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Abstract: Waste generation is a global issue that necessitates effective management for both human
and animal health as well as environment. There are several ways to reduce waste, but recycling
appears to be the best choice. By recycling, not only will the problem of pollution be resolved, but
valuable compounds could be generated to be used as nutrients for plants. In this study, eco-friendly
methods were established to produce α- and β-chitosan (CS) (as a source of nitrogen) with different
degrees of deacetylation from shrimp shells and squid pin waste, phosphorous through degreasing
and calcination of bovine bone and potassium from evaporation of banana peels Kolakhar. The
waste bulk products were physically characterized and dry-milled into nano-powders. Different
concentrations of the produced nano-NPK fertilizer (10%, 25%, 50% and 100%) were foliar-applied to
Capsicum annum L. cv. Cordoba plants and compared to commercial chemical fertilizer and untreated
control plants. The obtained results revealed that the nano-composite NPK with 25% concentration
significantly promoted growth, yield and harvest of C. annuum as compared with the control and
chemical fertilizer-treated plants. This study demonstrated that the use of an eco-friendly preparation
of waste NPK composites, with a low concentration, could be applied as foliar fertilizer over chemical
fertilizer to enhance the growth and productivity of Capsicum.

Keywords: Capsicum annum L.; nanofertilizer; waste recycling; chitosan; foliar fertilizers

1. Introduction

There are many threats facing agriculture, including lack of productivity due to pests,
global climate change impacts as well as loss of soil fertility [1]. The continuous use of
chemical fertilizers (CF) was the basis of traditional farm activities, leading to environ-
mental contamination [2,3]. The global population is projected to grow to 9–10 billion by
2050, meaning an increase of 25–70% of food demand in comparison to current levels [4].
New innovations in agriculture must also be deployed to ensure sustainable develop-
ment and improve productivity [3,5]. Instead, the world stands up to the challenge of
getting rid of solid waste (SW). The lack of management and disposal is causing significant
environmental problems, which in turn affect the human health.

During the past decades, the volume of SW produced has been exponentially increased
nearly all over the world [6,7]. Great efforts have been achieved in the production of organic
fertilizers through SW recycling [7–9]. The application of organic fertilizers supplies
the needed nutrients for plant growth; hence, it is vital for the development of crop
production [10]. Researchers are concerned about farmers’ overuse of CF to satisfy potential
demands of the growing world population. Hence, plant mineral nutrition derived from
recycled SW is a smart link solving worldwide problems through SW streaming to meet
the increased human nutritional needs [11,12].

The nutrients get fixed in soil as insoluble forms and are rendered unavailable to
plants due to leaching and decomposition [13]. In order to increase the crop production,
renewable, bio- and nano-fertilizers are used for the purpose of protecting the environment
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and reducing waste [14]. The help of nanotechnology is needed to reduce nutrient losses
and raise the yield, as nanoparticles (NPs), i.e., particles with a small dimension (1–100 nm),
have ameliorated physicochemical and biological properties such as the large surface area
to volume ratio that open the way to substitute the usage of bulk materials with NPs. Thus,
it helps in increasing bioavailability and uptake of minerals plus crop yield, decreasing
fertilizer wastage, and protecting the environment [15–17].

Nanofertilizers (NFs) have emerged as promising alternative smart fertilizers to ensure
high crop production and soil restoration. However, there is an urgent need to assess the
toxicity of NPs used in agriculture [18,19]. In addition, anything that restricts root growth
reduces nutrient uptake [20]. Foliar spray overcomes nutrients limitation in addition to
minimizing environmental pollution and improves nutrient utilization by reducing the
amounts of fertilizers added to the soil and increasing the crop yield [21]. NPs are easily
taken in by the epidermis of leaves and translocated to stems, which facilitates the uptake of
active molecules, thus improving growth and productivity of several crop plants [22]. NFs
could be synthesized from conventional fertilizer bulk materials after several extraction and
purification procedures from using different chemical, physical, mechanical, and biological
methods [23,24]. Physical methods, mechanical pressure, ultra-sonication, or electrical
energy, etc., depending on the top-down strategy, are cost-effective, low-toxic, eco-friendly,
and efficient protocols to fabricate NPs [25].

SW generated must be processed to improve their nutrient content and agricultural
benefit in order to contribute to a more biofriendly economy and climate [26]. Seafood
SW, i.e., disposal of the fish-processing industry generated with extreme load, are a store
of nitrogen source, chitin. Chitin exists in different crystalline forms varying in degree of
deacetylation [27,28]. Chitosan (CS), deacetylated chitin, boosts plant growth [29]. Bone
meal, a by-product of the rendering industry, is a valuable source of nutrients for plants rich
in phosphorous and calcium [30,31]. Hydroxyapatite (HA), demineralized bone, contains
no water-soluble P, whereas dicalcium phosphate (DCP), a unique form of fertilizer, is
sparingly soluble in water while remaining in a chemical form so that plants can easily
access its minerals [32] and is a by-product of direct acidulation of phosphate rock and
bones [33,34].

Banana provide significant nutrients that can be recycled as useful plant fertilizer. The
potassium content in banana peels is around 40% of the fruit [35]. Potassium carbonate
(PC), a fertilizer boosting plant growth, can be isolated from banana pseudo-stem fiber
ash obtained after burning of the fiber in the open air [36]. Organic fertilizers provide
essential nutrients, thereby improving the crop productivity [37]. Notwithstanding the
potential of NPK fertilizer in the initial stage to increase crop growth quickly, organic
fertilizers can benefit the plant overall growth and soil organic carbon content in the long
term [37]. However, organic fertilizer’s nutrient supply is lower than chemicals, causing
the application of organic fertilizers to be reduced, but nano-type fertilizers resolve this
constraint [38]. The intensity of organic fertilization is limited by the amount of animal
production and/or economic efficiency of production from waste. As shown by the authors
of [39], long-term treatment impacts more than the recent single use of mineral or organic
fertilizers on emissions of N2O from loamy-sand luvisol. In soil with a higher organic
content of carbon, N2O flows outweigh those from soils with a lower organic carbon
content following long-term mineral fertilization [39].

The objective of this study was to recycle N, P, and K-rich solid waste into valu-
able plant fertilizer using a simple, low-cost and eco-friendly plan in pair with a nano-
formulation of produced bulk fertilizers as well as to reveal the power of waste-derived
nano-NPK fertilizers over traditional chemical fertilizer promoting Capsicum growth and
productivity; as one of the world’s major vegetable plants, its quantity and consistency
should be increased in this situation.
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2. Results
2.1. Preparation and Charcterization of Waste-Derived Nano NPK Fertilizer

CS structure examination using FT-IR spectroscopy reveals the different characteristic
bands for α- and β-CS, as presented in Table S1 and Figure S1A,B. As described in Table 1
and Figure 1, the viscosity and molecular weight are sequenced as follows; α-CS3 > α-CS4
> α-CS2 > α-CS1 and β-CS3 > β-CS2 > β-CS1. The DD % were significantly different
and were organized as follows α-CS3 > α-CS4 > α-CS2 > α-CS1 and β-CS2 > β-CS3 >
β-CS1. Furthermore, crystallinity and % ash were discursively proportional to the DD
% and were ordered as follows: α-CS1 > α-CS2 > α-CS4 > α-CS3 and β-CS1 > β-CS3 >
β-CS2, solubility time was inversely proportional to %DDA; the sequence of solubility
time was as follows: α-CS1 > α-CS2 > α-CS4 > α-CS3 and β-CS1 > β-CS3 > β-CS2, pH of
α- and β- CSs were adjusted at 7.2 for both molecules to be suitable for agricultural use,
% yield were significantly different among deacetylation methods, and were arranged as
follows α-CS3 > α-CS1 > α-CS4 > α-CS2 and β-CS2 > β-CS3 > β-CS1, the power consumed
during the deacetylation operation and the energy cost data were significantly different and
were sequenced as follows: α-CS1 > α-CS4 = α-CS3 > α-CS2 and β-CS2 > β-CS3 > β-CS1.
SS denoted ~46.16% CaCO3, 13.63% protein and 40.21% α-chitin which, in turn, yields ~
26.65% α-CS that costs ~$13/100 g waste, while SP denoted ~17.88% CaCO3, 31.78% protein
and 50.34% β-chitin which, in turn, yields ~40.07% β-CS that costs ~$16/100 g waste.

Table 1. Physical properties of alpha and beta CS prepared from natural nitrogen rich waste (shrimp’s exoskeleton and
squid pen, respectively); degree of deacetylation of chitin (DD%), crystallinity (a.u.), time consumed (sec) at 1000 rpm to
solubilize chitosans in seconds (solubility time), yield (%), energy consumption (kW/h) and energy cost (cent). Means (of
three replicates), in each column, followed by similar letter are not significantly different at the 5% probability level using
the post hoc Duncan test.

%DD Crystallinity %Ash Solubility
Time % Yield Energy Consumption

(kW/h)
Energy Cost

(Cent)

α-CS1 81.46 a 1.18 c 0.9 c 817 d 26.51 c 16 c 43.30 c
α-CS2 84.92 b 1.12 bc 0.48 b 722 c 24.33 a 0.3 a 0.76 a
α-CS3 86.75 c 0.96 a 0.41 a 580 a 26.65 d 2.3 b 5.60 b
α-CS4 85.48 b 1.05 b 0.45 b 624 b 25.70 b 2.3 b 5.60 b
β-CS1 87.98 a 1.55 c 0.79 c 547 c 33.33 a 12 c 28.99 c
β-CS2 91.35 b 0.57 a 0.35 a 441 a 40.07 c 0.3 a 0.76 a
β-CS3 90.67 b 0.88 b 0.54 b 469 b 36.47 b 4.4 b 10.64 b

α-CS1 = CS prepared by autoclaving for 8 h; α-CS2 = CS prepared by incubation in MW at 600 watt for 30 min; α-CS3 = CS prepared by
incubation in MW at 600 for 30 min followed by autoclaving for 1 h; α-CS4 = CS prepared by incubation in autoclave for 1 h, then in the
MW at 600 watt for 30 min; β-CS1 = CS prepared by autoclaving for 6 h; β-CS2 = CS prepared by incubated in MW at 600 watt for 30 min
and β-CS3 = CS prepared using soxhelet for 4 h.

The FT-IR analysis showed all typical absorption characteristics of hydroxyapatite as
shown in Table S1 and Figure S1C. The amount of 100 g of raw bovine bone produces about
33.73% pure HA that, in turn, yields 50.22% white, granular odorless, stable, non-flammable
powder that is soluble in dilute hydrochloric, nitric and acetic acids 2%, sparingly soluble
in water and insoluble in ethanol and costs about $12/100 g waste.

The percentage of carbonate obtained from 10 g dried BP is arranged according to the
following sequence: burnt in open air > 500 ◦C > 600 ◦C > 400 ◦C > 300 ◦C According to FTIR
explanations, it is obvious that the resulting fine powder from the open air-ashed Kolakhar
is certainly potassium carbonate (Table S1), as it shows the characteristic absorption bands
for carbonate as observed in Figure S1D. It was demonstrated that 100 g waste as a
potassium rich waste gave 20.44 g of fine dark brown, odorless, non-flammable powder
that is instable in air, soluble in water and insoluble in ethanol. This operation costs
≈$0.033/100 g waste.
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Some physical characteristics that demonstrated the nano-structure of the prepared
nano-waste products were determined. The UV absorption electromagnetic radiation
from 220 to 1100 nm for CS resulted in a characteristic sharp absorption band intensity
at wavelengths of 245 nm and 243 nm for α- and β-CS NPs, respectively, as observed in
Figure S2. These synthesized calcium phosphate nanoparticles showed an absorbance at
241 nm. The optical transmission spectrum for PC was recorded in the wavelength region
from 200 to 1100 nm; a unique UV absorption value at 262 nm and 294 nm characteristic
for carbonates were observed.

TEM and particle distribution of ground α- and β-CS, PC and DCP showed the success
of the dry milling machine in producing a non-homogenous nano-powder of the prepared
fertilizers; hexagonal microstructures in the nano range of α-CS and β-CS particles recorded
average sizes of 17.41 nm and 14.20 nm. In addition, a dry milling machine results in
roughly spherical nano DCP with an average size of 12.71 nm and nano-polygonal K2CO3
particles with an average size of 28.30 nm as observed in Figure 2 and Table S2.
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2.2. Growth and Yield Attributes of Treated C. annuum L.

As compared with the control, the treatment of Capsicum with α- and β-NPK nanofer-
tilizers led to significant progression in all growth and developmental attributes determined
throughout the growth and developmental stages. Except for higher concentration, the
application of foliar fertilizer to Capsicum with different concentrations of nano-waste
fertilizers and traditional chemical fertilizer (CF) appeared to increase significantly all
values of the determined growth attributes, as compared with the control (Figure 3). In
Table 2, the growth parameters included in the flowering stage show remarkable changes.
As much as 25% of α- and β-NPK fertilizers demonstrated significant progress in flower
development time, flower number per plant, decreasing days to fruit set, and increasing
its percentages.

As compared with the control, the improvement percentage for the various yield
attributes of Capsicum in response to foliar application with different concentrations of
nano NPK and traditional chemical fertilizers were significant. Capsicum treated with β-
nano NPK25 stimulated the harvesting stage by −23.40% reduction till reach of harvesting
stage as compared with the control as it reached to first harvest after 22 days after anthesis
(DAA). The same concentration enhanced the maturity of fruit and so the marketable
harvest was attained much faster than in the control with a percentage change of −19.82%
(reduction in days compared to control) (Table 2).

On the other hand, chemical foliar-treated Capsicum reached a marketable harvest time
(MHT) at 60.40 DATP, while the control was delayed to 67.60 DATP. Thus, in this connection
and of particular interest, it is interesting to mention that foliar application of NFs resulted
in the reduction of the life span of the Capsicum crop as compared to the normal life span of
the respective crop. As compared with the control, the percent improvement for the various
yield attributes of Capsicum in response to foliar application with different concentrations
of nano-NPK and traditional chemical fertilizers were significantly increased with fruit wt.
and seed number/fruit and decreased in post-harvest decay percentage (Table 2).
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Figure 3. Effect of foliar spray of various levels of waste-derived nano-NPK and chemical fertilizer on shoot length (SL)
(cm/plant), shoot girth (SG) (mm/ plant), plant leaves number (LN) and area (LA) in cm2/plant of C. annuum L. plant at
different stages of crop growth. 1: Control, 2: α-nano NPK 10, 3: α-nano NPK 25, 4: α-nano NPK 50, 5: α-nano NPK 100, 6:
β-nano NPK 10, 7: β-nano NPK 25, 8: β-nano NPK 50; 9: β-nano NPK 100 and 10: CF. Vertical bars represent standard
error (±S.E.).

Foliar addition of α- and β-nano NPK and CF led to significant differences in yield
aspects (root, shoot and leaf fresh and dry wt. plus their relative water content) of Capsicum
as compared to the control (Table 3). In general, high nano-levels had negative impact on
these characteristics.

2.3. Yield Quality

The Capsicum fruit quality attributes were measured during the fruit maturation and
harvesting stages as response to foliar-spraying with different levels of nano-waste NPK and
traditional chemical fertilizer. Treatments increased the fruit length and width significantly
(p < 0.05), as compared with the control, while FSI was significantly decreased except in
α-nano NPK25-treated Capsicum (Table 4). A comparison shows a significant difference
(p < 0.05) between Capsicum treated with different levels of nano-solutions and CF.
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Table 2. Effects of foliar spray of various concentrations of waste-derived nano-NPK and chemical fertilizer on no. of days
to 50% of the plants per replicate in blooming (flowering time, FT), no. of flowers per plant (flower/plant, FN), no. of days
for fruit set (Fruit set time, FST) (DATP), % fruit set (%FS), days to first harvest (FHT) in DAA, days to marketable harvest
(MHT) in DATP, wt. of six marketable fruits (g/fruit) (6FW), average fruit weight (g/fruit, FWav), post-harvest decay
percentage (PDP), total yield (g/plant, Yg), (fruit /plant, Yf) and (seeds/ fruit, Ys) of C. annuum fruits. Means (of three
replicates), in each column, followed by similar letters are not significantly different at the 5% probability level using the
post hoc Duncan test.

T FT FN FST %FS FHT MHT 6FW FWav PDP Yg Yf Ys

C 39.00 f 8.80 abc 47.00 d 51.33 b 28.00 c 68.00 d 179.00 b 28.25 a 25.81 f 175.17 e 6.20 d 97.35 a
α-nano NPK10 35.00 de 9.20 abc 39.00 c 53.67 b 24.00 b 60.00 c 184.33 c 29.73 b 8.00 c 148.66 d 5.00 c 263.24 d
α-nano NPK25 31.00 a 10.80 c 34.00 a 55.71 b 24.00 b 55.00 a 412.67 h 50.84 i 5.13 b 396.52 j 7.80 e 313.33 e
α-nano NPK50 33.00 bc 9.60 abc 37.00 b 58.43 b 24.00 b 58.00 b 315.33 f 46.30 g 2.78 a 333.38 i 7.20 de 186.79 b
α-nano NPK100 36.00 e 8.40 abc 40.00 c 38.00 ab 24.00 b 61.00 c 178.00 b 30.94 c 15.00 e 123.77 c 4.00 bc 175.07 b
β-nano NPK10 34.00 cd 7.60 ab 37.00 b 52.00 b 23.00 b 58.00 b 259.00 d 40.42 e 2.86 a 282.91 h 7.00 de 230.43 c
β-nano NPK25 33.00 bc 10.00 bc 33.00 a 57.57 b 22.00 a 54.00 a 277.00 e 43.16 f 3.13 a 276.24 g 6.40 d 272.23 d
β-nano NPK50 45.00 g 6.80 a 58.00 e 23.33 a 39.00 e 79.00 e 178.00 b 31.55 d 11.77 d 107.29 b 3.40 ab 107.25 a
β-nano NPK100 46.00 g 6.80 a 58.00 e 25.00 a 33.00 d 79.00 e 170.33 a 30.80 c 15.39 e 80.077 a 2.60 a 200.12 b

CF 36.00 e 9.60 abc 39.00 c 31.33 a 25.00 b 60.00 c 334.66 g 47.94 h 15.79 e 210.94 f 3.80 b 325.66 e

Table 3. Effects of foliar spray of various concentrations of waste-derived nano-NPK and traditional chemical fertilizer on
number of branches (Branch/plant, BN), root length (cm/plant, RL) at 105 DATP, root fresh weight (RFW), root dry weight
(RDW), shoot fresh weight (SFW), shoot dry weight (SDW), leaves fresh weight (LFW) and dry weight (LDW) as well as
% relative water content (g/plant, RWC) for each organ of C. annuum plants. Means (of three replicates), in each column,
followed by similar letter are not significantly different at the 5% probability level using the post hoc Duncan test.

T BN RL RFW RDW RWC

C 2.25 a 22.20 a 2.53 a 1.37 a 36.95 a
α-nano NPK10 3.00 ab 28.20 ab 5.59 bc 2.58 ab 35.07 a
α-nano NPK25 2.75 ab 29.10 b 6.05 bc 2.37 ab 52.43 ab
α-nano NPK50 2.50 ab 27.00 ab 5.14 ab 2.88 b 42.53 ab
α-nano NPK100 2.75 ab 22.00 a 3.32 ab 1.78 ab 28.97 a
β-nano NPK10 3.25 ab 25.40 ab 4.75 ab 2.33 ab 33.53 a
β-nano NPK25 2.75 ab 30.80 b 8.32 c 2.98 b 73.13 b
β-nano NPK50 3.50 ab 26.30 ab 4.26 ab 1.88 ab 44.62 ab
β-nano NPK100 3.00 ab 25.80 ab 3.58 ab 1.62 a 33.40 a

CF 3.75 b 22.30 a 3.75 ab 2.14 ab 27.29 a

T SFW SDW RWC LFW LDW RWC

C 8.20 a 4.63 a 31.33 a 14.59 a 4.30ab 18.79 a
α-nano NPK10 13.80 ab 5.74 abc 56.45 ab 23.92 ab 5.58 ab 25.11 c
α-nano NPK25 19.60 b 6.37 c 108.67 b 33.47 b 6.34 b 18.19 a
α-nano NPK50 15.60 ab 6.31 c 62.02 ab 18.30 ab 3.90 a 19.61 ab
α-nano NPK100 8.40 a 5.07 abc 37.46 a 15.05 a 4.28 ab 18.73 a
β-nano NPK10 16.00 ab 6.35 c 66.39 ab 25.41 ab 5.73 ab 18.86 a
β-nano NPK25 16.60 ab 6.26 bc 69.45 ab 28.82 ab 5.62 ab 41.63 d
β-nano NPK50 9.40 a 4.68 ab 48.55 a 15.07 a 3.83 a 20.44 abc
β-nano NPK100 8.80 a 4.27 a 47.98 a 15.37 a 3.88 a 24.41 bc

CF 10.00 a 5.62 abc 35.60 a 14.85 a 4.90 ab 19.97 abc

The results of mineral composition of Capsicum fruits (Table 4) shows that the nitrogen
level increased significantly in all treated Capsicum when compared to the control. Capsicum
fruits of the β-nano NPK 25 treatment have the highest phosphorus value (84.01 mg/100 g
DW), while fruits are having the lowest phosphorus value (27.67 mg/100 g DW) when
treated with β-nano NPK50. Capsicum treated with CF, β-nano NPK 10 and 25 and then
α-nano NPK25, respectively, have the highest K+ content (361.52, 361.31, 358.86 plus
325.67 mg/100 g DW) which was significantly (p < 0.05) higher than in the control plants
(203.01 mg/100 g DW) (Table 4).
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Table 4. Effects of foliar spray of various concentrations of waste-derived nano-NPK and chemical fertilizer on physical
properties (fruit length, cm/fruit (FL), fruit width, cm/fruit (FW) and fruit shape index (FSI) (a.u)) and chemical properties
(mineral concentrations (NPK and Ca2+) besides trace metals (Cu, Fe, Zn and Mn) of marketable C. annuum fruits plus soil
physical (PH,E.C) and chemical features (soil organic matter, SOM, carbonates, CO3

2−, N, P and K, Ca2+ as well as trace
metals (Cu, Fe, Zn and Mn). Means (of three replicates), in each column, followed by similar letter are not significantly
different at the 5% probability level using the post hoc Duncan test.

T Physical Properties Chemical Properties (mg/100 g DW)

FL FW FSI N P K+ Ca2+ Cu Fe Zn Mn

C 7.88 a 9.76 a 0.81 bc 138.05 a 28.02 a 203.01 a 87.20 a 0.470 a 1.040 a 1.306 b 1.001 a

α-nano NPK10 8.38 ab 12.56 b 0.67 ab 377.46 c 29.47 a 308.41 b 109.75 ab 0.765 b 2.110 b 2.908 e 1.071 a

α-nano NPK25 14.81 d 16.48 e 0.90 c 486.40 e 50.40 c 325.67 b 163.70 de 1.826 d 3.685 cd 3.173 f 1.100 ab

α-nano NPK50 9.54 bc 14.60 bcde 0.65 a 422.76 d 37.18 b 320.75 b 134.13 bc 1.387 c 4.002 d 2.194 d 1.106 ab

α-nano NPK100 8.88 ab 12.48 b 0.71 ab 390.37 cd 44.10 c 323.40 b 100.73 a 1.364 c 3.497 c 2.271 d 1.099 ab

β-nano NPK10 8.71 ab 13.14 bc 0.66 ab 489.38 e 58.71 d 361.31 c 144.35 cd 1.803 d 4.030 d 2.909 e 1.106 ab

β-nano NPK25 10.82 c 15.42 de 0.70 ab 502.12 e 84.01 e 358.86 c 172.82 e 1.777 d 4.113 d 3.112 f 1.095 ab

β-nano NPK50 9.33 abc 13.68 bcd 0.68 ab 288.76 b 27.67 a 311.51 b 88.91 a 0.632 ab 2.094 b 1.822 c 1.094 ab

β-nano NPK100 9.02 ab 12.58 b 0.72 ab 281.28 b 29.15 a 207.93 a 88.21 a 0.456 a 1.277 a 0.924 a 1.059 a

CF 9.47 bc 15.19 cde 0.62 a 404.72 cd 60.78 d 361.52 c 114.50 ab 1.164 c 4.072 d 2.965 e 1.229 b

Soil

Physical Properties Chemical Properties

(ds.m−1) % ppm Ions mequ./100 g
dry soil mg/kg dry soil

pH E.C. SOM. CO3
2− N P K+ Ca2+ Cu Fe Zn Mn

Before cropping 6.01 f 2.64 b 6.33 k 0.009 g 168.07 k 63.93 k 0.560 i 2.55 k 1.444 i 5.33 g 9.111 d 5.787 k

C 7.34 k 1.54 a 3.20 j 0.010 h 18.10 a 8.05 a 0.114 a 1.49 d 0.005 a 0.681 a 0.091 a 1.005 b

α-nano NPK10 5.82 c 3.85 g 1.96 a 0.003 b 33.02 b 17.04 b 0.215 b 1.62 f 0.052 f 1.408 d 0.542 c 1.956 j

α-nano NPK25 5.67 a 4.60 i 2.00 b 0.002 a 37.03 d 22.09 g 0.260 c 1.08 a 0.064 h 1.372 d 0.565 c 1.815 i

α-nano NPK50 5.86 d 4.62 j 2.08 c 0.005 c 39.07 e 19.11 d 0.292 e 1.28 b 0.052 f 1.687 e 0.421 b 1.768 h

α-nanoNPK100 7.09 j 3.63 e 3.02 i 0.008 f 56.70 f 19.81 e 0.336 f 1.89 j 0.047 d 1.097 c 0.069 a 1.008 c

β-nano NPK10 5.97 e 4.33 h 2.17 e 0.005 d 58.01 g 20.45 f 0.341 f 1.74 g 0.056 g 1.741 f 0.334 b 1.415 g

β-nano NPK25 5.80 b 4.73 k 2.13 d 0.005 d 72.70 j 31.78 h 0.350 g 1.61 e 0.052 f 1.400 d 0.618 c 1.398 f

β-nano NPK50 7.01 h 3.71 f 2.37 g 0.010 h 72.08 i 38.11 i 0.376 h 1.83 h 0.042 c 1.001 b 0.087 a 1.003 a

β-nano NPK100 7.03 i 3.53 d 2.45 h 0.009 g 72.02 h 44.56 j 0.376 h 1.87 i 0.041 b 1.003 b 0.071 a 1.074 e

CF 6.65 g 2.98 c 1.02 b 0.007 e 35.01 c 17.71 c 0.281 d 1.43 c 0.049 e 1.754 f 0.612 c 1.017 d

Capsicum sprayed with α and β-nano NPK25 had the highest Ca2+ value and Cap-
sicum had the lowest Ca2+ value when treated with higher levels of the nano-solution.
α-nano NPK 25, β-nano NPK 10 and 25 contain significant (p < 0.05) amounts of Cu when
compared with other treated Capsicum and the control. In addition, the iron content shows
that Capsicum treated with β-nano NPK25 was the best iron producer (4.113 mg/100 g DW)
which was significantly higher than that of other Capsicum. As much as 25% of α- and
β-nano NPK produces fruits with significant amounts of Zn when compared with any of
the treated Capsicum and control. The Mn content of CF-Capsicum (1.229 mg/100 gDW)
was significantly higher than in other treated Capsicum, and the control followed small
significant changes among other nano-sprayed Capsicum (Table 4). The soil physical and
chemical characteristics before and after cropping are also listed in Table 4.

The pH decreases during ripening and marketable fruits show variable significant
values of pH. Except for all treatments, marketable fruits of Capsicum treated with CF
plus β-nano NPK100 showed significant decreases in % citric acid (Figure 4). Except for
α-NPK10 and β-NPK100 nano-levels, all Capsicum marketable fruits showed significant
increases in the vitamin C content as compared to the control. The results of the proximate
analysis (Table 5 and Figure 4) show that all yield attribute percentages of Capsicum were
significantly increased (ash content, dry matter, crude fibers, crude fats, crude protein and
crude carbohydrates) under the foliar spray with the stated solutions, unlike the moisture
content that was significantly decreased if compared with the control value.
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Table 5. % moisture, % ash, % crude fats, % crude fibers, % total carbohydrates, % total proteins (g/100 g DW) and vitamin
C (mg/100 g FW) of the harvested C. annuum fruits, in response to foliar-sprayed nano-waste fertilizers at different levels
and chemical NPK fertilizers. Means (of three replicates), in each column, followed by similar letter are not significantly
different at the 5% probability level using the post hoc Duncan test.

T %Moisture %Ash Crude Fats Crude Fibers Total Carbohydrates Total Protein Vit. C

C 93.58 i 0.93 a 0.69 a 3.03 a 0.86 a 0.91 a 49.75 a
α-nano NPK10 83.86 e 4.12 d 1.38 c 5.57 c 2.59 de 2.49 c 49.75 a
α-nano NPK25 78.94 b 6.63 i 1.64 e 7.11 d 2.48 de 3.21 e 76.00 f
α-nano NPK50 78.11 a 5.21 f 2.77 g 9.36 e 1.76 bc 2.79 d 64.65 e
α-nano NPK100 83.30 d 5.19 f 1.99 f 5.27 c 1.67 bc 2.58 cd 61.97 d
β-nano NPK10 79.85 c 5.85 g 1.07 b 7.36 d 2.64 de 3.23 e 53.52 b
β-nano NPK25 78.90 b 6.05 h 1.475 d 7.43 d 2.83 e 3.31 e 61.97 d
β-nano NPK50 87.10 g 3.57 c 1.68 e 4.19 b 1.55 b 1.91 b 56.34 c
β-nano NPK100 87.60 h 3.20 b 1.65 e 4.18 b 1.52 b 1.86 b 49.75 a

CF 84.81 f 4.34 e 1.98 f 4.06 b 2.13 cd 2.67 cd 87.00 g
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NPK 50, 5: α-nano NPK 100, 6: β-nano NPK 10, 7: β-nano NPK 25, 8: β-nano NPK 50; 9: β-nano NPK 100 and 10; CF. 
Vertical bars represent standard error (± S.E.). 

  

Figure 4. Effect of foliar spray of various levels of waste-derived nano-NPK and chemical fertilizer on pH, % Citric acid, %
dry matter at different stages of C. annuum fruit maturity. 1: Control, 2: α-nano NPK 10, 3: α-nano NPK 25, 4: α-nano NPK
50, 5: α-nano NPK 100, 6: β-nano NPK 10, 7: β-nano NPK 25, 8: β-nano NPK 50; 9: β-nano NPK 100 and 10; CF. Vertical
bars represent standard error (±S.E.).
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3. Discussion

Nanofertilizers are modified fertilizers manufactured by chemical, physical or biolog-
ical methods using nanotechnology to improve their traits and composition, which can
enhance the crop productivity [40,41].

CS processing of shrimp shells and squid pins requires many intermittent washing
and drying procedures. The method could be industrially viable and environmentally
sustainable by decreasing the number of steps in the manufacture of CS [42]. For industrial
production, the removal of β-CS may be useful, since smaller reagents and shorter reaction
times are required than the crustacean shell production to manufacture α-CS [42].

In various tests, the CS structure analysis with FT-IR spectroscopy shows the different
types of α- and β-CS [43,44]. Chitosans with DDA above 70% are favored for their stronger
diluted acid solubility [45]. MW dictates the functionality of CS because it significantly
influences the physicochemical properties [46]. The variation in Mw is generally influenced
by the deacetylation grade difference, the various origins of CS and other variables in CS
preparation. α-CS3, β-CS2 and β-CS3 were higher than the recorded MW values [47]. DDA,
viscosity, ash content and yield are the four main parameters influencing the preparation
efficiency and CS quality. DDA is an important parameter as it affects the solubility,
chemical reactivity, and biodegradability. The CS prepared showed higher viscosity values
than that reported values in [48,49]. The hydrogen bond between hydroxyl and N-acetyl
groups generates the crystallinity of the CS [50]. The crystallinity and DDA exhibit an
inverse relationship. α-CS3 and β-CS2 possess the lowest crystallinity and higher DDA. In
order to improve its solubility and expand its applications, CS is poorly soluble in water;
thus, chemical modification is needed for α- and β-CS which were produced using 600 watt
MW for half an hour, followed by one hour autoclave and 30 min in 600 watt MW were
chosen as high-quality CS grades. It was developed with a high degree of deacetylation,
and its production methods consume less energy while yielding the highest yield when
compared to other methods.

The use of BB to generate HA decreases the pollution effect of the waste and trans-
forms it into an extremely valuable product. In the FT-IR spectrum of HA, many bands
match with the HA reference spectrum and are in agreement with reported data on HA [51].
When compared on a unit P basis, the DCP was found to be 90–100% as effective as super-
phosphate in terms of herbage production. The DCP showed circa the same efficiency as
the phosphate fertilizer, as did the superphosphate [52,53]. Nano-sized calcium phosphates
offer a higher surface area with improved reactivity, a greater drug loading capacity and
interaction with the biological environment [54].

PC is an important chemical substance for use in the industrial, pharmaceutical
and agricultural sectors. A considerable amount of PCs can be isolated from banana
pseudo-stem fiber ash. Kolakhar is quite rich in potassium carbonate, and therefore,
can be commercially exploited as a cheap and renewable natural source of potassium
carbonate [55]. In this study, the burning of dried peels in open air was the most effective
process from which the maximum amount of carbonate can be isolated. This conclusion
agrees with data stated by [55].

Farmers have been providing plants with necessary nutrients to get the required yields.
Inorganic fertilizers have a poor productivity of nutrients. Another way to improve the
production of nutrients and reduce fertilizer depletion is by using NFs [56]. The synthesis
of NFs remains in its early stage, with the greatest number of methods employed requiring
complex, expensive instruments and low production. In order to replace traditional
fertilizers and mitigate the risk of contamination, simplified NF synthesis methods are
necessary. To optimize the friction parameters to achieve the optimal nano-size fertilizer at
a low price and less time, it is important to understand the effect of the frilling parameters
on NFs [57].

Capsicum annuum L. is one of the major plants and its antioxidant substances, such
as ascorbic acid, flavonoids, phenolic acids and carotenoids, increase the market for these
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plants. These compounds guard against some cancers, asthma, cardiovascular and neuro-
logical conditions [37,58,59].

The conventional way of applying inorganic fertilizers, by means of volatilization,
filtration or complex compounds, that are not available for plants, continuously reduces the
amount of nutrients utilized. The effects of soil acid, mineral imbalances and groundwater
degradation are also harmful to the soil and atmosphere [60]. The plant must then be
supplied with nutrients using the latest modern techniques. These methods include adding
healthy NPK NFs either by sprinkling or combining the whole vegetative with the soil.
NFs are used for quick delivery of nutrients that increase the fertilizer impact duration [61].

The treatments of NFs significantly excelled in boosting of SL, SG, LN and LA of
Capsicum plants at 30, 60 and 90 DATP compared to CF and the control (Figure 3). This can
be because nutrients are quickly applied to the cells by foliar application through stomata,
which allows fast transport of nutrients that are vital to plant metabolic processes [62].
It is obvious that high levels of nano-NPK fertilizers showed a negative effect on these
attributes. These results agree with those reported in [63].

FT was accelerated by the use of the α-nano NPK25 followed by β-nano NPK25
(Table 2), which might be due to availability of good sunshine and nutrients in the foliar-
sprayed leaves with NPs resulting in the accumulation of more photosynthates and induc-
tion of early flowering compared to other nano-levels and chemical fertilizer. Foliar spray
with α- and β-nano NPK25 improved the flowering developmental stage and maximized
the FN more than the control and CF. This could be due to the faster growth and higher
number of secondary branches [64]. Foliar spray with high levels of nano-NPK was sig-
nificantly superior to FN. This result is in agreement with that of [64,65] who worked on
carrot and strawberry plants, respectively, and found that spraying plants with nano-liquid
fertilizers gave the highest growth parameters.

FW increases with increasing NFs level, then drops at high levels (50 and 100) (Table 2).
This may be due to decreases in cell division as a result of cytotoxic effects of the highly
concentrated NPs solution [66]. Our results are in contrast with the obtained data [67]
which showed that the fruit weight relies on the cultivar and temperature rather than on
the culture system (organic or conventional). In addition, only small and non-significant
differences between nano-NPK levels and CF in respect to fruit weight were reported
by [68,69]. Flaccidity of fruit tissue reduces marketability and consumer acceptance. The
increment in PDP during a prolonged period of time could be due to the influence of
a high respiration rate, fruit senescence and enzymatic degradation of the fruit’s cell
wall [70]. It also may be related to % DM and % MC or the concentration of Ca2+ in the
fruit’s cell wall [71]. It is apparent that 25% of α- and β-nano NPK fertilizers showed
significant positive effects on root, shoot and leaves attributes as compared with the CF and
control (Table 3). This may be due to the absorption of NPs by the plant forming organic
compounds enhancing the growth. These output results agreed with that reported by [72]
on tomato plants.

FL and FW of fruits of α- and β-nano NPK25 were completely different from other
treatments and showed higher significant values than the control. The fruit dimensions
of Capsicum in this study are greater than that reported in [73]. The FSI is an important
characteristic of Capsicum, as together with the weight, it determines the fruit category [74].
In our experiment, Capsicum treated with α-nano NPK25 showed a positive improvement
of the FSI. It is notable that MC decreased and DM increased (Table 5 and Figure 4) during
Capsicum fruit maturity stages and the data recorded are in agreement with report of [58].
These changes may be due to increased respiration rate directed to the formation of valuable
compounds during ripening.

Ash content is an index of the mineral content in fruits [75]. A high ash content in a
leafy vegetable would suggest a high mineral content, therefore improving the nutritional
quality [76]. However, this may not always be the case, as it could be the reverse if
it contained toxic metals which also contribute to the percentage of ash content [77].
Fortunately, the heavy metal levels in Capsicum fruits as seen in Table 4 were low.
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The results of mineral composition of Capsicum shown in Table 4 showed that the high
ash contents suggest the availability of minerals in treated Capsicum which is subsequently
confirmed by the considerably high contents of Nitrogen, Phosphorus, Potassium, Ca2+,
Cu, Fe, Zn and Mn, especially in the 25% α- and β-nano NPK25-sprayed Capsicum.

Fiber is a cell wall compound that is usually representative of maturation. The values
present in all Capsicum plants indicate substantial variations in mature fruit, and the
insoluble fiber eventually breaks down into enzymes that are more soluble in order to
make the fruit more tender and sweeter [78].

Carbohydrates, the second most abundant component of Capsicum (after water), are
commonly measured in evaluating the fruit market quality attributes [78,79]. Our results
showed that carbohydrate contents are significantly decreasing along with increasing
nano-solution levels.

The crude protein content of all treated Capsicum was relatively low. This may be
the reason that plant sources of protein are of low biological value, as an individual plant
source does not contain all the essential amino acids. This agrees with other findings [80,81].
They reported that the protein values recorded for the Capsicum varieties are lower than
some commonly consumed plant proteins. The same protein values under varied sources
of potassium and phosphorous fertilizers were recorded [73].

The most reliable guide to ripening is the titratable acidity (TA). At the beginning
of the maturation period, the TA in the handled Capsicum declined with fruit maturity.
The most abundant organic acid in Capsicum is citric acid, and the lack of citric acid
from fruit in matured fruit is attributable to a decrease in TA. Due to the activity of the
pectinmethylesterase enzyme, increases in the values of TA in the ripening time of fruit
may be caused in the course of rift in Capsicum, whereas decreases in the TA levels in fruit
harvested as a marketable harvest can be due to decreases in organic acids in maturing as
they are respired or converted into sugars [82].

Acidity was inversely correlated to pH [83]. The ripe fruit which had a low acid
content had a correspondingly higher pH. This acidity may be related to high levels of
ascorbic acids formed. Most edible fruits have acidic pH values in the range of 3–5 [84].
The results presented here, in contrast with an earlier report, showed that Capsicum juice
pH increases and TA decrease with fruit maturity. The pH was lower in the ripe than in the
in mature Capsicum, as previously reported for other varieties [85].

Capsicum is rich in ascorbic acid (vitamin C), a very essential antioxidant [86] and
the human body cannot synthesize vitamin C endogenously, so it is an essential dietary
component [87]. Vitamin C is instrumental for the neutralization of free radicals that
are toxic to the body, iron assimilation, wound healing, collagen building aids the skin,
bacterial and viral resistance [88]. In this study, the Capsicum studied was found to be an
excellent source of ascorbic acid and was in excess of the Recommended Dietary Allowance
(RDA) values [89,90]. The ascorbic acid level in Capsicum obtained from our research was
higher than its level in Capsicum obtained from previous research [59]. This may be caused
by variations in plant types, soil conditions or climatic conditions [91].

Results regarding the main physical and chemical characteristics and soil major nutri-
ent content before and after the crop cycle are presented in Table 4. The soil pH decreased
to a certain extent with different fertilizer treatments [92]. In our study, the soil pH tended
to drop in different treatments, it decreased with low nano-NPK levels. This reduction can
be explained by the formation of organic acids during organic matter degradation [93].

Soil organic matter (SOM) is a key contributor to soil due to its capacity to affect
plant growth indirectly and directly [94]. SOM is widely used as the main parameter
for evaluating soil fertility [95]. In general, SOM decreases after the cropping cycle, but
increasing the concentration of nano-NPK levels increases their values, which may be due
to nano-NPK solution producing enough meal for the Capsicum plant to metabolize with
little need to mineralization of the SOM, thereby maintaining soil fertility. Examination
of the results revealed that there is a significant decrease in all chemicals estimated in soil
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collected after harvest of foliar-sprayed Capsicum by different concentrations of nano-NPK
and CF as compared to their values in soil before cropping.

Application of CF and different levels of nano-NPK resulted in a substantial loss of
carbonates except in the control and higher concentrations of nano-NPK fertilizers as it
shows positive change. This result may be in relation to the maintained organic carbon and
organic matter in the soil that belongs to these treatments. This result may be the reason
of elevated pH in α-nano NPK100, β-nano NPK50 and 100 as well as in the control. Soil
carbonates have been described as an organic matter stabilization agent, mainly due to
chemical stabilization mechanisms [96].

The K+ concentration deceased as nano-NPK levels increased. It may be due to
absorption of a high amount of the ion from soil to maintain vigorous growth, leading
to potassium deficient soil [97]. Foliar fertilization of Capsicum with different levels of
nano-NPK and CF over the control showed a massive decrease in Ca2+ concentrations in
soil and this may be due to the vital role of Ca2+ as a secondary nutrient that is critical to
crop development. Ca2+ is needed in large amounts by all plants for the formation of cell
walls [98]. It is noticeable that a massive decrease in the calcium ion concentration was
shown in soil holding Capsicum foliar-sprayed with α-nano NPK25. This may explain the
high concentration of this ion in fruit which gave it a low post decay harvest percentage.

Fertilization treatments had a negative impact on soil trace metals because large
amounts of metals were absorbed during the cropping cycle; higher concentrations of
Cu, Fe, Zn and Mn were observed in CF, α-nano NPK 25, β-nano NPK 25 and α-nano
NPK10 treatments. These results agree with data reported by [99]. Thus, it is likely that
the CF and nano-NPK fertilizers applications improve the soil fertility. However, the
effect of waste-derived nano-NPK foliar application on soil fertility was not remarkable as
compared to CF.

4. Materials and Methods
4.1. Materials

Solid waste tested in this study; shrimp shell (SS), squid pins (SP), mature bovine
bones (BB) and banana peels (BP) were obtained from Egyptian local markets. Commercial
grade chemical NPK fertilizer was obtained from the Al-NASR Fertilizer Company.

4.2. Extraction and Preparation of Nanofertilizer from Solid Waste

The amount of 100 g of SS and SP were scraped free of loose tissue, washed with tap
water and oven-dried at 70 ◦C for 2 d. The cleaned waste were blended, demineralized
in 1M HCl (1:10, w:v) to remove the minerals (mainly CaCO3), deproteinated in boiling
2M NaOH (1:15, w:v) for a time to dissolve proteins, thus isolating the crude chitin, then
deacetylated by NaOH 70% (1:15, w:v).

Alpha-CS was obtained by four deacetylation (DA) methods, 1—autoclaving for 8 h at
1.5 atm and 275 ◦C, 2—incubation in a microwave (MW) with pressure 600 watt for 30 min,
3—incubation in the same microwave for 30 min followed by autoclaving for 1 h at 1.5 atm
and 275 ◦C, and 4—incubation in autoclave at 1.5 atm and 275 ◦C for 1 h, then in MW for
30 min.

Beta-CS was obtained by three DA methods, 1—autoclaving for 6 h, 2—incubation
in the MW for 15 min or by 3—refluxing in the soxhelet apparatus for four hours. The
products (α- and β-chitosans) were cooled, washed with d.H2O till neutrality, oven-dried
at 70 ◦C, purified using 1% GAA (v:v) and titrated with 2M NaOH. Precipitated CS is
washed, oven-dried at low temperature ≈60–70 ◦C to prevent physical damage in the chain
structure [100], then stored in clean dried bottles.

The amount of 100 g of Cow hip, shoulder blade and rib bones of mature bovine
(4 years old) were used as raw material for P-source production. The bones were washed
with H2O to remove impurities, cut into small pieces using a cutter, soaked in a mix
of alcohol and acetone to remove the fats and degreased in hot water. Bone fragments
were oven-dried, ground, sieved into homogenous fine powder, bleached in 70% NaOH
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(1:20, w:v) for 30 min, washed till neutrality, mixed with d.H2O (1:40, w:v), autoclaved
for 1 h [101], filtered and the solid product was washed, oven-dried, then calcined in a
muffle furnace at 700 ◦C for 4 h, bleached again, washed till neutrality, and oven-dried.
Acidulation (demineralization) of degreased bones followed by addition of a saturated
lime-water solution which precipitated DCP. A mixture of HA and 4% HCl (1:10, w:v) is
autoclaved for 2 h. The liquor so obtained is treated with saturated lime-water, a white ppt.
of DCP obtained is oven-dried at 60 ◦C.

Banana peels (BP) (100 g) were used as the material from which potassium carbonate
was isolated as a source for K. They were washed with d.H2O and dried in an electric
furnace at 170 ◦C for 2 h.

The cleaned peels were oven-dried, burnt at different temperatures. Kholakhar (BP
ash: d.H2O, 1:20, w:v) was evaporated till reduction in the solution volume to 80 mL,
filtered and the supernatant again evaporated to dryness. The solid obtained was kept in a
furnace at 250–350 ◦C for dehydration and then weighed.

The products α- and β-chitosans, HA and K2CO3 were dry ball milled and subjected
to physicochemical analyses for characterization. The suspension of the ball-milled waste-
derived NPK nanofertilizer was prepared as follows: 400 ppm N (0.61 g/L CS): 60 ppm
P (0.026 g/L DCP): 500 ppm K (0.071 g/L PC) [102] in 0.1% Tween 80 with final pH 5.78.
The produced solution was treated as a 100% concentration and further dilutions were
made to obtain 10%, 25% and 50% from this stock solution of nanofertilizer both for α- and
β-nanofertilizers.

Characterization of Waste-Derived Bulk and Nanofertilizer

(a) Physical characteristics of the chitosans as bulk nitrogen-nutrient sources were mea-
sured as viscosity (η) and molecular weight (MW); MW was obtained by determining
the viscosity [44] of CS solutions at 1% at 30 ◦C using a Brookfield digital viscome-
ter [103], Mw was calculated using the Mark–Houwink equation: η = KMwa. In this
CS-solvent system, K = 4.75 × 10−5 dL/g and a = 0.72. The degree of deacetylation
(DDA) and crystallinity were determined by Fourier Transform Infrared Spectroscopy
(FT-IR). The samples were dried and ground with KBr at a sample/KBr ratio of
1:60. Discs were compressed under vacuum. The spectra were recorded at room
temperature using a 400 IR instrument (Nicolet, model Impact-410) from 4000 cm−1

to 400 cm−1. DDA was calculated from the spectra using the equation %DDA = 97.67
− [26.486(A1655/A3450)] [104], while the crystallinity was calculated by equation
A1379/A2929 [105]. The pH was determined at the final wash after deacetylation,
1 min after the stirring was initiated. For solubility, 1 mg/mL CS-GAA 1% (v/v)
solution stirred till a clear solution is attained [106]. The time required in seconds to
attain a clear solution is calculated. %Ash and yield; 2 g CS was placed in dry clean
crucible, heated in a muffle furnace at 650 ◦C for 4 h, the crucible was cooled in the fur-
nace and the ash percentage was calculated; %Ash = 100 (weight of residue/sample
weight) [107]. The CS yield was calculated per 100 g of dried solid waste [107]. The
energy consumption and cost were calculated for each deacetylation process [108],

E(kWh/day) = P(W) × t(h/day)/1000(W/kW)

Cost(EGP/day) = E(kWh/day) × Cost(Qirsh/kWh)/100(qirsh/EGP)

Energy (E) in (kW/h) per day, power (P) in watts (W), times number of usage hours
per (t), and the cost was measured in cent.

(b) Demineralized HAP (CaHPO4) as bulk phosphorous-nutrient source measured char-
acteristics were described as follows: 1—FT-IR analysis: FT-IR spectrum of the HAP
in the form of a disc with KBr was recorded using a Mattson 5000 FT-IR spectropho-
tometer (Unicam, UK) at 25 ◦C in the range of 400 to 4000 cm−1 [106,109]. 2—Yield
and Solubility: the dry weight of the product extracted from 100 g of dried samples
was applied in the yield equation. Solubility was tested in water, ethanol, 2% HCl and
citric acid [110]. 3—Physical attributes: color, odor, state, stability and fire potential
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were observed and the energy consumption and cost were measured as discussed in
part (a).

(c) Potassium carbonate as a bulk potassium-nutrient source was characterized as follows:
the carbonates of the ash were burnt at temperatures of 400 ◦C, 500 ◦C and 600 ◦C and
ignition in the open air were estimated [111]. Color, odor, state, stability, solubility,
fire potential were observed and FT-IR was determined [112]. In addition, the energy
consumption and cost were measured as discussed in Part a.

(d) Waste-derived NPK nano fertilizers were initially confirmed by UV-visible spec-
troscopy using a UV- spectrophotometer (UV-Visible Perkin Elmer Lamda) [112] fol-
lowed by visualization with transmission electron microscope (TEM) (Jeol-jem-1011,
Japan) to observe the morphology and particle size of dry ball-milled particles [113].
In addition, the particle size distribution was statistically studied [114].

4.3. Plant Material and Time Course Experiment

For the Capsicum annuum L. plant (cv. Cordoba), 15 days-old seedlings were obtained
from the Botanical garden of the Faculty of Agriculture, Mansoura University, Egypt. Three
experiments were conducted in pots in open field during three seasons (19 March–1 July
2018; 19 March–1 July 2019; 19 March–1 July 2020) in the experimental farm at the Faculty
of Science, Mansoura University, Egypt. Each experiment was divided into 13 groups
(4 groups for α-nano NPK treatments, 4 groups for β-nano NPK treatments, one group for
traditional chemical fertilizer treatment and the remaining groups as water control). Each
group contained ten pots spaced by 20 cm holding an equal amount of homogenous soil
(5 kg) in which the 15 days old Capsicum seedlings were transplanted, irrigated twice a
week with tap water. The foliar treatments, as mentioned below, were done three times; the
first time after 14 days from transplanting (DATP); the 2nd time was done after 34 DATP
and the last foliar treatment was applied at the first harvest time for each treatment.

The scheme of treatments of Capsicum was as follows: the first group: 5 pots left
without treatment to serve as water control (C), the second group: 5 pots treated with α-
nano NPK (10%) (α-nano NPK10); 5 pots treated with α-nano NPK (25%) (α-nano NPK25);
5 pots treated with α-nano NPK (50%) (α-nano NPK50); 5 pots treated with α-nano NPK
(100%) (α-nano NPK100), the third group: 5 pots treated with β-nano NPK (10%) (β-nano
NPK10); 5 pots treated with β-nano NPK (25%) (β-nano NPK25); 5 pots treated with β-nano
NPK (50%) (β-nano NPK50); 5 pots treated with β-nano NPK (100%) (β-nano NPK100)
and the fourth group: 5 pots treated with chemical fertilizer (CF).

Once every growth stage (vegetative, flowering and fruiting), in the early morning,
using a hand sprayer, the Capsicum plants were foliar-sprayed. Effects of treatments were
estimated in comparison to CF and control; data (shoot length, shoot girth, leaf number
and leaf area) were collected at 30-day intervals over three months of the cropping cycle.

4.4. Measurements

Growth and yield attributes, such as the plant height (cm), stem girth (mm), number of
leaves/plant, leaf area (cm2), days to flowering, number of days for fruit set (DATP), days
to marketable harvest (fruits were harvested at the brighten green ripe stage), percentage
of fruit set ((number of set of fruitlets/number of flowers at full bloom) × 100), number of
branches per plant at 90 DATP, yield per treatment (no.), weight of 6 marketable Capsicum
fruits (g), average fruit weight (g), no of seeds /fruit, fruit length, fruit width, fruit shape
index, post-harvest decay percentage (PDP) (samples having symptoms of chilling injury
and diseases were counted but pathogens were not identified), shoot and root fresh weight
as well as their dry weight were recorded. Finally, the root length, relative water contents
of stem, leaf and roots were estimated [115].

The harvest characteristics were also determined as the following: 1—pH: 25 g of
sample were homogenized in a blender, and after the slurry was filtered, the pH was
measured with a digital pH-meter [116]. 2—Vitamin C: fruit samples were taken at different
harvesting time to determine the vitamin C content in the fruit as mg per 100 g fresh weight
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by the titration method [117]. 3—Titratable acidity (TA): % citric acid were obtained from
fresh tissue (10 g), diluted in distilled water (90 mL), and titrated with NaOH (0.1 N) [118].
%TA = (Titer × 0.1 (NaOH) × 0.67 (malic acid)/1000) × 100). 4—Mineral nutrients: oven-
dried leaf and fruit samples were ground to determine mineral contents on a dry weight
basis, total nitrogen and phosphorus contents were determined using the Kjeldahl method
and colorimetric method using a spectrophotometer, respectively [119]. The potassium and
sodium contents were measured using the flame photometer method (JENWAY, PFP-7, ELE
Instrument Co. Ltd., UK) [120]. Calcium (Ca), magnesium (Mg), Cupper (Cu), Iron (Fe),
zinc (Zn) and Manganese (Mn) were analyzed using atomic absorption spectrophotometer
(PERKIN ELMER, 2380 model) [121,122]. 5—Protein content was measured [123,124], the
protein contents in g/100 g fruit dry weight were determined by multiplying the nitrogen
percentage and protein factor using the formula, %Protein = %Nitrogen × 5.71. 6—%Total
fruit moisture: one fruit was taken at different maturity stages and dried in an oven at 60 ◦C
till constant weight, %Moisture = [(fresh wt.-dry wt.)/fresh wt.)] × 100. 7—Ash content
was determined by incineration of the residue from moisture determination a 550 ◦C to
constant mass and expressed as g/100 g dry weight [116]. 8—Total carbohydrates were
calculated according to equation of %Total carbohydrate = 100 − (% moisture content + %
crude protein + % crude lipid + %crude fiber + % ash).

4.5. Statistical Analysis

It should be mentioned that all the results obtained in the three experiments were re-
markably close, thus only the mean values obtained from the three large-scale experiments
will be presented in the corresponding tables and figures given in this study. Experimental
data were statistically analyzed using the one-way analysis of variance (ANOVA) with
the post hoc Duncan test; p value < 0.05 was accepted statistically significant and the
analysis was performed using the statistical package for social science for windows (SPSS,
version 22).

5. Conclusions

Waste is a major problem facing populations worldwide. In this study, we were able
to produce a nano-NPK fertilizer from waste materials (shrimp shells, squid pin, bovine
bones and banana peels). The application of this nanofertilizer to Capsicum annuum leaves
proved useful for growth and production. The magnitude of the effects appeared to be
concentration-dependent. The 25% concentration of both α- and β-NPK nanofertilizers
showed better results with fruit yield and quality. It is recommended to use low concentra-
tions of the produced nanofertilizers. Further toxicological studies are needed to assure
that the produced fruits are not toxic to humans and animals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10061144/s1, Figure S1: FT-IR spectra of α-CS (A), β-CS (B), (C) HAP and (D) PC
obtained from recycled solid waste, Figure S2: UV-spectra of the prepared nano-waste fertilizers, (A)
α- and β-Chitosan, (B) dicalcium phosphate, and (C) Potassium, Table S1: Wave length (cm−1) of
the main bands obtained for the prepared α- and β-Chitosans and Table S2: Particle size (nm) of
prepared waste nano particles.
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