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Effect of calcium silicate nanoparticles applications on salt affected soils
environmental conditions
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Soil Physics and Chemistry dept., Water resources and desert land division, Desert Research
Center, Cairo, P.O.B 11753, Egypt

CrossMark

N THE PRESENT study, various calcium silicate nanoparticles (NPs) were examined to decrease

the impact of salinity on the grown plants by adsorbing Na* and borate (BO33) from water and
soil. The Ca silicate was prepared using a green synthesis technique and subsequently activated by
different acids, such as HNO; and H3PO,, producing Ca silicate-NO3; NPs and Ca silicate-PO, NPs,
respectively. The characterization of the prepared samples was conducted by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and
dynamic light scattering (DLS). The removal of Na“ and BO33 from solutions was examined by
activated calcium silicate NPs, considering different factors such as Na® and BO33 concentrations,
adsorption time, solution pH, and temperature. The results highlighted that the maximum removal of
Na" (18.78%) was achieved by using Ca silicate NPs at an equilibrium contact time of 6 h, a
concentration of 20 ppm, a pH of 8.1, and a temperature of 298 K. For BO33, the maximum removal
of (22.47%) was observed at an equilibrium contact time of 6 hours, a concentration of 54.54 ppm, a
pH of 6.08, and a temperature of 308.5 K. Freundlich and Langmuir isotherm models were utilized to
analyze the experimental data. According to the findings, the Langmuir isotherm model more
accurately characterized the experimental data. The adsorption kinetics were studied using the pseudo-
first-order and pseudo-second-order models, revealing that the pseudo-second-order model best
explained the adsorption kinetics. Furthermore, the study assessed the application of three levels (0, 4,
and 8 g pot™) of Ca silicate NPs, Ca silicate-NO3; NPs, and Ca silicate-PO, NPs to the dill plants
(Anethum graveolens L.). Evaluation parameters include fresh and dry weight, Na, B, Ca, and Si
concentrations, and plant tissue trace elements. A significant effect was observed between the
concentrations of Na* in the plant and calcium silicate NPs additives. Regarding boron, adding
calcium silicate reduced plants' absorbed amounts.

Keywords: Calcium silicate NPs ; Salt affected soil; Dill plant (Anethum graveolens L.); Adsorption.

1. Introduction agricultural land. Saline soils are characterized by an

Salinity and sodicity impact 10% of the overall
arable land, whereas 25-30% of irrigated lands are
considered salt-affected and commercially
unproductive. Reports indicated that 20% of the
world's arable land and 50% of its farmland are
damaged by salts (Zaman et al., 2018; Kumar, 2012).
A portion of irrigated land is lost each year due to
salinization issues. More than 800 million hectares,
representing over 6% of all land, suffer from either
salinity or sodicity, according to the Food and
Agriculture Organization's (FAO) Land and Nutrition
Management Service (2008). In Africa, the amount
of salt-affected soil is 38.7 million hectares (2% of
the total area). Meanwhile, 8.70 million hectares in
Egypt, representing 8.7% of the total area, are
affected by salt-related issues, as per FAO (FAO,
2003).

Salt-affected soils, divided into three categories:
saline, saline-sodic, and sodic soils, represent a
critical natural resource for expanding Egypt's

electrical conductivity of more than 4 dS.m™ in
saturation  extract, an exchangeable sodium
percentage (ESP) of less than 15, and a pH often
lower than 8.5. Saline-sodic soils exhibit EC, higher
than 4 dS.m™, ESP exceeding 15, and a pH rarely
above 8.5. Meanwhile, the sodic/alkaline soils are
identified by ESP values greater than 15, EC, less
than 4 dS.m™, and a pH typically between 8.5 and 10
(Richard, 1954).

High salinity can alter the mineral nutrition of plants,
leading to ion toxicity. Stress is significantly
exacerbated by high salt content in the soil and water,
especially in arid regions (Awad et al., 2022;
Abdrabou et al., 2022). Egypt, experiencing the
Mediterranean environment  with frequent
temperature changes, has been separated into several
agro-climatic zones based on the average temperature
values (Swelam et al., 2022; Jalhoum et al., 2022).
Water availability is a crucial environmental
component for crop plant productivity, and water
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scarcity is predicted to negatively impact the use of
25% of the world's land for agriculture (Delfine et
al., 2005; El-Sherpiny et al., 2023). Abiatic stressors,
such as drought and salinity, negatively influence
plant fitness and performance, amplified by climatic
change and environmental extremes (Singh et al.,
2018). Salinity and boron toxicity frequently
coincide and interact with the responses of plants, as
saline groundwater with high boron contents is used
for irrigation worldwide (Grattan et al., 2015). Crop
productivity is impacted by agricultural issues such
as boron poisoning (Bonilla and Gonzalez-Fontes,
2011).

Rice is the leading food consumed by over half of the
world's population and represents the primary dietary
energy source for eight countries in Africa, 17
countries in Asia and the Pacific, and nine countries
in North and South America (Shelke et al., 2010).
Rice contributes to 20% of the dietary energy
consumed worldwide. However, if not appropriately
used, rice straw, which constitutes roughly 3.5
million tons of the country's annual agricultural
waste, might cause environmental problems. Among
the most agro-wastes, rice husk ash is one of the
most silica-rich raw materials, holding between 90
and 98% of silica after complete burning. According
to Todkar et al. (2016), the ash produced from rice
husks causes environmental problems.

Although silicon is the second most common element
in the earth's crust, it is not thought to be a necessary
component for plants, particularly when they face
environmental and abiotic challenges such as drought
and salinity (Debona et al., 2017; Abd-Elzaher et al.,
2022).

The dill plant (Anethum graveolens L.), with a rich
history of usage in traditional medicine, is frequently
grown in dry and semi-arid areas with salt problems
(Sukhdev et al., 2006). It is a significant member of
the Apeaceae family and is native to the
Mediterranean and West Asia. This plant is grown
for its edible fruits and vegetables as well as for its
essential oil. According to Simon et al. (1984), it
offers medical benefits as an antispasmodic,
carminative, diuretic stimulant, and stomachic.

The present work aims to investigate the effects of
calcium silicate NPs as soil ameliorants to mitigate
the effects of salt-affected soils and improve
agricultural productivity. Furthermore, our study
aimed to manage agricultural waste, such as rice
husk, to reduce its potential risks with the possibility
of recycling. Finally, the study examined the best
methods for removing Na* and BO33 from solution
using calcium silicate NPs.

2. Material and Methods

2.1. Soil sampling and analysis

In Burg El-Arab, Egypt, at 30° 44' 21.48" N and 29°
37" 24.60" E, the soil samples under consideration
were collected from the surface layer (0-30 cm). The
soil was air-dried, crushed, and then sieved using a 2-
mm sieve. The soil texture was determined using the
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international pipette method. According to the
Walkley and Black method, the total organic matter
content was calculated (%). The soil's pH and EC
were measured in the soil paste. Total carbonate
content (%) was volumetrically determined by
Collin's calcimeter method (Jachson, 1973). The
available elements in the soil sample were
implemented following the procedure conducted by
Gavlak et al. (2005). After digestion, the total
elements content was detected using an inductively
coupled plasma emission  spectrophotometer
(ICPseq-7500). The following equation (1) was used
to estimate the sodium adsorption ratio (SAR)
(USDA, 2014): Na
SAR= ———
) Ca+Mg 1)
2
Where the concentrations of measured elements are
in meq L-1 at saturation extracts.
Furthermore, the following equation (2) was used
to calculate the ESP:

_100(-0.0126 +0.01475SAR) 2
1+(—0.0126 + 0.01475SAR)

2.2. Preparation of calcium silicate NPs

The silicon solution was prepared by washing the
rice husk in distilled water, drying it at 60 °C,
crushing it into a fine powder, and then burning it for
eight hours at 900 °C to produce rice husk ash. Then,
5.5 g of the rice husk ash was transferred into a 0.5 L
stoppered flask containing an 18% KOH solution.
The mixture was kept at 120°C for 2 hours before
filtering through filter paper.

The calcium chloride (0.3 M) was dissolved in
distilled water to create a calcium chloride solution.
The silica solution obtained from filtration was
mixed with the calcium chloride solution to create
calcium silicate NPs. The mixed solution was stirred
continuously and dried at 120 °C for 24 hours. The
product was centrifuged, cleaned with deionized
water multiple times, and adjusted to a consistent pH
of 7 before dehydrating in an air oven for 24 hours at
80 °C, reaching a stable weight. The product was
heated for three hours at 600 °C to eliminate any
remaining organic molecules. Nitric and phosphoric
acids were used to add functional groups to the
surface or structure of the synthetic calcium silicate
NPs, facilitating binding elements. This stage
included treating the initial form of the product (Ca
silicate NPs) with an excess volume of 0.1M HNO;
and 0.1M H3PO, solution at 60 °C using a water
bath. Two different treated forms of calcium silicate
were prepared: Ca silicate-NOz NPs and Ca silicate-
PO, NPs. All NPs products underwent filtering,
distilled water washing, air drying, grinding, and
sieving at room temperature and were finally stored
in dark bottles, as illustrated in Fig. 1. Eventually,
after shaking their extracts (1:10), the pH and EC of
the Ca silicate NPs were measured.

ESP
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Fig. 1. Schematic view of preparation and application of nanoparticles and their analyses.

2.2.1. Adsorbent characterization

Fourier transform infrared (FTIR) spectroscopy in
the wavenumber range of 4000-400 cm™, utilizing a
Nicolet Avatar 230 spectrometer, was used to
identify the functional groups of the prepared
samples at room temperature. XRD analysis was
carried out using (X-ray diffraction Bruker D2 phaser
2nd gen), and the patterns were compared to the Joint
Committee on Powder Diffraction Society (JCPDS)
database. Scanning electron microscopy (SEM),
using (Scanning Electron Microscope Quanta
FEG250- FEI- made in USA, Accelerating voltage
20KV), was used to illustrate the surface morphology
of samples. Using dynamic light scattering (DLS),
utilizing the Malvern Zetasizer Nano-ZS Nano
Series, the particle size distribution of Ca silicate, Ca
silicate-NO3, and Ca silicate-PO, NPs dispersed in
deionized water was determined.

2.3. Adsorption experiments

2.3.1. Effect of concentration

The effect of different concentrations of Na* and
BO3® (20, 50, 100, and 200 ppm) was investigated
on the removal percentage (%) using 0.05 g of
various Ca silicate NPs. The Ca silicate NPs were
put in 10 ml flasks with a volume of 5 ml for each
concentration. The source of Na™ was NaCl, whereas

the BO33 was prepared from H;BO;. Afterward, the
mixtures were mechanically shaken for 6 hours at
350 rpm and a temperature of 298 K to achieve the
required equilibrium.

2.3.2. Effect of pH

Na" and BO3 3 solutions were investigated at different
pH values ranging from 8.1 to 2.09 and 6.08 to 9.5,
respectively. A 0.05g of Ca silicate NPs was shaken
with 5 ml of 50 ppm of Na* and BO3? in glass bottles
and closed with stoppers for six hours at a constant
temperature of 298 K. Subsequently, Na® and
BO3 3 removal percentages were calculated. The pH
adjustment was performed carefully by adding a
dilute solution of HCI and NH,OH.

2.3.3. Effect of temperature

Under constant experimental conditions, the impact
of temperature (298, 318, and 338 K) on the
adsorption of Na* and BO33 was investigated. Ca
silicate NPs (0.05 g) were added to 5 ml of 50 ppm
of Na" and BO32, and the mixture was shaken for 6
hours. Finally, the removal percentage (%) was
determined.

2.3.4. Effect of contact time

The impact of equilibration time on the removal
percentage (%) of Na* and BO33 was investigated for

Egypt. J. Soil Sci. 64, No. 1 (2024)



338 Doaa T. EISSA

various periods ranging from 15 minutes to 96 hours.
The experimental condition included 0.05 g of the Ca
silicate NPs with the addition of 5 ml of 50 ppm of
Na® and BO3? at a temperature of 298 K.

2.4. Pot experiment

In a pot experiment, the development and yield of the
dill plant (Anethum graveolens L.) growing in saline
soil were examined based on different additives of
Ca ssilicate NPs, Ca silicate-NO3 NPs, and Ca silicate-
PO, NPs (0, 0.1, and 0.2% of soil). Each treatment
had three replicates; each pot contained 4 kg of soil.
The pots were planted by inserting five seeds of the
dill plant (Anethum graveolens L.), and after
germination, the seedlings were thinned into three
plants per pot. Tap water was used as an irrigation
source. After 60 days of planting, the dill plant
shoots were cut at the soil's surface, washed, oven-
dried at 70 °C for 48 hours, and weighed for dry
matter yield.

According to Nicholson (1984), after digestion using
H,S0,4-H,0,, Na, K, and some trace elements in the
shoots were detected. Na and K contents were
measured  using the  flame  photometer,
whereas BO33 was detected using ICPseq-7500. At
the end of the pot experiments, soil samples were
taken from pots, air-dried, and crushed to fit through
a 2 mm sieve, and then pH and EC values were
measured.

2.5. Statistical analyses

The data obtained from the pot experiments were
analyzed statistically using a computer program
(Statistix version 10). Differences between the means
of the treatments were considered significant when
they exceeded the least significant differences (LSD)
at the 5% level.

Response surface methodology (RSM) was used to
calculate the maximum Na® and BO33 removal
percentage (%). To maximize the information from
the process and minimize the number of potential
tests, a central composite design (CCD) was utilized.
The multivariate study allows for the identification of
interactions between variables.

In this work, the procedure was optimized using a
central composite face in which experimental design
was performed at three levels (1, 0, and +1) for each
factor: pH (A), concentration (ppm) (B), time (h) (C),
and temperature (K) (D). For Na®, the variables pH,
concentration (ppm), time (h), and temperature (K)
were set to be between (8.1 and 2.09), (20-200 ppm),
(0.25-96 h), and (298-338 K), respectively. For
boron, the pH was between 6.09 and 9.5. Table 1
illustrates the levels of coded factors and their actual
values. Thirty-one trials were conducted, and Minitab
16 (Minitab® Statistical Software, 2023) was used to
formulate the laboratory experiment design.

Table 1. Central composite design of experimental variables (pH, Conc., Time and Temp.).

Trial coded variables decoded variables
A B C D pH Conc. (ppm) Time (h) Temp. (K)
1 -1 -1 -1 -1 2.9 20 0.25 298
2 1 1 -1 -1 8.1 200 0.25 298
3 -1 1 -1 -1 2.9 200 0.25 298
4 1 1 -1 -1 8.1 200 0.25 298
5 -1 -1 1 -1 2.9 20 96 298
6 1 -1 1 -1 8.1 20 96 298
7 -1 1 1 -1 2.9 200 96 298
8 1 1 1 -1 8.1 200 96 298
9 -1 -1 -1 1 2.9 20 0.25 338
10 1 -1 -1 1 8.1 20 0.25 338
11 -1 1 -1 1 2.9 200 0.25 338
12 1 1 -1 1 8.1 200 0.25 338
13 -1 -1 1 1 2.9 20 96 338
14 1 -1 1 1 8.1 20 96 338
15 -1 1 1 1 2.9 20 96 338
16 1 1 1 1 8.1 200 96 338
17 -1 0 0 0 2.9 200 48.1 318
18 1 0 0 0 8.1 110 48.1 318
19 0 -1 0 0 5.5 110 48.1 318
20 0 1 0 0 55 200 48.1 318
21 0 0 -1 -1 55 110 0.25 318
22 0 0 1 1 5.5 110 96 318
23 0 0 0 0 5.5 110 48.1 298
24 0 0 0 0 5.5 110 48.1 338
25 0 0 0 0 5.5 110 48.1 318
26 0 0 0 0 5.5 110 48.1 318
27 0 0 0 0 5.5 110 48.1 318
28 0 0 0 0 5.5 110 48.1 318
29 0 0 0 0 5.5 110 48.1 318
30 0 0 0 0 5.5 110 48.1 318
31 0 0 0 0 5.5 110 48.1 318
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3. Results

The chemical properties of the collected soil samples
from Burg El-Arab, Egypt, considered an industrial,
agricultural, and urban area, are listed in Table 2. The
pH was 8.01, EC was 5.0 dS.m™, and ESP was 9.05.
The total boron concentration was 99.4 ppm, while

the concentration of chemically extractable boron

was 0.96 ppm.
3.1. Characterization of NPs
FTIR identifies and investigates the silicate

components (Ca silicate NPs, Ca silicate-NO3; NPs,
and Ca silicate-PO,4 NPs). The bands were seen at ~
3110 cm™, between 900 and 1100 cm™, 1369 and
1415 cm™ in the FTIR chart, as exhibited in Fig. 2.

Table 2. Some physical and chemical properties of the saline soils collected from Burg EL-Arab Egypt.

Properties Value
Particle size distribution (%)
Sand (%0) 80.43
Silt (%) 10.02
Clay (%) 9.55
Texture class Loamy sand
OM (%) 0.98
CaCO3 (%) 28.02
pH (soil paste extract) 8.01
EC (dS m™) 5.00
SAR 7.60
ESP 9.05
Elements (ppm) Total Available
B 99.40 0.96
Si 876.00 31.08
Fe 12654.00 106.10
Mn 265.10 13.25
Zn 100.00 2.626
Cu 11.20 0.430
Cr 35.00 0.569
Sr 107.00 1.730
Ni 21.30 0.710
Pb 21.30 0.343
110

100
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Fig. 2. FTIR patterns of Ca silicate NPs, Ca silicate-NO3; NPs and Ca silicate-PO, NPs.
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Fig. 3. XRD patterns of Ca silicate, Ca silicate-NO3 and Ca silicate-PO, NPs.

The rice husk was burned at 900°C using a muffle
furnace. The XRD analysis was utilized to validate
the development of amorphous silica (Ca silicate), as
shown in Fig. 3. The XRD pattern displays a
distinctive peak at 20 =29.8°. The pattern of Ca
silicate-NO3; NPs shows different crystalline peaks
detected at the equivalent Bragg angle (20) at 8.47°,
20.02°, 21.33°, 24.6°, 25.25°, 26.52°, 27.60°, 30.0°,
35.4°, 39.9°, 42.5° 44.45° 46.45° 49.9°, 54.2°
57.2°, 58.3°, 62.0°, 64.8°, 66.0°, 67.8°, and 72.1°.
The emergence of fast peaks demonstrates the
presence of crystallinity arrangements in Ca silicate-
NO; NPs. At the same time, the prepared Ca silicate-
PO, NPs have different crystalline phases, and the
distinctive peaks appeared at 20 = 4.3°, 5.5° 6.7°,
8.2°, 12.9°, 14.7°, 16.7°, 20.2°, 25.8°, 27.1°, 29.2°,

(@)

31.6°, 33.1°, 36.0°, 54.2°, 39.3°, 42.2°, 44.6°, 45.5°,
47.3°, 48.4°, 50.0°, 53.6°, 55.1°, 56.3°, 62.7°, 66.2°,
and 70.5°.

Table 3 shows that all Ca silicate NPs produced
under various conditions exhibit high degrees of
crystallinity with minimal variation attributed to the
different reactions.

As shown in Fig. 4, DLS was used to measure the
particle size distributions of Ca silicate NPs, Ca
silicate-NO; NPs, and Ca silicate-PO, NPs. Ca
silicate NPs have a particle size of 88.5 nm. Post-
treatment with HNO; and HsPO, resulted in particle
sizes of 87.9 nm and 62.3 nm, respectively, for Ca
silicate-NO3; NPs and Ca silicate-PO, NPs.

(b)

o w

200

500 1K

Diameter (am)

200

500 1
Diameter (am)

x® 5

Fig. 4. Particle size distribution of Ca silicate (a), Ca silicate-NO; (b) and Ca silicate-PO, (c) NPs.

Figure 5 shows SEM microstructures of Ca silicate,
Ca silicate-NOs, and Ca silicate-PO, NPs. According
to Fig. 5, the surface morphology of Ca silicate NPs
showed a proliferation of particles of various sizes.
In contrast, Ca silicate-NO3; NPs and Ca silicate-PO,
NPs exhibit the development of a thin layer of
particles on their surfaces and some coagulation.
Acid treatment leads to an increase in particle
multiplication, covering more surface area.
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When comparing the Ca silicate-PO, NPs with the
Ca silicate-NO3; NPs, it was noticed that the surface
showed an exemplary distribution of particles but
with smaller particle sizes. Additionally, several
clusters were noticeable on the surface.
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Table 3. XRD data of Ca silicate at different treatment.

Casilicate
Un treated Activated with HNO; Activated with H;PO,

20 d-value(A)° 20 d-value(A)° 20 d-value(A)°
6.1 14.55 8.74 10.11 4.33 20.40
7.7 11.51 20.02 4.43 5.51 16.03
10.0 8.82 21.33 4.16 6.78 13.02
12.7 6.94 24.60 3.61 8.20 10.78
14.6 6.04 25.25 3.52 12.90 6.83
16.4 5.40 26.52 3.35 14.74 6.00
18.2 4.86 27.60 3.22 16.78 5.27
24.0 3.70 30.00 2.93 20.28 4.37
25.9 3.43 35.40 2.53 25.89 3.44
29.8 2.99 39.90 2.25 27.13 3.28
31.8 2.81 42.50 2.12 29.24 3.05
36.0 2.51 44.45 2.03 31.63 2.82
40.8 2.20 46.45 1.95 33.14 2.70
42.7 211 49.95 1.82 36.09 2.48
54.20 1.68 39.33 2.29
57.20 1.61 42.22 2.14
58.30 1.58 44.62 2.03
62.08 1.49 45.59 1.98
64.87 1.43 47.30 1.92
66.00 1.41 48.40 1.88
67.80 1.38 50.03 1.82
72.14 1.30 53.63 1.70
74.14 1.27 55.16 1.66
76.30 1.24 56.35 1.63
78.20 1.22 62.76 1.48
66.28 1.41
70.51 1.33
75.15 1.26

Fig. 5. SEM images of Ca silicate NPs (a), Ca silicate-NO5; NPs (b) and Ca silicate-PO4 NPs (c).
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3.2. Adsorption processes

3.2.1. Effect of concentrations

The removal percentages of both Na* and BO33 were
increased in the following order: Ca silicate-PO4 NPs
> Ca silicate-NO3; NPs > Ca silicate NPs. This trend
may be attributed to variations in particle sizes of Ca
silicate NPs, Ca silicate-NO3; NPs, and Ca silicate-
PO, NPs, which achieved 88.5, 87.9, and 62.3 nm,
respectively. In addition, according to the SEM
images, Ca silicate-PO, NPs possessed a porous
structure with a well-pored distribution, indicating
the presence of several adsorption sites. This nature
makes it an excellent alternative to be utilized in the
treatment of water that contains high concentrations
of Na" and BO33.

The removal efficiency of Na* (%) decreased with
increasing the initial concentrations using various Ca
silicate-NPs as adsorbents, which may be owing to
more ions occupying the adsorbent surfaces. The Ca-
silicate NPs were treated with Na* and BO3® at
different concentrations from 20 to 50 ppm. The
results revealed that the removal efficiencies ranged
from 15.72 to 10.88% for Na* and 22.36 to 18.98%
for BO33. However, at a concentration of 200 ppm,
the removal efficiencies declined to 5.39% and
8.29% for Na* and BO33, respectively.

It was observed that the activated calcium silicate-
PO, NPs outperformed the calcium silicate-NO3z NPs
with all concentrations of Na* and BO33. Therefore,
it can be concluded that the surfaces of calcium
silicate-PO,4 NPs are effective for adsorbing cations
(e.g., Na*) and anions (e.g., BO33).

3.2.2. Adsorption isotherms

Langmuir and Freundlich isotherms were utilized to
investigate the adsorption of Na* and BO;3 at
equilibrium on the surfaces of the sorbents.

The linearized form of the Langmuir equation,
presented in Eq. (3), was used to study the Langmuir
isotherm for the adsorption of Na* and BO3 3.

q _ KLque
© 14 K.C. @

Where g, is the amount of adsorbate (mg.g™), and C
is the adsorbate concentration at equilibrium in
solution after adsorption (mg.L™). The slope and
intercept plots of C./g. versus C, were used to
calculate g, and K., where K_ is the Langmuir
constant related to adsorption energy, and g, is the
maximum adsorption capacity (mg.g '). According to
the Langmuir equation, specific adsorption results in
homogenized adsorption energy without interactions
between the adsorbates and neighboring sites.

The heterogeneous multilayer adsorption system is
explained using Freundlich isotherms, and its
linearized equation is provided as follows (Eq. 4):

log ge = log Kr + 1/n log C, (@)
Where g is the amount of Na* or BO3> adsorbed at
equilibrium (mg g%). C. is the equilibrium
concentration (mg.L"), Kg is the Freundlich
adsorption constant, and n is the Freundlich
exponent. The correlation coefficients for the
adsorption capacity determined from the isotherm are
shown in Table 4, as well as the Langmuir adsorption
constant (K,) and the constants Kg and n.

Table 4. Estimated isotherm parameters for adsorption of Na* and BO32 anion on various adsorbents of NPs.

Langmiur Freundlich
Adsorbate Adsorbent O (Mg K, R? n Ke (Lmg') R?
Ca silicate- NPs 0.92 0.04 0.73 2.18 0.09 0.69
Na* Ca silicate-PO,- NPs 1.63 0.05 0.98 3.08 0.31 0.96
Ca silicate-NO3- NPs 1.71 0.01 0.85 1.80 0.08 0.93
Cassilicate- NPs 1.82 0.02 0.99 2.12 0.14 0.93
Borate Ca silicate-PO,- NPs 3.84 0.03 0.98 2.25 0.37 0.88
Ca silicate-NO3- NPs 2.56 0.01 0.96 1.96 0.15 0.90

3.2.3. Adsorption kinetics

From the obtained data, the removal percentage of
Na* and BO3*® for all the investigated adsorbents
increased with increasing the contact time from 0.25
h to 96 h. For Ca-silicate NPs, the removal of Na*
gradually increased as the contact time increased
from 0.25 h to 0.5 h, reaching 4.92%. Subsequently,
the removal percentage abruptly elevated by ~
8.16%, prolonging the time from 0.5 h to 2 h. Further
increases of ~10.88% were observed. The removal
percentage reached its maximum value at 6 hours and
remained constant throughout the reaction time.
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The removal percentage (%) of BO33 increased
abruptly, reaching ~18.89%, as the reaction time
increased from 2 to 6 hours. Subsequently, there was
a gradual increase of ~18.99%, reaching its
maximum value after 72 hours, and it has remained
constant for the last 96 hours. The reaction rate was
determined using the pseudo-first-order Kkinetic
model. The pseudo-second-order kinetic model can
be expressed using Eqg. (5), and the adsorption rate
constant could be calculated using Eq. (6).

t/ge= :I-/KZQe2 + /0. (5)

K, represents the pseudo-second-order rate constant
(9 mg* min?), and g. denotes the equilibrium
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adsorption capacity (mg g™). These constants were values of K, and g. were also calculated and are
calculated experimentally using the slope and listed in Table 5.

intercept of the plot between t/g; and t. The intercept log (ge-9) = log ge — (K1/2.303) t (6)

of the plot was used to calculate the overall rate K, represents the adsorption's rate constant (min™),
constant of the K, constant. and g. and g, are the concentrations of adsorbate ions
Table 5 shows the values of K; and ge from plotting (mg g™) at equilibrium and time t, respectively.

a graph of log (qe-q) versus t using equation 6. The

Table 5. Values of parameters calculated from pseudo- first order and pseudo-second order for the
removal of Na* and BO33 using different adsorbents of Ca silicate NPs.

Pseudo-first order Pseudo-second order
Adsorbate Adsorbent . . mg g a4 .-

Qk(mggl) Kyminl) RZ (1)9 9 K,(gmg'min?l R?

Casilicate- NPs 0.51 -0.006 0.99 0.706 0.03 1

Na* Cassilicate-PO,4- NPs 0.67 -0.006 0.99 1.179 0.03 1
Cassilicate-NO3- NPs 0.54 -0.002 0.96 0.95 0.01 0.99
Cassilicate- NPs 0.67 -0.002 0.76 1.13 0.02 0.99

BO33 Ca silicate-PO,- NPs 1.52 -0.009 0.99 2.53 0.01 1

Casilicate-NO3- NPs 0.31 -0.004 0.77 1.53 0.08 1
3.2.4. Effect of solution pH Na* removal percentage (%) increased from 5.62 to

10.20%, with the pH increasing from 2.09 to 8.1, as
Ca silicate NPs (0.05 g) were added to 5 ml of Na* presented in Fig. 6.
solutions with a pH ranging from 2.09 to 8.1 and
stirred for 6 hours to evaluate the impact of pH. The

25 45
®m Casilicate 10 m Casilicate

20 B Casilicate-PO. M Casilicate-PO.

- w Casilicate-NO; 33 Ca silicate-NO;
° X 30
o 3 —
o bR =]
- g 25
=3 =
s 520
= 10 1 ‘§
= 215

5 4 10 -

5 4
0 - 0 -
358 209
pH =~

Fig. 6. Effects of adsorption at different pH values on removal of Na* and BO33 (b) using different
adsorbents of calcium silicate NPs.

3.2.5. Thermodynamics of the adsorption process Gibbs free energy change for the adsorption, AG®,
The thermodynamic parameters, presented in Table was determined, and the universal gas constant was
6, were calculated with temperature conditions set to be R (8.314 J mol™ K™).

ranging from 298 K to 338 K for adsorption K.=Cy/Ce @)
experiments while keeping other variables constant. AG°=-RTInK; (8)

The thermodynamic parameters of AG°, AH®, and AG°® = AH° -T AS° )

AS° were computed using the thermodynamic Where — AS° denotes the straight line with a slope,
equations (7, 8, and 9) below. These parameters and AH° represents the intercept of results. These
describe the removal percentage of Na* and BO3? values can be obtained from the plot of T versus
using the investigated adsorbents. The adsorption AG°. The exothermic nature of the procedure
study, at equilibrium, can be considered a employed for removing Na® and the BO3® s
heterogeneous, reversible process. The standard indicated by the negative value of AH®; see Table 6.

Egypt. J. Soil Sci. 64, No. 1 (2024)



344 Doaa T. EISSA

Table 6. Thermodynamic parameters using different adsorbents of Ca silicate NPs, Na* and borate anion
solution of 50 ppm.

adsorbate adsorbent T (K) AG, AH, AS,
298 5209.4
Casilicate NPs 318 5286.7
338 5586 1 9.393 23735
298 3585.4
Na* Cassilicate-PO, NPs 318 3673.7 7.580
338 3888.6 13053
298 4879.6
Casilicate-NO3; NPs 318 5201.2
338 4670.72 .22 6578
298 4501.6
Cassilicate NPs 318 4195.9
338 40783 -10.58 7623.5
298 3614.2
borate Casilicate-PO, NPs 318 2242.6
338 933.6 -67.01 23574
298 4388.1
Casilicate-NO3; NPs 318 4052.2
338 3052.7 -33.38 14447
3.3. Parameter optimization process. Table 7 lists the expected and experimental
After conducting the 31 trials in the studied area, the results for Ca silicate NPs, Ca silicate-NO3; NPs, and
studied parameters were optimized through the Ca silicate-PO4 NPs, detailing their effectiveness in
application of a multivariate design. The pH, removing Na* and BO33, along with corresponding
concentrations, contact time, and temperature were R? and R%; values.

selected as the variables or components for the study
due to their significant impact on the adsorption

Table 7. The expected and experimental results for the sorbents of Ca silicate NPs, Ca silicate-NO3; NPs,
and Casilicate-PO,.

Ca silicate NPs Casilicate- PO, NPs Ca silicate-NO3; NPs

Trial Na Borate Na Borate Na Borate

o! p? 0 P 0 P 0 ) 0 P o) P

452 526 2230 1847 1151 1243 4210 3691 791 735 2520 24.70
18.84 1498 6.10 762 3240 2839 1820 1728 1520 1226 7.20 7.15
348 228 640 1028 721 589 1830 2445 4.08 510 16.70 18.01
355 754 750 5.78 8.26 1354 1890 1652 4.30 6.08 8.01 8.67
17.64 1650 20.10 2196 30.08 28.35 3940 4274 1205 1232 2550 27.73
20.04 2329 9.70 896 3365 36.86 2230 2141 16.05 1878 1050 8.93
796 993 1630 1417 1039 1398 3520 29.44 8.05 6.96 21.10 20.09
15.16 1225 8.20 752 1875 1417 2130 1981 10.68 9.50 9.20 9.49
395 482 1230 1640 839 1138 26.20 3207 7.50 761 2290 22.87
10 12.04 1274 9.10 745 28.08 2633 1620 16.79 812 10.06 10.30 10.72
11 848 790 1230 926 1328 1191 2520 2091 1161 972 1540 16.38
12 1224 1135 510 6.66 1840 1854 1630 1733 9.60 825 1440 12.43
13 1880 1748 2290 2084 3205 2861 4140 38.60 1480 13.87 2550 24.25
14 2328 2246 1020 9.74 36.36 36.09 2340 2162 1996 1787 1190 10.84
15 15112 16.96 1220 1410 1888 21.30 21.30 26.60 11.00 1287 16.50 16.81
16 1556 1748 9.30 935 1955 2047 2130 2132 1155 1295 1170 11.60
17 812 694 1830 17.64 1580 13.74 4120 3857 7.58 880 2520 23.16
18 1344 1206 7.70 984 2024 2131 2030 26.12 1156 1129 840 11.78
19 1227 1385 1440 1568 1995 24.04 2620 2798 1192 1341 1020 12.00
20 1401 987 1120 1139 18.04 1297 2020 2161 1036 9.82 9.50 9.04
21 472 494 1740 1659 1188 11.01 3220 3134 4.7 6.69 19.60 18.77

O©oo~NO O, WN P

1: Observed 2: Predicted
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Table 7. Cont.
Ca silicate NPs Casilicate- PO, NPs Ca silicate-NO5; NPs
Trial Na Borate Na Borate Na Borate
0! p? [e) P 0O P 0 P 0 P [e) P
22 1640 1362 1740 1968 20.05 19.93 3220 36.25 1249 1152 17.70 19.87
23 1224 1139 1430 16.15 19.04 1769 20.20 27.33 11.08 11.06 16.20 14.85
24 15.48 13.78 16.40 16.02 1994 20.31 29.60 25.66 11.96 1292 12.30 14.99
25 9.08 10.18 17.20 16.57 16.24 16.66 3210 30.73 11.08 10.68 16.10 15.52
26 9.08 10.18 17.20 16.57 16.24 16.66 3210 30.73 11.08 10.68 16.10 15.52
27 9.08 10.18 17.20 16.57 16.24 16.66 3210 30.73 11.08 10.68 16.10 15.52
28 9.08 10.18 17.20 16.57 16.24 16.66 3210 30.73 11.08 10.68 16.10 15.52
29 9.08 10.18 17.20 16.57 16.24 16.66 32.10 30.73 11.08 10.68 16.10 15.52
30 9.08 10.18 17.20 16.57 16.24 16.66 3210 30.73 11.08 10.68 16.10 15.52
31 9.08 10.18 17.20 16.57 16.24 16.66 3210 30.73 11.08 10.68 16.10 15.52
R*(%) 86.13 85.80 89.65 80.48 83.45 93.73
R%qi (%) 73.99 73.38 80.59 63.40 68.96 88.24
1: Observed 2: Predicted

3.4. Analysis of variance (ANOVA)

The analysis of variance (ANOVA) is employed to
evaluate the statistical significance of the model and
the variability in the number of components
influencing the adsorption capacity of Ca silicate for
each factor. This assessment considers interactions
and experimental error simultaneously. The
significance can be determined by examining the F
ratio and corresponding p-values.

The ANOVA results for the removal of Na" and
B0O33 using calcium silicate NPs, calcium silicate-
NO; NPs, and calcium silicate-PO, NPs are
presented in Table 8. The results demonstrate
significant effects, as indicated by large F ratios, for

pH and concentration factors, with corresponding p-
values less than 0.05. A mathematical relationship,
derived from the Minitab statistical software, can be
used to characterize the quantitative impacts of
process variables such as pH, concentration, contact
time, and temperature and their interactions based on
the observed response (removal percent (%) of Na*
and B0O33). Upon disregarding p-values greater than
0.05 (refer to Table 8), the mathematical correlations
established a connection between the observed
response (removal percentage) and model variables.
This connection can be defined by the regression
equations (10 to 15) produced by the Minitab
statistical software, as listed in Table 9.

Table 8. ANOVA for the removed Na" and BO33 different adsorbent of Ca silicate NPs.

Ca silicate NPs

Casilicate- PO, NPs

Casilicate-NO3; NPs

Source Na* BO33 Na* BO33 Na* BO33
F p F p F p F p F p F p

ratio value ratio value ratio value ratio value ratio value ratio value
pH 16.91 0.00 4289 000 2314 000 3151 000 830 001 1705 0.00
(%r))?r% 1022 000 1297 000 4958 000 826 001 1717 000 1159 0.00
Time(h) 4864 000 673 002 3220 000 490 004 3122 000 159 0.22
Temp.(K) 369 007 001 092 279 011 056 046 460 004 003 087
pH*Conc. 285 011 632 002 621 002 818 002 456 004 1970 0.00
pH*time 124 028 072 040 500 004 013 072 072 041 046 050
pH*Temp. 047 050 057 046 009 076 085 036 179 019 853 001
ft?;‘:e 185 019 003 087 551 003 003 085 28 011 027 061
*g‘;gfp 526 003 017 068 448 005 008 078 566 003 001 0091
Time*Temp. 029 0.60 014 071 015 070 002 088 049 049 079 0.38
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Table 9. Regression equations for the removal of Na* and BO33 using different adsorbents of Ca silicate

NPs.

Removal % of Na* by calcium = 602.52+5.64pH-0.29Conc.+ 0.06time+ (10)
silicate NPs 0.00084Conc.*Temp.
Removal % of Na* by calcium  =605.58+3.30pH-0.35Conc.+0.16time-0.008pH*Conc.- (11)
silicate—PO,4 NPs 0.01pH*time-0.0004Conc.*time+0.0009Conc.*temp.
Removal % of Na* by calcium  =325.34+5.57pH-0.20Conc.+0.01time-2.06 Temp.- (12)
silicate -NO3 NPs 0.004pH*Conc.+0.0006Conc. Temp.

0 -3
Removal % of BO;™ by =-97.98+7.58pH-0.06Conc.-0.06time-+0.01pH*Conc. (13)
calcium silicate NPs
Removal % of BO3® by _ i i A e *
calcium silicate_PO, NPs =-867.43-24.19pH-0.07Conc.-0.08time+0.01pH*Conc. (14)

0 -3 i
Removal % of BO3™ by calcium  _»g 41 7 53414+0.009Conc.+0.01pH*Conc.+0.03pH*Temp. (15)

silicate -NO3; NPs

3.5. Plots of residuals versus predictions
Figure 7 (a and b) shows a random distribution of
residuals along the reference line. The amplitude of

5.0 .
»
*
25
E L] .. o » L
'y .
E 0.0 P T
-25 , " .
* L]
-3.0 .
10 20 30 40

(@)

these residuals fluctuated from up to down along the
zero line, indicating that the experimental errors
continuously vary with the mean response.

) . » .
-
3 - 2
E 0 - '2. S
E o . .
¢ -3 . -
6 ™ - -
.
20 30 40
Fitted Value

(b)

Fig. 7. Random distribution of residuals for removed of Na* (%) (a), and BO33 (%) (b) using Ca silicate-

PO, NPs.

3.6. Surface plots of response

The predicted responses of the variables (removal
percentage, %) of Na and BO33 by Ca silicate NPs,
Ca silicate-NO3; NPs, and Ca silicate-PO, NPs were
examined based on response surface plots. The
interactive effects of parameters, including pH,
concentrations, contact time, and temperature, on the
removal percentage (%) of Na® and BO3® by Ca
silicate-PO, NPs are depicted in Figures 8 and 9.
Figures 8 and 9 demonstrate the expected response
charting of Na* and BO33 removal percentage (%) by
Ca silicate-PO, NPs against two of the four studied
parameters (pH, concentrations, contact time, and
temperature), while the other two parameters were
set at the medium values (hold values). The diagram
surface's height value determines the removal
percentage's expected response (%). By comparing
the various Ca silicate NPs, it was found that Ca
silicate-PO4 NPs have the largest surface area during
reactions. Fig. 8(a) demonstrates the reciprocal
relationship between pH and concentration. The
removal percentage gradually increases as pH rises
and Na® ion concentration decreases. Furthermore,
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Fig. 8(b) depicts the combined impact of pH and
contact time, wherein the removal percentages
increase as pH is elevated and contact time is
prolonged. Fig. 8(c) illustrates the combined impact
of pH and temperature; the removal percentage
increases when both pH and temperature increase.
Fig. 8(d) illustrates the interaction between
concentrations and contact time; the removal
percentage gradually increases as concentrations and
contact time are reduced. Fig. 8(e) shows the
interaction between concentrations and temperature,
displaying a curving relationship  wherein
temperature decreases as concentrations increase. In
Fig. 8(f), the combined impact of contact time and
temperature is depicted, demonstrating a rapid
increase in removal percentages as contact time and
temperature are prolonged and  decreased,
respectively. Fig. 8(e) displays the interactive effect
of concentrations and temperature, revealing a
curved relationship in the removal percent (%) with
both concentrations and temperature. Fig. 8(f) shows
the combined effect of contact time and temperature,
indicating a slow increase in removal percent (%)



EFFECT OF CALCIUM SILICATE NANOPARTICLES APPLICATIONS ON SALT AFFECTED ... 347

with increasing contact time, while temperature
exhibited a curved relationship.

Figure 9(a) demonstrates the interaction between pH
and concentrations. While concentrations exhibit a
curved relationship with pH, the removal percentage
of BO33drops as pH increases. Figure 9(b)
illustrates the interaction between pH and contact
time, revealing a rapid decrease in removal
percentages as pH and shaking duration increase.
Figure 9(c) demonstrates the interaction between pH
and temperature; although temperature has a curved
relationship with pH, the removal percentage drops
as pH increases. Figure 9(d) demonstrates the
interaction between concentrations and contact time.
The removal percentage of BO33 progressively
increases as contact time is extended, but
concentrations exhibit a curved relationship. The
removal percentage demonstrates a curving
relationship ~ with  both  concentrations  and
temperature, as shown in Figure 9(e), illustrating the
interacting effect of concentrations and temperature.
the removal percentage of BO3® has a curved
relationship with concentrations and temperature.

Figure 9(f) shows the combined effect of contact
time and temperature; the removal percentage of
BO33 slowly increases with increasing contact time,
while temperature exhibits a curved relationship.

3.7. Optimized responses

Table 10 lists the anticipated optimum conditions
(pH, concentrations, contact time, and temperature)
for the removal of Na* and BO33. It indicates the
maximum removal percentages (%) achieved by the
various adsorbents of Ca silicate NPs, reaching their
highest values.

3.8. Effects of application Ca silicate NPs on some
soil properties and dill plant productivity

After the treatment with Ca silicate NPs, Ca silicate-
NO; NPs, and Ca silicate-PO, NPs, significant
effects were observed on the uptake of some
elements such as Na, Ca, B, Si, Al, and Mn in dill
plants, as illustrated in Table 11. However, in the
fresh and dry weight of the dill plant, the contents of
some elements such as Fe, Zn, Cr, and Sr, as well as
the pH and EC of the soil, were not significantly
affected by various adsorbents of Ca silicate NPs.

Surface plot of Na removal % vs pH, Conc. (ppm) Surface plot of Na removal % vs pH, time (h)

Hold Values Hold Values
Time 48.13 Conc. 110
Temp. 318 Temp. 318

20 25

- 25 20

Na removal % Na removal %
20 15
15 1502{)0 1
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Fig. 8. (a—f) The response surface plots for the removal of Na* by using Ca silicate-PO, NPs.
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Fig. 9. (a—f) The response surface plots for the removal of BO33 by using Ca silicate-PO, NPs.

Table 10. The anticipated optimum conditions (pH, concentration, time, and temperature) for the removal of Na* and

BOZ3.
The removed elements & Adsorbents pH g;?g) T(irr:;e T(elT)p. Opti(r;ljrzr:agvglas&c;nses
Removal % of Na* by Ca silicate NPs 8.10 20 96 298 18.78
Removal % of Na* by Ca silicate-PO, NPs 8.10 20 96 298 36.85
Removal % of Na* by Casilicate-NO;NPs ~ 8.10 20 96 298 23.28
Removal % of BO33 by Ca silicate NPs 6.08 54.54 96 308.5 22.47
removal % of BO33 by Casilicate -PO,NPs  6.08 61.81 96 313.3 46.42
removal % of BO3? by Casilicate-NO;NPs ~ 6.08 76.36 96 298 29.63
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3.9. Comparison of removal of Na* and BO33 by
some different adsorbents

Table 12 compares the removal percentages of
Na* and BO33 by various adsorbents in the present

study with other relevant literature. In our
investigation, the removal percentage of Na* and
BO33 by Ca silicate NPs reached 15.72 and 22.36%,
respectively.

Table 12. Comparison of some different adsorbents for removed Na* and BO33.

The removed elements Adsorbents Capacity Reference
Ca silicate NPs 22.36% The present work
Casilicate-PO, NPs 43.98% The present work
Ca silicate-NO3 NPs 25.99% The present work
Amberlite™ (PWAL10 Macroporous 207 eq I Hilal et al. (2011)
polystyrene)
IRA743 (Macroporous polystyrene) 0.7eql™* Hilal et al. (2011)
Diaion (CRB01 Macroporous N 1 .
polystyrene-DVB) 21.2¢eql Hilal et al. (2011)
BO:3 CRBO02 (Macroporous polystyrene-DVB) 209¢eql* Hilal et al. (2011)
3 ™
Dowex™ (BSR-1 Macroporous 1 ;
polystyrene-DVB) 0.7eql Hilal et al. (2011)
Purolite (S108 MaDcs)g;)rous polystyrene- 0.6eq I Hilal et al. (2011)
S110 (Macroporous polystyrene-DVB) 0.8eql™* Hilal et al. (2011)
Uncalcined Mg—Al LDHs 14mgg™ Ferreira et al. (2005)
Uncalcined nitrate-Mg—Al LDHs 20 mg g™ Ay et al. (2007)
Uncalcined LDHs 20mg g™ You et al. (2001)
Mg-Al- MAA LDH 5mgg’ Soliman et al. (2019)
. Musie and Gonfa
0,
Natural bentonite 22.5% (2022)
. . Musie and Gonfa
0,
Activated nano bentonite 24% (2022)
Zeolite (clinoptilolite) 1000 (Gmax)( Mg g™ Shokrian et al. (2015)
Na* Bentonite 1
fique fibers (Furcraea spp.) 15.52 mg g™ Agudelo et al. (2016)
Nanometer Calcium Silicate Channel Capillary method Hou et al. (2017)
Casilicate NPs 15.72% The present work
Ca silicate-PO, NPs 33.18% The present work
Ca silicate-NO3; NPs 19.21% The present work
Sodium leucovat-dye Acid activated natural clay 88% Chaari et al. (2020)

4. Discussions

The results indicating that Burg EI-Arab is
considered an industrial, agricultural, and urban area
(with more than 459 factories) are listed in Table 2.
The pH was 8.01, EC was 5.0 dS m™, and ESP was
9.05, indicating soils fall within the category of
saline soils. The total boron concentration was 99.4
ppm, which is more than the maximum level of
boron in soil (Brdar-Jokanovi¢, 2020).

The FTIR spectrum (Figure 2) reveals chemically or
physically absorbed water (Pavia et al., 2009). The
0-Si-O bond exhibits bands near 750 to 900 cm™.
These bands demonstrate the presence of silicates in
the samples. Bands between 900 and 1100 cm™ can
be attributable to Si-O-Ca bonds (Meiszterics and
Sinko, 2008). The bands in the 1600 to 2500 cm™
range in the studied samples indicate the existence of
unreacted calcium oxide. High-intensity bands of Ca
silicate NPs and Ca silicate-PO, NPs can be observed
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at 1369 and 1415 cm™, respectively. These bands are
caused by bending vibration modes in water
molecules that are adsorbed dimerically and
monomolecularly (Mansha et al., 2011) and are in
the capillary condensation state.

Additionally, it should be noted that the Ca silicate-
NO;z; NPs spectrum shows bands of lesser intensity
when compared to the FTIR bands of untreated Ca
silicate NPs (see Figure 2). Solonenko et al. (2018)
found that Ca silicate-PO, NPs exhibit a sharp band
at 1027 cm™ due to stretching vibrations. The bands
of calcium silicate NPs are different in all three
spectra, suggesting the existence of several kinds of
calcium silicates.

The XRD pattern of amorphous silica (Ca silicate),
as shown in Figure 3, displays a distinctive hump at
20 ~29.8°, indicating the formation of amorphous
silica. The pattern of Ca silicate-NO3; NPs reveals the
crystalline phase. Notably, the smoothness of the
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peaks indicates the removal of impurities in the pores
of the Ca silicate NPs through numerous washings
with deionized water. The pattern of Ca silicate-PO,
NPs leads to numerous site exchanges, high
selectivity, and capacity for different ions (Kotp,
2017).

The diameters of Ca silicate-NO; NPs and Ca
silicate-PO, NPs were decreased from 88.5 nm to
87.9 nmand 62.3 nm during the treatment process, as
illustrated in Figure 4. Due to this observation, the
specific surface areas of powders and exchangeable
processes have significantly increased (Sokolowska
etal., 2004).

Figure 5 shows SEM images depicting the surfaces
of Ca silicate NPs, revealing noticeable gaps. These
gaps may have developed during the first phase of
potassium hydroxide's reaction with the surface of
the silica. The quick shift of Ca silicate-PO; NPs
suggests the swift contact of phosphoric acid with
surfaces. According to Sharma et al. (2009), the
phosphoric solution additives changed the surface, in

o _ H*
3 GO + 2@
® O® D)
_Ca++_ H: H_+
Ca silicate NPs Boric acid
®
O 4+ 2 Nacl
® O
i Ca**_
Ca silicate NPs Sod. chloride

addition to attacking ions on the surface, and
dissolved them into the solution.

The preparation and reaction mechanisms of Ca
silicate NPs involve dissolving them in an alkali
solution and precipitating them in an acidic medium.
Silica can be extracted from rice husks through this
process. When using potassium hydroxide additives,
silica is often extracted as potassium silicate. The
chemical reaction is represented by the following
formula (Equation 16):

SiO, + 2KOH = K,SiO3 + H,0 (16)
This fits well with Chun and Lee, 2020 theory
(Equation 17).

CaSiO; + 2KCI = K;SiO;3 + 2CaCl, 17
Using Ca silicate-NPs to remove BO3?3, the surface
of calcium atoms can pair up with nearby BO33 to
form ionic pairs (see Equation 18 and Figure 10).
The silicate chains can offer several oxygen sites,
facilitating interaction with nearby Na* by forming a
stable Na-O ionic bond, aligning previous findings
(Yang et al., 2019) (refer to Equation 19 and Figure
10).

® _ Catt ® _ N
o ® +3 &
®» ® ® 9 ONU
_ca++_ _Ca++- H+_ H-+
Ca borate Silicic acid
=t caq,
ONU]
Na* Na*
Sod. silicate Ca chloride

Fig. 10. The chemical structure of equations 18 and 19.

3Ca S_io3 (Cassilicate-NPs) + 2H3BOB(boric acid) —> (Ca)S(_BOB)Z(caIcium borate) + 3H28i03 (silicic acid) (18)
Ca S|O3 (Cassilicate-NPs) +2Na CI(sodium chloride) _’N328|03(sodium silicate) +CaC|2(caIcium chloride) (19)

It was observed that the removal of BO3> was higher
than that of Na* when using the same adsorbent.
According to the study conducted by Qiao et al.
(2023), some Na® established fragile physical
adsorption near the outer interphase, while others
formed stable chemisorption with silicon chains by
creating a Na-O-Si connection within the interphase
zone of the calcium silicate surface.

Data in Tables 4 and 5 indicated that the correlation
coefficients for the adsorption capacity were
determined from the isotherm, Langmuir adsorption
constant (K.), and the constants Kg and n. It was

demonstrated that the Langmuir model better fit the
data than the Freundlich model (Jin et al., 2012).

The chemisorption between Na® and BO33 and
various adsorbents of Ca silicate NPs occurred
according to pseudo-second-order Kinetics. This
preference was evident, as the pseudo-second-order
kinetics model showed a better fit with R? than the
pseudo-first-order kinetics model (Musie and Gonfa,
2022).

The potential surface charges of adsorbents may be
altered by the presence of H* or OH™ ions in
solutions. The rate of Na* removal increases when the
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pH of the salty solution is higher than 8, resulting in
an increase in the negatively charged surface
functional groups on adsorbents and electrostatic
interactions between positively charged ions. This
finding aligns with other studies (Cao et al., 2016).
Moreover, as the solution pH rises from 6.08 to 9.5,
the removal percentage of BO33 decreases from
18.98 to 7.70%, respectively. This decrease may be
attributed to OH competition at the adsorption sites
(see Fig. 6).

From the data presented in Table 6, the spontaneous
nature of the adsorption process is demonstrated by
the negative value of AG® obtained for the removal
of Na* and BO33. The consistent decrease in the free
energy value with the temperature rise suggests that
the adsorption process is endothermic. The positive
AG® values confirm the viability of the adsorption
procedure and the specific removal of Na* and BO33
by various adsorbents (Ca silicate NPs, Ca silicate-
NO; NPs, and Ca silicate-PO4 NPs). These findings
suggest the potential of the adsorbents to remove Na*
and BO33 from salt-affected soil solutions, industrial
wastewater, or other liquids that contain Na® and
BO33 at high concentrations.

The expected and experimental results for Ca silicate,
Ca silicate-NQO3, and Ca silicate-PO, NPs and their
ability to remove Na* and BO33, as well as their R?
and Rzadj values, are tabulated in Table 7. In the 31
trials collected from the studied area, the parameters
(pH, concentrations, contact time, and temperature)
were optimized using a multivariate design. These
variables, or components, were chosen for the study
because they substantially impact the adsorption
process.

According to Miller and Miller (2005), the large F
ratio implies that the regression equations (Table 9)
can effectively characterize the variability in
response. The accompanying p-value determines
whether the F ratio is significant enough to imply
any significant effect.

Table 7 establishes the mathematical correlations
connecting the observed response (removal percent
%) of Na" or BO3* and the model variables. These
connections are defined by the regression equations
(10-15) produced by the Minitab statistical software.
These results demonstrate that the effects of large F
ratios with their corresponding p-values less than
0.05 were found with the pH and concentration
factors.

In Figures 7 (a and b), the plots of residuals versus
predictions exhibited a random distribution pattern,
confirming the appropriateness of the regression
model (Hasan et al., 2009).

Figures 8 and 9 show the interactive effects of
parameters (pH, concentrations, contact time, and
temperature) on the removal percentage of Na* and
BO33 by Ca silicate-PO, NPs. Figures 8 and 9
displayed the surface plots of the expected response
of the removal percentage of Na* and BO33 by Ca
silicate-PO, NPs against two of the four studied
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parameters (pH, concentrations, contact time, and
temperature); the other two parameters were set to be
at the medium values. According to Yasin et al.
(2013), the diagram surface's height value determines
the expected removal percentage response.

Table 10, produced from the Minitab statistical
software, displayed the anticipated optimum
conditions (pH, concentrations, contact time, and
temperature) for the removal percentage of Na*
cation and BO33. Under these conditions, the
maximum removal percentages (%) by the various
adsorbents of Ca silicate NPs reached their highest
values.

Table 11 indicates significant effects in soil pH and
EC, and several elements such as Na, Ca, B, Si, Al,
Fe, Sr, and Mn in dill plants occurred at additional
rates.

Although the total boron concentration in the studied
soil was 99.0 ppm, the boron uptake by dill plants
was below the critical level. This may be because
calcium silicate NPs have a strong affinity for boron.
Changes in boron concentration in the soil solution
can significantly impact the quantity of boron
absorbed by dill plants (Brdar-Jokanovi¢, 2020).
There was a significant relationship between Ca
silicate NPs and Na* contents in dill plants. Adding
Ca silicate NPs lowered the contents of Na* in the
leaves of dill plants. This behavior aligns with the
hypothesis conducted by Gong et al. (2006),
suggesting that adding Si complexes reduced the
translocation of Na® from roots to shoots. This
finding agrees with the study of Ahmad et al. (1992),
who found that adding silicate reduced the Na*
contents in rice plant leaf blades. According to
Elsakhawy et al. (2018), silicon is also known to
reduce the absorption of Na* by increasing the
K*:Na" absorption and reducing the toxicity of other
elements.

Table 12 shows the comparison of removal of Na*
and BO33 by some different adsorbents in the present
study, including studies by Hilal et al. (2011),
Ferreira et al. (2005), Ay et al. (2007), You et al.
(2001), Soliman et al. (2019), Musie and Gonfa
(2022), Shokrian et al. (2015), Sommerfeldt (1961),
Agudelo et al. (2016), Hou et al. (2017), and Chaari
et al. (2020). The percentage obtained from these
studies is considered a reliable indicator of removing
Na® and BO33 from the salt-affected soils. These
removal percentages (%) were improved when Ca
silicate NPs were treated with 0.1M HNO; and 0.1M
H3PO4.

5. Conclusions

In this work, various Ca silicate NPs were examined
as adsorbents to remove Na® and BO33from
solutions and soil. The structure of the adsorbents
was characterized using SEM, XRD, FTIR, and DLS.
The studied parameters were pH, concentrations,
contact time, and temperature, with the highest
removal percentage (%) achieved by Ca silicate-PO,
NPs (36.85% for Na* and 46.42% for BO33). The
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Langmuir isotherm model could provide a suitable
interpretation of the adsorption data and the pseudo-
second-order used to characterize the adsorption
process. The uptake of Na* and boron by dill plants
was reduced when various adsorbents of Ca silicate
NPs were added, whereas the uptakes of both Ca and
Si were increased. Finally, we may conclude that
manufacturing Ca silicate NPs from leftover
agricultural materials is a successful approach for
enhancing the ability of dill plants to grow in saline
soils and can increase the disposal of agro-industrial
wastes such as rice husks.
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