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To investigate the effect of nano-zinc fertilizer on growth,
yield and mineral status of cotton plants grown under salt
stress, a pot experiment was set up in the greenhouse of the
National Research Centre. The treatments were as follows:
(I) diluted seawater: 10% (S1), 20% (S2) and tap water as a
control (S0), (II) 100 ppm (NZn1), 200 ppm (NZn2) nano-zinc
and distilled water as a control (NZn0). Irrigation with 10
and 20% seawater decreased dry weight (DW) of leaves by
11.53 and 43.22%, while decreases in bolls were 15.50 and
71.65%, respectively. Except for root DW and top/root ratio,
the measured growth parameters were increased as nano-
zinc concentration increased. As for the interaction between
treatments, the highest DW of stem, leaves and bolls resulted
from the addition of NZn2 under normal condition, followed
by NZn2 x S1 and the next was NZn2 x S2. The foliar
application of 200 ppm nano-Zn led to mitigating the adverse
effect of salinity and confirmed that diluted seawater could be
used in the irrigation of cotton plant. However, phosphorus
fertilizer should be added with nano-Zn application to avoid
P/Zn imbalance. Some elements’ status and their ratios were
recorded.

1. Introduction
Ecosystem processes changed by the climate change by increasing
both biotic and abiotic stress [1]. Increased salinity of agricultural
land is expected to have destructive global effects, resulting in
loss of up to half of arable lands by the middle of the twenty-first
century [2]. The adverse effects of salinity have been attributed
to the increase of sodium and chloride that are considered
the most important ions which induced several disorders in
physiological processes of different plants [3]. Salinity leads to
plant death by ionic and osmotic stress, which causes nutrient

2018 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.

http://crossmark.crossref.org/dialog/?doi=10.1098/rsos.171809&domain=pdf&date_stamp=2018-08-08
mailto:nesreenhaa@yahoo.com
http://orcid.org/0000-0002-8301-9393
http://orcid.org/0000-0003-3986-7501


2

rsos.royalsocietypublishing.org
R.Soc.opensci.5:171809

................................................
imbalance, membrane damage and enzymatic inhibition [4]. Soil salinity has been a main concern
to global agriculture throughout human history [5]. Soil salinity reduces water availability to plants,
increases ion toxicity levels, reduces absorption of essential nutrients and reduces crop yields and
qualities [6].

Globally, cotton is a vital salt-tolerant and cash crop that is used in the reclamation of salt-affected
soils. The world area of cotton (Gossypium barbadense L.) harvested in 2014 was 34 747 265 ha with the
world production of 79 069 252 tonnes of seeds. Egypt’s harvested area of cotton in 2014 was 155.054 ha
with the seed production of 525 000 tonnes [7].

Zinc is an essential micronutrient for plants and animals. Decreasing zinc availability resulted in the
reduction in crop yields and qualities [8]. Zinc plays an important role in the formation of chlorophyll,
protein, lipid, carbohydrate, a cofactor in enzymes (DNA and RNA polymerase) and hormones’ actions.
Zinc uptake by plants is influenced by the level of phosphate and calcium in the soil. There is a
significant inverse relationship between phytic acid and calcium, phosphorus and zinc in plant, whereas
a high calcium uptake could increase the required zinc, and vice versa. Symptoms of zinc deficiency are
chlorosis or mottled leaves and abnormal roots. In humans, Zn usually is taken to stimulate the immune
system [9,10].

Excessive application of chemical fertilizers is harmful to human health, animals, plants and the
surrounding environment. Nano-fertilizer addition could be a promising way to solve these problems.
Application of nano-fertilizers is one of the suitable methods for increasing resource use efficiency,
plant production and reducing environmental pollution [11]. Powerful and inexpensive nano-fertilizers
could replace traditional fertilizers and present a solution to increasing the huge amount of agricultural
products added to soil [12]. Greatest growth and grain yield of wheat were produced by iron sulfate
(8 gl−1) followed by nano-iron (2 gl−1), while the highest grain content of protein and iron was obtained
by the nano-iron application [13].

Therefore, in this work, the authors report a novel approach in using nano-fertilizers under abiotic
stress. The study also provides an estimation of the response of cotton growth, yield and mineral status
of cotton leaves to nano-zinc application under salinity condition.

2. Material and methods
During the 2014 summer season, a greenhouse experiment was conducted at the National Research
Centre to investigate the effect of nano-zinc fertilizer on cotton growth, yield and mineral status of
plants leaves that are grown under salt stress. The treatments were as follows: (a) Salinity treatments:
10 and 20% of seawater (EC = 52 dSm−1 and pH = 8.37) and tap water (EC = 0.4 dSm−1 and pH = 7.9) as
a control. (b) Fertilization treatments: two concentrations of nano-Zn were sprayed (100 and 200 ppm)
after three weeks of sowing, and the second application was two weeks after the first application. The
control plants were sprayed with the same quantity of distilled water.

Seeds of cotton (Gossipyum barbadense L.) were sown on 1 April. The pots (40 cm in diameter and
50 cm in height) were filled with 35 kg clay loam soil. The selected soil was taken from Kerdasa, Giza
Governorate. The soil sample was air-dried, crushed and sieved to pass through a 2 mm sieve. This soil is
characterized by the pH value equal to 7.88, EC 0.8 dSm−1, the soluble cation values were 2.6, 0.6, 3.3 and
1.5 meq l−1 soil for Na+, K+, Ca2+ and Mg2+, respectively, 0.7, 5.0 and 2.3 meq l−1 for HCO3−, Cl− and
SO2−

4 , respectively [14]. After germination, plants were thinned twice to be two plants per pot. Calcium
superphosphate (15.5% P2O5) and potassium sulfate (48.5% K2O) in the rate of 1 g and 2 g, respectively,
was broadcasted before sowing. Ammonium sulfate (20.6%N) was added in two equal portions, the first
was three weeks after sowing and the second was two weeks later.

The dry weights of cotton root, stem and bolls were recorded. Two plants from every replicate were
picked, cleaned and dried in an electric oven at 70°C until the weight became stable. Samples were
ground in a stainless steel mill. A portion of the dried leaves was wet-digested with di-acid mixtures
(sulfuric and perchloric acids), the digested aliquot was analysed for N, P, K, Ca, Na and Zn. Nitrogen
was determined by micro-Kjeldahl apparatus, P was determined by the ascorbic acid method, K, Ca
and Na elements were measured by flame-photometer and Zn was determined using atomic absorption
spectrophotometer apparatus Perkin Elmer, Model AAS [15]. Concentrations and contents of the studied
elements in cotton leaves at harvesting were calculated.

The experiment included nine treatments which were the combination of three treatments of salt
stress and three treatments of nano-fertilizer. The experimental design was two-way randomized blocks
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in six replicates. The collected data were subjected to statistical analysis as described by Snedecor &
Cochran [16].

3. Results and discussion
3.1. Effect of salt stress
A negative relationship was observed between salinity and dry weight (DW) of plant parts. The
differences in leaves and bolls DW were significant. The solution with 10 and 20% seawater decreased
DW of leaves by 11.53 and 43.22%, while decreases in bolls were 15.50 and 71.65%, respectively (table 1).
Moreover, top and whole plant DW and top/root (T/R) ratio showed approximately the same trends in
comparison with fresh water.

It is clear from table 2 that N, K, Ca and Zn decreased with the irrigation using saline solutions, while
P concentration increased slightly with moderate saline rate S1 without a significant difference to S0
and tended to decrease with the highest salinity treatment. On the opposite side, the Na concentration
increased with salt treatments.

The content of all measured elements in plant leaves (mg/plant) follows the same trend as that of the
dry weight of leaves, where they decreased significantly with increasing the salinity levels (figure 1).

Data presented in table 3 reveal that Na/K increased as the salinity level increased, but Na/Ca and
K/Ca ratios increased with the moderate salinity level and tended to decrease, while it is still more than
the control. However, Ca/(K + Na) decreased with the first level of salinity and tended to increase with
the high level of salinity, but the values of this ratio are still less than those of the control. But, P/Zn ratio
increased with the first level of salt and decreased by the high salt stress to be less than the control values.

Salinity led to declining growth parameters, i.e. dry matter, uptake of N, P, K, Na and Ca, and yield
of cotton as reported by Hussein et al. [17], who added that Na/K ratio increased as salt concentration
increased in contrast to Ca/(Na + K) ratio that showed the opposite response. Also, salt stress results
in a depression in plant height, root length, branch number, fresh and DW of shoots and roots of
moringa [18,19]. The reduction in plant growth is a consequence of several physiological processes;
photosynthetic activity, ion imbalance, water status, mineral nutrition, stomatal aperture and carbon
allocation and use [20].

3.2. Effect of nano-zinc fertilizer
The measured growth parameters increased with increasing zinc concentration in the form of nano,
except for root dry weight, or T/R ratio (table 4). The highest DW of root was obtained by spraying
100 ppm nano-zinc oxide. T/R ratio decreased with the first nano-zinc concentration and tended to
increase markedly by using 200 ppm nano-zinc to be clearly more than the control. Pronounced increases
in growth parameters, i.e. stem, leaves, bolls and whole plant DW, were shown with the increases in
nano-fertilizer rates up to the highest level (NZn2) compared to plants receiving distilled water (NZn0).

Data in table 5 reported that N, K, Ca, Na and Zn concentrations augmented with nano-Zn treatments,
while P% slightly increased with NZn1 and sharply decreased with NZn2. This may be due to the
antagonistic effect between P and Zn.

The content of leaves of all studied elements (mg/plant) follows the same trend of dry weight of
leaves, where they increased significantly with the addition of nano-zinc compared to control and with
increasing the foliar solution’s concentration from 100 to 200 ppm (figure 2). The increasing percentages
of adding NZn1 and NZn2 were 56.5 and 82.6% for N, 82.0 and 85.2% for P, 60.1 and 90.1% for K, 93.5
and 132.5% for Ca, 50.3 and 95.7% for Na and 53.2 and 85.6% for Zn. Interestingly, calcium is the most
influenced nutrient with nano-Zn application.

Examination of data in table 6 shows that Na/Ca and K/Ca ratios decreased with Zn nano-spraying
without significant differences between its application rates, but the opposite was true for Ca/(K + Na)
ratio. Zinc application did not affect Na/K ratio; meanwhile, P/Zn ratio was increased by the NZn1 and
decreased with the highest level of nano-Zn. Also, its value became less than that of the control.

Growth parameters of savory plant; height, leaf number, leaves fresh and DW, chlorophyll, essential
oil and phosphorus content were improved by nano-zinc application [21]. The height, fresh and dry
weights of treated cotton plants increased in control < mineral Zn < Zn-chelate < nano-Zn chelate in
that order [22]. Foliar Zn application increased Zn concentration and protein, carbohydrate metabolism,
but decreased P% in grains of wheat compared with Zn alone [23]. The positive response of nano-
ZnO compared to ZnSO4 and ZnO of normal size on chickpea may be attributed to low ROS (reactive
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Figure 1. Mineral contents in cotton leaves irrigated with diluted seawater.

Table 2. Mineral concentrations in cotton as affected by irrigation with diluted seawater.

diluted seawater N P K (%) Ca Na Zn ppm

S0 3.21 0.22 3.29 1.93 0.52 37.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S1 2.69 0.24 3.22 1.45 0.57 28.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S2 2.66 0.15 3.06 1.56 0.58 31.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD0.05 ∗0.4 ∗∗∗0.03 n.s. ∗∗0.3 n.s. ∗∗4.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05, ∗p≤ 0.05, ∗∗p≤ 0.01, ∗∗∗p≤ 0.001.

Table 3. The ratios of some elements as affected by irrigation with diluted seawater.

diluted seawater Na/K Na/Ca K/Ca Ca/(K+ Na) P/Zn

S0 0.16 0.27 1.75 0.50 60.57
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S1 0.18 0.41 2.29 0.38 84.93
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S2 0.19 0.38 2.02 0.43 48.11
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD0.05 n.s. ∗∗∗0.1 ∗∗0.3 ∗∗∗0.1 ∗∗∗9.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05, ∗∗∗p≤ 0.001.

oxygen species) levels, which led to lower lipid peroxidation, MDA (malondialdehyde), activity of
prominent antioxidant enzymes and superoxide dismutase as discussed by Burman et al. [24]. Also, zinc
addition affects auxin (growth regulator) biosynthesis positively; this can promote mineral absorption,
cell division and thus enhance plant growth [25,26]. It also enables the plant to maintain the plasma
membrane integrity [27]. In tomato plants, inadequate Zn is correlated with a reduction in IAA content
which tends to increase after zinc is resupplied [9]. In cotton, Rezaei & Abbasi [22] reported that
application of nano-chelate zinc improves physiological processes in cotton plant; increases chlorophyll
content and antioxidant activity of catalase, peroxidase and polyphenol oxidase.

3.3. The interaction effect between the examined parameters
As for the interaction effect between nano-zinc application under two levels of salinity when compared
with irrigation with fresh water as a control, it could be stated that the addition of nano-zinc is more
effective in the whole plant dry mass under 20% diluted seawater treatment than that of 10% diluted
seawater treatment or freshwater irrigation (table 7). In spite of the insignificant differences, DW of
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Figure 2. Element contents in cotton leaves as affected by nano-zinc application.

Table 5. Element concentrations in cotton leaves as affected by nano-zinc application.

nano-Zn treatments N P K % Ca Na Zn ppm

NZn0 2.78 0.20 3.07 1.37 0.53 32.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 2.89 0.23 3.24 1.73 0.55 32.8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 2.89 0.19 3.26 1.83 0.59 33.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD0.05 n.s. ∗0.03 n.s. ∗∗0.3 n.s. n.s.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05, ∗p≤ 0.05, ∗∗p≤ 0.01.

Table 6. The ratios of some elements as affected by nano-zinc application.

nano-Zn treatments Na/K Na/Ca K/Ca Ca/(K+ Na) P/Zn

NZn0 0.17 0.40 2.29 0.38 61.38
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 0.17 0.32 1.91 0.46 72.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 0.18 0.34 1.87 0.48 60.20
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD0.05 n.s. ∗0.1 ∗0.3 ∗∗0.1 ∗9.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05, ∗p≤ 0.05, ∗∗p≤ 0.01.

different cotton plants as well as total dry mass was improved by the application of nano-fertilizer under
different salinity levels. The highest values of all the measured growth parameters were produced by the
interaction S0 × NZn2 except for root and stem dry weight that produced their highest values by the
second interaction S1 × NZn1 and S1 × NZn2.

The interaction effect of nano-fertilizers and salinity on the mineral concentration of cotton plants is
illustrated in table 8. All mineral concentrations were not affected significantly by nano-zinc treatments
under applied salinity levels except for P that produced its highest value by the application of NZn1 with
the medium salinity degree. Nitrogen percentage decreased similarly with both salt concentrations, so
its highest value resulted from irrigation with tap water plus application of NZn1. Addition of the high
level of nano-zinc (NZn2) without salinity stress (S0) enhanced the other values of determined element
concentrations.

Figure 3a,b illustrates the interaction effect of nano-fertilization and salinity on the mineral content of
cotton leaves. This interaction significantly affected the content of minerals in leaves except for nitrogen.
It is clear that salt stress decreased the content of minerals and vice versa for nano-zinc treatment. The
lowest values of N, P and K content were produced by S2 × NZn1, while the lowest values of Ca, Na and
Zn contents were produced by S2 × NZn0.
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Table 7. Growth responses to nano-zinc application and irrigation with diluted seawater.

dry weight g/plant

root stem leaves bolls S+ L top whole T/R
diluted
seawater

nano-Zn
treatments R S L B S+ L+ B S+ L+B+ R ratio

S0 NZn0 2.33 7.83 3.87 24.6 11.70 40.10 42.43 14.32
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 2.80 11.87 5.87 28.4 17.74 51.84 58.20 18.51
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 1.90 14.57 6.73 34.1 21.30 55.40 57.30 29.16
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S1 NZn0 2.27 7.67 2.76 22.3 10.43 32.73 35.00 14.42
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 4.07 11.73 5.60 24.2 17.31 41.53 45.60 10.20
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 2.83 12.97 6.20 27.1 19.17 46.27 49.10 16.34
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S2 NZn0 1.87 4.00 2.53 14.4 6.53 20.93 22.80 11.19
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 3.63 3.93 2.37 16.8 6.30 23.10 26.73 6.36
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 2.90 8.97 3.37 23.5 12.34 35.84 38.74 12.36
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD5% n.s. n.s. n.s. n.s. — — — —
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05.

Table 8. Element concentrations in cotton leaves irrigated with diluted seawater as affected by nano-zinc application.

diluted seawater nano-Zn treatments N P K % Ca Na Zn ppm

S0 NZn0 3.17 0.22 3.15 1.62 0.51 34.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 3.30 0.22 3.26 2.00 0.45 37.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 3.16 0.23 3.45 2.16 0.60 40.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S1 NZn0 2.66 0.21 3.05 1.20 0.55 29.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 2.68 0.29 3.34 1.70 0.59 28.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 2.73 0.23 3.26 1.45 0.57 28.2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S2 NZn0 2.52 0.16 3.00 1.28 0.54 31.8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 2.69 0.18 3.11 1.50 0.60 32.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 2.77 0.12 3.08 1.89 0.59 31.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD0.05 n.s. ∗0.05 n.s. n.s. n.s. n.s.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05, ∗p≤ 0.05.

The interaction effect was not significant except for the P/Zn ratio, which decreased by Zn treatment.
Furthermore, this ratio was increased by the first Zn treatment and decreased with the second one under
either moderate salinity or the highest rate (table 9). In another study on cotton, addition of nano-Zn,
nano-Si and a combination of them had no significant effect on any measured parameters [28].

Increasing density and reactivity of the specific surfaces of nanoparticles led to enhanced plant
physiology and performance, thus increasing its ability to mitigate salinity. Moringa accumulates lower
concentration of Na+ and Cl− and higher amount of N, P, K, Ca, Mg, Fe and Zn upon foliar application
of nano-ZnO to Hogland solution compared with those receiving Hogland solution only, under salt
stress condition [19]. Arough et al. [29] reported that under high salinity level (5.55 dS m−1), biofertilizer
and 0.8 g l−1 nano-zinc oxide increased grain yield of Triticale (a hybrid of wheat and rye) by 39%
compared with the control (without any additions). Application of nano-zinc at rates of 25 or 50 mg l−1

caused significant changes in fresh and dry weight as well as in relative water content of rice [30]
in biomass production of sunflower [31], in grain yield of wheat under salinity stress [32] and in
yield of maize under drought [33]. These enhancements in growth, yield and quality of different plant
kinds with nano-fertilizer addition may be due to (1) increasing the nutrient use efficiency [34,35],
(2) minimizing soil toxicity induced by overdosage of fertilizer addition [34], (3) improving levels of
antioxidant enzyme activities, consequently protecting plants from damage caused by reactive oxygen
species [30].
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Figure 3. (a) Element contents in cotton leaves irrigated with diluted seawater as affected by nano-zinc application. (b) Zinc contents in
cotton leaves irrigated with diluted seawater as affected by nano-zinc application.

Table 9. The ratios of some elements as affected by nano-zinc application and irrigation with diluted seawater.

diluted seawater nano-Zn treatments Na/K Na/Ca K/Ca Ca/(K+ Na) P/Zn

S0 NZn0 0.16 0.31 1.95 0.44 64.07
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 0.14 0.22 1.69 0.54 58.37
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 0.17 0.28 1.61 0.53 59.27
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S1 NZn0 0.18 0.46 2.55 0.33 70.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 0.18 0.35 1.96 0.43 103.30
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 0.18 0.42 2.36 0.38 81.47
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S2 NZn0 0.18 0.43 2.36 0.36 50.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn1 0.19 0.40 2.07 0.41 54.43
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NZn2 0.19 0.31 1.64 0.52 39.87
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LSD0.05 n.s. n.s. n.s. n.s. ∗17.2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

n.s. p> 0.05, ∗p≤ 0.05.
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4. Conclusion
The foliar application of nano-Zn led to mitigate the adverse effect of salinity and confirmed that diluted
seawater could be used in the irrigation of the cotton plant. Also, nano-Zn enhanced cotton growth
parameters and yield under stress condition. However, increasing the application rate of nano-Zn may
reduce P absorption and translocation to leaves and consequently reduce the P/Zn ratio. It should be
mentioned that an additional dose of phosphorus fertilizer with nano-Zn could be used to avoid the
P/Zn imbalance. Further studies on the effect of nano-Zn on health and the environment of users are
required.
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