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SING chitosan/jojoba oil and chitosan/jojoba 0il/ZnO nanocomposite capsules, this study looked

at how to get rid of Fe?* and Ni?" ions from soil in study areas with high levels of heavy metals
like Fe®* and Ni*" ions, which pose environmental risks to the ecosystem. The created adsorbents were
characterized using scanning electron microscopy (SEM), Fourier transform infrared (FTIR), particle
size measurements and transmission electron microscopy (TEM). A batch experiment was performed
to determine the effects of contact time, adsorbate concentration, temperature, and solution pH. At pH
3.3 and 5.3, composite materials demonstrated adsorption efficiencies of 90% for Fe?* ions and 69.8%
for Ni** ions from aqueous solutions. According to adsorption isotherm investigations, polymer
nanocomposites satisfy the Langmuir and Freundlich models. But the Freundlich isotherm model
more accurately characterized the experimental data. The study results suggested that chitosan/jojoba
oil and chitosan/jojoba 0il/ZnO nanocomposite capsules serve as practical materials for removing Fe?*
and Ni?* ions from aqueous solutions. These capsules can be utilized as fertilizers, especially in soils

contaminated with Fe and Ni, while providing Mallow plant (Corchorus olitorius) nutrients like Zn.
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1. Introduction

Heavy metals accumulate in living organisms
through absorption and storage processes rather than
being effectively removed (Nnaji et al., 2023). Heavy
metal pollution harms drinking water, the food chain,
and soil. Contamination by metal ions such as Fe (I1),
Ni (I1), Pb (11), Cd (1), and Cu (1) can be attributed
to various human activities. These activities
encompass  manufacturing, mining,  smelting,
fertilizer and pesticide usage, traffic emissions,
municipal waste disposal, industrial effluents, and
the release of industrial chemicals, all of which have
been increased in recent years (Alengebawy et al.,
2021). The presence of hazardous ions in bodies of
water negatively influences water quality (Akhtar et
al., 2021). The agricultural sector is confronted with
multiple challenges, including lower crop vyields,
different difficulties, such as environmental
contamination and nutrient insufficiency (Zain et al.,
2023). Heavy metal contamination in the

environment is a significant issue in several
countries. Over the last two decades, considerable
attempts have been made to minimize pollution
sources and remediate damaged soil and water
resources (Xu et al., 2020). Adsorption is a low-cost
method for removing inorganic contaminants from
water. Nevertheless, it is essential to consider the
primary disadvantages of the adsorption process,
including the costs associated with regeneration, the
selection of an appropriate adsorbent for treating
specific wastewater discharges, and the nature of
contaminants present in this wastewater (Maftouh et
al., 2023).

There has been a recent surge in interest in
developing "green polymers" derived from natural
resources (Ghadhban et al., 2023). Polymer blending
is one of the most efficient approaches for
developing novel materials with desired qualities.
Although biopolymers demonstrated their promise, it
is critical to enhance several of their features to the
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point where they can compete with petroleum
derivatives, particularly addressing issues related to
their poor mechanical, barrier, processing, and
thermal capabilities. Chitosan, known as poly (1-4)-
d-glucosamine, is a deacetylated chitin, a non-toxic
substance that can be produced in huge quantities
from shrimp and crab shells. One of chitosan's most
valuable qualities is its ability to selectively bind
desirable elements, such as metal ions (Marturano et
al., 2023). Due to its high nitrogen content, chitosan
is an influential electron donor, making it a potent
chelating agent with a high adsorption capacity for
hazardous metal ions such as copper, lead, mercury,
and uranium in wastewater. Many studies have
shown that crosslinking, regulated N-acylation, and
N-alkylation with wvarious functional groups can
increase chitosan's chelating activity. Chitosan (the
only pseudo-natural polycationic chemical) and its
electrostatic complexes made from natural or
synthetic polymers are used to enclose fertilizer for
controlled release and encapsulation.

Chitosan-based products offer advantages such as
biodegradability, hydrophilic properties, and the
presence of polar groups capable of secondary
interactions with other polymers. These interactions
include hydrogen bonding through -OH and -NH,
groups and hydrophobic interactions involving N-
acetyl groups (Ali et al., 2022). Chitosan is another
renewable biopolymer that has been widely
employed in the production of natural hydrogels.
However, chitosan-based hydrogels often lack
mechanical  stability unless  crosslinked  or
strengthened with appropriate chemicals. In 2006,
the global output of caught and farmed shrimp
surpassed 6 million tons reported by FAO in 2009.
Only 60% is used for food, leaving 2.3 million tons
for non-food purposes. Shrimp waste, which contains
chitin, proteins, lipids, pigments, and taste
components, has economic significance in the food
sector (Khandegar et al., 2021). Recently, using
nutritional components in agriculture in the form of
nanoparticles (NPs) has been recognized as an
effective strategy to increase crop development. The
element nanoforms may minimize nutrient losses and
promote crop development (Farooq et al., 2022;
Faizan et al., 2023 and Mahmoud et al., 2023).
Among metal-based NPs, there is growing interest in
using zinc oxide (ZnO) NPs as a fertilizer in
agriculture (Hyder et al., 2023). Besides, chitosan is
a valuable soil amendment. As a result, in this work,
we created a chitosan composite by integrating nano-
zinc oxide (nano-ZnO) to enhance chitosan's
chemical characteristics (Zungu et al., 2023).
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Because of their amazing unique and chemical
characteristics, zinc oxide (ZnQO) nanoparticles are
the most promising nano-agents. Human cells are not
harmed by nano-ZnO. The Food and Drug
Administration (FDA) of the United States has
approved nano-ZnO as a safe substance (Rahman et
al.,, 2022). The fast biological synthesizing of zinc
nanoparticles with jojoba oil is an environmentally
safe, easy, and efficient technique for nanoparticle
synthesis. Using jojoba oil eliminates the need for
hazardous and toxic reducing and stabilizing agents
found in other chemical components (Ashour et al.,
2023 and Sari et al., 2024a). Jojoba oil consists of
60% wax esters, composed of fatty acids and
alcohols with chain lengths ranging from C20 to C26
(Wenning et al., 2019).

Sodium lauryl sulfate (SLS) is an anionic surfactant
derived from coconut and/or palm kernel oil,
primarily composed of sodium alkyl sulfates,
particularly lauryl. It serves as a surfactant, reducing
the surface tension of aqueous solutions (Nirmala et
al., 2021). Chitosan/jojoba 0il/ZnO nanocomposite
capsules exhibit a larger surface area-to-volume ratio
with reduced particle size, dispersion, and altered
shape. The stability of these nanoparticles is
influenced by environmental conditions, leading to
the development of agglomerates (Wojcieszek et al.,
2023). To address the demand for environmentally
friendly nanoparticles, researchers are exploring
green technologies to produce various metal
nanoparticles for agricultural applications. This
approach is driven by the toxicity and non-eco-
friendly by-products associated with the chemicals
used in traditional nanoparticle manufacturing and
stabilization processes.

Biological methods for synthesizing metal
nanoparticles utilizing plant extracts, such as jojoba
oil, have been proposed as viable alternatives to
chemical methods (Kurhade et al., 2021 and Hamdy
et al., 2023).

The mallow plant (Corchorus olitorius) is
noteworthy for its high iron, potassium, vitamin A,
vitamin B6, and vitamin C content. This vegetable
holds particular significance in regions where
individuals predominantly obtain their energy from
micronutrient-deficient staple crops. It is used in folk
medicine to treat aches and pains, pectoral pains,
enteritis, fever, and tumours. In addition, the leaves
are used to treat cystitis, fever, dysuria, and
gonorrhoea. It possesses anti-inflammatory activities
and gastro-protective qualities (Ahmed and Sarkar,
2022). The present work aimed to investigate the
effect of chitosan/jojoba oil and the chitosan/jojoba
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0il/ZnO nanocomposite capsules as soil ameliorants
to improve agricultural productivity of polluted soils,
especially those contaminated with Fe and Ni.
Furthermore, the study aimed to address the
management of agricultural waste, specifically
chitosan, focusing on recycling possibilities. Finally,
the study investigated the efficacy of chitosan/jojoba
oil and chitosan/jojoba 0il/ZnO nanocomposite
capsules in removing Fe** and Ni?* from solutions.

2. Material and Methods
2.1. Soil sampling and analysis

The soil contaminated with anthropogenic sources
was collected from EL-Gabal EL- Asfer (30° 13’
27.79" N, 31° 23’ 451" E), Qalyubia Governorate,
Egypt, which is one of the major areas of production
of crop, vegetables, and fruits in Cairo. Over the past
70 years, soil contamination with Fe and Ni has
occurred due to irrigation with agricultural drainage.
Additionally, the long-term application of pesticides
and fertilizers might contribute to soil pollution with
Fe and Ni. The soil samples underwent the removal
of gravel and organic waste through air-drying,
crushing, and sieving with a 2-mm sieve. The
worldwide pipette method was employed to
determine the soil texture. Cottenie (1982) examined
the other parameters of the soil samples, including
organic matter concentration, pH, electrical
conductivity, and CaCOj3; content. According to Staff
(2014), the total concentration of heavy metals was
determined using inductively coupled plasma-optical
emission spectroscopy (ICP) following digestion
with a combination of HNO;, H,SO,, and HCIO,.
Chemically extractable heavy metals were extracted
using a DTPA + ammonium bicarbonate solution and
quantified using the Soltanpour (1985) technique. An
inductively coupled plasma emission
spectrophotometer (ICPseq-7500) was used to assess
the heavy metal concentration.

2.2. Preparation and  characterization  of
chitosan/jojoba oil and the chitosan/jojoba oil/
ZnO nanocomposite capsules

2.2.1. Materials

The used materials were chitosan powder (M.Wt =
1526.5 g mol™, purity > 97.0% ), Zn SO, (M.Wt =
161.47 g mol™, purity > 98%), jojoba oil (obtained
from the local market in Egypt), ammonium
hydroxide solution (NH,OH, M.Wt = 35.04 g mol™,
purity > 98%, purchased from Merck Chemicals
Ltd.), and sodium dodecyl sulfate (SLS, M.Wt =
288.38 g mol™, purity > 99%).

2.2.2. Synthesis of chitosan/jojoba oil

The chitosan solution was prepared by adding 5 wt.%
chitosan grains to a distilled water solution
containing 2 wt.% acetic acid. The mixture was
heated to 50°C with stirring for 3 hours. The
resulting clear chitosan solution was then cooled to
an appropriate temperature and 50 ml of jojoba oil
was added. Subsequently, the chitosan was rapidly
cross-linked with 5 wt.% glutaraldehyde, resulting in
the formation of a brown powder after drying for 24
hours at 70°C in a hot air oven.

2.2.3. Chitosan/jojoba 0il/ZnO nanocapsules
synthesis

First, the ZnSO, (10 g) was dissolved in 100 ml of
distilled water to prepare ZnO nanoparticles. Second,
100 ml of jojoba oil was added to 100 ml of distilled
water heated to 50°C with stirring for 4 hours.
Subsequently, a ZnO solution was prepared by
adding a ZnSQ, solution to the jojoba oil solution,
and the mixture was stirred to achieve uniform
mixing at 60°C. To prevent the aggregation of
ZnONPs, the pH of the solution was adjusted to 6.06
by adding an ammonium hydroxide solution. The
white powder was collected by filtration and
extensively washed with ethanol and ultrapure water,
Equation 1. The ZnO produced was dried for 24 h at
70°C in a hot air oven and burned at 550°C for 3 h,
Equation 2.

NH,OH
ZnSO, + Jojoba oil 5 Zn(OH),
Solution 1)
Calcination @
Zn(OH), > + H,0 ®)
nanoparticles
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Chitosan solution, prepared as in the previous
section, was added to 1g of ZnO nanoparticles in a
round flask. Then, 100 ml of jojoba oil was added to
100 ml of distilled water and heated to 50°C with
stirring for 4 h using a hand blender. Then, 0.01 g of
SLS in 10 ml 2 wt.% acetic acid was added. The
reaction mixture was heated at 50°C for 24 h under

@ + Chitosan

Sodium dodecyl sulfate/ w0 / o
|

stirring (500 rpm). After that, chitosan/ZnO
nanocapsules were quickly cross-linked with 5 wt.%
glutaraldehyde solution. The light brown product was
collected by filtration and extensively washed with
ethanol and ultrapure water. The sorbent produced
was dried for 24 h at 70°C in a hot air oven and then
used as adsorbent, as illustrated in Figs. 1 (a, b).

o 8 Pe \
\

solution

nanoparticles

glutaraldehyde as
crosslinker

Sodium dodecyle sulfate
as surfactant

chitosan

Metal ion
Fe*?/Ni*?

% 1
Encapsulation \ ‘.®. )

Adsorption of M2

Fig. 1(a). Preparation of chitosan/ jojoba oil /ZnO nanocapsules.

2.2.4. Adsorbent characterization

Fourier transform infrared (FT-IR) spectroscopy was
used to identify the particles. A Nicolet Avatar 230
spectrometer assessed the functional groups in the
chitosan/jojoba oil and the chitosan/jojoba 0il/ZnO
nanocomposite  capsules adsorbents at room
temperature. Scanning electron microscopy (SEM)
photographs (Zeiss Auriga) were taken for the two
prepared samples. Using dynamic light scattering
(DLS, Malvern Zetasizer Nano-ZS Nano Series), the
particle size spreading of by chitosan/jojoba oil and
the chitosan/jojoba oil/ZnO nanocomposite capsules
dispersed in DI water was determined. The size and
morphologies of chitosan/jojoba oil and the
chitosan/jojoba 0il/ZnO nanocomposite capsules
were  determined by transmission  electron
microscopy (TEM, JEOL JEM-1010).

2.3. Adsorption process
2.3.1. Effect of concentration

The impact of solution concentration on the removal
percentage of Fe?" and Ni** was investigated. In each
10 ml flask, 0.05 g of chitosan/jojoba oil and
chitosan/jojoba 0il/ZnO nanocomposite capsules
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were placed, and 5 ml of solutions with
concentrations of 20, 50, 100, and 200 ppm for Fe?*
(as FeSO,.7H,0) and Ni** (as NiCl,) were added.
The mixtures were then equilibrated for 2 hours
using a mechanical shaker at 350 rpm and 25°C.

2.3.2. Effect of pH

Experiments  were  first  conducted  with
chitosan/jojoba oil and the chitosan/jojoba 0il/ZnO
nanocomposite capsules to determine the optimum
pH range where the maximum adsorption of Fe®* and
Ni** was accomplished. The initial pH of the
solutions containing Fe®* ranged from about 1.06 to
3.3, while the solutions containing Ni** had initial pH
values ranging from 2.6 to 5.3. The pH levels were
meticulously adjusted using dilute HCI and NH,OH.
Subsequently, 5 ml of 50 ppm Fe?* and Ni* ion
solutions, contained in glass bottles and sealed with
stoppers, were shaken with 0.05 g of chitosan/jojoba
oil and chitosan/jojoba 0il/ZnO nanocomposite
capsules for 2 hours. The removal percentage of Fe?*
and Ni** was determined at a constant temperature of
298 K.
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Summary of materials and methods

. !

Preparation of adsorbents -
P Polluted soil
sample
l ZnSO,
. +100 ml jojoba
Chitosan l oil, 50 °C, 4h
5 wt % of chitosan +2 wt % 7Zn0 Solution
CH,COOH, heated 50 °C. 3h :
Adjusted pH 6.06 by
] ] ] NH,OH | filtration,
Dissolution of chitosan washed
50ml jojoba oil, crosslinked White — Powder
70 °C, with 5 wt % glutaraldehyde Texture,
d 24h 70 °C. 24h, burned pH. EC.
Brown powder— | o Chitosan solution v at 550 °C. 3h and Total
chitosan /jojoba oil and
7n0O NPs chemically
0.01g SLS in 10 ml extractable
2 wt % CH,COOH 1 g ZnONPs +100 of
ml jojoba oil +100 clements
and Mixture € — ! mlH0.50°C, 4h
50°C stirring (500 rpm) 24 h,
filtration and washed
v 70 °C,
. 24h
Chitosan/ZnO €—— | Light brown product
nanocapsules
Characterization
(TEM, SEMLFTIR and
Particle size) 3 (pH, Conc., Time and Temp.)
Separated
Laboratory and adsorption experiments -
(pH. Conc., Time and Temp.)
—>| collected and its interaction (31 trails)
by Minitab statistical software N
. Different rates with (0, 1, 1.5 and 2%) Mallow plant
Pot experiment > (80 day)

Fig. 1b. Schematic view of preparation and application of chitosan/ZnO nanocomposite nanocapsules and
their analyses.

2.3.3. Effect of contact time chitosan/jojoba oil and the chitosan/jojoba 0il/ZnO
nanocomposite capsules were contacted for different

The effect of equilibration time on Fe’* and Ni?* | ) ] )
times ranging from 5 minutes to 6 h with 5 ml of 50

removal percentages was investigated. 0.05 g of the
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ppm for Fe?* and Ni** at 298 K, then removal
percentage was calculated.

2.3.4 Effect of temperature

The effect of 298, 318, and 338 K on Fe** and Ni**
adsorptions was investigated under constant
experimental  conditions. Thus, 005 ¢ of
chitosan/jojoba oil and the chitosan/jojoba 0il/ZnO
nanocomposite capsules were contacted with 5 ml of
50 ppm for a shaking time of 2 h, and the removal
percentage was then calculated.

2.4 Pot experiment

A pot experiment was conducted to investigate the
effect of different soil amendments, of the
chitosan/jojoba oil and the chitosan/jojoba 0il/ZnO
nanocomposite capsules, on the growth and yield of
plants  grown polluted  soil.
Chitosan/jojoba oil and the chitosan/jojoba 0il/ZnO
nanocomposite capsules amendments were applied at
different rates of 0, 1.0, 1.5, and 2.0% w/w of the
soil. Soil samples (8 kg) of untreated soil and soil
treated with the different amendments were placed in
pots in 3 replicates for each treatment. Three mallow
plant growth seeds were planted in the pots and then
thinned into 2 plants after germination. After 80 days
of planting during tap water irrigation, mallow plant
shoots were cut at the soil surface and washed with
DI water. Shoots were then oven-dried at 70°C for 48
h, weighed for dry matter yield, and ground. At the
end of the experiment, soil samples from pots were
air-dried and crushed to pass through a 2 mm sieve.
After that, pH and EC were determined, and then
heavy metals were determined by ICP inductively
coupled argon plasma (ICAP).

mallow in

2.5 Statistical analyses

Using Statistix version 10 (Analytical software,
2018), data from the pot experiment were statistically
analyzed, and differences between treatment means
were considered significant when they were greater
than the least significant difference (L.S.D) at the 5%
level.

2.5.1. Design of laboratory experiments:

A response surface methodology (RSM) was used to
determine the maximum removal percentage of Fe*
and Ni**. The central composite design (CCD)
method utilized to obtain
the maximum information about the process from the
minimum feasible tests. The multivariate research
identifies variable interactions and comprehensively
examines the experimentally examined topic. This
work used a central composite face-centred (CCF)
experimental design was used to discover the ideal
applications with three levels (1, 0, and +1) for each
component. pH (A), concentration (ppm) (B), time
(h) (C), and temperature (K) (D) are the operational
parameters studied. For Fe®*, the pH, concentration
(ppm), time (h), and temperature (K) were set to 3.3-
1.06, 20-200 ppm, 5 minutes- 6 hours, and 298-338
K, respectively. For Ni?*, the pH was set at 5.3-2.6.
Table 1 displays the coded levels as well as the
natural values of the components. Table 2 represents
a total of 31 different combinations for removing
Fe? and Ni** independently from each other.
Minitab 16 (Minitab® Statistical Software, 2023)
was used to create the experimental design and
process the experimental outcomes.

was

Table 1. Actual and coded values for 4 factors for Fe?* removal.

Coded factor level

Parameters

Symbol 1 0 1
pH A 1.06 2.18 3.30
Conc. (ppm) B 20 110 200
Time (h) C 0.083 3.04 6
Temp. (K) D 298 318 338
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Table 2. Central composite design.

coded variables

decoded variables

Trial B C D pH Conc. (ppm) Time (h) Temp. (K)
1 -1 -1 -1 -1 1.06 20 0.083 298
2 1 -1 -1 -1 3.3 20 0.083 298
3 -1 -1 -1 1.06 200 0.083 298
4 1 -1 -1 3.3 200 0.083 298
5 -1 -1 1 -1 1.06 20 6.0 298
6 1 -1 -1 3.3 20 6.0 298
7 -1 1 -1 1.06 200 6.0 298
8 1 1 -1 3.3 200 6.0 298
9 -1 -1 -1 1 1.06 20 0.083 338
10 1 -1 -1 1 3.3 20 0.083 338
11 -1 -1 1 1.06 200 0.083 338
12 1 -1 1 3.3 200 0.083 338
13 -1 -1 1 1 1.06 20 6.0 338
14 1 -1 1 1 3.3 20 6.0 338
15 -1 1 1 1 1.06 200 6.0 338
16 1 1 1 1 3.3 200 6.0 338
17 -1 0 0 0 1.06 110 3.0415 318
18 1 0 0 0 3.3 110 3.0415 318

Table 2 Cont..
. coded variables decoded variables
Trial
A B A B A B
19 0 -1 0 0 2.18 20 3.0415 318
20 0 1 0 0 2.18 200 3.0415 318
21 0 0 -1 0 2.18 110 0.083 318
22 0 0 1 0 2.18 110 6.0 318
23 0 0 0 -1 2.18 110 3.0415 298
24 0 0 0 1 2.18 110 3.0415 338
25 0 0 0 0 2.18 110 3.0415 318
26 0 0 0 0 2.18 110 3.0415 318
27 0 0 0 0 2.18 110 3.0415 318
28 0 0 0 0 2.18 110 3.0415 318
29 0 0 0 0 2.18 110 3.0415 318
30 0 0 0 0 2.18 110 3.0415 318
31 0 0 0 0 2.18 110 3.0415 318
3. Results Standard procedures were used to establish the

The initial analysis of soil properties (Table 3)
revealed that the soil was only polluted with Fe?* and
Ni%*, whose levels exceeded the soil's allowed limits.
This area's soil is primarily loamy sand (Table 3).

physiochemical properties of the soil as well as trace
element concentrations. A pH meter measured soil
pH at a 1:2.5 soil-to-water ratio.
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Table 3. Some physical and chemical properties of the contaminated soils collected from EL- Gabal El-

Asfer, Egypt.

Particle size distribution (%)

Sand 80.3
Silt 7.90
Clay 11.8
Texture class Loamy sand
Properties Value
OM (%) 3.90
CaCO; (%) 8.30
pH (1:2.5) 7.80
EC (dSm™) 2.75
Elements (ppm) Total Available
Fe* 10780.3 41.9
Ni* 59.9 7.99
Mn 481 67.5
Zn 243.3 29.5
Cr 104.1 9.65
Pb 118.4 39.3
Co 27.03 0.01

3.1. Characterization

The functional groups involved in the binding
mechanism between chitosan and ZnO NPs were
identified using FTIR analysis of chitosan/jojoba oil
and chitosan/jojoba 0il/ZnO nanocomposite capsules.
Both chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite  capsules  exhibited identical

characteristic peaks, with only minor differences
observed during chitosan/jojoba capsulation, as
shown in Fig. 2.

The morphological structure of (Chitosan/jojoba oil)
and (chitosan/jojoba 0il/ZnO nanocomposites) are
presented in Fig. 3 (a, b).

120

100 |

60

Transmittance (%o)

40 b

20

—— Chitosan/jujoba oil

— chitosan/jujoba oil/ ZnO nanocomposite capsules

0
4000 3500 3000 2500

2000 1500 1000 500

Wavenumbers (Cm™)

Fig. 2. FTIR spectra of chitosan/jojoba oil and chitosan/jojoba 0il/ZnO nanocomposite capsules.
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According to the particle size analysis, the mean size
of the blank (chitosan/jojoba oil) was approximately
38.3 nm, and the mean size of the capsules
(chitosan/jojoba 0il/ZnO nanocomposite capsules)
was 24.6 nm (Figure 4-1). As a result, the particle
size distributions of nanocapsules are sufficient for
heavy metal removal.

TEM images gave us information on the particle
shape and the determination of particle size. Typical
TEM micrograph of chitosan/jojoba oil and

00 = g
W oE 3
Intensity * E
] :
2 E
0 3
0 100 200 0K K
Diameter (nm)

(a)chitosan/jojoba oil

Intensity

(b)

Fig. 3 SEM images of (a) chitosan/jojoba oil and (b) chitosan/jojoba 0il/ZnO nanocomposite capsules.

chitosan/jojoba 0il/ZnO nanocomposite capsules was
shown in Figure (4-2).

From TEM images, Fig. (4-2) the aggregation of
chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite capsules with variety of shapes most
of them are capsules and a few of which are random
shapes and the analysis of chitosan/jojoba oil
diameter ranged from 26-29 nm. While the diameter
of chitosan/jojoba 0il/ZnO nanocomposite capsules
ranged between 10-15 nm. ZnO NPs were well-
coated by chitosan/jojoba oil which confirmed with
DLS results.

f0

40

0

10 2 50

100

200

Diameter (nm)

(b) chitosan/jojoba oil/ ZnO nanocomposite capsules

Fig. 4-1. Particle size distribution of (a) chitosan/jojoba oil and (b) chitosan/jojoba oil/ ZnO

nanocomposite capsules.
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Fig. 4-2. TEM images of (a) chitosan/jojoba oil and (b) chitosan/jojoba oil/ ZnO nanocomposite capsules.

3.2. Adsorption experiments

3.2.1. Effect of concentration

According to increasing specific surface areas of
powders and exchangeable processes, Fe’* and Ni**
removal percentages increased for chitosan/jojoba
0il/ZnO nanocomposite capsules > chitosan/jojoba
oil because the particle sizes of chitosan/jojoba oil
and chitosan/jojoba 0il/ZnO nanocomposite capsules
are 38.3 and 24.6 nm, respectively.

Egypt. J. Soil Sci. 64, No. 2 (2024)

3.2.1.1. Adsorption isotherms

Using Langmuir and Freundlich isotherms, the
distribution of Fe*" and Ni** ions at equilibrium
between the surface of sorbent chitosan/jojoba oil
and chitosan/jojoba 0il/ZnO nanocomposite capsules
was investigated.

The linearized form of the Langmuir equation, which
is given as Eq. (3), was used to plot the Langmuir
isotherm for the adsorption of Fe?* and Ni?*.

K 0,C. ©)
g, = ——Lin>e

T 1+K,.C,
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where q. is the amount of adsorbate (mg g?), C, is
the adsorbate concentration at equilibrium in solution
after adsorption (mg L), K_ is the Langmuir
constant related to adsorption energy, and g, is the
maximum adsorption capacity (mg g ).

According to Langmuir, specific adsorption results in
homogenized adsorption energy without interaction
between the adsorbates and neighboring sites.

The heterogeneous multilayer adsorption system is

explained using Freundlich isotherms, and its
linearized equation is provided as Eq. (4):

Table 4. Estimated

isotherm parameters for chitosan/jojoba oil

log q. = log Kr + 1/n log C, 4)
where: g. is the amount of Fe?* or Ni?* adsorbed at
equilibrium (mg g¢%), and gn is the maximum
adsorption capacity.

The correlation coefficients for the adsorption
capacity determined from the isotherm are shown in
Table 4 with the Langmuir adsorption constant (L
mg™), the constant C,, and the constants K¢ and n.
Compared to the Langmuir model, the Freundlich
model provides a better fit to the data.

and chitosan/jojoba 0il/ZnO

nanocomposite capsules adsorption of Fe?* and Ni?* ions on various adsorbents.

adsorbate adsorbent Langmiur Freundlich
Om (Mg g7 Ke R’ n Ke(Lmg!) R
chitosan/jojoba oil 9.90 0.029 0.95 1.79 0.60 0.97
chitosan/jojoba
“ oil/zno 21.73 0.047  0.90 1.48 1.30 0.97
Fe nanocomposite
capsules
chitosan/jojoba oil 10.30 0.009 0.81 1.47 0.60 0.99
chitosan/jojoba
" oilizno 12.34 0.027  0.88 1.77 1.30 0.99
Ni nanocomposite
capsules

3.2.2. Effect of pH of solution

Chitosan/jojoba 0il/ZnO nanocomposite capsules
(0.05 g) were added to 5 ml of Fe®* solutions with pH
values ranging from 1.06 to 3.3 and stirred for 2
hours to evaluate the impact of pH. The Fe?* removal
percentage increased from 72 to 90 as the potential

surface charges of adsorbents were altered by the
presence of H* or OH™ ions in solutions. On the other
hand, as the pH of the solution increases from 2.6 to
5.3, the removal of Ni?" increases from 60.1% to
69.8%, respectively (Fig. 5).

(a)
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60
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40
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20
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3.3 22 1.5 1.06

pH

M Chitosan 1

B Chitosan 2

Fe removal (%)

Ni removal { %)

W Chitosan 1
80

70 B Chitosan 2

60
50
40
30
20
10 i
. |
53 41 35 26

pH

Fig. 5. (a and b) Effects of adsorption pH on removal of Fe** and Ni** ion by adsorbents of chitosan 1
(chitosan/jojoba oil) and chitosan 2 (chitosan/jojoba 0il/ZnO nanocomposite capsules).

3.2.3. Effect of contact time
The equilibrium time was 1 h for Fe** and 2 h for
Ni%*, while the chitosan/jojoba oil and the

chitosan/jojoba 0il/ZnO nanocomposite capsules
adsorb ions in the order Fe** > Ni**.

From the obtained data, for all investigated
adsorbents, the removal percentage of Fe?* and Ni?*
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ions increased with increasing the equilibrium it increased by about 1% for Fe?* and 3% for Ni** at
contact time from 5 minutes to 6 h. For 338 K.

chitosan/jojoba 0il/ZnO nanocomposite capsules,
Fe?* removal increased gradually as reaction time
increased from 5 to 30 minutes by about 2%.
However, it increased abruptly from 0.5h to 1h by
about 9%, constant for 6 h.

The removal percentage of Ni?* ijons increased
abruptly from 5 minutes to 30 minutes by about 11%,
then increased rapidly by about 31% to reach its
maximum at 2 hours, after which it remained
constant for the next 6 hours.

3.2.4. Effect of temperature

The removal percentage of Fe®* and Ni** increased
with temperature increase. The removal percentage
of Fe?* and Ni?* increased gradually from 298 to 318
K by about 2 and 1.2%, respectively. Subsequently,

3.3. Parameters optimization

Chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite  capsules’  highest  adsorption
capability can be determined by conducting trials
collected with  the  parameters  optimized
simultaneously. The present study used a
multivariate design with 31 trials to determine the
best parameters' values. The variables or components
chosen for the study were the pH, concentration,
time, and temperature since they substantially impact
the adsorption process. Table 5 lists the expected and
experimental  results for the sorbents of
chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite capsules and their ability to remove
(Fe* and Ni** ion), as well as their R* and R’
values.

Table 5. The expected and experimental results for the sorbents of chitosan/jojoba oil and chitosan/jojoba

0il/ZnO nanocomposite capsules.

chitosan/jojoba oil

chitosan/jojoba oil/ ZnO nanocomposite

. capsules
Trial Fe+2 Ni+2 Fe+2 Ni+2
o! p? 0 P [e) P 0 P
1 32.9 335 5.8 6.0 60.1 57.9 35.8 34.9
2 61.1 60.0 40.2 38.7 76.4 74.9 55.5 54.9
3 27.4 29.1 2.67 3.7 41.3 48.0 25.5 28.6
4 59.1 56.7 36.7 36.6 78.1 725 58.7 56.5
5 36.3 40.4 8.9 11.0 64.8 70.6 40.4 44.8
6 67.2 65.9 43.1 42.8 81.5 79.2 61.2 60.5
7 43.7 38.6 10.6 6.9 73.8 61.3 44 .4 38.1
8 62.2 65.2 374 38.9 70.1 77.4 59.1 61.5
9 36.7 34.4 6.4 45 60.9 58.5 37.2 35.7
10 59.1 63.5 32.45 36.6 70.5 78.1 49.4 54.6
11 29.8 30.4 3.9 47 50.3 47.8 30.6 30.1
12 63.8 60.5 39.5 37.0 75.7 74.9 60.3 56.8
13 37.1 38.7 11.23 11.8 69.5 70.3 449 46.0
14 67.8 66.8 44.3 42.9 83.3 81.5 62.7 60.5
15 35.5 37.3 9.1 10.2 53.8 60.3 38.4 39.9
16 67.7 66.4 41.3 41.6 81.7 79.0 62.4 62.2
17 46.6 435 9.1 8.9 63.5 63.3 45.3 44.3
18 68.2 71.3 41.2 41.0 81.4 81.2 63.5 65.4
19 55.9 50.9 15.8 13.9 69.2 65.2 55.4 50.5
20 43.4 48.5 10.5 12.0 55.4 59.0 42.5 48.2
21 48.5 50.2 11.8 11.6 62.4 63.1 49.4 50.3
22 58.3 56.6 16.5 16.3 725 71.4 57.9 57.9
23 49.3 49.7 12.34 13.1 64.4 68.7 50.3 51.1
24 51.2 50.8 14.9 13.7 745 69.8 51.7 51.8
25 53.3 53.9 13.2 14.0 67.3 67.5 53.2 54.0
26 54.7 53.9 14.7 14.0 68.1 67.5 55.4 54.0
27 54.9 53.9 15.1 14.0 67.3 67.5 56.1 54.0
28 53.9 53.9 13.1 14.0 67.5 67.5 54.9 54.0
29 52.8 53.9 135 14.0 66.9 67.5 53.4 54.0
30 54.3 53.9 134 14.0 66.3 67.5 54.3 54.0
31 53.2 53.9 135 14.0 67.9 67.5 53.1 54.0
R? (%) 95.42 98.80 80.46 92.85
R%aq; (%0) 91.41 97.74 63.36 86.60
1: Observed 2: Predicted
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3.4. Analysis of variance (ANOVA)

Table 6, the analysis of variance (ANOVA) was used
to assess the model's statistical significance,
assessing the variability in the number of

components that make up the chitosan/jojoba
0il/ZnO nanocomposite capsules adsorption capacity
for each effect simultaneously, including interactions
and experimental error.

Table 6. Regression equations for the removal of Fe** and Ni?* ion using different sorbents of
chitosan/jojoba oil and chitosan/jojoba 0il/ZnO nanocomposite capsules.

Removal % of Fe*? by chitosan/jojoba oil ~ =53.86+13.9 pH+3.18 time (h) (5)
Removal % of Fe*? by c.hitosan/jojoba oil/ ZnO ~67.51+8.93pH-3.11Conc.(ppm) ®)
nanocomposite capsules
Removal % of Ni*? by chitosan/jojoba oil =13.96+16.02pH+2.38time (h)+10.99pH’ %)
Removal % of Ni*? by chitosan/jojoba 0il/ ZnO  =53.97+10.57pH+3.83time(h)+1.94pH*Conc. (®)
nanocomposite capsules (ppm)

The ANOVA results for removing Fe?* and Ni** ions
using adsorbents of chitosan/jojoba oil and
chitosan/jojoba 0il/ZnO nanocomposite capsules are
presented collectively in Table 7. These results
demonstrated the effects of large F ratios with their
corresponding p-values less than 0.05, particularly
pH, time and concentration. Consequently, the
chosen model is appropriate for this research. A
mathematical relationship, derived using Minitab

statistical software, can be utilized to characterize the
quantitative impacts of process variables (pH,
concentration, contact time, and temperature) and
their interactions on the observed response
(removal% of Fe?* and Ni®* ion). After disregarding
p-values greater than 0.05 in Table 7, mathematical
correlations were established connecting the response
(removal percentage) with model variables, as
defined by the regression equations (5-8).

Table 7. Analysis of variance (ANOVA) for removal % of Fe?* and Ni** ion by different adsorbent of
chitosan/jojoba oil and chitosan/jojoba o0il/ZnO nanocomposite capsules.

Chitosan/jojoba oil Chitosan/jojoba oil/ ZnO nanocomposite

capsules
Source Fe*? Ni*? Fe Ni*?
F p F p F P F p
ratio value ratio  value ratio value ratio value
pH 29572 0.00 110486 0.00 43.42 0.00 157.87 0.00
Conc. (ppm) 2.18 0.16 3.62 0.08 5.27 0.04 1.85 0.19
time (h) 15.56 0.00 24.56 0.00 9.53 0.01 20.79 0.00
Temp. (K) 0.43 0.52 0.38 0.55 0.16 0.70 0.20 0.66
pH* pH 2.80 0.11 74.86 0.00 1.75 0.20 0.15 0.70
Conc. (ppm)*Conc. 567 407 064 044 231 0.15 4.27 0.06
(ppm)

time (h)* time (h) 0.04 0.84 0.00 0.99 0.01 0.94 0.00 0.96
Temp. (K)* Temp. (K)  2.84 0.11 0.18 0.67 0.23 0.64 1.30 0.27
pH*Conc. 0.09 0.76 0.01 0.91 1.70 0.21 4.74 0.05
pH*time 0.09 0.77 0.22 0.65 2.11 0.17 1.51 0.24
pH*Temp. 0.53 0.48 0.09 0.76 0.21 0.65 0.11 0.75
Conc. *time 0.57 0.46 0.74 0.40 0.01 0.91 0.02 0.89
Conc. *Temp. 0.01 0.93 151 0.24 0.02 0.89 0.03 0.86
time*Temp. 0.55 0.47 1.22 0.29 0.02 0.88 0.01 0.93

the amplitude of these residuals fluctuating from up
to down along the zero line.

3.5. Plots of residuals versus predictions

The plots in Figures 6 (a and b) exhibited a random
distribution of residuals along the reference line, with
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Fig. 6. Random distribution of residuals for removal percentages of (a) Fe* and (b) Ni** ions by
chitosan/jojoba 0il/ZnO nanocomposite capsules.

3.6. Standardized Pareto chart indicating their lack of significance in the removal of
Fe (Figure 7a).

For the removal of Ni by chitosan/jojoba oil and
chitosan/jojoba 0il/ZnO nanocomposite capsules, the
Pareto plot indicated that pH (A), time (D), and pH"2
(A) for chitosan/jojoba oil, and pH (A), time (D), and
pH (A) *concentration (B) for chitosan/jojoba
0il/ZnO nanocomposite capsules showed significant
impacts, respectively. Other variables did not exhibit
significant impacts (Figure 7b).

The Pareto plot revealed that pH (A) and time (D) for
Fe removal by chitosan/jojoba oil and pH (A),
concentration (B), and time (D) for chitosan/jojoba
0il/ZzZnO  nanocomposite  capsules  exhibited
significant impacts. However, temperature (K),
pH*pH, concentration (ppm)*concentration (ppm),
time (h)*time (h), temperature (K)*temperature (K),
pH*concentration, pH*time, pH*temperature,
concentration*time, concentration*temperature, and
time*temperature did not cross the reference line,

Pareto Chart of the Standardized Effects Pareto Chart of the Standardized Effects
(response is Fe removal (%)., a = 0.05) (response is Fe removal (%), a = 0.05)
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Fig. 7. Standardized Pareto chart for Fe and Ni removal.
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3.7. Surface plots and contour plots of response

The predicted response of the variables (removal
percentages of Fe?* and Ni?* ion by chitosan/jojoba
0il/ZnO nanocomposite capsules) were examined
using response surface and contour plots. To
examine the interactive effects of parameters (pH,
concentration, time, and temperature) on the removal
percentage of Fe?* and Ni** ions by chitosan/jojoba
0il/ZnO nanocomposite capsules, refer to Figures
8(a-1) and Figures 9(a-l), respectively.

Figures 8 and 9 (a-f) show graphs illustrating the
expected response of Fe?* and Ni** removal
0il/ZnO
nanocomposite capsules adsorbent against any two of

percentages by chitosan/jojoba
the four parameters of pH, concentration, time, and
temperature. In comparison, the other two parameters
are kept at medium values. Buasri et al. (2024) stated
that the surface height impacts the estimated removal
percentage. =~ When comparing the  various
chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite capsules adsorbents, it was observed
that the chitosan/jojoba 0il/ZnO nanocomposite
capsules had a larger surface area for reactivity.
Generally, the relationship between pH values and
the percentage removal of Fe?* and Ni*" ions is
favourable at higher initial pH values, as shown in
Figures 8 and 9 (a, b, c, d, e, and f). The acidic state
increases the competition between Fe®*, Ni?*, and H*
for adsorption into the chitosan/jojoba 0il/ZnO
nanocomposite capsules. Raising the pH reduces
competition by increasing the concentration of OH"
ions. This demonstrates that the percentage removal
of Fe?* and Ni*" ions is better in high pH mediums
than in low pH mediums, as more ions are absorbed
onto the surface of the as-prepared chitosan/jojoba
0il/ZnO  nanocomposite capsules. Furthermore,
Figures 8 and 9 (cd,g,h,k, and 1) illustrate the
relationship between contact duration and removal
percentage of Fe** and Ni*" ions.

These findings indicated that the percentage removal
of Fe** and Ni*" increases with prolonged contact
time in the batch adsorption process. Longer contact
times enhance the interaction between Fe** or Ni**

ions and the surfaces of the adsorbent, promoting the
adsorption process. Plots a and b in Figure 8
illustrate the reciprocal relationship between pH and
concentration; the removal percentage steadily
increases as pH increases and Fe?* ion concentration
rises. Plots ¢ and d depict the combined impact of pH
and shaking duration; the removal percentage rises
with both pH and shaking time increases. Moreover,
plots e and f illustrate the combined impact of pH
and temperature; the removal percentage rises with
increased pH. In addition, plots g and h show the
interaction between concentration and shaking time;
the highest value of Fe removal percentage occurs at
6 hours and a concentration of 55-130 ppm. The
interaction between concentration and temperature is
depicted in plots i and j; while temperature has a
curving relationship with concentration, it decreases
as concentration increases. Plots k and I illustrate the
impact of shaking duration and temperature; the
removal percentage increases rapidly as shaking time
increases.

Plots a and b in Figure 9 demonstrate the interaction
between pH and concentration; while concentration
has a curved relationship with pH, Ni?* removal
percentage rapidly increases as pH increases. Plots ¢
and d illustrate the interaction between pH and
shaking time; the removal percentage rapidly
increases as pH and shaking duration increase.
Besides, plots e and f show the combined effect of
pH and temperature; the removal percentage rapidly
increases with increasing pH while temperature has a
curved relationship. Plots g and h demonstrate the
interaction between concentration and shaking time;
the Ni®* removal percentage progressively rises as
shaking time increases, but concentration exhibits a
curved relationship. Furthermore, plots i and j show
the interactive effect of concentration and
temperature; the removal percentage of Ni** has a
curved relationship with both concentration and
temperature. Plots k and | show the combined effect
of shaking time and temperature; the Ni** removal
percentage increases with increasing the shaking
time, while temperature has a curved relationship.
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Fig. 8 (a-l). The response surface and contour plots for the removal of Fe?" by using chitosan/jojoba
0il/ZnO nanocomposite capsules.
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Fig. 9. (a—l). The response surface and contour plots for the removal of Ni?* ion by using chitosan/jojoba

0il/ZnO nanocomposite capsules.
3.8. Optimized responses

Table 8 lists the anticipated optimum conditions (pH,
concentration, time, and temperature) for the removal
of Fe?" and Ni** ions, at which the maximum removal
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Table 8. The anticipated optimum conditions (pH, concentration, time, and temperature) for the removal
of Fe** and Ni** ions.

Adsorbate oH Conc. Time Temp. Optimized responses

(ppm)  (h) (K) (removal %)
removal % of Fe*? by chitosan/jojoba oil 3.3 107.2 6 319.4 73.84
0 +2 . .. .
removal % of Fe'* by chitosan/jojoba oil/ ZnO 33 100.0 6 138 g5 77

nanocomposite capsules
removal % of Ni*? by chitosan/jojoba oil 53 6181 6 324.6 43.57
removal % of Ni*? by chitosan/jojoba oil/ ZnO

. 53 116.3 6 318.6 68.30
nanocomposite capsules

Table 9. Effect of different amendments on EC and content of some elements in mallow plant.

raton Amendments EC (dS/m) Zn (ppm)
Chitosan1l Chitosan2  Means (Rate) Chitosan1l Chitosan2  Means (Rate)
Control 1.96a 1.96a 1.96A 87.60d 87.60d 87.60C
1.0% 1.45b 1.31c 1.38C 65.80e 105.63c 85.71D
1.5% 1.36¢ 1.35¢c 1.35C 59.63f 129.27b 94.45B
2.0% 1.42b 1.44b 1.43B 51.749 149.36a 100.55A
Means (A) 1.55A 1.51A 66.19B 117.97A
N fresh weight (g/pot) dry weight (g/pot)
Chitosan1  Chitosan2  Means (Rate)  Chitosan1  Chitosan 2 Means (Rate)
Control 30.17e 30.17e 30.17C 17.73e 17.73e 17.73C
1.0% 22.75f 32.36d 27.55D 13.66f 17.94e 15.80D
1.5% 48.21a 41.66b 44 94A 38.46a 22.33c 30.39A
2.0% 32.11d 39.28¢c 35.69B 19.45d 23.59h 21.52B
Means (A) 33.31B 35.87A 22.32A 20.40A
ot Amendments Fe (ppm) Mn (ppm)
Chitosan1  Chitosan2  Means (Rate)  Chitosan1  Chitosan 2 Means (Rate)
Control 8879.1a 8879.1a 8879.1A 414.63a 414.63a 414.64A
1.0% 6148.6b 4374.2bc 5261.4B 399.87b 350.62c 375.24B
1.5% 3742.3c 3335.1c 3538.7C 337.73e 343.77d 340.75C
2.0% 1145.8d 4376.4bc 2761.1C 252.36f 218.15¢9 235.25D
Means (A) 5786.6A 4433.6A 351.15A 331.79B
s Amendments Co (ppm) Cr (ppm)
Chitosan1  Chitosan2  Means (Rate)  Chitosan1  Chitosan2  Means (Rate)
Control 20.58a 20.58a 20.58A 68.65a 68.65a 68.65A
1.0% 16.41b 13.98c 15.19B 59.14b 51.74d 55.44B
1.5% 13.98¢c 12.01d 12.99C 55.90c 42.77e 49.33C
2.0% 11.97e 9.98f 10.98D 44.15e 39.52f 41.84D
Means (A) 15.73A 14.14A 56.96A 50.67B
ot Amendments Pb (ppm) Ni (ppm)
Chitosan1  Chitosan 2 Means (Rate)  Chitosan1  Chitosan2  Means (Rate)
Control 65.60a 65.60a 65.60A 22.81a 22.81ab 22.81A
1.0% 65.92a 54.85¢ 60.38B 20.39ab 20.52ab 15.07B
1.5% 60.64b 28.65d 44.64C 20.52ab 7.24cd 13.88B
2.0% 55.78¢ 9.76e 32.77D 18.87b 4.68d 11.77C
Means (A) 61.98A 39.71B 20.65A 11.22B
Chitosan 1= Chitosan/jojoba oil Chitosan 2= Chitosan/jojoba oil/ ZnO nanocomposite capsules
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3.9. Effects of chitosan/jojoba oil and
chitosan/jojoba 0il/ZnO nanocomposite capsules
on some soil properties and mallow productivity

The chitosan/jojoba 0il/ZnO nanocomposite capsules
offer significant environmental benefits. Chitosan
has been used in agriculture as a fertilizer and
controlled agrochemical release to boost plant
production and encourage growth in normal and
polluted situations.

Generally, after treatment with chitosan/jojoba oil
and chitosan/jojoba 0il/ZnO nanocomposite capsules,
data presented in Table 9 show significant effects in
some elements such as (Mn, Zn, Cr, Ni and Pb) in
mallow plant.

The addition rates appeared significantly affect soil
electrical conductivity (EC) and several elements
(Fe, Mn, Zn, Co, Cr, Ni, and Pb) in the mallow plant.
However, the contents of some elements (Fe and Co)
in the mallow plant and the EC of the soil did not
show significant effects with the treatments.
Moreover, the total concentration of Ni in the studied
soil exceeded the critical level. Adding amendments,
specifically chitosan/jojoba oil and chitosan/jojoba
0il/ZnO nanocomposite capsules, showed a highly
significant relationship with Ni contents in mallow
plants.

4. Discussion

The results indicate that EL-Gabal EL- Asfer soils
are polluted with heavy metals. Table 3, Theses
values are more than the maximum permissible limits
for total Fe** and Ni?* in soil, adapted from Khalifa
and Gad (2018), Ghorbani et al. (2002), and Naggar
etal. (2014).

The FTIR spectrum of chitosan/jojoba oil reveals a
prominent bandwidth at 3249.4 cm™, corresponding
to the O-H groups' stretching vibration. Foroughi-
dahr et al. (2016) ascribed the bands around 2937.4
cm? to CH groups’ asymmetric and symmetric
stretching vibration. At wavenumber intervals of
1715.2 cm™, a large cluster of functional groups such
as -COO and -C=0 was discovered. After copulating
chitosan with ZnO NPs, the typical adsorption band
of -CH around wave numbers 1036.3 cm™ was
shifted to 1099.1 cm™. The presence of oxygen
functional groups, such as conjugated C-O stretching
in carboxylic groups, has been attributed to the peak
at 1737 cm' in chitosan/jojoba  0il/ZnO
nanocomposite capsules (Zhao et al., 2017). The
peak at 1036 cm™ is attributed to the aliphatic amine
-CN stretch (Sharififard et al., 2013). When the FTIR
spectra of chitosan/jojoba 0il/ZnO nanocomposite
capsules are interpreted, the spectrum shows the
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absorption of both chitosan and ZnO NPs. The
stretching vibrations of -OH groups in the range
3600 to 3000 cm™, which are imbricate to the
stretching vibrations of N-H and C-H bands in CH,
(2923.7 cm') and -CH, (2854 cm™) groups,
respectively, caused the primary bands to appear in
the spectrum (Auta and Hameed, 2013). The
vibration of carbonyl bonds (C=0) in the amide
group CONHR [secondary amide] and the vibration
of the protonated amine group are responsible for the
absorption band at 1461.6 cm™. The narrow peak at
528 cm™ corresponds to chitosan saccharide
structural oscillations (Paluszkiewicz et al., 2011).
For ZnO nanoparticles, the stretching vibration due
to Zn—-O appeared at 468 (weak) and 490 (strong)
cm ' (Hong et al., 2009; Yadav et al., 2017).

Coating jojoba with chitosan (Fig. 3a) resulted in
fewer porous wrinkles, indicating that the pores
might have functioned as active sites in removing
heavy metals (Attia et al., 2018). Additionally, the
surface appeared faded (Leki et al., 2013). On the
other hand, SEM images of chitosan/jojoba/ZnO
nanocomposites, with the application of the
glutaraldehyde as a crosslinking agent (Figure 3b),
revealed the formation of microcapsules of chitosan-
Zn nanocomposites (Persico et al., 2005). Bright
white spherical ZnO nanoparticles are embedded in a
rough chitosan matrix (EI-Shishtawy, 2021).

The size and surface chemistry of ZnO NPs play
critical roles in the removal of Fe?* and Ni* ions
from polluted soil. In the present study, the TEM
image showed the physical aggregation of the
chitosan/jojoba 0il/ZnO nanocomposite capsules.
There are two possible reasons for this behavior.
First, the presence of ZnO nanoparticles in the pores
of the chitosan/jojoba oil nanoparticles may be
attributed to chitosan chain cross-linking, which
generated magnetic  nanoparticle  aggregation.
Second, the particle diameter was too tiny, and the
surface energy was extremely high, potentially
leading to physical aggregation. However, part of the
observed aggregation might be due to drying during
TEM sample preparation (Ghadi et al., 2014 and
Elkhwaga et al., 2023).

The mechanism of complex formation between
chitosan/jojoba 0il/ZnO nanocomposite capsules and
metal ions, Due to the presence of multiple
functional groups, chitosan can be modified. It
possesses reactive amino and hydroxyl groups,
allowing chemical modifications to enhance its
characteristics under moderate reaction conditions.
Chitosan modification primarily aims to manage its
hydrophobic, cationic, and anionic characteristics
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and bind different functional groups and ligands
(Nofal et al., 2024).

A cross-linker, such as glutaraldehyde, can increase
the chemical stability of chitosan/jojoba oil during

the preparation process (Ghadi et al., 2014), Equation
9.

CH;OH
CH-OH
=]
=}
H NH2
Glutaraldehyde WO
+ -
Crosslinker H H (9)
-H,O /
CH,OH , CH,OH
HO HO o
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HO
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The resulting chitosan obtains a partial positive
charge, allowing it to be easily dissolved in organic
acids such as acetic acid. The interactions between

/V\WHOHzcg//i ;

N
[ ‘1(.)
\\OQ/

the chitosan/jojoba oil and sodium dodecyl sulfate
are ionic. The charge difference between
chitosan/jojoba oil and sodium dodecyl sulfate

Egypt. J. Soil Sci. 64, No. 2 (2024)



694

D. T. EISSA

induces these interactions. Chitosan/jojoba oil is a
cationic polymer, while sodium dodecyl sulfate is an
anionic  surfactant.  Before  reacting  with
chitosan/jojoba oil, sodium dodecyl sulfate will be
protonated (in acetic acid), resulting in a loss of Na".
Equation 10 shows that the protonated sodium
dodecyl sulfate will bind to the O atom in the
chitosan/jojoba oil molecule.

The complex formation between chitosan/jojoba oil
and ZnO nanoparticles may be characterized using
Lewis acid-base theory, which states that acids are
electron acceptors and bases are electron donors. The
nanocomposite capsules' surface contains —OH,
—NH,, and CH3;CO— groups, making it simple to
adsorb heavy metal ions like Fe?* and Ni** by surface
complexation, electrostatic attraction, and ion
exchange. In the chitosan/jojoba  0il/ZnO
nanocomposite capsules, metal ions are coordinated

?
.0
Ao

to one of the chitosan's amino or hydroxyl groups
(Equation 11), Awan et al., 2021.

Additionally, the chitosan/jojoba 0il/znO
nanocomposite capsules’ porous structure and pore
distribution from SEM images indicate that the
material has many adsorption sites, making it an
excellent choice for usage in the purification of water
that has been contaminated with Fe?* and Ni®*.
While investigating the impact of the initial Fe?
concentration, it was observed that the Fe?* removal
percentage decreased as the Fe** concentration
increased for both chitosan/jojoba oil and
chitosan/jojoba 0il/ZnO nanocomposite capsules
absorbents. This decrease in removal percentage can
be attributed to more ions occupying the surface,
resulting in a minor decrease in the elimination of
Fe?*, Table 4.

0O

Ho
0 ’

Figure 5, The rate of Fe®* removal increases when
the pH of the salt solution is higher than pH 3.3. This
is attributed to the negatively charged surface
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(12)

CH,OH

functional groups on adsorbents and electrostatic
interactions between positively charged ions. This
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observation is consistent with the findings of Eissa et
al., 2022.

Equation 12 shows that the adsorption capacity of
chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite capsules for M?* (Fe** or Ni%*)
increased when the initial pH of the solution began to
rise. This is attributed to the increase in the pH of the
initial solution. As the pH rises, the functional groups
on the chitosan/jojoba oil and chitosan/jojoba
0il/ZnO nanocomposite capsules surface, particularly
the carboxyl, amine, and hydroxyl groups, became
deprotonated. This results in the development of a
negatively charged surface, making it capable of
binding positively charged metal ions from the
aqueous solution. The highest removal percentage of
Fe (II) and Ni (Il) occurs at pH 3.3 and 5.3,
respectively.

Quantitative precipitation occurred at pH levels
greater than 3.3 and 5.3 for Fe(ll) and Ni(ll),
respectively.  The  chitosan/jojoba  oil  and
chitosan/jojoba 0il/ZnO nanocomposite capsules
served as precipitation centers for Fe(ll) and Ni(ll)
ions. Sufficient hydroxyl and carboxyl groups on the
adsorbent's surface facilitated the transformation into
a sparingly soluble compound. In a very low acidic
media, the amino groups of chitosan become
protonated (NH5"), leading to a decrease in removal
capacity (Vakili et al., 2019).

The computed F ratio and p-value of any factor's
effect can be used to determine its significance.
According to Igartua and Hayes (2021) and Eissa
(2024), a large F ratio implies that the regression
equations shown in Table 7 can be used to
characterize the variability in response. The
accompanying p-value determines whether the F
ratio is large enough to suggest any significant effect.
The effects with a 95% confidence level p-value less
than 0.05 are considered significant, in agreement
with Chicco et al., 2021.

Table 5, This pattern indicates that the experimental
errors varied continuously with the mean response.
The plots' random distribution pattern proved that the
regression model was appropriate (Ali et al., 2023).
Figure 7, The standardized chart displays
standardized effects distributed through their
standard error (Lanjwani et al., 2023). The chart
includes a reference line indicating the significance
level, with effects exceeding the line considered
significant (Ali et al., 2023; Lanjwani et al., 2023).
The toxicity of NPs, particularly at higher doses, may
significantly challenge their usage as nanofertilizers
(Avila-Quezada et al., 2022). According to
Thounaojam et al. (2021), greater concentrations of

ZnO NPs (> 500 mg/kg) are hazardous to plants, but
lower concentrations are advantageous, depending on
the plant type and growing conditions. Thus, modest
quantities of NPs may be used with other treatments
to reduce Fe and Ni accumulation in crops. Zn NPs
were expected to increase Zn concentrations in
plants, whereas chitosan/jojoba oil would immobilize
Fe and Ni in the soil.

Table 9 shows the significant effects of adding
chitosan/jojoba 0il/ZnO nanocomposite capsules and
Zn content in the mallow plant. This is attributed to
the ability of chitosan/jojoba 0il/ZnO nanocomposite
capsules to control the release of Zn** ions into the
soil solution environment during the growth of
mallow plants. That agrees with Malekpoor et al.,
2016; Séri et al., 2024b and Yang et al., 2021.

5. Conclusions

The study evaluated the effectiveness of different
chitosan/jojoba oil and chitosan/jojoba 0il/ZnO
nanocomposite capsule adsorbents in removing Fe**
and Ni** ions from solutions. The adsorbents'
structure was characterized using SEM, FTIR,
particle size and TEM. The study investigated
specific parameters (pH, concentration, time, and
temperature) to determine the conditions under
which  chitosan/jojoba 0il/ZnO  nanocomposite
capsules achieved their maximum  removal
percentages for Fe?* and Ni?* ions. The maximum
removal percentages were 85.77% for Fe** ions and
68.30% for Ni?* ions under the identified optimal
conditions. The Freundlich isotherm model could
provide a valuable interpretation of the adsorption
data. Fe and Ni uptake by mallow plant (Corchorus
olitorius) was dramatically reduced when the
adsorbents of chitosan/jojoba 0il/ZnO nanocomposite
capsules were administered at a rate of 2.0% with
increasing Zn uptake.

In conclusion, chitosan/jojoba oil derived from
leftover agricultural materials successfully enhanced
the ability of the mallow plant to grow in polluted
soils. The ability of chitosan/jojoba 0il/ZnO
nanocomposite capsules to take up ions from soil
solutions was discussed in the presence of a mallow
plant. ~ Moreover, chitosan/jojoba oil  and
chitosan/jojoba 0il/ZnO nanocomposite capsule
amendments were beneficial as growing media
because they improved soil fertility and provided
plant nutrients like Zn. Chitosan/jojoba 0il/ZnO
nanocomposite capsules is a promising technique for
heavy metal reclamation.
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