in biomass increase because 
of plant structural development and nutrient 
transport. However, such physiological functions 
were not assessed, and thus the results should be 
treated with caution (George et al., 2012; White 
& Broadley, 2003). Hence, the explanation for 
increased biomass production lies in the better 
soil chemical conditions and enhanced nutrients 
due to the added amendments. Also, it must be 
noted that the presented biomass values refer 
to plants collectively grown in a pot, meaning 
each value represents the productivity of several 
plants. Therefore, such high biomass values are 
possible. Root samples were cleaned of excess 
soil and dried to remove the extra water before 
weighing. In order to avoid moisture evaporation 
from roots, biomass assessment was carried out 
right after sampling and at similar development 
stages of all plants. Such methodology coincides 
with existing standard practices in plant biomass 
determination (Pérez-Harguindeguy et al., 2013).

Dry Shoot and Root Biomass (g)

The application of eggshell powders (ESPs) had a 
significant influence on the production of maize 
shoot and root dry biomass (Table 7). The results 
obtained from analysis of variance revealed that both 
shoot and root dry mass showed high sensitivity to 
ESP dose (P < 0.001). It is important to point out 
that the dry masses presented in Table 7 refer to the 
accumulated dry mass of five maize plants growing 
in each pot containing 1 kg of soil. Compared to the 
control samples, an obvious enhancement in shoot 
and root dry mass was noticed for all ESP-amended 
treatments. Moreover, the highest increase in dry 
mass was achieved for the samples treated with a 
high concentration of ESPs. As can be concluded 
from the data obtained during the experiment, an 
increase in biomass is directly dependent on ESP 
dose. Thus, it can be inferred that the improvement 
of nutritional status and increased growth condi-
tions caused by the addition of eggshell powders 
lead to an increase in biomass. In this context, 
the increase in shoot and root dry mass might be 
explained by an enhanced absorption of nutrients 
along with improved conditions in the root zone 
due to the calcium-containing properties of ESPs, 
which improve the cellular structure of plants. Such 
an increase in biomass has already been described 
for Phaseolus vulgaris and Capsicum frutescens L. 
by other researchers (Yasin et al., 2015; Anugrah et 
al., 2021). Overall, the results indicate that the ESP 
application enhanced dry biomass accumulation 
in maize, likely through improved soil chemical 
properties and nutrient availability, resulting in 

Table 6. Effect of different doses of ESPs on leaf length, leaf breadth, shoot length, and root length of maize under 
greenhouse conditions.

Treatments Doses (g) Leaf length (cm) Leaf breadth (cm) Shoot length
(cm)

Root length
(cm)

Total plant
height(cm)

T1 ESPs (4 g) 78.9± 0.22a 8.64±0.22a 60.7±0.18ba 9.59±0.73a 64.29±0.41b

T2 ESPs (8 g) 79.10±0.10a 8.73±0.32a 61.04±0.42a 9.73±0.72a 69.58±0.26a

T3 ESPs (12 g) 83.25±0.17a 8.80±0.25a 64.35±0.32a 9.82±0.48a 72.17±0.23a

T4 ESPs (16 g) 84.40±0.11a 8.92±0.42a 67.00±0.33a 9.04±0.62a 75.04±0.33a

T5 ESPs (20 g) 90.50±0.10a 9.07±0.36a 67.40±0.41a 10.16±0.36a 75.56±0.54a

CR - 65.60±0.27b 6.32±0.21b 54.50±0.66b 8.54±0.69b 61.04±0.16b

Note: Values represent mean ± SE (n = 4). Measurements are based on the combined biomass per pot containing five maize plants. 
Different letters within the same column indicate statistically significant differences at P < 0.05.
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greater shoot and root development under green-
house conditions.

Field Experiment

Measurement of Growth Parameters

The field experiment showed that the application 
of fruit peel powders, eggshell powders, and their 
combination considerably affected maize growth 
parameters, including plant height, stem diam-
eter, leaf area, and biomass production (Table 8). 
Analysis of variance showed highly significant 
treatment effects on all measured parameters (P 
< 0.001). Compared to the control, the application 
of fruit peel powder (T2) increased plant height by 
about 36%, while the combination of eggshell and 
fruit peel powders (T3) increased plant height by 
about 30%, indicating that the application of the 
two powders considerably improved plant height. 
Similar trends were observed for stem diameter, 
with T2 and T3 increasing stem diameter by about 
34% and 32%, respectively, compared to the con-
trol. Leaf area was also considerably improved 
by the application of fruit peel powder, eggshell 
powder, and their combination, with T3 showing 
an increase of about 14% relative to the control.

The observed increases in plant height, stem diam-
eter, leaf area, and biomass can be directly attributed 
to improved nutrient availability, as supported by 
soil analysis, rather than to unmeasured internal 
plant processes. While calcium is known to play 

structural roles in plants, its specific contribution 
in this study was not isolated experimentally 
and should therefore be interpreted cautiously. 
Similarly, references to nutrient transport and 
metabolic enhancement are based on general 
knowledge and were not directly evaluated in the 
current experiment (Khalsa et al., 2022; Devi et 
al., 2023; White & Broadley, 2003).

Fresh biomass was the most responsive parameter 
to the application of fruit peel powder, eggshell 
powder, and their combination, with T3 increasing 
fresh weight by about 76% and T2 by about 57% 
compared to the control. The more pronounced 
growth responses observed in this study, relative 
to other published reports, can likely be explained 
by differences in soil composition. For example, 
Dayarathna and Karunarathna (2021) reported 
smaller growth responses in plant height and 
fresh biomass following fruit peel application 
in okra; the larger responses observed in maize 
in the present study may be explained by the 
comparatively low fertility of the soil used here. 
Furthermore, Nossier (2021) showed that fruit 
peels used as fertilizer contained 16–31% more 
nitrogen and 12–24% more potassium than compost 
fertilizers, and that these nutrient-rich fertilizers 
increased the growth of maize vegetative parts, 
such as fresh biomass.

The application of calcium from ESPs may also 
be linked to the observed growth responses, as 
calcium plays an important role in the develop-
ment of plant cell walls, which can influence 

Table 7. Effect of different doses of ESPs on the fresh shoot weight, fresh root weight, dry shoot weight, and dry root 
weight of maize under greenhouse conditions

Treatments Doses (g) Fresh shoot
weight (g) Fresh root weight(g) Dried shoot weight(g) Dried root weight(g)

T1 ESPs ( 4 g) 2214.34±0.375b 320.83±0.04a 972.18±0.468b 308.7±0.167b

T2 ESPs (8 g) 2410.47±0.150a 394.69±0.173a 1181.63±0.208a 366.84±0.087a

T3 ESPs (12 g) 2517.62±0.135a 454.61±0.219a 1325.09±0.519a 417.08±0.525a

T4 ESPs (16 g) 2724.64±0.208a 490.33±0.381a 1426.18±0.468a 451.58±0.237a

T5 ESPs (20 g) 3040.63±0.69a 581.73±0.150a 1563.6±0.162a 502.43±0.259a

CR - 2056.95±0.267b 234.87±0.213b 846.27±0.671b 283.3±0.398b

Note: Values represent mean ± SE (n = 4). Measurements are based on the combined biomass per pot containing five maize plants. 
Different letters within the same column indicate statistically significant differences at P < 0.05.
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stem growth and fresh biomass accumulation. 
Calcium may further contribute to the transport of 
nutrients within plant tissues, potentially affecting 
the growth of maize vegetative parts. The larger 
biomass observed in plants treated with ESPs + 
FPs relative to ESPs alone can be explained by 
the additional nutrients supplied through fruit 
peel application, which were available for uptake 
and growth.

The initial soil pH was 7.05, indicating that the 
soil was neutral rather than acidic. While CaCO₃ 
from eggshells is commonly used as a liming 
agent in acidic soils, in this study —where the 
soil pH was already neutral— it likely functioned 
primarily as a calcium nutrient source rather than 
as a pH amendment (Yasin et al., 2015; Anugrah 
et al., 2021).

These findings are consistent with previous stud-
ies. Clocchiatti et al. (2023) found that the growth 
and fruit weight of okra plants were promoted by 
eggshell and banana peel amendments. Jiang et 
al. (2018) and Aisha Wazir et al. (2018) found that 
the gradual release of nutrients from fruit residues 
promotes continuous plant growth. Hariyono et al. 
(2021) found comparable yields when eggplants 
were fertilized with organic fertilizer derived 
from banana peel versus inorganic potassium. 
The increased growth observed in the current 
study may similarly be attributed to the availabil-
ity of nutrients released from the organic waste 
materials added to the soil. Fruit peels provided 
essential nutrients such as nitrogen, phospho-
rus, potassium, and micronutrients, which are 
vital for photosynthesis and metabolic activity 
in plants (Sharma et al., 2024; Khanyile et al., 
2024), while eggshell powder provided calcium, 
an essential nutrient for structural development 
(Masley, 2016). Other potential mechanisms, such 
as microbial activity or cation exchange capacity, 
were not directly measured in this study and were 
therefore not considered.

Overall, the results indicate that the application 
of fruit peel powder and eggshell powder signifi-

cantly promoted the vegetative growth of maize, 
likely through improved nutrient availability in 
the soil combined with the additional nutrient 
supply to the crop. This suggests that organic 
waste amendments could play a major role in 
improving maize development in a sustainable 
manner. The stronger growth responses observed 
in this study relative to other reports are likely 
attributable to the comparatively low fertility of 
the soil used here.

Soil Chemical Properties from the Field Experiment

The results of the field experiment suggest that 
the use of FP powders, ESP powders, and their 
combination significantly influenced several soil 
chemical properties at harvest (Table 9). In the 
context of the current study, the most pronounced 
alterations in soil chemical properties are associ-
ated with increases in OM, available P, K, and 
Ca, all of which are nutrients essential for maize 
cultivation. Other nutrients whose concentra-
tions increased insignificantly (e.g., Mg) were 
disregarded as not contributing meaningfully to 
treatment differences. As for soil pH, insignificant 
variations are found between treatment means, 
which stay within a neutral to slightly alkaline 
range. Considering that the soil is initially near-
neutral (pH = 7.05), it is clear that there are no 
significant neutralizing effects in ESP applica-
tions due to CaCO₃ contained in eggs. The role 
of ESP as a soil conditioner in this case should 
be seen as enriching soil with calcium and other 
nutrients, rather than liming. The reason behind 
this is that liming is generally expected only for 
acidic soils; otherwise, ESPs will have a similar 
effect on soil chemical properties due to nutrient 
enrichment. As noted above, increased available 
concentrations of P and K are recorded for FP 
and ESP+FP powder treatments. As expected, 
the increase is attributed to the natural richness 
of fruit residues in nutrients discussed earlier 
(Hussain et al., 2021; Holmes & Rueber, 2013). 
Both nutrients are beneficial in maize cultivation 
because phosphorus promotes root development 
and energy transfer in plants, while potassium 
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increases water use efficiency and physiological 
regulation. Therefore, increased P and K con-
centrations in ESP+FP and FP-only amendments 
imply positive impacts on maize plant growth. 
An increase in soil Ca concentration in the ESP-
only treatment is expected, considering the fact 
that eggshells contain a large amount of CaCO₃ 
(Burezq, 2019). The use of ESPs as a liming agent 
is unlikely because of neutral initial soil acidity; 
therefore, their role in nutrient availability and 
soil fertility should not be dismissed. Another 
important finding of the experiment was the 
dramatic increase in soil OM content in ESP+FP 
(1.83%) and FP (1.72%) amendment treatments 
compared to the control (1.25%, P < 0.05). This 
is consistent with the expected impact of direct 
organic carbon input into soil since fruit peelings 
are rich in organic materials that decay and eventu-
ally contribute to soil OM. Sandy soils, especially 
those poor in OM, respond particularly well to 
organic amendments due to nutrient accumulation 
in the soil. The same trends are found in previous 
studies conducted in arid regions with low soil 
OM concentration (Hussain et al., 2021; Essilfiea 
et al., 2024). Improved OM content implies a 
positive impact on the growth of maize plants 
due to improved water retention, soil structure, 
and gradual nutrient release. These findings 

demonstrate the direct influence of amendments 
on soil chemical properties associated with maize 
cultivation. Nevertheless, it should be noted that 
other changes in soil properties, such as increased 
structure, soil microbe density, or improved nutrient 
cycling in soil, were not assessed and, therefore, 
cannot be inferred from the collected data. This 
accounts for the more pronounced growth rates 
of maize in T2 and T3 treatments compared to 
the control group. The complementary effects of 
both organic and mineral amendments in ESP+FP 
treatment can be seen from the results of the 
experiment, as providing increased availability 
of all essential nutrients. It should be noted that 
the magnitude of such effects is subject to soil 
type. Specifically, amendments will have a much 
stronger effect on sandy soils with low nutrient 
retention due to low clay and soil OM content. 
Therefore, while the mechanisms observed here 
are broadly applicable, the degree of response is 
likely to vary depending on soil characteristics.

Relationship Between Field Experiments and 
Greenhouse Results

To understand the level of consistency in treat-
ment responses under experimental conditions, 
it is important to understand the relationship 

Table 8. Mean growth parameters of corn across various treatments involving the utilization of ESP and FPs (field 
experiment).

Treatments Plant height Stem diameter (cm) Leaf area (cm2) Fresh weight (kg 256 m-2) Fresh weight
(kg ha-1)

T1 222.01±0.121a 4.20±0.029a 301.98±0.127a 3,543.4±0.133a 138,398.3±0.12a

T2 285.34±0.133a 4.90±0.023a 318.67±0.502a 4,088.9±0.450a 160,980.3±0.11a

T3 273.56±0.259a 4.80±0.081a 320.78±0.323a 4,608.9±0.250a 180,035.2±0.01a

CR 210.47±0.123b 3.65±0.170b 280.33±0.187b 2,611.0±0.198b 101,992.2±0.021b

T1: ESPs (1,212.12 kg ha⁻¹); T2: FPs (1,212.12 kg ha⁻¹); T3: ESPs (1,212.12 kg ha⁻¹) + FPs (1,212.12 kg ha⁻¹); CR: Control.

Table 9. Chemical properties of soil samples after harvesting

Treatments pH P (mg kg⁻¹) K (mg kg⁻¹) Ca (mg kg⁻¹) Mg (mg kg⁻¹) Exch. bases
(cmolc kg⁻¹) (OM) (%)

T1 6.97a 17.58±0.237a 422.05±0.231a 710±0.445a 69.01±0.502a 13.65±0.133a 1.11±0.381b

T2 8.55a 46.87±0.069a 622.32±0.170a 503±0.508b 65.11±0.318a 21.34±0.312a 1.72±0.156a

T3 7.27a 41.66±0.190a 601.54±0.196a 510±0.055b 64.03±0.109a 23.54±0.133a 1.83±0.092a

CR 7.05b 8.99±0.176b 263.76±0.136b 500±0.198b 65.3±0.111a 10.21±0.138b 1.25±0.101b

T1: ESPs (1,212.12 kg ha⁻¹); T2: FPs (1,212.12 kg ha⁻¹); T3: ESPs (1,212.12 kg ha⁻¹) + FPs (1,212.12 kg ha⁻¹); CR: Control; OM: 
Organic Matter Content.
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between greenhouse and fi eld experiment results. 
As illustrated in Figure 1, it has been determined 
that there are positive correlations between growth 
responses under controlled conditions and fi eld 
conditions (R² = 0.84; P < 0.01), which suggests 
that treatments with enhanced growth responses 
under controlled conditions also exhibit analogous 
responses under fi eld conditions. However, these 
correlations should be interpreted cautiously due 
to the limited sample size and do not establish 
predictive relationships between greenhouse 
and fi eld performance.  It should be noted that 
fi eld experiments were carried out under two 
cropping seasons: 2021–2022 and 2022–2023. 
The experimental conditions under which fi eld 
experiments were carried out are similar to one 
another. However, it is important to understand 
that the environmental conditions under which 
crops are grown also play an important role in 
understanding responses to certain treatments. 
As such, it is important to understand seasonal 
environmental conditions, such as temperature 
and precipitation. Based on the correlations, it 
appears that there is an association between plant 
performance in the greenhouse setting and the 
fi eld setting, although it is essential to note that 
correlation does not necessarily imply causation 

(Figure 1). Therefore, the results of the study 
should not be taken to mean that the conditions in 
the greenhouse setting are capable of predicting 
the performance of the plant in the fi eld setting. 
Instead, the study shows that the treatments that 
are associated with increased growth in the con-
trolled setting are also associated with increased 
growth in the fi eld setting. However, care should 
be taken when interpreting the results of the study, 
given that the scatter plots are based on a limited 
number of observations, i.e., n = 5. Overall, the 
correlation study has provided some, albeit not 
conclusive, evidence of the likelihood that the 
growth responses of the plant in controlled set-
tings may be similar to those in the fi eld setting.

Previous Research on the Use of Fruit Peel 
Powders (FPs)

Previous research has established that fruit peels 
are rich in both macro- and micronutrients and 
can serve as organic amendments to improve soil 
fertility and plant growth. Nevertheless, fi ndings 
vary considerably depending on soil type, climatic 
conditions, and experimental design, making direct 
comparisons across studies diffi cult. Mercy et al. 
(2014) and Nikose (2015) found that fruit peel 

Figure 1. Relationship between greenhouse and fi eld maize growth responses under different treatments. Scatter plots 
showing the association between (a) greenhouse shoot length and fi eld plant height, and (b) greenhouse biomass and fi eld 
fresh weight. Each point represents the mean value of four replicates per treatment. Positive linear associations were 
observed between greenhouse and fi eld measurements (R² = 0.84 and R² = 0.81; P < 0.01), indicating that treatments 
associated with greater growth under controlled conditions tended to show similar directional responses under fi eld 
conditions. The correlations should be interpreted with caution due to the limited number of observations (n = 5), and they 
indicate association rather than causation.
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powder enhances soil nutrient status and plant 
development through the provision of organic 
materials and nutrients. These investigations were 
conducted mainly in low-fertility soils, similar to 
the sandy soil used in the current study.

Fruit peels have also been reported to contain 
bioactive compounds that may influence plant 
growth. Ibrahim et al. (2017) and Singh (2017) 
confirmed that fruit waste contains beneficial 
biochemical compounds that can indirectly ben-
efit plant development by improving soil quality, 
thereby helping reduce plant disease associated 
with biological stress. Although these studies 
were conducted under environmental conditions 
distinct from those of the current study, their results 
provide supplementary support for the efficacy of 
fruit peel powder in improving soil quality and 
encouraging plant development.

The connection between these previous studies 
and the current experiment lies in the shared role 
of organic materials in improving soil quality and 
promoting plant growth. However, the magnitude 
of the effect may differ due to variations in soil 
composition, climatic conditions, and experimental 
setup. For instance, in sandy soils with minimal 
organic content and poor nutrient-holding capac-
ity —such as in the present study— the effect of 
fruit peel powder on soil quality and plant growth 
may be more pronounced than in soils with higher 
baseline fertility.

Application of Fruit Peel Powders (FPs) in Previ-
ous Research and Relation to the Present Study

However, cross-comparisons reveal inconsis-
tencies in methodology, as well as in nutrient 
composition of fruit peel amendments, which 
suggests that results would vary under different 
conditions. Therefore, it is important to interpret 
the conclusions drawn in this experiment based 
on the context of soil and environmental factors 
analyzed herein. Previous studies utilized fruit peels 
in various processing and application manners, 
depending on the experiment goals, crops, and 

environmental context. Powdered fruit peels are 
often applied directly to soil in order to increase 
its organic matter and nutrient content slowly. 
In other cases, fruit peels were fermented or 
prepared in liquid extracts, specifically of banana 
peels, to increase potassium content (Hariyono et 
al., 2021). Compost of fruit peels has also been 
used as slow-release organic fertilizer, in which 
nutrients are decomposed before utilization by 
crops (Sharma et al., 2024). Such research was 
primarily focused on increasing nutrient availabil-
ity or improving organic matter content, similar 
to the goals pursued in the present study in the 
soil with poor nutrient retention capability. This 
allowed for comparing the results obtained in the 
current experiment with those reported by the 
previous studies in the context of a nutrient-poor 
soil environment. Generally, the effects reported 
in prior research indicate increased nutrient 
availability, particularly phosphorus and potas-
sium, together with improved soil organic matter 
content and vegetative growth (Dayarathna & 
Karunarathna, 2021). Such results coincide with 
the observations made during this experiment, 
as FP and the combinations of FP and eggshell 
powder significantly increased plant height, leaf 
area, stem diameter, and fresh biomass weight 
(Table 8). However, variations in the magnitude 
of such changes are likely due to variations in soil 
types, climatic conditions, and the processing of 
fruit peels. Studies performed in soils with already 
high content of organic matter and smaller soil 
particles usually report less improvement, since 
there is little room for additional nutrient reten-
tion. In the case of sandy soil with high nutrient 
losses, as was observed during this experiment, 
much greater effects can be expected. Although 
fruit peel applications have been shown to improve 
nutrient availability and plant growth, several 
problems related to such an approach should be 
considered. Specifically, fruit peel fertilizers tend 
to provide slow nutrient release when they are 
applied directly without any processing. Also, 
depending on the source, ripeness, and processing 
methods, nutrient compositions can vary greatly. 
Moreover, nitrogen immobilization may occur 
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during decomposition if the carbon-to-nitrogen (C: 
N) ratio is suboptimal, and inadequate preparation 
can lead to unpleasant odors or insect attraction. 
As was suggested in this experiment, drying, 
grinding, and homogenizing the fruit peels before 
application would help prevent such problems. 
Fruit peel-based fertilizers have proven their 
efficiency across numerous crop types, such as 
okra, tomatoes, eggplants, and even maize. The 
main benefits include the promotion of vegeta-
tive growth, biomass accumulation, and yields 
(Dayarathna & Karunarathna, 2021; Nossier, 
2021; Hariyono et al., 2021; Ma’mor et al., 2023). 
In spite of the diversity in environments, fruit 
peels have consistently shown a positive effect 
on plants and soils. However, due to the nature of 
sandy soils in the current study, the results have 
demonstrated stronger positive trends compared 
to others. Eggshell applications in agriculture 
have been widely investigated because of their 
high calcium content. Several studies confirm the 
effectiveness of eggshell application for increas-
ing calcium content in the soil, but also show that 
high concentrations in already alkaline soil could 
affect other nutrients. The size of particles and 
methods of processing also determine the nutrient 
release rate, while eggshells alone provide little to 
no nitrogen and limited magnesium relative to the 
demands of high-nutrient-requiring plants. There 
are also hygiene concerns related to uncleaned 
eggshells (Rowayshed et al., 2013; Hossain et 
al., 2023). These considerations support the 
rationale for combining ESPs with nutrient-rich 
fruit peels in the present study, which allowed 
complementary nutrient supply and improved 
plant growth outcomes.

Inclusion of Key Agronomic Outcomes (e.g., 
Grain Yield)

Although grain yield is one of the most important 
factors considered in general agronomic evalua-
tions of soil amendments, it was not included in 
this study for several reasons. One thing to note 
here is that grain yield data were not part of the 
study for several reasons; first, because it did not 

align with what we were trying to accomplish 
in this study. The purpose of this study had to 
do with understanding the response to fruit peel 
powders (FPs) and eggshell powders (ESPs) ap-
plication in terms of early to mid-season devel-
opment (germination, vegetation phase, biomass 
development), as well as changes seen in soil 
constituents. In this case, because it focused on 
vegetation development in hyper-arid regions 
and changes seen in soil constituents, the field 
experiment was concluded in its vegetative to 
early reproductive phase; hence, grain yield data 
were not obtained. Grain yield was not measured 
in this study; therefore, conclusions are limited 
to vegetative growth and soil property responses. 
Extrapolation to final yield or long-term produc-
tivity should be made with caution and requires 
further investigation.

Conclusions

The study has shown that the application of egg-
shell powders (ESPs), as well as fruit peel powders 
(FPs), individually and collectively, has a positive 
relationship with enhanced vegetative growth in 
maize under field conditions. These improvements 
were directly supported by measured changes in 
soil chemical properties, particularly increases in 
available phosphorus, potassium, calcium, and soil 
organic matter content. Of all the applications, 
it has been observed that the combined effect of 
ESPs + FPs resulted in a significant improve-
ment in plant growth compared to the control. 
However, the advantages witnessed here must 
be viewed within the context of the soil types 
used in this experiment (sandy nature with low 
organic content), where nutrient uptake and stor-
age are especially significant. Thus, the findings 
are relevant only to those factors examined in this 
experiment, without making any assumptions 
about other factors not studied in this experiment. 
The improvements include an increase of 35.6% 
in plant growth, an increase of 14.4% in leaf area 
development, and an increase of 76.6% in fresh 
biomass development compared to the control. 
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Changes in chemical properties of the soils are 
consistent with the observed responses to the 
amendments. These changes include an increase 
in calcium content as well as organic matter in 
the soils, which may be related to enhanced plant 
growth. Since the pH of the soils remained in 
a neutral range with no significant differences 
among the treatments, it can be assumed that 
enhanced plant growth cannot be attributed to 
changes in pH. However, it has been observed 
that an enhanced nutrient status in soils has a 
positive relationship with enhanced plant growth. 
These present results are also in agreement with 
previous research that reported enhanced plant 
growth with the application of fruit peel and 
eggshell, which gradually provides nutrients 
to the plants, thus improving the fertility of the 
soil. Some limitations of the present research 
need to be acknowledged, which include the fact 
that this research was conducted at a single site, 
which makes it difficult to draw a conclusion 
that can be generalized across different climatic 
conditions. Moreover, the present research did 
not examine the economic implications of using 
ESPs and FPs, which makes it difficult to conclude 
the feasibility of using ESPs and FPs on a larger 
scale. Collectively, the present research has pro-
vided evidence that the application of fruit peel 
and eggshell powder can improve the vegetative 
growth of maize, likely mediated by nutrient avail-
ability in the soil. Although the present research 
has provided evidence that applying fruit peel 
and eggshell powder can improve the vegetative 
growth of maize, more research is needed before a 
conclusion can be drawn regarding its large-scale 
agricultural applications. Future research is rec-
ommended to evaluate long-term effects, include 
yield measurements, and investigate underlying 
biological and soil processes to further validate 
and expand these findings.
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