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INTRODUCTION

Application of advanced fertilizer systems 
and soil amendments based on nanotechnology 
has gained prominence in recent years as a result 
of sustainable crop production requirements and 
improved nutrient management. Among these 
soil amendments, zeolites have been researched 
intensively as means to enhance physical soil 
structure, regain nutrient retention, and promote 
plants’ growth performance (1). Zeolites are crys-
talline minerals based on aluminosilicates with 
high cation exchange capacity (CEC) and poros-
ity in order to provide controlled release of wa-
ter and nutrients (2–4). Introduction of zeolites 
to agricultural land has been reported to have a 
variety of positive impacts, including improved 
aeration of soil, better availability of moisture 
(5), and increased efficiency in fertilizer use. 

Various studies have demonstrated zeolite-based 
amendments to improve crop yield, particularly 
in drought-stricken or nutrient-deficient areas of 
soil by sustaining slow-release nutrition with de-
creased leaching loss (6, 7). For example, zeolite 
application on maize has been reported to improve 
nitrogen utilization efficiency, aiding root growth 
promotion and increased overall vigor (8, 9). Be-
sides this, studies have also demonstrated zeolites 
to reduce soil salinity stress (10–12) and become 
an attractive choice to improve productivity in 
barren lands (2). In spite of all these advantag-
es, there remain several limitations, including 
soil compaction in fine-textured zones and poor 
nutrient accessibility in some areas by strong 
ion-binding reaction. Apart from this, high costs 
of production and source limitations in some cas-
es may oppose large-scale utilization by its adop-
tion (2). Parallel with zeolite-based amendments, 
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calcium is also a vital macronutrient playing a 
critical role in above- and below-ground devel-
opment of growth in plants, affecting cell wall 
stability, membrane function, signal transduction, 
and enzyme activity. Calcium deficiency in plants 
is characterized by reduced root elongation, low-
er resistance to stress, and reduced frequency of 
germination, further necessitating its supplemen-
tation needs (13, 14). The application constraints 
with convention-based materials such as calcium 
carbonate, gypsum, and calcium nitrate are low 
solubility, high leaching susceptibility, as well as 
poor efficiency in nutrient absorption. In order 
to buffer these constraints, nano-calciuim ferti-
lizers have come forward as means to improve 
forms in a bioavailable state as well as efficiency 
in absorption. Due to their nano-scaled dimen-
sions, nano-calcium-based fertilizers possess an 
increased degree of reactivity, better root and 
leaf penetration, and better translocation through 
plant tissues. According to studies, nano-calcium 
applications have been reported to increase chlo-
rophyll production, shoot elongation, and germi-
nation of seeds, particularly under abiotic stress 
conditions (15–17). Moreover, nano-calcium has 
also been reported to enhance drought tolerance 
and salt tolerance in maize and wheat plants with 
a greater physiological response and stability in 
yield (18). However, its fate in the environment, 
bioaccumulation, and potential toxicity have 
not been widely researched despite its potential 
benefits. Excessive application of nano-calci-
um has been reported by some studies as having 
the potential to disrupt nutrient balance, thereby 
inducing unwanted physiological responses in 
plants or soil microbiota, with long-term effects 
on soil health (17). While zeolite and nano-cal-
cium have both independently been reported to 
have positive effects on plant growth, an integrat-
ed application is relatively a new area. The na-
no-calcium impregnation within zeolite is a novel 
way of enhancing availability with simultaneous 
utilization of zeolite’s water reserve and nutrient 
management functions. Such an application can 
result in controlled release as calcium ions, with 
defined delivery at sites in plants’ roots, with a 
more stable nutrient supply at early growth stages 
when calcium is most vital. The hope is to have 
nano-calcium-loaded zeolite with greater rates for 
improved germination, increased root elongation 
rates, and greater biomass production overall than 
with normal fertilization techniques. There is also 
a possibility with over-absorption of calcium by 

zeolite’s framework making its bioavailability 
less immediate and, also, maintaining precise for-
mulation to prevent imbalance in nutrients. There 
also needs to be consideration for large-scale ze-
olite synthesis as well as nano-calcium impreg-
nating on industrial scales before integration into 
agriculture on large scales is acceptable. Based on 
these considerations, this research will examine 
how nano-calcium-impregnated synthetic zeolite 
impacts germination and development in maize 
(Zea mays L.) seeds. The goals are to quantify 
germination rate, root-shoot biomass production, 
chlorophyll concentration, and vigor in plants, 
comparing its performance against normal ferti-
lization with normal fertilizers. This research will 
shed more lights on zeolite-nano-calcium syner-
gy potential for more efficient, sustainable, and 
targeted fertilization technologies for agriculture.

MATERIALS AND METHODS

Three experiments were carried out in the 
Environment Research Center’s Research Labo-
ratory at the University of Mosul in accordance 
with the following procedures:

Collecting and characterising soils

The soil was collected from the University 
of Mosul’s silty bios units. Standard procedures 
were followed in the analysis of its physical and 
chemical characteristics. Electric conductivity 
(EC) was measured at 0.3 dS/m, and the pH of 
the soil was 7.2, indicating neutral conditions. 
Gravimetric soil moisture measurement involves 
weighing wet soil samples, drying them in an 
oven, and weighing them again. Calculated mois-
ture using weight differences. The lab tempera-
ture ranged from 25 to 35 °C. Under these condi-
tions, soil moisture varied 25–35% daily.

Preparation of nano-calcium concentrations

The concentrations of nano-calcium used in 
this study were 0.5, 1, and 2 mg/mL. These con-
centrations were chosen based on the application 
rates utilised by Hussein and Ibraheem (2023), 
who applied comparable concentrations to pota-
to cultivars through foliar treatments. (19), who 
applied comparable concentrations to potato cul-
tivars through foliar treatments. In the first exper-
iment, the same concentrations were also tested 
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for their impact on maize seed viability by eval-
uating their effect on germination in Petri dishes. 
Five nano-calcium concentrations were synthe-
sised as follows (Table 1):

Methodology for zeolite application

Based on ranges documented in earlier re-
search, zeolite was added at rates of 2 and 5 g 
per 2 kg of soil (or 1 and 2.5 g/kg) (20, 21). To 
analyze the impacts of zeolite on soil character-
istics and crop growth, two doses were used to 
prepare the applications. For the first treatment, 2 
grams of zeolite were added to the same amount 
of air-dried soil. For the second treatment, the 
same amount of soil was used but with the addi-
tion of 5 grams of zeolite. Following the addition 
of soil amendment, the resulting mixtures were 
carefully placed into seedling trays consisting of 
77 evenly spaced perforated cells (7 rows by 11 
columns). A control group involving untreated 
soil irrigated only with distilled water was also 
set to create a basis of comparison. For each of 
the treatments, in each replicate, the seeds were 
planted at a rate of 10 in such a manner that uni-
form distribution was ensured. Three replications 
for each treatment were ensured to assure statisti-
cal significance.

Planting seed

Experiment 1 – planting in Petri dishes

 Visually robust and uniformly sized yellow-
colored seeds were selected on the basis of ex-
ternal morphology. 10 to 15 externally uniform 
yellow-colored seeds per treatment were placed 
evenly in sterile Petri dishes, five per concentra-
tion. Nano-calcium solution at the rate of 10 mil-
liliters per dish was applied according to specified 
concentration levels. The dishes were incubated 
in a controlled condition chamber (Memmert 
model) at the temperature range of 30 and 35 °C. 

Observation and measurement were done at suit-
able intervals after incubation.

Experiment 2 – zeolite application   
in germination trays

Twenty-five seeds were planted in triplicate in 
order to analyze the effect of zeolite on germina-
tion of the seeds. Among the treatments were 0% 
(control and irrigated with distilled water), 2%, and 
5% concentrations of zeolite. After the seedlings 
emerged, germination parameters were collected.

Experiment 3 – applying nano-calcium loaded on 
zeolite to soil using germination trays

Various combinations of zeolite loaded with 
nano-calcium were synthesized by impregnating 
nano-calcium onto zeolite particles by thorough 
mixing. The composites were then homogeneously 
blended into 2 kilograms of air-dried soil to prepare 
the respective treatments. The following treatment 
groups were created by repeating this process:
 • control: 2 g of zeolite and 2 kg of soil (no 

nano-calcium),
 • 2 kg soil + 2 g zeolite impregnated with 0.5 g 

nano-calcium,
 • 2 kg soil + 2 g zeolite impregnated with 1.0 g 

nano-calcium,
 • 2 kg soil + 2 g zeolite impregnated with 1.5 g 

nano-calcium,
 • 2 kg soil + 2 g zeolite impregnated with 2.0 g 

nano-calcium.

To evaluate the effects of a second series of 
treatments on seed germination and early plant 
development, 5 grammes of zeolite, each previ-
ously impregnated with a different proportion of 
nano-calcium, was mixed with 2 kilogrammes of 
air-dried soil
 • control: 5 g zeolite and 2 kg soil (no 

nano-calcium),
 • 2 kg soil + 5 g zeolite impregnated with 0.5 g 

nano-calcium,
 • 2 kg soil + 5 g zeolite impregnated with 1.0 g 

nano-calcium,
 • 2 kg soil + 5 g zeolite impregnated with 1.5 g 

nano-calcium,
 • 2 kg soil + 5 g zeolite impregnated with 2.0 g 

nano-calcium.

A total of 30 seeds were planted for each 
treatment, with 10 seeds per replicate. After the 
seedlings were apparent, the germination perfor-
mance was assessed.

Table 1. Nano-calcium concentrations (as calcium 
chloride, CaCl₂) provided by Al-Khazra Company, Iran

Concentration (%) Nano-calcium (grams per liter)
mg/mL

Control (0%) 0

Treatment 1 0.5

Treatment 2 1

Treatment 3 1.5

Treatment 4 2
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Measurements conducted

In accordance with accepted germination 
procedures for maize (Zea mays L.), germina-
tion data concentrated on the crucial 4- to 8-day 
treatment. Studies indicates that under con-
trolled laboratory conditions, radicle emergence 
usually starts by day 4 and reaches near-maxi-
mum germination by days 7–8(22). The germi-
nation percentage was calculated using the for-
mula below after 4 and 8 days of planting:

 Germination percentage =
 (Number of germinated seeds ÷ 
 ÷ Total number of seeds) × 100 

(1)

The shoot length was measured in centime-
ters. The root length was measured in centimeters. 
The fresh weight of the seedling was measured in 
milligrams. The dry weight of the seedling was 
measured in milligrams. The number of leaves 
was recorded for each plant.

Statistical analysis

Statistical analysis followed a factorial de-
sign under the CRD approach. Duncan’s multi-
ple range Test was utilized to compare the means 
between the treatments, and different letters were 
used to indicate significant differences at the de-
fined confidence level (23, 24). 

RESULTS

The research consisted of three separate 
experiments.
1. The first experiment examined the germination 

of maize seeds in Petri dishes containing differ-
ent amounts of nano-calcium.

The germination response of nano-calci-
um-exposed maize seeds at varied concentrations 
was the focus of the first experiment. Results 
showed the effect of nano-calcium to depend on 
concentration when it came to the rate of germi-
nation. At a concentration of 0.5% nano-calcium, 
after four days, the highest rate of germination 
(96%) was obtained (Figure 1). Root hair emer-
gence was also stimulated at all the varied con-
centrations (Figure 2). Statistically significant 
loss of germination rate was, however, noted at 
above 0.5% concentration (p < 0.05). This inhib-
itory trend was also evident from the measure-
ments of the root lengths, in which the measure-
ments decreased inversely in proportion to the 
increases in the concentration of nano-calcium to 
a minimum of 1.27 cm at the concentration of 
2%. Other parameters measured did not exhibit 
statistically significant differences between treat-
ments (Table 2).

Different letters indicate significant differenc-
es at a probability of 0.05, according to Duncan’s 
multiple range test.

2. Experiment 2 – assessment of the impact of 
zeolite concentration on seed germination in 
trays filled with soil.

The effect of zeolite amendments on Zea mays 
growth was also measured using soil-based condi-
tions in the second experiment. Statistical analysis 
revealed a significant improvement in shoot height 
at the 2% zeolite application, where the seedlings 
were 12 cm tall, compared to both the control and 
5% treatment groups (Figure 3). Other growth pa-
rameters that were measured did not exhibit signif-
icant treatment differences statistically (Table 3).

Different letters indicate significant differenc-
es at a probability of 0.05, according to Duncan’s 
multiple range test.

Table 2. Shows how different nano-calcium concentrations affect the germination of maize seeds and early growth 
characteristics in Petri dishes

Dry weightFresh 
weight

Leaves 
No.

Shoot 
length

Root 
length

Shoot
length

Root
length

Germination 
rateNCa concentration

(w/v) (mg/mL)
(After8 day)(After4 day)

0.20b6.10a5.00a2.84a3.46a1.79a2.62a92ab0

0.20b7.64a9.20a3.94a4.20a2.03a1.48b96a0.5

0.22a6.30a7.40a2.86a2.52a1.38a1.44b86bc1

0.21ab6.71a8.40a3.03a1.97a1.43a1.39b84bc1.5

0.21ab6.52a9.20a3.38a1.95a1.96a1.27b82c2
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Figure 1. Maize seed germination at 0.5% nano-calcium concentration: (A) seedlings after 4 days of growth;
(B) seedlings after 8 days of growth

Figure 2. Shows the growth of root hairs in maize seedlings at different concentrations of nano-calcium:
(A) 0.5%, (B) 1%, (C) 1.5%, (D) 2%
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3. Experiment 3 – using soil-based germination 
trays, assess the effects of nano-calcium im-
pregnated zeolite on maize growth.

The third test, which involved application of 
zeolite containing nano-calcium to the soil using 
germination trays, showed significant impacts on 
both biomass and germination rate. As indicated 
by Table 4, increased germination rate was seen 
after four days after the application of 2% zeolite, 
while a reduced germination was realized where 
the high 5% application was used. By eight days, 
treatment differences in the germination rates 
were no longer significant. Additionally, 2% ap-
plication of zeolite significantly boosted fresh 
and dry weights in the entire plant, while no sig-
nificant impacts were realized for the rest of the 
growth traits that were measured.

Different letters indicate significant differenc-
es at a probability of 0.05, according to Duncan’s 
multiple range test.

The effects of zeolite loaded with nano-calci-
um on maize germination and growth characteris-
tics are shown from the data provided in Table 5. 
As concentration of the nano-calcium increased, 
there was a notable reduction in the percentage 
of germination. The 2% treatment showed the 
lowest percentage of germination at 65.00%, 
which was significantly lower compared to the 
other treatments following four and eight days 
after sowing. Shoot growth displayed a regular 
decline following the rise in nano-calcium con-
centrations, and the highest concentrations had 
the strongest inhibitory effect. Root growth was 
also reduced considerably at the 2% concentra-
tion, but at low concentrations, an improvement 
was noted in the elongation of the roots compared 
to the control, and the 1% concentration achieved 
the highest root length (11.689 cm). Furthermore, 
dry biomass also reduced at greater concentra-
tions of nano-calcium. Particularly, dry matter of 
maize plants declined substantially to 5.30 g from 

Table 3. The effects of varying zeolite concentrations on plant germination and growth parameters

Leaves No.Dry weight 
(mg)

Fresh weight 
(mg)

Root length 
(cm)

Shoot length 
(cm)

Germination 
rate (after 8 

days)(%)

Germination 
rate (after 4 
days) (%)

Zeolite 
concentration

2.03a0.332a10.89 a14.95 a7.77 b83.33 a70 a0

2.07 a0.369 a8.60 a15.53 a12.00 a96.67 a60 a2

2.03 a0.364 a14.53 a15.07 a11.02 ab93.33 a66.67 a5

Figure 3. Effects of zeolite application on maize growth (A) treated with zero zeolite;
(B) modified soil containing two grammes of zeolite per two kilogrammes of soil
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the 2% treatment of nano-calcium compared to 
the other treatments.

Different letters indicate significant differenc-
es at a probability of 0.05, according to Duncan’s 
multiple range test.

The interaction between zeolite and nano-
calcium concentrations on the germination and 
growth characteristics of yellow maize seedlings 
are are presented in Table 6. The simultaneous 
use of 2% zeolite and nano-calcium significantly 
lowered seed germination percentages over time. 
Particularly, the interaction between 2% zeolite 
and 2% nano-calcium brought about the clearest 
reductions in the percentage of seed germination 
after 4 and 8 days and also significant reduc-
tions in shoot lengths (53.33 cm), plant heights 

(76.67 cm), and root lengths (1.67 cm).On the 
other hand, using 2% zeolite combined with low 
concentrations of nano-calcium (0.5% and 1%) 
significantly increased root lengths to 10.20 cm 
and 11.23 cm, respectively. Moreover, interac-
tions between 2% zeolite and 1%, 1.5%, and 2% 
concentrations of nano-calcium increased fresh 
plant weights significantly, although no uniform 
effects were noted for dry weight. Surprisingly, 
the highest seed germination percentage (100%) 
was noted using the interaction between 5% zeo-
lite and 0.5% nano-calcium. Nevertheless, 5% 
zeolite combined with 2% nano-calcium signifi-
cantly reduced all growth parameters measured 
(Figure 4). Moreover, an interaction between 
5% zeolite and 1% and 1.5% concentrations 

Table 4. The effects of different zeolite concentrations on the percentage of germination and specific growth 
characteristics of Zea mays in soil-based settings

Zeolite 
concentration

Germination 
rate

(after 4 days)

Germination 
rate

(after 8 days)

Shoot length 
(cm)

Root
length (cm)

Fresh weight 
(mg) Dry weight (mg)

2% Zeolite 91.33a 94.67 a 1.81 a 9.76 a 8.51 a 0.823 a

5% Zeolite 76.00 b 90.00 a 1.94 a 9.15 a 6.35 b 0.588 b

Table 5. Impact of nano-calcium concentrations on zeolite on maize growth and germination parameters
NCa 

concentration
(w/v) (g/L)

Germination 
rate

(after 4 days)

Germination 
rate

(after 8 days)

Shoot length 
(cm)

Root
length (cm)

Fresh weight 
(mg) Dry weight (mg)

0% 95.00 a 100.00 a 2.04 a 8.66 bc 7.43 a 7.17 a

0.5% 95.00 a 95.00 a 2.00 ab 9.40 b 7.38 a 8.14 a

1% 85.00 b 95.00 a 1.80 ab 11.68 a 7.63 a 7.52 a

1.5% 78.00 b 95.00 a 1.78 b 9.44 b 7.66 a 7.14 a

2% 65.00c 76.00 b 1.76 b 8.11 c 7.05 a 5.30 b

Table 6. Interaction effects of concentrations of zeolite and nano-calcium on maize plant germination
and growth characteristics

Dry seedling 
weight (mg)

Fresh 
seedling 

weight (mg)

Root length 
(cm)

Shoot
length
(cm)

Germination 
rate after 8 

days

Germination
rate after 4

days

NCa 
concentration

Zeolite 
concentration

0.603 b8.27 ab9.03 cd1.68 ab100.00 a93.33 ab0%

2%

0.633b7.79 abc10.20 bc1.94 ab100.00 a90.00 abc0.5%

0.585 b8.75 a11.23 ab1.9 ab100.00 a80.00 abc1%

0.581 b8.9 a9.48 cd1.87 ab96.67 a63.33 d1.5%

0.538b8.82 a8.8 cd1.67 c76.67 b53.33 d2%

0.832a6.58 bc8.30 dc2.4 a100.00 a96.67 a0%

5%

0.995 a6.97 bc8.54 dc2.05 b90.00 ab100.00 a0.5%

0.918 a6.58 bc12.13 a1.7 bc90.00 ab90.00 ab1%

0.846 a6.42 cd9.41 cd1.69 bc93.33 ab93.33 ab1.5%

0.523 b5.28 d7.34 e1.86 c76.67 c76.67 c2%
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of nano-calcium also increased root lengths to 
12.13 cm and 9.41 cm, respectively.

Different letters indicate significant differenc-
es at a probability of 0.05, according to Duncan’s 
multiple range test.

DISCUSSION

The findings of the first experiment showed 
that concentrations of nano-calcium significantly 
impacted maize seed germination and initial root 
growth. Germination was reduced at higher con-
centrations of nano-calcium following four days 
of sowing, while 0.5% concentration registered 
the highest percentage of germination (96%), 
signifying a positive effect at low concentrations. 
The root elongation also demonstrated significant 
decline following increased concentrations of na-
no-calcium, while the highest decline was noted 
at 2% (Figure 2). Other growth characteristics 
were not greatly affected, implying that elonga-
tion of roots is specially vulnerable to nano-cal-
cium at the initial stages of growth. Germination 
and root growth decline at high concentrations 
have been attributed to oxidative stress resulting 
from the buildup of excessive nanoparticles and 
production of reactive oxygen species (ROS), 
which leads to cell damage. Similar results were 
seen from previous studies that noted that nano-
particles have a dual effect where they are ben-
eficial at moderate doses to enhance growth, 
while beyond this, they will impair physiological 
processes such as photosynthesis, flowering, and 
biomass production (23). Nano-calcium at 0.5% 
concentration stimulated vital plant processes 
like membrane stability, enzymatic regulation, 
and root elongation, signifying the vital role of 

calcium to establish seed seedlings. Addition-
al evidence from previous studies depicted that 
moderate application of nano-calcium increased 
plant height, chlorophyll content, branching, dry 
matter, and crop yield(25), while high concentra-
tions (e.g., 1 g/L) mostly increased total soluble 
solids (TSS) of kernel without affecting vegeta-
tive growth (26).Overall, these results indicate 
that moderate concentrations of nano-calcium can 
enhance initial growth and development of maize 
while high application may trigger phytotoxicity. 
Hence, for maximum agronomic potential, man-
agement of concentrations of nano-calcium needs 
to be done very carefully.

The second experiment compared the effect 
of zeolite application to the soil using seedling 
trays. A notable decline in shoot growth was seen 
at the extreme zeolite concentration (5%), while 
the 2% zeolite treatment provided a significantly 
higher shoot growth (12 cm) (Table 3) compared 
to both control and the higher concentration. Oth-
er measured attributes were unaffected by zeolite 
application. The increased shoot growth at 2% 
zeolite concentration is highly attributed to im-
proved soil physical attributes, mainly water and 
nutrient availability (Figure 3), which are proven 
to advance crop growth. Zeolite capacity to serve 
as a slow supply source for water and nutrients is 
well-documented. Earlier studies showed that the 
combination of zeolite and mixing it along with 
biochar and organic fertilizers significantly in-
creased crop yields for water-stressed conditions. 
For instance, a study on rice production in Egypt 
concluded that the combination of zeolite, bio-
char, and organic amendments supplemented by 
kaolin and magnesium silicate increased growth 
considerably by enhancing the capacity to retain 
soil moisture (27). Similar benefits have also been 

Figure 4. Effects of 5% zeolite and 2% nano-calcium on the development of maize plants
(A) reduced shoot length; (B) reduced root length
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documented for maize, where zeolite application 
increased the efficiency of N usage and triggered 
root system development (8, 9). On lettuce pro-
duction, the combination of zeolite and biochar 
increased biomass accumulation, leaf area, water 
content, and vitamin C content (28). The present 
study confirms these reports and supports the use 
of zeolite to enhance soil conditions to induce 
better and healthy crop growth.

The third investigation assessed the influence 
of zeolite loaded with nano-calcium on maize 
seedlings. There was a notable improvement in 
percentage germination at 2% zeolite after four 
days, while at 5% zeolite, germination was sig-
nificantly reduced (Figure 4). By eight days, 
treatment-level differences in germination were 
not significant. Fresh and dry biomass accumu-
lation was also significantly greater with 2% ze-
olite, while other growth characters were without 
significant variation. The improved germination 
and biomass at moderate levels of zeolite may be 
due to increased water and nutrient retention, en-
hancing initial seedling vigor. Improved cellular 
hydration caused by zeolite and nano-calcium is 
probably the cause of the rise in fresh biomass, 
even while shoot and root elongation is limited. 
Nano-calcium raises the turgor pressure and wa-
ter uptake (29), and zeolite increases the moisture 
retention in the roots (30). On the other hand, the 
decrease at high zeolite levels (5%) may be due 
to soil compaction or altered nutrient dynamics 
that hamper seedling growth. These findings are 
consistent with previous reports that zeolite ap-
plication enhances soil water and nutrient reten-
tion and availability, especially under dry land 
conditions. Independent analysis showed that in-
creased concentrations of nano-calcium reduced 
the germination rate, and the highest decline was 
seen at 2% nano-calcium treatment (the lowest 
percentage of germination being 65%). Shoot and 
root lengths also reduced upon increased con-
centrations of nano-calcium, and the maximum 
decline at 2% was registered. Interestingly, root 
length increased up to 1% nano-calcium (11.689 
cm), indicating dose-responsiveness. Dry bio-
mass also reduced at increased concentrations of 
nano-calcium, and the lowest value (5.30 g) was 
reported for 2% treatment. Inhibition at increased 
concentrations of nano-calcium may be due to 
nanoparticle-induced oxidative stress and cyto-
toxicity, which cause chromosomal condensation 
and cell damage (31). Similar stress responses 
have been reported, and nanoparticles disrupt 

crucial physiological processes such as photo-
synthesis, respiration, and growth. Interaction 
between zeolite and concentrations of nano-cal-
cium also governed maize seedling responses. 
Combination of 2% zeolite and 2% nano-calcium 
resulted in the maximum decline for all the traits 
at both four and eight days, along with significant 
reductions in shoot and root lengths (53.33 cm, 
76.67 cm, and 1.67 cm, respectively). However, 
a combination of 2% zeolite and low concentra-
tions of nano-calcium (0.5%, and 1%) significant-
ly improved elongation of the root at 10.2 cm and 
11.23 cm, respectively. Fresh biomass production 
was also greater under 5% zeolite with 1–1.5% 
concentrations of nano-calcium. These results 
indicate concentration-dependent interaction be-
tween zeolite and nano-calcium, where moder-
ate concentrations produce synergistic effects on 
seedling performance and high concentrations 
exhibit inhibitory activity. It is known that high 
concentrations of zeolite may disrupt soil nutri-
ent release patterns and thus may enhance the 
availability of calcium beyond the optimum and 
affect plant growth (25, 32). Notably, even the 
maximum rate of germination (100%) was reg-
istered at the interaction of 5% zeolite and 0.5% 
nano-calcium. This may be due to zeolite’s wa-
ter-holding and nutrient-regulating capacity and 
the vital function of calcium for membrane and 
cell elongation (32). Nevertheless, high concen-
trations of nano-calcium (2%) and high zeolite 
(5%) resulted in significant reductions for all 
the measured traits (33), emphasizing the need 
to carefully optimize application quantities of 
nano-fertilizer to avail maximum benefits while 
avoiding phytotoxic exposure.

CONCLUSIONS

This research indicates the potential benefit 
of using nano-calcium and zeolite as soil addi-
tives to boost the growth of Zea mays. Nano-cal-
cium at a 0.5% concentration strongly facilitated 
seed germination with its likely positive effects 
on cellular processes and nutrient absorption. 
Higher concentrations were found to carry un-
favorable impacts, such as impaired root devel-
opment, possibly owing to induced oxidative 
stress. Zeolite at 2% had the remarkable effect 
of enhancing shoot growth through better soil 
structure and water and nutrient retention capac-
ity. Most notably, the dual use of nano-calcium 
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and zeolite provided a synergy, enhancing plant 
growth parameters without inducing phytotoxic-
ity. The results in these studies indicate that the 
combined application of these substances at op-
timized levels has the potential to be a long-term 
durable solution to enhance crop performance. 
Further studies at the optimal concentration and 
in different-environmental exposures need to be 
done to ascertain the best approach.
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