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KEYWORDS Abstract Saudi Arabian’s natural diatomite samples were subjected to physical adsorption—des-
Saudi Diatomaceous Earth; orption characterizations using Brunauer-Emmet-Teller (BET) and the Barrett-Joyner-Halenda
Adsorption-Desorption (BJH), performed under heating of 140 °C for different periods of hours: 6, 12, 18, and 24 h, to cre-
design; ate a central optimization design with surface areas and total pore distributions. Seventeen exper-
Catalysts; imental runs resulted in the primary composite factor design. The surface response describes 100 %
Physical properties; variability with a determination coefficient of 1, signifying the quadratic model with an expected
D§sign thimality; correlation coefficient (R?) is satisfied with a standard deviation of 0.2322, demonstrating the high
Dispersion graphs predictability of the model. Moreover, the RSM results have been validated using the ¢-test with the

observed R? value and adjusted R?. The model selected with higher F and p values showed < 0.0001,
which subsequently described the significance of the developed model. The independent compo-
nents were explained with the help of 3D surface and contour plots that compare the heating time,
elapsed time, pressure, and relative pressure against the dependent variable. The plots revealed that
the adsorbed quantities well depended on heating time, elapsed time, pressure, relative pressure for
isotherm, BET surface area, Langmuir surface area, and ¢-plot Micropore area.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fossilized diatomite deposits are abundant on earth. They are microal-
E-mail address: murad_s(@rcjy.edu.sa gae found in various habitats on land, rivers, or the sea. Diatomite is
Peer review under responsibility of King Saud University. any sedimentary deposit high in diatomite remains or diatomite silica
(hydrated silicon dioxide). Diatomite deposits are both ancient and
recent. It can be recognized as crumbly, grey-coloured sediment with
a low specific density in dry conditions.
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(Zahajska et al., 2020; Akin et al., 2000; Flower, 2013). These algae
remain well-preserved in the residue due to their hard silica walls. Dia-
tomites have originally been formed by diatom particles or frustules
that are single-celled photosynthetic algae in aquatic environments
(Harwood et al., 1999; Battarbee et al., 2002; Rachna and Shanker,
2020). There are three main types of diatoms and more than
1000,000 known species in nature. They are primarily amorphous Sil-
ica or silica acid and coated in fibrous pectin. Diatomite surface size
varies from 5 mm to 200 mm in a preserved state (Zahajska et al.,
2020). Physically, diatoms are classified into two major groups; Cen-
trals (a centric diatom) and Pennales (a pennate diatom). Centrals have
a radially symmetrical form, with parts radiating from their center.
However, Pennales are bilaterally symmetrical. Both left and right
parts mirror each other’s structure (Zahajska et al., 2020; Flower,
2013).

1.1. General characteristics and extraction of diatomite

Diatomites are abundant worldwide, easy to obtain, and cheap to
manufacture. They are also biocompatible and safe to handle. Their
characteristic thermal stability and chemical inertia make diatomite a
suitable material for producing additives and fillers in manufacturing
paints, plastics, rubber, fertilizers (Aratjo do Nascimento et al.,
2021; Sannikova, 2021), and medical applications (Janicijevic et al.,
2015; Wei et al., 2022; Huang et al., 2021; Ren et al., 2022; Maher
et al., 2018) catalysts (Zhou et al., 2021; Niu et al., 2022; Acharya
et al., 2022; Liu et al.,, 2022; Ghobara et al., 2019; Wang et al.,
2013), water treatment (Acharya et al., 2022; Zhang et al., 2022) In
its raw extracted form, diatomite (ancient or new) comprises water that
includes natural rock (non-biogenic) and organic substances. After
extraction and preparation, diatomite with more than 80 % silica
becomes commercially valuable. It is sediment composed of 50-80 %
silica (Wiemer and Dziadek, 2017). For thousands of years, humans
have extracted diatomites, and today, they are used both in the pro-
duction of industrial products and for geological study. In industry,
diatomites are additives and fillers for liquid filtration processes. For
example, they can be found in commercial paint manufacturing, rub-
ber products, plastics, pesticides, and fire bricks (Wu and Cong,
2020; Kucuk et al., 2020; Hanif et al., 2022; Elias and Cultrone,
2019). Also, polishes and particular toothpaste contain diatomite due
to its lightly abrasive nature. Modern fertilizers on the land have dia-
tomites that stimulate plant growth and development, improve soil
quality, and increase plant water absorption. Also, dusting crops with
diatomite kills common pests such as aphids, insects, slugs, and snails.
The dust also repels insects and pests in grain crop storage silos. (Shen
et al., 2021).

Diatomites are lightweight and highly porous. For this reason, they
are also widely used in environmental protection in electrical, chemical,
and other industries. Additionally, researchers have exploited natural
silica nanoparticles in an innovative method as a natural delivery sys-
tem for treating cancer cells and other diseases (Manago et al., 2021).
A study of diatomite earth extracted in Ankara, Turkey, revealed nota-
ble changes in the surface areas following the sintering and purification
processes (Manago et al., 2021). The investigation comprised three
forms of diatomite samples: received, calcined, and purified. This study
revealed a significant increase in the specific areas of diatomite samples
from 37.5 m?/g to 81.8 m?/g. Additionally, a study of sorbent derived
from local diatomite modified using aluminum compounds produced
changes in the surface areas. (Goren et al., 2002; Wang et al., 2021).
Samples were tested employing powder X-ray diffraction, FTIR, dif-
ferential thermal, adsorption structural (BET), and chemical analyses.
Heated diatomite in solutions of NaOH followed by aluminum salt
and ammonia produced surface area changes. NaOH treatment, the
amorphous silica surface partially dissolved, and an aluminosilicate
composite formed after aluminum salt application. The resulting com-
position occurred on the surface of the diatomites and the surface of
the broader macros and mesopores. With these formations, significant

increases in the specific surface areas of the diatomite samples from an
initial 37.5 m? /g to 81.8 m? /g were also observed (Datsko et al., 2011).
In a study on Manganese (Mn), the scientists Limei Chen, Zhixian, and
others (Chen et al., 2021) used modified diatomites to investigate
adsorption kinetics and isotherm mechanism. They altered the natural
diatomite by applying acetic acid and sodium hydroxide to adsorbed
Manganese.

The scientists also studied effective structural changes in groups of
diatomite treated with acetic acid and alkali (Chen et al., 2021) using
precise methods; they identified resulting formations and morphologi-
cal architecture, including Fourier Transform Infrared, Scanning Elec-
tron Microscopy, and Brunauer-Emmett-Teller.

1.2. Origins of Saudi Arabian diatomite in the Nafud

Much of the Nafud desert, where pure diatomite deposits exist, has not
been fully explored nor adequately mapped. Soft diatomites have been
discovered and are perhaps more fragile than the known lakes of marl
(sand, silt, or clay) and gypsum. They are likely to be buried, protected,
and conserved under moving sands. Volcanic activity probably influ-
enced the origins of diatomites in Bi’r Al Heezaa. (Whitney and
Gettings, 1982). Superabundant amounts of Silica from the basalt pla-
teaus to the west and south of the Nafud sand arm could have hastened
the production of diatoms in specific deposit areas. It is also possible
that diatomite deposits formed during a more ancient pluvial occur-
rence before the formation of the carbonate lake beds. The fact that
there is 2 m or more of pure and nearly pure diatomite suggests its ori-
gins are in a giant freshwater lake of several kilometers in area. How-
ever, the lake shoreline is not visible. A shallow lake bed curve at the
northeast also indicates basin diatomite deposits along its downward
trajectory. Additionally, the high purity of the diatomite implies that
the dunes in the region were not much contaminated and that the veg-
etation preserved it. It also suggests the absence of constant winds
when lake sedimentation occurs (Whitney and Gettings, 1982;
Whitney et al., 1983; Edgell, 2006).

1.3. Characteristics of diatomite in Saudi Arabia

In Saudi Arabia, there are diatomite deposits in the Tabuk in the
North West region of the kingdom, specifically in the central Nafud
sand sea desert, the southwest area of the Nafud arm at Bi’r Al Heezaa
(Bi’r Al Haydhan). The known deposit is an exposed rocky outcrop of
a transverse dune on a windward side). Other known deposits contain
carbon or gypsum rocky outcrops. Other less exposed outcrops require
further investigation. Much of this vast sea sand terrain consists of
countless traverse dune ridges produced by a persistent westerly wind
over a long period. Massive barchanoid dunes intersperse these tra-
verse ridges. Many barchanoid slip faces may reach up to 100 m in
height and have a 160 m difference between their lowest and highest
points.

The terrain is composed of ever-moving, encroaching, and envelop-
ing waves of sand. Due to the dense packing of wind-cast sands, the
interdunal basins (dried freshwater lakes) are rarely visible. Conse-
quently, this may be why so few diatomite deposits are so far dis-
cernible. Strong winds, shifting sand, and changing dune patterns
have likely resulted in burying and eroding many diatomite deposits
(Whitney and Gettings, 1982).

1.4. Volcanoes and silica

Volcanic activity may have influenced the original formation of diato-
mites in Bi’r Al Heezaa. Abundant amounts of Silica from the basalt
plateaus to the west and south of the Nafud sand arm could have has-
tened the production of diatoms in specific deposit areas. It is also pos-
sible that diatomite was deposited during a more ancient pluvial
occurrence prior to the formation of the carbonate lake beds. The fact
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that there are 2 m and or more of pure and nearly pure diatomite sug-
gests that the deposit origins are in a giant freshwater lake of several
kilometers in area. (Whitney and Gettings, 1982; Cummins and
Mulryan, 1949). Today, the shoreline is not clearly visible. However,
a shallow lake bed curve at the northeast suggests that basin diatomite
deposits may be located along its downward trajectory.

Additionally, the high purity of the diatomite implies that the
dunes in the region did not get so contaminated and may have been
preserved by vegetation.

It also suggests an absence of constant solid winds during the peri-
ods when lake sedimentation occurred. In general, diatomites are com-
posed of Silica and water, about 2-8 %.

The amount of silica deposits contains determines its purity. The
following amounts of Silica, alumina, iron and other elements com-
prise known samples of diatomites sourced worldwide (Whitney and
Gettings, 1982; Cummins and Mulryan, 1949). For scientists to accom-
plish audit study objectives, a comprehensive data collecting and vali-
dation procedure is necessary. Omitting accuracy requirements will
significantly limit the capacity to draw conclusions and likely generate
less reliable results. Potentially, this would lead to obfuscation in the
usage of characterization materials equipment. As a result, the primary
goal of this study is to effectuate and optimise a complete data design
for physical properties such as BET surface area, Langmuir surface
area, r-plot micropore area, and quantity adsorbed based on a variety
of heating times. Then, it will report a complete statistical optimization
data set with independent variables and their responses.

Nowadays, response surface methodology (RSM) is in high
demand in studying materials science, health, and the environmental
sector (Manirul Haque, 2022a,b; Azmi et al., 2022; Sirhan Al-Batty
et al., 2022). This RSM methodology reduces the number of experi-
mental trials (Hossain et al., 2022) required, conserves lab instruments
and devices (Zhou et al., 2021), and ultimately reduces analytical costs.
A magnetic graphene oxide (Sheikhmohammadia et al., 2019) was
studied using a central underwater composite design (RSM) methodol-
ogy to optimize an appropriate functional relationship between the
response and related input variables by RSM using R software. The
best model to forecast and optimize GFM composite nanomaterials
was determined to be the second-order model (Sheikhmohammadia
et al., 2019).

In addition, the RSM assessed the rate of cyanide reduction in
aqueous solutions by adsorption to the magnesium composite diato-
mite doped with alginate polymer beads (DMBA). The highest value
of the correlation coefficient (0.92) was adopted as the appropriate
model for the adsorption process, proving that RSM is an effective
experimental technique for designing a statistical equation
(Rasoulzadeh et al., 2021). The degradation of nonylphenol
polyethoxylates (NPEs) was also studied using persulfate (PS) acti-
vated by naturally occurring semiconductor pyrite minerals (NP-
SCM) in aqueous solutions. Effects of various factors, including solu-
tion pH, NP-SCM dose, NPE, and PS concentrations, were examined
using the RSM and the Box-Behnken Design Technique (BBD). The
impact of several factors, including the solution pH, NP-SCM dose,
NPE, and PS concentrations, were examined using the Response Sur-
face Method (RSM) and the Box-Behnken Design Technique (BBD)
(Asgari et al., 2020). In addition, the optimization of data revealed
by the response surface methodology using R software adsorption
onto alginate beads impregnated with magnetic diatomite (ABMD)
helped to investigate the decrement rate of triclosan (TCS) in aqueous
solutions. Due to the 0.05 lack of fit and the larger R2 in the other
models, the second-order model was selected as the most suitable
one (Rasoulzadeh et al., 2021).

The objective of this study is to optimize the physical adsorption—
desorption design of natural diatomite from Saudi Arabia. In this
regard, seventeen trial runs were used to create the significant compos-
ite factor. Furthermore, Box-Behnken simulations were chosen to
investigate and discover more about nearby and natural diatomites,

permitting extended future investigation. To date, the research litera-
ture has yet to provide a modeling and optimization approach for
the Saudi Arabian diatomite that includes its physical characteristics.

2. Experimental

2.1. Materials and chemical compositions

In Saudi Arabian, natural diatomite was collected from the
North West of the kingdom. These diatomite sediments are
located in the central Nafud sand sea desert, which is
300 km long and 200 km wide, specifically in the southwest
area of the Nafud arm at Bi’r Al Heezaa (Bi’r Al Haydhan).
The deposits are 300 km due north of the city of Madina Al
Munawara and 70 km east of the ancient city of Tayma
(Whitney et al., 1983). The known deposit is an exposed rocky
outcrop of a transverse dune on a windward side—analysis of
the chemical composition by X-ray fluorescence spectroscopy
(XRF) (S8 TIGER de Bruker).

2.2. XRD

This research was performed with a Seifert-FPM 7 XRD
diffractometer. The applied emission was Co K-alpha with a
Fe filter. The X-ray tube parameters were 35 kV/25 mA with
a 20 scatter angle (4 for halloysite and 7 for diatom earth)
for phase analysis up to 60-90.

2.3. Physical characterizations and conditions

The surface area study was performed with natural Bi'r Al
Haydan diatomites. Samples were pulverized and passed
through a metal particle sieve (250 pm). After being washed
in distilled water, 0.2 g of the non-chemically treated powdered
material was dried in an oven for four hours at 40 °C after
being washed in distilled water. The Natural Diatomite sample
was subjected to the isotherm characteristics of the sample by
using; Brunauer-Emmet-Teller (BET) and the Barrett-Joyner-
Halenda (BJH), mainly to establish surface areas and total
pore distributions using the Micromeritics Gemini 2375 and
Gemini V. instrument. Then, in a programmable furnace, an
amount of diatomite was heated at temperature levels starting
at room temperature and reaching up to 140 °C. The heating
rate was set to rise at 10 °C per min. Intervals but without
any acid or purification treatment. Samples were heated and
investigated after 6, 12, 18, and 24 h. Subsequently, a sample
of each operating period was analyzed to determine the pore
surface morphology, size, and volume using the Gemini 2375
and Gemini V Micromeritics instrument.

2.4. Central composite experimental design

The current investigation involved a factorial design for
response surface methodology — central composite design opti-
mization (Manirul Haque and Box-Behnken, 2022). The statis-
tical experiments were designed using the Design-Expert
software (free trial 10.0.7.0 version). They randomly conducted
17 experiments to optimize Isotherm, BET surface area, Lang-
muir surface area, and ¢-plot Micropore area conditions.
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Response surface graphs were employed to evaluate the factor
correlation between the independent variables. The indepen-
dent variables are for isotherm: a. heating time (hour), B.
elapsed time (minute); BET surface area: a. heating time
(hour), B. relative pressure; Langmuir surface area: a. heating
time (hour), B. pressure (mmHg); #-plot Micropore area: a.
heating time (hour), B. relative pressure against the quantity
adsorbed (cm?/g).

The analysis of variance (ANOVA), contour plots, and
response surfaces assisted in evaluating the response model’s
statistical and correlation interaction between dependent and
independent variables. Remarkably, the design provided to
assess the results concerning the concurrent factor discrepan-
cies in the studied trial sections to enhance the experimental
settings. The correlation coefficient (R?) conveyed the fitted
model’s quality. In contrast, the F-test assessed its geometric
importance at the 5 % confidence level and confirmed the
regression coefficients were expanding. The #-test comprised
only significant coefficients with a p-value < 0.05. The opti-
mum processing constraints were acquired via the desirability
function based on the response by applying graphical and
numerical analysis.

3. Results and discussion

3.1. Chemical composition

The percentage weight of Silica (86.3 %), Alumina (1.1 %),
and Iron Fe,O; (2.21 %), with ignition losses (7.9 %). The
chemical composition of the samples also contained other
trace elements, including calcium oxide CaO, phosphorus pen-
toxide P,Os, Magnesium Oxide MgO, Sodium Oxide Na,O,
and Titanium Oxide TiO,. Moreover, the contamination level
of the samples was low. The Silica’s high content and its low
quantities of alumina, iron, and lime serve as proof. Table 1
compares the results obtained in this investigation and others
in the previous literature. (Whitney et al., 1983) and pointed
to a close comparison.

3.2. XRD

All diatomite samples (white color) collected were found to
have broad peaks in the Cristobalite Peak area. The principal

quartz spike was seen in diatomite samples and small samples.
This quartz spike indicates the presence of quartz silt grains, as
these small amounts of clay are likely to be present in the lake
bed.

3.3. Results of experimental physical characterization of the
central composite and optimization of its design.

By altering the essential parameters and their impact, RSM-
CCD normalizes the process and produces a second-degree
polynomial model. The quadratic model estimated the higher
F and regression coefficient value, lower standard deviation,
and higher p-value. The ANOVA confirmed the model’s
increased significance, which was accomplished with p val-
ues < 0.05. With only 17 experimental runs, the study’s likely
isotherm, BET surface area, Langmuir surface area, and z-plot
Micropore area can be determined using the quantity adsorbed
(cm®/g). (Tables 2-5). A multi-regression analysis was gener-
ated based on their experimental data between independent
factors against its dependent variable as a response to pre-
dicted values and in accordance with the empirical findings.
The following equation can be used to calculate the predicted

adsorbed quantity using the second-order polynomial
expression:

With coded formula

Isotherm:

Quantity adsorbed = 44.44 + 4.69 a + 3.6B + 1.45aB —
6.60 a® — 17.20 B>

BET surface area:

Quantity adsorbed = 15.62 + 0.6525 a + 1.88B — 0.0723
aB — 0.5063 a® — 0.1850 B>

Langmuir surface area:

Quantity adsorbed = 16.89 + 0.5151 a + 1.82B + 0.2651
aB — 0.6551 a® — 0.9309 B>

t-plot Micropore area:

Quantity adsorbed = 16.89 + 0.5151 a + 1.82B + 0.2651
aB — 0.6551 a® - 0.9309 B>

With uncoded formula

Isotherm:

Quantity adsorbed = [- 44.74 + (1.67 x Heating time) +
(36.63 x Elapsed time) + {0.08x(Heating time x Elapsed
Time)} — (0.08 x Heating time®) — (4.36 x Elapsed time?)].

BET surface area:

Table 1 Chemical composition comparison for the Bi Al Heezaa diatomite from different sources.
Current results Comparison with the literature (Whitney et al., 1983)

Consistent (%) Bi’r Al Heezaa Bi’r Heezaa Lombpoc, Ca Maryland Russian Urlas Kenya Algeria
Silica (SiO,) 86.3 85.0 98.70 79.55 79.92 84.50 58.40
Alumina (Al,O3) 1.1 1.40 3.72 8.18 6.58 3.06 1.66
Lime (CaO) 0.39 0.43 0.30 0.25 3.00 1.80 13.80
Magnesia (MgO) 0.21 0.21 0.55 1.30 0.81 0.39 4.57
Sodium Oxide (Na,0) 0.21 0.18 0.31 1.31 0.50 1.19 0.96
Potassium Oxide (K,0) 0.2 0.20 0.41 2.62 0.39 0.91 0.50
Iron Oxide (Fe,03) 2.21 2.34 1.09 0.70 3.56 1.86 1.55
Titanium, Oxide (TiO,) 0.09 0.10 0.10 0.70 0.48 0.17 0.10
Phosphate (P,Os) 0.08 0.07 0.20 - - 0.04 0.20
Ignition Loss (LOT) 7.9 8.27 3.70 5.80 5.20 6.08 17.48
Total 98.69 98.2 99.98 99.71 99.37 100 99.22
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Table 2 Central composite design with isotherm included
independent variables and their response.

Table 4 Central composite design with Langmuir surface area
included independent variables and their response.

Runs a. Heating B. Elapsed Quantity adsorbed Runs a. Heating time B. Pressure  Quantity adsorbed
time (Hour) time (minute) (cm’/g) (Hour) (mmHg) (cm®/g)
Experimental  Predicted Experimental  Predicted

1 6 1.27 3.38 3.32 1 6 9.79 12.33 12.35
2 6 6.89 12.28 12.14 2 6 250.21 17.24 17.22
3 0 2.09 13.77 13.79 3 0 45 13.23 13.26
4 0 6.06 18.01 18.10 4 0 215 16.35 16.35
5 18 2.09 20.15 20.28 5 18 45 13.73 13.73
6 18 6.06 30.21 30.37 6 18 215 17.91 17.94
7 12 4.08 45.11 45.27 7 12 130 16.99 16.99
8 12 4.08 45.11 45.27 8 12 130 16.99 16.99
9 12 4.08 45.11 45.27 9 12 130 16.99 16.99
10 12 4.08 45.11 45.27 10 12 130 16.99 16.99
11 12 4.08 45.11 45.27 11 12 130 16.99 16.99
12 12 4.08 45.11 45.27 12 12 130 16.99 16.99
13 24 4.08 33.78 33.93 13 24 130 15.93 15.94
14 24 4.08 33.78 33.93 14 24 130 15.93 15.94
15 12 4.08 45.55 45.27 15 12 130 16.99 16.99
16 12 4.08 45.55 45.27 16 12 130 16.99 16.99
17 12 4.08 45.55 45.27 17 12 130 16.99 16.99

Table 3 Central composite design with BET surface area
included independent variables and their response.

Table 5 Central composite design with 7-plot micropore area
included independent variables and their response.

Runs a. Heating time B. Relative Quantity adsorbed Runs a. Heating time B. Relative Quantity adsorbed
(Hour) pressure (ecm®/g) (Hour) pressure (em’/g)
Experimental Predicted Experimental Predicted

1 6 0.03 12.28 12.26 1 6 0.11 15.45 15.44
2 6 0.23 17.67 17.69 2 6 0.74 26.59 26.58
3 0 0.06 12.32 12.31 3 0 0.20 15.28 15.27
4 0 0.20 16.23 16.23 4 0 0.65 22.92 22.92
5 18 0.06 13.77 13.79 5 18 0.20 17.35 17.36
6 18 0.20 17.39 17.39 6 18 0.65 25.7 25.71
7 12 0.13 15.78 15.79 7 12 0.425 21.26 21.26
8 12 0.13 15.78 15.79 8 12 0.425 21.26 21.26
9 12 0.13 15.78 15.79 9 12 0.425 21.26 21.26
10 12 0.13 15.78 15.79 10 12 0.425 21.26 21.26
11 12 0.13 15.78 15.79 11 12 0.425 21.26 21.26
12 12 0.13 15.78 15.79 12 12 0.425 21.26 21.26
13 24 0.13 153 15.28 13 24 0.425 20.4 20.42
14 24 0.13 15.3 15.28 14 24 0.425 20.4 20.42
15 12 0.13 15.78 15.79 15 12 0.425 21.26 21.26
16 12 0.13 15.78 15.79 16 12 0.425 21.26 21.26
17 12 0.13 15.78 15.79 17 12 0.425 21.26 21.26

Quantity adsorbed = [10.19 + (0.19 x Heating time) +
(37.74 X Relative  pressure) —  {0.12x(Heating
time x Relative pressure)} — (0.01 x Heating time?) — (37.76
x Relative pressure®)].

Langmuir surface area:

Quantity adsorbed = [11.16 + (0.16 x Heating time) + (0.
05 x Pressure) + {0.0003 x(Heating time x Pressure)} — (0.0
1 x Heating time?) — (0.0001 x Pressure?)].

t-plot Micropore area:

Quantity adsorbed = [12.61 + (0.3 x Heating time) + (12.
21 x Relative pressure) + {0.09x(Heating time x Relative
pressure)} — (0.01 x Heating time?) + (5.61 x Relative
pressure?)].

But pressure variations are what most significantly con-
tribute to the Langmuir surface area. However, relative pres-
sure and its combined effects with heating may affect how
the sample adsorbs in the z-plot micropore area. The quadratic
model’s response surface fit can be evaluated for precision
using the analysis of variance (ANOVA). The chosen model
must have higher F values and a p-value of at least 0.0001,
demonstrating the model’s importance (Tables 6-9). It was dis-
covered that the elapsed time had a more significant impact on
the isotherm to adsorbed quantity than the heating duration. It
might also be affected by the square value of the time that has
passed and the result of adding heating. The square of the
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Table 6 The quadratic model concerning isotherm with F and p values.

Source Term df Error df F-value p-value

Whole-plot 1 4.95 16397.01 < 0.0001 Significant
B? 1 4.95 16397.01 < 0.0001

Subplot 4 6.74 42286.87 < 0.0001 Significant
a-Heating time 1 4.95 924.87 < 0.0001

B-Elapsed time 1 5.98 97181.70 < 0.0001

aB 1 5.98 8702.41 < 0.0001

a’ 1 5.24 7105.27 < 0.0001

Table 7 The quadratic model concerning BET surface area with F and p values.

Source Term df Error df F-value p-value

Whole-plot 3 11.00 8.026E + 06 < 0.0001 Significant
a-Heating time 1 11.00 1.071E + 07 < 0.0001

a’ 1 11.00 1.178E + 07 < 0.0001

B’ 1 11.00 1.152E + 06 < 0.0001

Subplot 2 11.00 8.111E + 07 < 0.0001 Significant
B-Relative pressure 1 11.00 1.520E + 08 < 0.0001

aB 1 11.00 1.248E + 05 < 0.0001

Table 8 The quadratic model concerning Langmuir surface area with F and p values.

Source Term df Error df F-value p-value

Whole-plot 3 11.00 4.510E + 07 < 0.0001 Significant
a-Heating time 1 11.00 1.140E + 07 < 0.0001

a? 1 11.00 3.368E + 07 < 0.0001

B> 1 11.00 4.982E + 07 < 0.0001

Subplot 2 11.00 1.237E + 08 < 0.0001 Significant
B- Pressure 1 11.00 2.440E + 08 < 0.0001

aB 1 11.00 2.862E + 06 < 0.0001

Table 9 The quadratic model concerning #-plot micropore area with F and p values.

Source Term df Error df F-value p-value

Whole-plot 3 2.00 3.955E + 05 < 0.0001 Significant
a-Heating time 1 2.00 1.688E + 06 < 0.0001

a2 1 2.00 1.521E + 06 < 0.0001

B® 1 2.00 1.009E + 05 < 0.0001

Subplot 2 9.00 4.736E + 09 < 0.0001 Significant
B-Relative pressure 1 9.00 9.123E + 09 < 0.0001

aB 1 9.00 9.988E + 06 < 0.0001

elapsed time and the combined effect of elapsed time and heat-
ing may also have an impact.

In contrast, the relative pressure and square values were
more critical during the quantity adsorbed in the case of
BET surface area. However, the most significant contribution
to the Langmuir surface area is made by pressure factors.

Based on the t-plot micropore area, relative pressure and its
combined effect with heating could affect the sample’s adsorp-
tion. In addition, the response model might represent 100 %
variability with a determination coefficient of 1, corresponding
to the quadratic model. Isotherm, BET surface, Langmuir, and
t-plot micropore design’s predicted values were close to the
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mean values, demonstrating the model’s excellent predictabil-
ity. The predicted R2 (1) is satisfied with the adjusted R2 (1)
and the lack of fit values of 0.0006, 7.55 x 10%, 4.42 x 107
and 6.28 x 107 respectively,

A case study of pyrrole adsorption on natural diatomite
from Saudi Arabia was described in the literature (Alsawalha
et al., 2019), employing temperature-programmed desorption
of pyrrole and regression analysis maths modeling. As a result,
it was determined that the activation energy was crucial during
the adsorption step (Alsawalha et al., 2019). Evaluation of the
statistical and correlation interaction between dependent and
independent variables in the response model was aided by
the study of ANOVA (Alsawalha et al., 2019), contour plots,
and response surfaces. The qualitative and quantitative aspects
have also been covered in the literature (Alsawalha et al., 2019;
Anderson-Cook et al., 2009; You et al., 2021; Raymaekers and
Rousseeuw, 2021). Remarkably, the design offers a way to
evaluate the findings about concurrent factor disparities in
the investigated trial sections to improve the experimental con-
ditions. The quality of the fitted model was expressed by the
correlation coefficient (R2). In contrast, the F-test determined

Predicted vs. Actual Box-Cax Plot for Power Transforms
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its geometric importance at the 5 % confidence level and vali-
dated the expanding regression coefficients. Only significant
coefficients with a p-value of < 0.05 were included in the #-test.

The actual predicted plot is a scatter plot, allowing for a
visual assessment of potential fit issues. A fair estimate must
yield anticipated values that, on average, correspond with
the observed values. A complete model analysis contrasts the
entire model with all the factors added to the intercept for
the alternative hypothesis with the model with only intercepts
for the null hypothesis. As a result, these models can be used to
evaluate the responses. The expected and actual results are
compared (Fig. la, 1d, 1 g, and 1j). The observed values resem-
ble the expected value very well. The expected response values
for each run are typically dispersed over a straight line.

A Box-Cox is a transformation of non-typical dependent
factors into a standard shape (Larouci et al., 2015). It is an
essential hypothesis for the statistical procedures in which
abnormal data applying a Box-Cox means that it can run a
more significant number of experiments. The model was inves-
tigated with each crucial transformation, confirming that no
conversion is necessary (Fig. 1b, le, 1 h, and 1 k). The pertur-
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Central composite design for isotherm with tested variables (a) Predicted vs Actual (b) Box-Cox plot for power transforms (c)

Perturbation; for BET surface area: (d) Predicted vs Actual (e) Box-Cox plot for power transforms (f) Perturbation; for Langmuir surface
area: (g) Predicted vs Actual (h) Box—Cox plot for power transforms (i) Perturbation; for t-plot micropore area: (j) Predicted vs Actual (k)

Box—Cox plot for power transforms (1) Perturbation.
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Fig.2 2D contour plot due to the effect of (a) heating time and elapsed time for isotherm, (b) heating time and relative pressure for BET
surface area, (c) heating time and pressure for Langmuir surface area, (d) heating time and relative pressure for t—plot micropore area.

bation explains the significance of independent factors and
their effect on the responses. The elapsed time was adequate
with the heating time (Fig. 1c).

In contrast, in other cases (Fig. If, 1i, 1 1), pressure and rel-
ative pressure were more influential in the responses. The con-
tour graph exhibits a relationship between two independent
factors and a dependent. The plot indicates the response values
for combinations of independent variables. It is effective when
identifying independent variable combinations that deliver
favorable dependent values. The advantage of the 3D surface
graphs is that they explain the corresponding response factors
to two predictors available for different types of investigations
(Jumah et al., 2021; Yun et al., 2022; Liu et al., 2020; Piri et al.,

2021). It is a valuable three-dimensional graph for considering
desired response values with operating requirements. The heat-
ing time, elapsed time, pressure, and relative pressure against
the dependent variable were clarified with 3D surface and con-
tour plots. The earlier investigation on the natural diatomite
has shown that significantly higher heating ranges between
600 °C and 1200 °C have led to a change in the structure of
the materials (Ibrahim and Selim, 2012). The plots disclosed
that the adsorbed quantities were well-depended on heating
time, elapsed time, pressure, relative pressure for isotherm,
BET surface area, Langmuir surface area, and ¢-plot microp-
ore area, and this is in agreement with the literature (Bello
etal., 2014). As a result, the responses to the variables in Figs. 2
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and 3 were inconsistent. The amount of adsorbed material rose
as heating time and elapsed time increased; however, after
12.716 h of heating, it began to degrade according to isotherm.
The BET surface also produced similar results. Here, relative
pressure increased the material adsorbed with a heating time
of 3.254 hrs. The heating time, pressure, and relative pressure
were also used to create Langmuir and #-plot. The adsorbed
quantity initially increased with the addition of independent
parameters but eventually started to decline and was optimized
using the RSM-CCD, as shown below. The amount adsorbed
initially increased with the addition of independent parameters
but eventually started to fall and was optimized using the
RSM-CCD, as shown below.

The following are the optimum experimental conditions for
desirability-one:Isotherm:

Quantity Adsorbed (cm3/g)

Quantity Adsorbed (cm3/g)

3D surface plot due to the effect of (a) heating time and elapsed time for isotherm, (b) heating time and relative pressure for BET
surface area, (c) heating time and pressure for Langmuir surface area, (d) heating time and relative pressure for t—plot micropore area.

Heating time — 12.716 (hour).
Elapsed time — 4.825 (minute).
Adsorbed quantity — 44.379 (cm?’/g).
BET surface area:

Heating time — 3.254 (hour).
Relative pressure — 0.078.

Adsorbed quantity — 13.458 (cm?/g).
Langmuir surface area:

Heating time — 5.243 (hour).
Pressure — 122.879 (mmHg).
Adsorbed quantity — 16.412 (cm?/g).
t-plot Micropore area:

Heating time — 3.342 (hour).
Relative pressure — 0.416.

Adsorbed quantity — 19.682 (cm®/g).
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4. Conclusions

The findings offer a thorough examination and a coherent account of
the simultaneous influence of independent variables, such as tempera-
ture and relative pressure, on the morphology of natural diatomite sur-
faces. The F test verified that the regression coefficients had increased
and assessed its geometric significance at the 5 % level. The ¢-test only
included significant coefficients with a p < 0.05, and pressure and rel-
ative pressure significantly impacted the results. On the other hand, the
contour graph showed a relationship between two independent compo-
nents, with an R2 coefficient of dependency and correlation represent-
ing the quality and how well the updated model worked. Finally, the
current data research can aid scientists in scaling up the production
and usage of local materials for a variety of industries, including phar-
maceutical manufacture, environmental and water treatment, indus-
trial catalysts, and cement-based additives.
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