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Abstract

The study explored the efficacy of an innovative adsorbent crafted from carbon nanotubes and carbon
nano fibbers integrated with aluminium oxide, in purging water solutions of both organic (2-Nitrophenol)
and inorganic (Chromium III) contaminants. The study refined the aluminium impregnation method
to boost the adsorption efficiency of CNAs/Al,O3 in removing certain pollutants. Through a central
composite design (CCD) strategy, optimal adsorption conditions were determined. The most effective
removal of 2-NPh (2-Nitrophenol) and Cr** (Chromium III) occurred with CNAs/Al,O3 at an 18%
impregnation ratio, after 3 hours of ultrasonication and calcination Temperature at 300°C. This technique
yielded adsorption capacities of 82.02mg/g for 2-NPh and 96.57mg/g for Cr**. The aluminium content in
the adsorbents, prepared under these specified conditions, was verified, and measured using EDX (Energy
Dispersive X-ray) analysis. Further, BET (Brunauer-Emmett-Teller) measurements revealed the impact
of aluminium ratios on the surface area of CNAs/Al,O3, where an 18% aluminium ratio led to a surface
area of 176 mz/g, diminishing to 125 m2/g and 110 m2/g for 20% and 22% aluminium ratios, respectively.
The Predicted adsorption capacity for 2-NPh was estimated at 83.154mg/g, aligning closely with the
observed 82.02mg/g, while the estimate for Cr* at 97.80mg/g nearly matched the actual 96.57mg/g.
A validation study evaluated the predicted adsorption capacities for both contaminants, finding that the
actual capacities were 86.79mg/g for 2 — NPh and 99.79mg/gg, . Cr>*. The study noted an acceptable
error margin in optimal adsorption capacity of about 4.5% for 2 - NPh and 2% for Cr>*. The optimized
integration of metal oxides with CNAs through impregnation significantly enhances their efficacy in
removing pollutants, particularly when aluminium oxide is used to boost their capacity for purifying
wastewater by extracting both organic and heavy metal contaminants.

Keywords: Chromium; 2-Nitrophenols; Aluminium oxide and Carbon Nano Adsorbent.

1.

Introduction

Toxic substances, often originating from human activities, are contaminating ecosystems and posing
risks to life by causing oxidative stress [1], DNA damage [2], and apoptosis [3] in living cells.
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Substances like chromium (Cr) and 2-nitrophenol (2-NP) particularly are hazardous as they can
travel and persist in the environment without degrading [4]. The remediation of water contaminated
with these toxins can be accomplished through costly and energy-demanding methods like reverse
osmosis and ion exchange [5], or less energy-intensive methods such as adsorption. Cr has been
identified as a cancer potential substance as exposure to this substance is associated with multistage
carcinogenesis and epigenetic alterations [6]. The transformation of Cr’* to the more toxic and
hazardous Cr** is a notable concern [7]. It is possible to convert Cr** back into Cr3* using both
biological [8] and chemical methods [9]. Regulation of Cr compounds underscores this concern, as
evidenced by the EU’s discharge limits, which are tailored to the specific water body affected [10].
Furthermore, 2-NP, commonly found in pharmaceuticals [11], pesticides [12], and dye products
[13], pose a significant environmental concern due to their toxicity, carcinogenicity, andresistance
to degradation, attributed to their unique chemical structure [14]. As a result, they are listed as EPA
priority pollutants [15]. Studies in the literature have further elucidated the environmental impact of
2-NP, demonstrating their transformation into more harmful and carcinogenic byproducts through
tertiary ozonation treatment [16], [17].

An adsorption method can be used to remove toxic substances and is widely favored due to its
simplicity, renewability, and versatility [2], [3]. Nanoparticles, available in standalone, functionalized,
modified, or substrate-incorporated forms, have been demonstrating significant promise in adsorption
processes. Their high chemical activity and ability to provide customizable surface areas enhance
the efficiency of adsorption [4]. Another advantage of nanoparticles is their ability to remove very
low pollutant concentrations [5], can be mobilized [6], and produced in a simple and eco-friendly
technique [7], [8]. Carbon nanostructures, such as carbon nanotubes (CNTs), are popular adsorbents
due to their excellent surface characteristics, ease of modification, large specific surface area, simplicity,
and reusability. CNTs can be functionalized both covalently [25] and non-covalently [26], similar
to graphene, enhancing their suitability for various applications. CNTs and graphene belong to
the same carbon family and have similar surface characteristics, but their adsorption capacities for
organic pollutants differ due to their different structures and chemical properties, which allow for
different organic molecule uptake mechanisms [27]. The adsorption mechanism can occur through
van der Waals forces, — stacking, hydrophobic interactions, hydrogen bonding, and electrostatic
interactions [28].

Metal oxides, available in nanoparticle form, are another excellent adsorbent choice due to their
low toxicity and high thermal stability, surface area, and porous structure [29]. Generally, pure
metal oxides exhibit reduced fouling and wetting in membrane matrices due to their superhydropho-
bic or amphiphilic nature [30]. When incorporated into nanocomposites with precise structure,
crystallinity, and surface properties, metal oxides serve as large bandgap energy semiconductors
that are both non-toxic and water-stable. These semiconductor nanomaterials play a crucial role in
photocatalytic processes, requiring the generation of oxygen. By absorbing photons, they increase
oxygen vacancies, thereby facilitating the conversion of organic pollutants into low or intermediate
hazardous byproducts such as carbon dioxide, water, and inorganic ions [31]. Carbon nanomaterials
were altered with metal oxides, including aluminum oxide (Al;O3, ) in recent work. The study
indicated that the nanomaterials greatly increased 2-NP and Cr* adsorption [32]. This discovery
suggests that combining carbon nanomaterials with metal oxides can improve water treatment
systems for varied contaminants.

The recent use of Response Surface Methodology (RSM) to frame experimental research, par-
ticularly in water treatment, is noteworthy [33]-[36]. This method is increasingly used to assess
and alter water filtration system operational parameters. RSM has helped researchers construct trials
that quickly evaluate the complex interactions between treatment parameters, improving pollution
removal and water quality. This unique application shows RSM’s crucial role in water treatment
development through rigorous experimental design and optimization.
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This study aims to enhance the removal efficiency of 2-NP and Cr®* through adsorption using
( CNAs/Al,O3) by integrating RSM to fine-tune the adsorption performance. CNAs, composed
of carbon nanotubes and carbon nanofibers were utilized for this purpose. The significance of
this research lies in its potential to effectively remove the contaminants from water with the aid
of RSM.AI, O3 serving as an adsorbent, offers a promisingly efficient and cost-effective method
for water purification. Its properties enable it to attract and bind specific contaminants, thereby
facilitating their removal from water. Therefore, insights gained from this research could lead to
scalable water treatment solutions that can be implemented in various settings, from small-scale local
systems to large-scale industrial applications.

2. Materials and method
2.1 Materials and Chemicals

In this study, we used Conical Carbon Nanofibers (CCNFs) supplied by Hebei Liche Zhuoge
Environmental Technology Co., Ltd, selected for their exceptional purity of 99.99%. Their effec-
tiveness has been demonstrated in previous studies [35], [36] and further documented in additional
academic articles [37], [38], [39]. These CCNFs featured diameters ranging from 75 to 25 nm and
lengths between 20 to 30 m. The study also used MWCNTSs (Multi-Walled Carbon Nanotubes)
sourced from Sigma Aldrich, characterized by a minimal trace metal presence below 2000ppm, with
average and outer diameters of 8.7 nm and 6.0 nm respectively, lengths from 2.5 to 20pum, an inner
diameter of 2.0 nm, and a purity of 98.99%. All reagents utilized were of analytical quality, includ-
ing (Al(NO3); - 9H,0) at 98% purity, 2-Nitrophenol (CsH5NO3) in powder form, Cr (NO3)4
at 98.5% purity, along with (NaOH), (HNO3), (C3HO), and C;H5OH, all meeting high purity
standards of at least 98%.

2.2 Synthesis of (CNAs/ Al,O3)

Our earlier research capped Al,O3 deposition on carbon nanostructures (CNAs) at 20% to preserve
their adsorptive properties, which can decline with too much metal oxide. Metal impregnation ratio,
sonication time, and calcination temperature were found to improve the CNA/Al,O3 composite’s
2-NP and Cr?* adsorption. The synthesis was conducted following the procedures documented by
Kabbashi, Thsanullah, Zhao, and Al-Khaldi et al. [36], [40], [41], [42], respectively. Initially, carbon
nanotubes (CNTs) and carbon nanofibers (CNFs) underwent an acid purification process using
1.0MHCI(35%). This was followed by filtration and thorough rinsing until reaching a neutral pH,
which indicated the removal of acid and other impurities. The materials were then dried overnight
at 80°C. This acid wash process significantly improved the adsorptive surface area of both the CNTs
and CNFs. While the synthesis of nanocomposites through the integration of carbon nanostructures
and metal oxides has been described by Asmaly H., Gouda, Natrayan, and Atieh, as cited in references
[32], [37], [38], [39]. The synthesis of CNAs /Al,O3 started by mixing 100mg each of CNTs and
CNFs in 50ml centrifuge tubes, ensuring an even distribution of the carbon nano adsorbents using a
vortex mixer. In the subsequent stage of impregnation, different amounts of Aluminium Nitrate as
specified in Table 1. (Figure 1) were each dissolved in 20ml of deionized water, stirring slowly for
an hour. Following this, 200mg of CNAs were incorporated into each Al,O3 solution across three
100ml beakers, stirred smoothly for two hours. Each beaker’s contents, comprising CNAs and Al,
were then mixed with 50ml of 99% ethanol, stirring for half an hour. Afterward, the mixture was
allocated into small pots, marked as outlined in Figure 1, according to the experimental Design layout.
The sonication time and drying steps were adjusted as per the experimental Design layout. The
sonication time and drying steps were adjusted as per the experimental software’s advice to remove
any residual moisture and ethanol. The calcination process was carried out at specific temperatures
to get rid of organic and nitrate debris, thereby enabling the Al,O3 particles to bind to the surfaces
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of the CNAs. The concluding phase involved cleansing and desiccating the samples at 80°C for a
day, preparing them for their role in adsorbing 2-NP and Crot

22% 20% 18%
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Figure 1: The Prepared samples of CNAs with three ratios of Al,O3 at different conditions.

Table 1: The factors and their levels for adsorption of 2-NPh and Cr**

Factor Name Units  Min Max Coded Low Coded High Mean  Std. Dev.
A Alimpregnation-Ratio % 18.00 22.00 -1+ 18.00 +1 ¢+ 22.00 20.00 1.630

B Sonication Time hr 1.0000 3.00 -1+ 1.00 +1 <+ 3.00 2.00 0.8165

C Calcination Temperature  C 300.00 500.00 -1+<>300.00 +1<>500.00 400.0 81.65

2.3 The stock solution and adsorption studies

A 2-NPh solution of 1000ppm was prepared by dissolving 1.0gram of 2-NPh powder in 1000 mL
of deionized water, and a similar concentration solution for Cr>* was made using 4.578 grams of
Chromium Nitrate anhydrate in water. Both were diluted to create a 50 — ppm stock solution,
with magnetic stirring ensuring uniform dispersion. pH adjustments were made using nitric acid
(HNO3) and sodium hydroxide (NaOH), supported by buffer solutions for stability. The adsorption
efficacy of CNAs /Al O3 composites at ratios of 18%, 20%, and 22% was tested for 2-NPh and Cr
(I1I) removal under controlled conditions at 25.0°C, using an orbital shaker for consistent agitation.
The setup involved a 10-hour contact time, 300rpm agitation, pH6.50, 20mg of adsorbent, and
an initial concentration of 50mg/L. Final concentrations were measured in 100ml flasks, ensuring
accuracy by cleaning all glassware with a 5% nitric acid solution and 99.9% Acetone to avoid metal ion
contamination. The equilibrium concentration of 2-NP was determined at a maximum absorbance of
317.5 nm using a UV-VIS Spectrophotometer (Jasco V-750), while Cr?* levels were measured with
an Atomic Spectrometer Analyzer (Perkin Elmer ASA 700). This method facilitated the calculation
of adsorption capacities for both 2-NPh and Cr®* using equation (1), highlighting the composites’
effectiveness in pollutant removal from aqueous solutions.

Ci_C,
Qe = (M) * Vsol (1)

adsorbent

Q represents the adsorption capacity (mg/g), where C; is the initial concentration of the adsorbate
in the liquid phase (mg/L), and Ce refers to the equilibrium concentrations of the adsorbates 2-NPh
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and Cr’* in the solution (mg/L). V| denotes the total volume of the adsorbate solution used (L),
and Adsorbent is the mass of the CNAs/ (Al;O3) adsorbent (g).

2.4 Characterization Techniques

To evaluate the effects of varying aluminium concentrations impregnated onto Carbon Nano
Adsorbents (CNAs) utilized energy dispersive X-ray spectroscopy (EDX) for elemental analysis.
EDX played a critical role in verifying the presence and measuring the precise weight of aluminium
deposited onto the CNAs. This analytical method was integral in quantifying the aluminium
content within the fabricated CNAs. To assess the adsorption characteristics and surface areas of the
CNAs under different synthesis conditions, including variable calcination temperatures, nitrogen
adsorption/desorption isotherms were recorded at 77.35 K using the Micromeritics ASAP2020 system.
Prior to these measurements, the samples were subjected to degassing. The Brunauer-Emmett-
Teller (BET) method was then applied to calculate the specific surface areas, which is essential
in understanding the influence of different aluminium loadings and synthesis parameters on the
adsorption properties of the CNAs.

2.5 Analysis of Response Surface Method (RSM)

Response Surface Methodology (RSM) employs mathematical and statistical techniques to design
experiments, build models, examine operational variables, and identify the optimal conditions for
achieving a specific outcome [44,45]. In our research, we conducted experiments across the range of
each factor to determine the best conditions for adsorbing 2-NP and C>* from water using RSM.
By pinpointing the impregnation ratio, calcination temperature, and sonication duration as key
factors in the adsorption process, we refined our models through RSM. Our study implemented
the Central Composite Design (CCD) component of Response Surface Methodology (RSM) to
determine the most efficient settings for the removal of Cr (III) and 2-NP. Table 2 presents the
coded factors and their associated values for the adsorption experiments conducted through RSM.
We employed Analysis of Variance (ANOVA) for data assessment, utilizing Design Expert Version 13
software (Stat-Ease, USA). The experimental setup featured 16 runs, encompassing 16 factorial points
(including two repeats), 2 central points, and 1 axial point (with a single repetition). Additionally, we
adjusted the (alpha at 1.0) aiming for a 95% confidence level in our findings.

3. Result and discussion
3.1 Adsorbents Characterization
3.1.1 Dispersive X-ray Spectroscopy (EDX)
EDX was employed to explore how the aluminum oxide integrates into Carbon Nano Adsorbents
(CNAs) at concentrations of 18%,20%, and 22% Al. This technique allowed for the precise quan-
tification of Al within the CNAs by assessing changes in the elemental composition, particularly
the oxygen and aluminum percentages. The EDX analysis revealed distinct Al peaks, confirming
the accurate measurement of Al nanoparticle content in the CNAs. A notable reduction in carbon
content was observed, decreasing from 83.62% in CNAs with 18%Al to 67.76% in those with 22%Al,
indicating successful Al integration. Concurrently, oxygen content increased from 10.152% to
12.41%, correlating directly with the Al concentration and reflecting Al ’s oxygen component. The
proportion of Al itself rose from 16.23% in the 18%Al samples to 19.83% in the 22%Al samples,
underscoring the effective amalgamation of Al into the CNAs. Integrating Al at three specific ratios
into the Carbon Adsorbent, as confirmed by Energy Dispersive X-ray (EDX) analysis, facilitated the
development of an innovative composite consisting of CNAs and Al,O3. This highlights the success
of the approach in engineering superior adsorbent composites (Figure 2).

Fig. 3(a-i) showcases EDX spectroscopy maps for Carbon Nano Adsorbents, highlighting the
variations in the spatial distribution of Aluminium (Al), Carbon, and Oxygen with Al content ratios
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Table 2: ANOIA analysis qf variance of the quadratic model for Adsorption 2-NPh & Cr*3
Response Source Sum of df Mean F-value  p-value Fit
Squares Square Statistics
Model 2512.21 8 314.03 140.65 <0.0001 = significant
A-mpregnation 144494 1 144494 6472  <0.0001
Ratio
B-Sonication 2486 1 2486 1113 00125 SD=1.49
Time
C-Calcination 623.88 1  623.88 27944  <0.0001 Mean =
Temp 61.98
0=
AB 41.85 1 41.85 18.75 0.0034 CV%
241
R2=
AC 42.47 1 42.47 19.02 0.0033
0.9938
P2—
BC 16232 1 16232 7271 <0.0001 AdiR*=
0.9868
Adsorption
. ) Pred R?=
Capacity A 16507 1 16507  73.94  <0.0001
0.947
(mg/g)
2 AP=
of 2-NPh B 13.61 1 13.61 6.1 0.0429
39.5067
Residual 15.63 7 2.23
Lack of Fit 15.6 6 2.6 93.06 0.0792
Pure Error 00279 1 0.0279 not
significant
Cor Total 2527.83 15
Model 986.69 9 109.63 122.35 <0.0001  significant
A-lmpregnation-Ratio ~ 43.78 1 43.78 48.85 0.0004
B-Sonication Time 442.54 1 442.54 493.87 <0.0001 Sb=
0.9466
C-CalcinationTemp ~ 9.33 1 933 1041 0018 Mean =
83.19
AC 6.08 1 6.08 6.79 0.0404 CV%=1.14
BC 8.09 1 8.09 9.03 0.0238 R2=0.9946
Adsorption .
. 2 Adj R*=
Capacity A 19.03 1 19.03 2124  0.0037
0.9865
(mg/g)
2:
of Cr+3 B2 309.29 1 30929 34517  <0.0001 PredR
0.9605
(& 155.39 1 155.39 173.41 <0.0001 AP=43.1232
Residual 33.96 1 33.96 37.89 0.0008
Lack of Fit 5.38 6 0.8961 not significant
Pure Error 4.8 5 0.9602 1.67 0.5262
Cor Total 0.5756 1 0.5756
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Figure 2: EDX Spectrums of the CNAs with diﬂ;?rent ratios of AL.

of 20,22, and 18. The Aluminium maps indicate a progression in saturation: a deep purple at 20%
(Figure 3d) signifies uniform distribution, which intensifies to a denser purple at 22% (Figure 3a) and
lightens at 18 percent (Figure 3g), indicating varying Aluminium concentrations. Carbon displays a
transition from moderate white specks at 20% (Figure 3e), representing a dispersed distribution, to a
denser speckle at 22% (Figure 3b), and then to a sparser pattern at an 18% (Figure 3h), suggesting
changes in Carbon density. Similarly, Oxygen’s speckling pattern starts sparse at a 20% (Figure
3f), becomes denser at 22% (Figure 3c), and then sparser again at 18% (Figure 31). The EDX maps
collectively illustrate that an increase in the Al ratio correlates with a more pronounced and uniform
elemental concentration and distribution. The maps at a 20%Al provide a baseline for understanding
the elemental spread, those at a 22 % suggest an enhanced and possibly more uniform elemental
presence, and the maps at an 18% Al depict a lighter and more varied elemental distribution within
the adsorbents.

3.1.2 BET Surface Area Analysis

The study analysed the surface areas of three CNAs/Al,O3 composites with aluminium oxide contents
of 18%, 20%, and 22%, following 3 hours of sonication and calcination at 300°C, 400°C, and 500°C,
respectively. Using the nitrogen adsorption/desorption isotherm method at 77 K, specific surface
areas were calculated based on BET equations. This analysis is crucial for evaluating how aluminium
oxide impregnation affects CNAs’ surface area and their effectiveness in removing pollutants like
2-NPh and Cr’* from water. It explores the impact of varying aluminium oxide proportions
on the adsorption/desorption properties of CNAs, suggesting that metal oxide incorporation can
enhance the adsorbent’s surface area by increasing adsorption sites (Figure 4). Aluminium oxide’s
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presence significantly enhances CNAs’ external surface without altering their internal structure,
thus increasing their effective surface area. Comparing three CNAs/Al,O3 samples prepared with
different aluminium oxide ratios and calcination temperatures showed a decrease in surface area with
higher aluminium content and calcination temperature. Specifically, the 18%,20%, and 22%Al-
loaded CNAs showed surface areas of 176 m2/g, 125 m2/g, and 110 mz/g, respectively. This trend
indicates that higher Al oxide levels might block CNAs’ pores, diminishing their adsorption capacity.
Furthermore, samples calcined at 500°C had lower surface areas than those at 300°C, suggesting that
lower temperatures maintain CNAs’ porous structure, boosting adsorption efliciency. The significant
difference in surface area among the CNAs/Al,O3 variants, especially the larger surface area of
176 m?/g for the 18%Al sample compared to the 110 m?/g and 125 m?/g for the 22% and 20%
samples, highlights aluminium oxide content’s critical role in determining the adsorptive qualities of
these nanomaterials.

Figure 3: EDX elemental mapping of Synthesised CNAs with 20%Al (a1, bac) , 22%Al (dy, €2) and 18 %
Al(g, h, i)

3.2 Analysis of Adsorption Study

The analysis of 2-NPh using UV spectrometry, as depicted in Figure 5a, revealed its peak absorbance
at a wavelength of 317.5 nm with a recorded absorbance value of 1.27125 , at a starting concentration
of 50ppm. The equilibrium concentrations post-shaking for each experimental run were determined
from their respective absorbance values. Figure 5b indicates that these equilibrium concentrations
differed across experimental runs, which is attributed to the alterations in the conditions under which
the Carbon Nano Adsorbents (CNAs) were prepared, impacting the absorption process. The resulted
adsorption capacities derived from equation (1) detailed in Table 3. This data demonstrates how
experimental variables influence adsorption effectiveness. Further output in Figure 6a revealed the
maximum adsorption capacity at 82.019mg/g during run 12, with conditions of an 18% Aluminum
ratio, 300°C calcination, and 3 hours of sonication. In contrast, the minimum capacity of 37.6mg/g
was noted in run 14, under conditions of a 22% Aluminum ratio, 500°C calcination, and 1 -hour
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Figure 4: Surface area measurements of CNAs loaded by Aluminum at conditions (a) 22%Al (3hrs, 500C )
(b) 20%Al (3hrs, 400C) (c) 18%Al (3hrs and 300C).

sonication. This variation of the results highlights the significant impact of procedural parameters on
adsorption efficiency. This thorough analysis not only identifies the optimal adsorption conditions
for 2 — NPh but also underlines the importance of systematic experimental planning in improving
adsorption performance. An in-depth review of the adsorption capacities for all runs, considering
their interactions and the optimization via Response Surface Methodology (RSM) discussed in section
3.4.
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Figure 5: Adsorption process of the 2 — NPh (a)Absorbance spectra at Init-Con-ar (Amax = 317.5) (b)
Corresponding Concentration for each experimental run Label.

Alternatively, the Atomic Spectrometer Analyzer was employed to determine the equilibrium
concentration of Cr3*, revealing an absorbance of 0.466 at an initial concentration of 50ppm. Subse-
quent calculations of adsorption capacity for each sample, as delineated by equation (1). The apex
of adsorption efficiency was observed in sample 12, boasting an adsorption capacity of 96.6mg/g
(Figure 6b), achieved through a configuration of 18% aluminum loading, 3 hours of sonication,
and a calcination temperature of 300°C. Conversely, the nadir of adsorption efficiency was noted
in sample 13 , with a capacity of 64.4mg/g, attributed to a 22% aluminum loading, one hour of
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sonication, and a calcination temperature of 400°C.
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Figure 6: Obtained Absorption Capacity of CNA/Al,O3 values Influenced by different Parameters for the
Adsorption of (a) 2—NPh (a) (b) Cr*3,

The sonication time, aluminium loading mass, and calcination temperature will explain the
CNAs/Al, O3 adsorbent’s Cr** and 2-NPh adsorption capacities. Figure 6 (a.b) shows that an 18%
aluminium ratio, 3 hours of sonication, and 300°C calcination (Run Label 12) yielded the highest Crit
and 2-NPh adsorption capacities of 96.6mg/g and 82.0mg/g, respectively. With 22% aluminium
loading, one hour of sonication, and 400/500°C calcination temperatures, both adsorbates had
the lowest capacities, 64.4mg/g for Cr>* (Run Label 13) and 37.6mg/g for 2-NPh (Run Label 14).
Aluminium loading affects adsorption capacity, with a 22% loading reducing Cr>* and 2-NPh
adsorption efficiency, may be due to pore blockage, active site coverage, and competitive adsorption,
compared to an 18% loading. This shows the critical balance needed to optimize adsorption capacity
without compromising CNA structural and chemical integrity. These findings emphasize the
importance of fine-tuning aluminium loading to achieve maximal performance by balancing its
benefits and potential drawbacks. From 1 to 3 hours, sonication length significantly changes Carbon
Nano Adsorbents (CNAs) structure. This effect depends on several factors. Sonication increases
aluminium particle dispersion on CNA:s, increasing adsorption surface area. Surface area directly
affects adsorption capacity, offering more places for adsorbate molecules to adhere. Sonication time
can also change CNA pore structure, possibly increasing pore size. Structural modifications allow
bigger molecules or ions to adsorb into CNASs’ internal adsorption sites. Extended sonication also
evenly distributes aluminium oxide nanoparticles on CNAs, resulting in surface-wide adsorption.
Because it permits the entire CNA surface to eliminate Cr* and 2-NPh evenly, homogeneity is
essential for uniform and successful adsorption. Aluminium-doped (CNAs) adsorption effectiveness
for Cr*™> and 2-NPh decreases when calcined at 500°C instead of 300°C due to high-temperature
changes. Also, CNAs may lose surface area, porosity, and active adsorption sites at high temperatures,
compromising their structural integrity. Additionally, the CNA surface chemistry changes, such
as the reduction or alteration of essential functional groups like hydroxyl and carboxyl, which are
needed for complexation or hydrogen bonding with adsorbates, worsen this deterioration. CNAs’
pore structure deteriorates at 500°C calcination, inhibiting adsorbate transport into and within
nanotubes. Aluminium particle may agglomeration on CNAs at higher temperatures promotes
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uneven distribution and larger particle sizes, blocking pores and limiting sorption surface area.
The absence of oxygencontaining groups makes CNAs more hydrophobic, which diminishes their
affinity for polar molecules like 2-NPh, making the phase of aluminium oxide produced at these
temperatures less effective at adsorbing Cr*3 and 2-NPh. These findings demonstrate the importance
of calcination temperature on aluminium-doped CNA adsorptive properties.

Table 3: The predicted and experimental adsorption capacity of 2-NPh and Cr*3

2-NPh Cr3+
RunOrder  ActualValue Predicted Value ActualValue Predicted Value
1 56.78 57.42 83.15 83.53
2 71.32 71.61 82.08 81.79
3 72.42 73.79 78.33 78.78
4 71.13 69.84 92.81 91.90
5 72.93 73.22 82.62 81.60
6 65.29 65.32 78.86 78.97
7 60.92 61.18 93.35 93.75
8 45.27 45.80 87.45 87.71
9 38.29 37.11 90.13 89.83
10 49.86 49.79 74.57 74.33
11 66.63 66.52 88.52 88.98
12 82.02 81.38 96.57 96.92
13 68.32 65.90 64.38 64.64
14 37.56 38.39 81.55 81.36
15 67.40 69.05 78.86 77.95
16 65.52 65.32 77.79 78.97

3.3 Response Surface Method (RSM) results

Considering the purpose of this investigation, the Central Composite Design (CCD) was utilized to
carry out a total of sixteen different experiments. The structure of the design and the adsorption
capacities for 2 = NPh and Cr*? is demonstrated in this experimental setup. A two-level, four-factor
methodology, which is designated by the letter "k," was utilized in the experimental strategy. The
total number of experiments could be computed by the formula 2 raised to the power of k. This
methodical approach outlined the conditions for each of the sixteen experiments, which evaluated
the effectiveness of (CNAs) modified with different ratios of AlO3 in the removal of 2-NPh and
Cr?* from water. In the case of 2-NPh, the observed adsorption capacity ranged from 37.5607
to 82.021mg/g, but in the case of Cr3*, the capacity ranged from 64.3777 to 96.5665mg/g. This
demonstrates the variable efficacy of the adsorbents under different experimental settings.

3.4 ANOVA Analysis

ANOVA analysis was used to confirm the efficacy of the models proposed. research describes the
results of fitting a second-order response surface model, specifically for 2- NPh and Cr®* removal, as
well as the yield of adsorption capacity. These models were evaluated according to their coefficient
of determination (Rz) and standard deviation. Table 2 demonstrates that the models were statistically
significant at the 95% confidence level, as shown by P-values less than 0.05 . An R2 value approaching
one and a reduced standard deviation suggest that a model has improved predictive accuracy. The
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computed coefficients of determination for 2-NPh and Cr®* adsorption capability ( R? values of
0.9938 and 0.9946 , respectively) above the 0.80 criterion, suggesting a strong model fit. High R2
values near unity indicate a significant agreement between predicted and actual outcomes within
the experimental scope, emphasizing the necessity of matching the adjusted R2 for correct model
representation. The statistical analysis revealed that these models accurately predicted the outcomes for
adsorption capacities for 2-NPh and Cr>* within the parameters tested. Furthermore, the Adequacy
Precision (AP) ratios, calculated at 39.5067 for 2—NPh and 43.1232 for Cr?*, were enough for model
validation. AP ratios greater than 4 are desirable, demonstrating the models’ capacity to effectively
explore the design space defined by the Central Composite Design (CCD).

The coefhicient of variance (CV), calculated as the standard error of estimate divided by the mean
observed response value and given as a percentage, is a measure of the model’s repeatability. A CV
of 10% or below suggests that the model is replicable [30]. Th research shows that the CV values for
the analysed responses are particularly low, at 2.41% for 2 — NPh and 1.14% for Cr*3, with neither
exceeding 3.00%. This investigation discovered that the quadratic models associated to these answers
were significant, whereas words that did not contribute significantly to the models were removed
to improve model performance. The results indicate that the response surface models developed
for estimating the yield of 2NPh and Cr?* removal, as well as adsorption capacity, were indeed
reasonable. Equ (2 & 3) show precise second-order polynomial equations for the regression models,
which reflect their coded factors, demonstrating their statistical value and predictive power in our
investigation.

Adsorption Capacity

(2NPh) = 65.32-12.2 A +1.85 B=7.90C + 2.29AB - 2.30AC - 45BC - 7.5 A +2.15 B>  (2)

Adsorption Capacity

(CP*) = 79.79-2.09 A+6.65 B+0.9657C—0.8718AB+1.01AC—1.54BC+10.83 A®~7.68 B>+3.56C>
(3)

Plots comparing predicted values to actual results are critical for determining a model’s accu-
racy. The output predicted against actual values for 2 — NPh and Cr* adsorption, as well as their
corresponding adsorption capacity yields, show an acceptable alignment between empirical data
and model predictions (Table 3). This agreement indicates that the prediction models are reliable
instruments for exploring the design space defined by the (CCD).

The DX13(Design Expert version 13) software was used to construct 3D surface response and
contour plots to investigate the interactions between independent factors and their impact on model
responses. The ANOVA results for the adsorption capacity of 2—NPh revealed that the impregnation
ratio (A) had the greatest impact, with an F-value of 647.20, followed by the calcination temperature
(C), with an F-value of 279.44, and the sonication time (B), with an Fvalue of 11.33. In contrast, the
sonication time (B) had the greatest influence on Crit adsorption capacity, with an F-value of 493.87,
followed by the impregnation ratio (A), with an F-value of 48.85, and the calcination temperature (C),
with an F-value of 10.41. This analysis reveals that the impregnation ratio and calcination temperature
are more crucial for boosting 2-NPh adsorption by the CNAs/Al,O3, whereas sonication time and
impregnation ratio significantly affect Crot adsorption, more so than the calcination temperature.

3.5 The effect of Parameters on the Adsorption capacity

In Fi nalytical approach is utilized whereby one variable is maintained at a constant value to facilitate
the manipulation of the remaining two variables within their experimental boundaries, enabling
the examination of the interplay between impregnation ratio, sonication time, and calcination
temperature on the adsorption of ( 2—NPh), as depicted through threedimensional response surfaces.



110 Hamza A. Asmaly et al.

Similarly, Figure 8 delves into the effects of these identical variables on the adsorption efficiency of
Chromium, with experiments conducted at an optimal impregnation ratio of 18%, culminating in
peak adsorption capacities of 82.01 for 2-NPh and 96.6 for Cr3* at a 3-hour sonication and 300°C
calcination. In contrast, minimal capacities of 37.6 for 2 — NPh and 64.4 for Cr*3 were observed at
a 1-hour sonication and higher calcination temperatures of 400°C and 500°C, respectively. The
contour plots generated illustrate a correlation between enhanced adsorption for both substances with
increased sonication time and reduced impregnation ratio and calcination temperature, underscoring
the importance of optimizing operational parameters. This comprehensive analysis suggests that
carefully adjusting sonication duration and controlling calcination temperature can significantly
enhance the removal efficiency of hazardous substances like 2NPh and Cr?* from aqueous solutions,
highlighting the nuanced interdependencies between variables and providing a roadmap for future
environmental remediation studies.
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Figure 7: The Optimized results for parameters and adsorption capacity for (a) 2-NPh(b) Cr*

3.6 Optimization the Adsorption of 2-NPh and Cr**
Utilizing Design Expert 13 software, the optimization procedure was implemented to identify the
ideal adsorption capacities for 2~ NPh and Cr®* using CNAs in aqueous solutions under a variety of
conditions. The optimization criteria as seen in Table 4 within the software were set to keep each
operational parameter (Impregnation Ratio, sonication time, calcination temperature) *within range’,
aiming for the maximal adsorption capacities for both 2-NPh and Cr’* to ensure peak efficiency.
The outcomes of the optimization for 2-NPh and Cr>* are thoroughly presented in Tables 5 and 6.
The high desirability score of 1.000 indicates excellent correlation between the predicted function
and the experimental model under optimal conditions (Table 4). The optimal adsorption capacity
for 2 - NPh was realized by employing a 19.1075% impregnation ratio, 2.9889 hours of sonication,
and a calcination temperature of 300.160°C, which yielded an adsorption capacity of 82.8991mg/g,
as depicted in Figure 7 and as plot of three dimension in Figure 8. Subsequent analysis of these
optimization parameters through the predicted point in the Design of expert (DOE) led to a slightly
improved adsorption capacity of 83.154mg/g as seen in confirmation step.

Absorbent hand, the most effective adsorption of Cr>* was observed using a carbon nano adsorbent
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Figure 8: Three-dimensional response surface ﬁ)r Optimized adsorption capacity at optimum conditions of
(a)2- NPh (b) Cr3*.

Table 4: Analysis Prediction Point and Conﬁrmation with a 95% Conﬁdence Level and 99% Population
Accuracy

predicted Predicted 95% Cl 95% ClI 95% TI 95% TI
. reaicte reaicte
Analysis StdDev  SEMean  |ow high low for high for

Mean Median

forMean  forMean 99% Pop  99% Pop
Adsorption
Capacity 83.154 83.154 149419 116024  80.4105  85.8976  74.039 92.269
(2-NP)
Adsorption
Capacity 97.7981 97.7981 0.94660 0.773161  95.9063 99.69 91.6253 103.971
(Cr)

with an 18.00% loading, subjected to 2.81784 hours of sonication time, and calcined at a temperature
0f 300.091°C, achieving an adsorption capacity of 97.7474mg/g as shown in Figure 9 and as plot
of three dimension in Figure 10. Further post-optimization analysis through the Predicted point
step in the (DOE) revealed an even slightly higher adsorption capacity of 97.7981mg/g as seen in
confirmation step, obtained under slightly modified optimal conditions: an 18% impregnation ratio,
2.41 hours of sonication, and a calcination temperature of 301°C.

3.7 Validation of the Adsorption capacity values
The synthesis of Carbon Nano Adsorbents (CNAs) for maximal adsorption capacity followed the
optimal conditions identified through optimization, leading to the creation of CNAs with a com-
position of 19%Al, undergoing 3 hours of sonication period at a calcination temperature of 300°C,
specifically targeting the adsorption of 2-Nitrophenol (2-NP). In contrast, the synthesis of CNAs/Al
for Chromium (Cr3+) adsorption incorporated a slightly different protocol: 18%Al, with 2.4 hours
of sonication at a calcination temperature of 301°C. The prepared adsorbent under this condition
were applied used through the adsorption process again and obtained adsorption capacity.

Table 5 meticulously contrasts the adsorption capacities of both 2-NP and Cr3*, aligning initial,
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Figure 9: The (3D) surface plot of interaction parameter of impregnation ratio with sonication time and
Calcination Temperature at Max adsorption capacity (a,c) and Min adsorption capacity (bd) of 2-NP.
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Figure 10: The (3D) surface plot of interaction parameter of impregnation ratio with sonication time and
Calcination temperature at Max adsorption capacity (ac) and at Min adsorption capacity (b,d) of Ccr¥*

optimized, and validated experimental findings, and the percentage of Error can calculate from
equation (4):

optimized Value-Validated Value
optimized value

Error% = ( ) * 100% (4)

The validation process for 2-NP adsorption registered a capacity of 86.793mg/g, showing a
deviation of about ~ (5%) from the anticipated optimal value of 83.154mg/g. On the other hand,
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Table 5: Validating the Adsorplion Capacity Measurementsfor This study.

Abs Abs

Ratio Sonication  Calcination Equilibrium Qe
Adsorbate of Al%  Time(hr) Temp(C) (50ppm= (S0ppm= Con(ppm) (mg/g
1.25125) 0.466)
2-NP 19 3 300 0.82991 — 32.6415 86.7925
Cr3+ 18 2.4 300 —_ 0.280 30.0429 99.7854

Cr3* adsorption achieved a validated capacity of 99.785mg/g, diverging by ~ (2%) from its projected
optimal of 97.80mg/g. With the error margins for both adsorption studies staying below 10%,
there’s a strong alignment between theoretical predictions and real-world experimental outcomes,
reinforcing the model’s accuracy in forecasting the removal efliciencies for 2-NP and Cr’* under
the given experimental conditions.

Table 6: Evaluating Adsorption Capacity Values Under Optimal Conditions

Initial Experimental ~ Optimized (Predicted)  Validation Experimental

Response Error %
Value Value Value

Adsorption Capacity (2-NPh) ~ 82.02 83.154 86.793 4.5

Adsorption Capacity (Cr3+) 95.57 97.80 99.785 2.0

3.8 Maximum adsorption Capacities for 2-NP and Cr’* by different Adsorbent

Table 7 provides a concise summary of previous studies on the adsorption efhiciency of various
materials for (2-NP) and (Cr’*). The adsorbents evaluated for 2-NP include alumina (Al,O3),
HDTMA modified by Al,O3, iron oxide (ot — Fe;O3), carbon nano spheres, and several modified
montmorillonite clays and zeolite minerals. Optimal adsorption capacities were typically observed at
neutral pH levels, except for montmorillonite/BDHP, which required a strongly alkaline condition (
pH10) to reach high adsorption capacity. Despite variations in the concentration of 2-NP and the
amounts of adsorbents used across this different studies, all the experiments were consistently held
at room temperature at 298 K. The adsorption capacity for 2-NP spanned from 6.05 to 86.8mg/g,
with the CNAs/Al,O3 formulated in our current study demonstrating a remarkable capacity of
86.8mg/g. In the case of Cro*, effective adsorption capabilities were observed using granular activated
carbon (GCA), natural mica, polyacrylamide-modified montmorillonite, zeolite processed from
fly ash, and hydroxyapatite nanoparticles ranging from 7 to 99.8mg/g. Notably, the CNAs/Al,O3
produced in this research achieved an exceptional adsorption capacity of 99.8mg/g for Cr>*, under
conditions of pH6.0, a contaminant concentration of 50mg/L, and a 20mg adsorbent dosage, all at
298 K, indicating its superior adsorptive properties.

4. Limitations and Future Research Directions
Understanding the limitations of new adsorbent research is crucial for validating findings, enhancing
efficiency, and ensuring real-world applicability. It also drives further research and is essential for
assessing environmental and health impacts before widespread use, ensuring the safety and practicality
of the adsorption process. The following points are suggested to address limitations and enhance the
effectiveness and safety of the adsorption process of this study:

a. The study did not explore the possibility of increasing the ratios of CNTs and CNFs in the
new composite, which could have improved the adsorption process due to variation on the surface
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Table 7: Compare the Absorption Capacity of 2- NP and CrP* with previous studies.

Experimental

Adsorption

Adsorbate  Adsorbent Reference
condition Capacity
pH Concentration  Dosage T
(mg. L-1) mg K?  (mg/g)

AlLO3 6 20 10 298 6.18 [46]
HDTMA /Al O3 6 20 10 298 9.05
o — Fe203 7 50 5 303 664 [47]
Carbon Nano 7 20 20 208 32.9 (48]
Spheres

2-NPh Montmorillonite 100 80 298 76.9
/BDP
Montmorillonite ) 100 80 208 813 [49]
/BDHP
Zeolites 4 500 100 298 855 [50]
CNAs /AL O3 6 50 20 298 86.8 This study
MWCNT 3 10 30 298 3.18 [51]
GCA 7 10 40 293 7 [52]

cri* Muscovite mica 7.2 May-50 1 298 15.6 [53]
Polyacrylamide- . 0-300 1 298 597 [54]
montmorillonite
Zeolite A 4 0-160 10 298 46.8 [55]
from fly ash
Hydroxyapatite Oct-70 4 298 969 [56]
nanoparticle
CNAs / AlLO3 6 50 20 298 99.8 This study
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area as well as the porosity. It also did not investigate aluminum oxide proportions at low level such
as 5% which could be important for future research. Further research is needed to determine the
composite adsorbent’s efficacy against a wider variety of contaminants, especially heavy metals.

b. The study did not investigate the optimum pH for the adsorption of pollutants and conducted
the adsorption at neutral range specific (pH6.5).

c. The study did not address how variations in the composition of water sources in real-world
applications might impact the effectiveness of the adsorbent under conditions that differ from those
in controlled experiments.

d. The study did not address the long-term stability and reusability of this new absorbent, which
are crucial for practical and economical water treatment solutions.

e. The study did not include the environmental impact of discarding or recycling the adsorbent,
including pollutant leaching. Nano adsorbent in water is reactive and tiny, posing health risks to
humans and wildlife. The study did not examine how nano adsorbents could accumulate in aquatic
and terrestrial species, altering ecosystems, or how inappropriate disposal can harm the environment,
underlining the necessity for adequate disposal procedures.

Here are several potential directions for future research opportunities:

i. Investigate different ratios of Carbon nanomaterials and metal oxides to extend the range of
pollutants that can be removed from water.

ii. Conduct tests in various real-world settings to assess how different water compositions impact
adsorbent performance.

iii. Focus on refining manufacturing and application processes to facilitate smoother transitions
from laboratory to industrial scales.

iv. Examine the regeneration and repeated use of adsorbents to determine their economic
efficiency and sustainability.

v. Perform detailed lifecycle and environmental impact studies on adsorbents, including their
disposal and recycling methods, to ensure their safe and sustainable use.

By overcoming these limits and exploring these future research directions, the field can de-
velop more long-lasting, efficient, and environmentally friendly adsorption technologies for water
purification.

5. Conclusion

In this study, a Central Composite Design (CCD) was employed to enhance the adsorption effective-
ness of CNAs/Al,O3 composites for the removal of 2 —= NPh and Cr®* from aqueous solutions. The
results indicated that the impregnation ratio and calcination temperature had a greater impact on
the adsorption of 2-NPh, whereas for Cr?*, the impregnation ratio and sonication time were more
influential than calcination temperature. EDX analysis confirmed the presence of aluminum oxide
in the composites, and BET surface area measurements revealed a correlation between adsorption
capacity and aluminum oxide content. The study achieved optimum adsorption capacities for CNAs,
which surpassed many previous records, with 2 — NPh reaching 86.79mg/g under conditions of a
19% aluminum impregnation ratio, 3 hours of sonication, and a calcination temperature of 300°C.
For’*, the optimum capacity was 99.79mg/g, achieved with an 18% aluminum impregnation ratio,
2.5 hours of sonication, and the same calcination temperature.

Conflicts of Interest: The authors declare no conflict of interest.
NOMENCIATURE

CNAs Carbon Nano adsorbent

CCNFs Conical Carbon nanofibers

CSAC Char of South African coal

CNAs / Al, O3 CarbonNanaadsorbent/ aluminiumoxide
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GAC Granular activated carbon

HDMB / Al, Oshexadecyltrimethylammoniumbromidel AluminiumoxideComposite
MWCNTSs Multi wall carbon nanotubes

M/BDP Montmorillonites /(1,3-bis(dodecyldimethylammonio)-propane dibromide
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