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Abstract

This research describes using pristine ostrich bone wastes (OB) as a biosorbent to adsorb several Azorubine (E122), Ponceau 4R (E124),
and Red Allora (E129) dyes, as well as the hexavalent chromium ion Cr(VI). The physicochemical properties and morphology of OB
biosorbent were investigated using BET, SEM, FTIR, TGA, *HNMR, and XRD. The impact of experimental parameters on the removal
behavior of the pollutants under study was evaluated by adjusting the contact time, adsorbent amount, solution pH, temperature, and
concentration. The adsorbate removal on OB biosorbent was obtained in the following order: E124> Cr(VI)> E122> E129. The adsorption
kinetics of the investigated pollutants have been studied for single and multicomponent systems in terms of pseudo-first- and second-order
kinetics. Freundlich and Langmuir isotherm models have also been applied to the equilibrium adsorption data. The outcomes demonstrated
that the adsorption process adhered to a pseudo-second-order kinetic model was exothermic spontaneous. With the highest adsorption
capacity, the Langmuir model provided the greatest fit to the sorption isotherm data at 303 K, being 85.66 mg/g, 86.67 mg/g, 157.76 mg/g,
and 180.4 mg/g, for E129, E122, Cr(VI), and E124, respectively. Additionally, DFT calculations were utilized to verify the molecular
structure, analysis of Frontier Molecular orbitals (FMOs), molecular electrostatic potential (MEP) and reactivity descriptor for all phases. The
plausible mechanism of adsorption of the pollutants onto OB biosorbent is elucidated.

Keywords: Ostrich bone; Adsorption; anionic food dyes; Cr(VI); DFT calculations.

1. Introduction

The harmful effect of releasing hazardous materials in water, such as dyes, into the environment globally addresses the issues
of water scarcity and toxin-induced water pollution [1]. Numerous industries like plastics, paper, textiles, and cosmetics utilize
dyes to color their merchandise [2]. There are dyes in some organic and inorganic components of wastewater because of their
complicated chemical structure, which protects them from light, oxidation, and biodegradation processes [3]. They are
dangerous, degrade water transparency, and decompose slowly in water treatment facilities or landfills [4].

Food safety is a major concern for human life. The Food and Drug Administration (FDA) has authorized more than 3,000
substances as safe food additives used to thicken, color, preserve, or flavor food products. Many of these chemicals are
prohibited because of the reported unforeseen negative effects. There are instances where food adulteration and additives lead
to health hazards that include hyperkinesis, tumors, skin rashes, migraines, asthma, sleep disturbances, and stomach
discomfort. Trendy dietary supplements often include artificial or natural flavorings and colors. Their use has also expanded
recently since people are less aware of the risks connected to these agents. Health problems ranging from skin allergies and
respiratory disorders to hormone imbalances and even some types of cancer have been linked to exposure to hazardous colors
[5]. The majority of foods that are artificially colored contain petroleum-based chemicals and artificial food coloring, which
do not naturally cur [6]. Food companies use Ponceau 4R (E124), Azorubine (E122), and Red Alora (E129) in samples like
(pizza, macaroni, candies, soft drinks, and cheese) because of their physicochemical and thermal stability as well as their
symmetry in aromatic groups, which leads to their high strength [7]. Food color consumption is increasing, especially in
children. Overindulging in food dyes contaminated with pollutants may harm one's health. To counteract their negative
effects, they must be eliminated [8].

Coal mining, agriculture, household garbage, and the leather industry are some of the point and non-point sources of heavy
metal ions that can enter waterways. Unfortunately, when these harmful heavy metals seep into soil and water, they can
endanger people and animals.
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The heavy metal chromium (Cr) is widely used and is known to be toxic in the natural environment. It is vital to remove
heavy metals before discharging them since they can accumulate in living tissues and cause a variety of illnesses. Unlike
organic waste, heavy metals do not biodegrade [9-10]. Chromium (Cr) compounds find application in a wide range of sectors,
such as textile dying, tanneries, and metal electroplating. Chromium(V1) is regarded as extremely reactive owing to its severe
reactivity and potential for carcinogenicity [11]. In addition to liver and kidney damage, dermatitis, internal bleeding, nausea,
diarrhea, and respiratory issues, acute exposure to Cr(VI) can also induce these side effects [12]. Asthma, nasal septal
ulceration, inflammation, and acute poisoning can all result from inhalation [12]. The liver and kidneys may be impacted by
ingestion. In addition to interfering with the healing of cuts or scrapes, skin contact can cause severe burns or even systemic
poisoning. It can cause ulceration and serious consequences if left untreated.

At the moment, removing these pollutants from wastewater involves several methods, such as precipitation, biological
oxidation, ion exchange, flocculation/coagulation, adsorption [13], advanced oxidation process (AOP), biodegradation, and
other techniques that are being created to reduce wastewater's dye content [14]. The low cost, high effectiveness of color
removal from diluted solutions, design versatility, and insensitivity to dangerous contaminants make adsorption techniques
very appealing [15]. The technical and financial feasibility of the procedure depends on the choice of adsorbents [16].
Biosorbents, natural materials, and agricultural industry wastes are examples of unconventional adsorbents that can be used in
wastewater decontamination.

The bioproducts of meat and bone meal obtained by crushing animal corpses to remove fat are produced by animal slaughter
and the food industry [17]. Ostrich bone can effectively remove Organic and inorganic anions, which is regarded as a cheap
and plentiful adsorbent [18]. Calcium phosphate and collagen fibers make up most of the makeup of ostrich bones, just like in
other birds [19]. Together, these two elements provide the skeletal framework strength and flexibility. The hardness and
rigidity of bones are derived from calcium phosphate in the form of hydroxyapatite crystals [20]. Nevertheless, OB has a
restricted application due to the challenges associated with separation and recycling. Due to their high adsorption capability,
accessibility, and affordability, animal bones have garnered significant attention recently for the removal of pollutants [21].
30% of the weight of bones is organic, while 70% is made up of inorganic substances. Calcium and phosphate found naturally
in hydroxyapatite, or Caio(PO4)s(OH)2, make up the majority of the inorganic components of bone. [22-23]. Ostrich bone,
which is generated in large amounts, can be used in place of commercial absorbents [24]. An adsorbent is a material that is
often porous and has a large surface area that allows substances to be adsorbed onto it by intermolecular interactions [25].
Animal bones are dried to create a porous, granular, white substance known as animal bone. As the intake of meat rises, more
bone will be generated as solid waste, which is harmful to the ecosystem [26]. To remove contaminants from wastewater and
effluent gas, waste bones can be used as an adsorbent [27]. Bone biochar's exceptional physicochemical qualities, large
surface area, and pore volume make it a popular adsorbent for the remediation of water contamination [28]. Numerous
research studies conducted over the past few decades have documented the use of bone biochar to remove a wide range of
organic and inorganic contaminants from aqueous solutions [29-33]. It is considered that one of the major challenges faced
with adsorption by activated carbon is its cost-effectiveness. So, the research of recent years mainly focused on utilizing
natural materials [34]. In this study, pollutants [E122, E124, E129, and Cr(VI)] were removed from the aqueous solution by
applying a stable immobilized cationic biosorbent and an anionic adsorbate to the surface of ostrich bone. For the first time,
this work provides a flexible and gentle technique for immobilizing adsorbate on the surface of an ostrich bone, a biological
origin support. A literature survey proved that the removal of anionic food dyes (E122, E124, E129) or Cr(VI) has never been
published before. Furthermore, the molecular structure, electronic properties, theoretical spectral properties (IR), and any
qguantum mechanical calculations of OB, OB-E122, OB-E124, OB-E129, and OB-Cr(VI) have not been reported in the
literature review. This work examined the spectrum features, electronic and molecular characteristics, and some gquantum
mechanical computations of OB biosorbent, OB-E122, OB-E124, OB-E129, and OB-Cr(VI).

Result and Discusion

2.1 Materials, design and physicochemical studies

2.1.1. Digital images

Fig. 1(a, b, ¢, d, E) represents the digital images of OB before adsorption of pollutants, OB-E122, OB-E124, OB-E129, and
OB-Cr(V1), respectively.The color of the pristine OB material changed from off-white (Fig. 1a) to light red in case of OB-
E124 (Fig. 1b), allura red in the presence of OB-E129 (Fig. 1c), solid red in case of OB-E122 (Fig. 1d), and to yellow in case
of OB-Cr(VI) (Fig. 1E).
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Figure 1. (a) OB before adsorption; (b, c,d) digital images of anionic dyes after adsorption on OB, and (E) digital image of OB-Cr(VI).
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2.1.2. BET analysis

The textural properties of the samples, evaluated from low-temperature nitrogen adsorption, are given in Table 1 and
graphically represented in Fig. S1. The great specific surface area (156.745 m2/g) and average pore size (28.5 A) of OB give
an increase in the approachability of the active sites of the adsorbent in contact with the contaminated water, which leads to a
better efficiency of the OB in the removal of pollutants. The average pore size (28.5 A) of OB is greater than the atomic radius
of Cr (1.4 A). A finding can explain the easy particle diffusion of the studied pollutants.

Table 1. The BET-specific surface area and pore size of bone.

Total surface area m?/g 156.745
Total Pore Volume (cc/g) 0.223
Average Pore Size (A) 28.85
Average Particle radius 8.6997e+000 nm 8.6997e+000

Characterization

1.1.1. SEM/EDX

The SEM images revealed that the (OB) biosorbent particles have irregular shapes and sizes, with edges and corners that
might be due to the grinding effect during preparation, which enables the pollutants on its surface to be adsorbed Fig. 2(a, b,
c). The organic/inorganic content of the bone tissue and biomaterial granules was measured using EDX. The qualitative and
semiquantitative element contents (weight % and atomic %) were evaluated as presented in Fig. 2d. For all spectra, the
presence of calcium (Ca) and phosphorous (P) were evaluated. The table inside Fig. 2d illustrates the EDX analysis of OB.
From the results shown therein, the weight percentages of Ca and P are 6.68% and 2.9%, respectively. This confirms the
presence of the hydroxyapatite compound in the OB biosorbent.

Figure 2. (a), (b), (c) The surface images of Ostrich bone at different magnification scales, and (d) EDX analysis of OB.
2.2.2.  FTIR spectra

The FTIR spectra of the OB biosorbent are displayed both just before and after the pollutants are adsorbed in Fig. 3 and were
obtained and studied in the range of (500 cm™*- 4000 cm) samples with the given bands; about (I1) (-COs), the band intensity
appears at 1014.54 cm™’; whereas the band at 1636 cm is related to organic tissue and water of ostrich bone. The pristine OB
shows a characteristic absorption band of symmetric and asymmetric stretching vibrations of the CH2 and CHs groups at
around 1455-1470, 2852.21, and 2914 cm™. The spectrum in the C-H stretching region shows an absorption maximum at
3293 cmL, which is typical of the C—H stretching vibration of the aromatic rings. The characteristic vibration peaks of O—P-O
bonds of calcium phosphate appeared in the sample 1161.23 cm™ ((Il) HPOs group, P-O-H in-plane and out-of-plane
deformation modes), 1014 and 1161 cm™ (v3, P-O asymmetric stretching vibrations) the FTIR also shows an indication of the
inorganic phase of the bone by two bands in the 1014-1161.23 cm™ region attributed to HAP, whereas amorphous calcium
phosphate appears as a broad single band. The high organic phase content of ostrich bone may be why the distinctive HAP
vibration bands are barely visible in the bone. HAP vibrations from 1235 cm and 1000 cm indicated that the HAP content
has Ca-O in the OB structure.

In the FTIR spectrum of OB-E122, the symmetric stretching vibrations of the (S-O) bonds form of the SOz"Na* (sulphonic acid
salts) of the R-SO3"Na* group were responsible for the absorption lines at 1024 and 559.7 cm, respectively. The vibrations of
the O-H group were responsible for the absorption lines at 3409, 1336, 686, 602, 599, and 568 cm™!, and the N=N [18].
Furthermore, the FTIR spectrum of OB-E124 has the same lines at 3450.02 cm,1022 cm attributed to the O-H group,
symmetric stretching vibrations of the (S-O) respectively, and an absorption line at 1630,1512.11 cm* credited with C-N,
N=N respectively [16], and the FTIR of OB-E129 has lines at 3449, 3439 cm! attributed to O-H group, lines at 1023, 538 cm-
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L were attributed to symmetric stretching vibrations of the (S-O) bonds form of the SOsNa* (sulphonic acid salts), and
1581cm lines attributed to C-N group [20].

The FTIR spectrum of pure potassium dichromate has a characteristic peak at 1111.5 cm™ which appears at 1156 cm™ as
mentioned in the literature [35]. It is seen from the spectrum that the (Cr207)% stretching frequency of K2Cr207 is shifted from
11115 into 1319.15 cm in Fig. 3c. The more intense and broader (3047-3667) cm vibrations of the bonds of the O—H group
and the vibrational peak at 2914 cm- is attributed to -CH> and -CHz and Cr(V1) having characteristic bonds around 800 cm™.
The FTIR spectra of OB after the adsorption of dyes is the confirmation that there is an interaction between the pollutants and
OB. The band vibration at 1541 cm™ indicates C=C; furthermore, the formation of the peak at 1400 cm which is a
characteristic bond of S=0 and there is a shift in peaks from 1013 to about [1022-1024] cm which indicates the electrostatic
interaction between Ca from HAP and oxygen from sulphonic acid in the dye molecule, and the broadness increases at 3036-
3613 cm which means the formation of intermolecular hydrogen bonding.
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Figure 3. IR Spectrum of (A) OB biosorbent before adsorption, (B) OB after adsorption of (a) E122, (b) E124, and (d) E129 dyes, and (C)
OB after adsorption of Cr(VI1).

2.2.3. XRD analysis

The X-ray diffraction patterns of pristine ostrich bone are given in Fig. 4. Comparison of the XRD pattern to the JCPDS
confirms the presence of a major calcium hydroxyapatite (CaHAP) phase [Caio(PO4)s(OH)2] as compared with the XRD
standard card. At the same time, the broad and intense background was attributed to collagen, fat tissues, and other organic
compounds [22]. The key diffraction peaks of the OB were shown in the XRD patterns, roughly showing the crystallinity of
OB at 19.28°, 25.79°, and 28.86° with major intensity at peak value 32.29" with a corresponding plane (211). This primary
peak was discovered to be related to OB as shown in Fig. 4. Small deviations of these peaks from standard values may be due
to a slight number of foreign ions like (Zn?* and Cu?*) This result of XRD analysis obtained in the present investigation is in
good agreement with the reported results in EDX analysis.
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Figure 4. (A) The XRD patterns of the OB sample (B) The hydroxyapatite XRD standard card.

2.2.4. '"HNMR analysis

Deconvolutions of the data have been done by empirically selecting the peak positions and assuming a Gaussian shape profile
of the peaks at around 0 and 5.25 ppm, respectively. Fig. 5 provides a summary of the findings. When comparing the NMR
peak near O ppm with the value of 0.2 ppm reported in the literature, it is attributed to the hydroxyl group in HA and is
detected at substantially up-field regions [23]. Such results are well-known in the literature for HA ceramics with colloidal
dimensions [24]. One can expect resonance due to the acid phosphate group (HPO4) at the same position, i.e. 5.25 ppm.
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Figure 5. 'HNMR of OB biosorbent.
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225. TGA

The OB biosorbent underwent three phases of weight loss, as revealed by thermal analysis (TG). Stage | (81.9-231°C) is
related to the desorption of physically retained water (3.3 wt%), with mainly the attracted and loosely bound water removed
from the inward framework and surface of the bone. Stage Il (231- 494.5°C), is a process of fast degradation and burning of
organic components (bone marrow, fat tissue, and collagen are pyrolyzed to water and carbon dioxide) and the liberation of
some strongly bound crystal water. In the third stage (494-800 °C), the weight loss decreased at a lower rate than in stage II,
and the weight loss was very slow above 625 °C (14.0 wt%). The additional weight loss in stage 11l could be explained by
several phenomena, one of which is the burning of the residual organic components, the oxidation of carbon from the
framework of the bone to carbon dioxide, and the release of possible lattice water [23]. According to TGA analysis Fig. S2,
the elimination of the organic part and the mass loss of annealed ostrich bone were verified. The loss of water and organic
matter is represented by the two inflection points in the TGA curves for the ostrich bone, which were found at about 100 °C
and 400 °C. As a result, organic elements such as adipose tissues, collagen, chondroitin sulphate, keratin sulphate, and lipids
were completely removed from the bone below 600 °C. No discernible weight loss was seen between 500 °C and 800 °C.
Studies have indicated that drinking water and eating organic foods can cause weight loss of about 34% [36]. The ostrich bone
has consistently been cleared of substances, which indicates that bone comprises about 61% inorganic mineral crystals and
about 39% corresponds to the organic phase consisting of collagen protein fibres.

2.3. DFT calculations
2.3.1. Optimized molecular geometry
The optimized geometry of the Ostrich bone (OB) unit, E122, E124, E129, Cr(V]), these pollutants, and Cr(VI) with product

OB are shown in Fig. 6.
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Figure 6. The optimized structures for (a) OB, (b) E122, (c) E124, (d) E129, (e)Cr(VI), and (f, g, h, I) are the product of OB+ E122, E124,
E129, Cr(V1), respectively based on the DFT/ B3LYP/6-31g(d, p) methodology.
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2.3.2. Molecular orbital properties and global reactivity descriptors(GRDs)

2.3.2.1. Global Reactivity Descriptors

A compound's Global Reactivity Parameters (GRDs) [37-39] can be predicted from the HOMO-LUMO gap. The HOMO is an
electron donor and LUMO the electron acceptor sites are shown in Fig. 7 for the Ostrich Bone (OB) unit, E122, E124, E129,
Cr(VI), these anionic dyes, and Cr(VI) with product Ostrich Bone. From Table 2, the higher reactivity of the Ostrich Bone
(OB), E122, E124, E129, and Cr(VI1) is explained in the light of the energy gap, AEgap, which measures the reactivity; as the
energy gap decreases, the reactivity increases.

Additionally, the reactivity of ostrich bone with anionic dyes and Cr(V1) is evident from the results of their Egap and the
amount of electronic charge transfer. The energy gap of soft molecules (o) is tiny, but that of hard molecules (1) is significant
[40, 41]. A soft molecule is more reactive than a hard molecule because a soft molecule has a lower AE(Lumo-Homo).

The y is a measure of the power of atom(s) to attract the electrons from the other molecules [42]. A high electronegativity (y)
value for the dyes and chromate suggests a strong ability to attract electrons from Ostrich bone, leading to greater interaction
to form the resulting compounds.

The ionization potential, lp, and electron affinity, Ea, can be expressed as negative values of Enomo and ELumo, respectively.
lonization energy is a descriptor expressing the chemical reactivity of atoms and molecules. Greater stability and chemical
inertness are indicated by greater ionization energy values and vice versa. Lower ionization energy denotes a higher level of
atom and molecular reactivity [43]. Table 2 shows the values of the ionization energy of the investigated molecules. The low
ionization energy of OB indicates its high reactivity with anionic dyes and chromate ions (Cr(V1)).

According to the definition of the electrophilicity index (o), t measures the tendency of chemical species to acquire electrons.
The results of electrophilicity seen in Table 2 are in decreasing order.

Finally, the dipole moment () is a factor that can also provide information about the interaction between molecules. The
(EHomo), (ELumo), energy gap AEwumo-Homo), ionization potential (IP), electron affinity (EA), hardness (1), softness (o),
electronegativity (), chemical potential (1)The Global electrophilicity index (w) and dipole moment in Table 2 list the
Cr(VI) ion before and after adsorption as well as the three anionic dyes before and after adsorption.

HOMO LUMO

(B)

(©)
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Figure 7. HOMO and LUMO structures for (a) OB, (b) E122, (c) E124, (d) E129, (e) Cr(VI), and (f, g, h, 1) is the product after adsorption of
E122, E124, E129, and Cr(V1) +OB respectively based on the DFT/ B3LYP/6-31g (d, p) methodology.

Table 2. The Global Reactivity Parameters were determined using the DFT/ B3LYP/6-31g (d, p) method of calculations for
Ca4(PO4)2, E122, E122 + OB, E124, E124 + OB, E129, Cr(VI), and OB+Cr(VI).

Property Cay(POy), E122 E122 + OB E124 E124 + OB E129 E129 + OB Cr(VI) Cr(VI) + OB
Enomo [eV] | -0.12731 -0.19561 -0.18804 | -0.19514 -0.26628 = -0.19806 -0.23799 -0.2234 -0.25261
Erumo [eV] | -0.11125 -0.08102 -0.17598 | -0.07605 -0.18932 = -0.08213 -0.22438 -0.0581 -0.22697
AEgsp [eV] 0.01606 0.11459 0.01206 0.11909 0.07696 = 0.11593 0.01361 0.1653 0.02564

0 [eV] 0.00803 0.057295 0.00603 0.059545 | 0.03848  0.057965 0.006805 0.08265 0.01282

O [eV]* 124.533 17.45353 165.8375 = 16.79402 25.98753  17.25179 146.9508 12.09921 78.00312
1, [eV] 0.12731 0.19561 0.18804 0.19514 0.26628 0.19806 0.23799 0.2234 0.25261
Ea[eV] 0.11125 0.08102 0.17598 0.07605 0.18932 = 0.08213 0.22438 0.0581 0.22697

O [eV] 0.11928 0.138315 0.18201 0.135595 | 0.2278 0.140095 0.231185 0.14075 0.23979

u [eV] -0.11928 -0.138315 -0.18201 | -0.135595 @ -0.2278 -0.140095 -0.231185 -0.14075 -0.23979
o [eV] 0.8859102 0.166952 2.7469022 0.1543875 = 0.6742833 0.1692971 = 3.9270025 @ 0.1198461 @ 2.2425602
The dipole = 3.2864 4.3449 11.2956 7.7487 9.6198 1.6293 15.688 6.2726 26.006
moment

[Debye]

2.3.3. Infra-red spectra analysis

Infrared analysis is supported by theoretical computations, which allow for a trustworthy interpretation of experimental
gaseous molecule spectra. B3LYP/6-31g (d, p) calculations are the most prominent method used to model IR spectra. The
comparison is made between IR spectra calculated for gas phase molecules and those measured in the solid state. Furthermore,
Asadi et al. report a comparison between gas phase DFT and condensed phase experimental data and obtained quite good
agreement [44]. The IR spectra of the OB, E122, E124, E129, and Cr(V1) are displayed in Fig. 8.
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Figure 8. The calculated IR spectrum for (a) OB, (b)E122, (c) E124, and (d) E129 based on the DFT/ B3LYP/6-31g (d, p) methodology.

2.3.4. Molecular electrostatic potential (MEP)

The partial distribution of change along a molecule’s surface is displayed by the electrostatic potential (ESP) surface or map.
Three-dimensional representations of the charge distributions of molecules are provided by electrostatic potential maps,
commonly referred to as molecular electrical potential surfaces or electrostatic potential energy maps. These maps give us the
ability to see a molecule's variable charge areas. Understanding the charge distributions can be very helpful in determining the
polarity of molecules as well as how they interact with one another. A color spectrum is used to represent the different
intensities of the electrostatic potential energy values, with blue being the highest value and red representing the lowest, to
make the electrostatic potential energy data easier to read. The calculated ESP maps of OB and three anionic dyes and

chromate before and after adsorption are shown in Fig. 9.
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Figure 9. Electrostatic potential (ESP) surface maps visualization for (a) OB, (b) E122, (c) E124, (d) E129 (e) Cr(VI), (f) E122+0OB, (g)
E124+0B, (h) E129+0B, and Cr(VI)+OB based on the DFT/ B3LYP/6-31g (d, p) methodology. The spheres in blue and red correspond to
the minimum and maximum of the ESP surface, respectively. Green and red represent the ESP varying from min to max level. ESP ranges are
included in the legend at each figure panel.

2.4. Adsorption studies

2.4.1.  Point of zero charge (pHrzc)

OB's pHpzc was determined using a previously published approach [45]. Fig.S3 demonstrates how the pHinitiar affects the shift
in the OB's pH value (pHinitiai-pHrinat). It is found that pHezc of OB bisorbent value is 7.23. This demonstrates that the OB
surface is regarded as positively charged at pH values lower than 7.23.

242, Effect of pH

The pH parameter should be carefully examined since the pH of the aqueous solution significantly affects the solid-liquid
interactions due to surface functional group protonation—deprotonation. The influence of solution pH on removing Cr(V1),
E122, E124, and E129 pollutants using OB was investigated in the range of 1.5-12. Fig. S4. illustrates that the OB adsorption
efficiency decreased with increasing pH from 2.5 to 4. Finally, the adsorption efficiency of the investigated pollutants dropped
at pH values higher than 5. From the calculation using the pHpzc value (+ve < pHpze 7.3 >-ve).
The OB surface is positive below pHrzc, which permits the adsorption of the anionic contaminants. That is the main reason
for increasing the adsorption of Cr(V1), E122, E124, and E129 at pH= (1.5-3) surface (The adsorption of the anionic dyes and
chromate metal ion is facilitated by the acidic medium) [36].

2.4.3.  Effect of adsorbent dose

The adsorbent dosage is one of the important factors because it presents the capacity of the adsorbent for a given initial
concentration of the adsorbate. As shown in Fig. S5, with increasing the OB dose from 0.005 g to 0.03 g, the capacity of E122
adsorption reached its maximum at 86.76 mg/g, the capacity of the E124 adsorption reached its maximum at 180.4 mg/g, the
capacity of the E129, adsorption reached its maximum at 85.66 mg/g, and the capacity of the Cr(\VI) reached its maximum at
157.6 mg/g. With the rise in the dose above (0.01 g), it was observed that the capacity decreased for E122, E124, E129, and
Cr(VI) adsorption. Since all of the active sites of the adsorbent surface are fully exposed at low adsorbent dosages, it is
thought that the dispersion of OB particles in the bulk solution is better. This could hasten the approachability of pollutants'
molecules to the majority of the adsorbent active sites. As a result, a large removal capacity is achieved by the adsorption on
the surface-active sites, reaching a saturation threshold. However, at higher adsorbent dosages, the accessibility of adsorbent
active sites with higher energy decreases, and a larger portion of active sites with lower energy become occupied, leading to a
decrease in the adsorption process.

2.4.4.  The effect of initial concentration of pollutants

Fig. 10A shows the outcomes of the studies that varied the starting concentrations of the pollutants under study (2.5-300
mg/L) over the OB samples. The adsorption capabilities rose in proportion to the initial pollutant concentrations, peaking at
200, 150, and 100 mg/L for Cr(VI), E122, [E124, and E129], respectively. Because of the interaction between the pollutants
and the adsorbent, which provides the essential driving force to overcome the resistance to the mass transfer of pollutants
across the aqueous solution and the bone samples, the loading capacities of OB biosorbent increase as pollutant concentrations
rise. Furthermore, the following explanations could account for this phenomenon: The higher energy sites become saturated
and adsorption starts on the lower energy sites, resulting in a decrease in adsorption efficiency (similar results have been
previously published in the literature) [25]. At low pollutant/OB ratios, pollutant adsorption occurs on the high-energy sites.
2.4.5. Isotherm studies

Isotherm research: Utilizing Langmuir and Freundlich's isothermal models, the mechanism of E122, E124, and E129
adsorption onto the OB adsorbent was investigated. The equations of the two models are presented in Egs. (4), and (5) in the
experimental section. Fig. 10 (b, d, f, h) represents Langmuir, and Fig. 10(c, e, g, i) represents Freundlich plots for E122,
E124, E129, and Cr(V1) adsorption. Table 3 shows the parameters (gm, KL, R? n, Kr) of the two investigated isothermal
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models. From these results, the Langmuir isothermal model is well-matched with the three investigated dyes and metal
adsorption as its constants are more related to the E122, E124, E129, and Cr(VI) adsorption processes with higher R2. R?
values for the Langmuir model are 0.99489, 0.99999, 0.99696, and 0.99847 for E122, E124, E129, and Cr(VI) removal,
respectively, while R? values for the Freundlich model are 0.42546, 0.73017, 0.42144, and 0.8885 for E122, E124, E129, and
Cr(VI) adsorption, respectively. Therefore, monolayer adsorption occurred in this instance. In addition, the estimated values
of RL are computed and found to be less than 1.00, suggesting that OB is a suitable material to use as an adsorbent for the
investigated anionic species [26].
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Figure 10. (A) The variation in dye and metal concentration in the OB adsorbent's adsorption capability. (B, D, F, H) represents the Langmuir
isotherm, and (C, E, G, I) represent the Freundlich isotherm for the adsorption of the pollutants.

Table 3. The isotherm of Langmuir and the Freundlich isotherm models (conditions pH=1.5-2, [0.005gm for E124 and
Cr(V1), 0.01 for E129, 0.015 for E122], and for 180min).

System Langmuir isotherm constants

Ki Qm R? RL
OB+E122 0.0959 93.37 0.99489 0.0649
OB+E124 1.155 183.48 0.9999 0.008584
OB+E129 0.291 75.057 0.9969 -0.0356
OB+Cr(VI) 1.61 152.2 0.99847 0.003096
System Freundlich isotherm constants

Kr N R?
OB+E122 25.8 4 0.425
OB+E124 119.75 111.34 0.73017
OB+E129 54.598 13.05 0.42144
OB+Cr(VI) 52.3 4.59 0.8885

2.4.6. Oscillation time and adsorption Kinetic studies

The removal % of pollutants was investigated as a function of time (0.0-360 min) to determine the adsorption equilibrium
time for the adsorption of E122 (150 mg/L), 100 mg/L of E124 and E129, and 200 mg/L of Cr(VI) onto OB (0.01 g) in a
solution of pH 1.5 at 25 °C (Fig. S6a). In the beginning, the adsorption was very fast at 60 min, reaching 62.5mg/g for E122,
130.6mg/g for E124, 69.13mg/g for E129, and 120 mg/g for Cr(\VI). Then, as the amount of time grew from 90 to 120 min,
the removal efficiency increased from (75.5 to 86.67%), (from 76.6 to 90.2%) for E122 and E124, and (from 37.2% to 40%)
for Cr(VI) respectively, while the E129 removal efficiency increased from 72.74 to 76.9% with shaking time increasing from
30 to 180 min. The efficiency remains constant when the shaking time is increased to more than 180 minutes for E129 and
more than 120 minutes for E124/E129/Cr(V1). This indicates that the removal efficiency reached equilibrium at 180 minutes
for Cr(VI), E124, and E129 and 120 minutes for E122. Towards the end of the experiment, the initial rapid adsorption
gradually levels out (after 120 minutes), achieving equilibrium at a considerably lower rate (a dynamic equilibrium is reached
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between OB and the pollutants remaining in the liquid phase). Since there must have been more empty active sites available at
the beginning, where the removal of the pollutants in the solution was completed in 180 minutes, the rapid adsorption at the
initial stage is most likely caused by the increased concentration gradient across the adsorbate in solution and the adsorbent. A
good water treatment system requires an understanding of the kinetics and mechanics of adsorption. The process is essentially
controlled by the slowest stage, which occurs multiple times as the liquid solution is adsorbed onto the solid adsorbent
surfaces. Data from the adsorption kinetic tests for various dye concentration solutions were used to simulate the linear form
of the pseudo-first-order (PFO) and pseudo-second-order (PSO) models to investigate the sorption process of contaminants
onto OB. Table 4 lists their equation forms below.

The linearity plots of In (ge—qt) vs time "t" for the pseudo-first-order (PFO) model were obtained, as shown in Fig.S6 (b, d, f,
h). Table 4 lists the adj. correlation coefficient (R?) values, the kinetic parameter values of ki, and ge, and the statistical
parameters of fitting the (PFO) for pollutant adsorption. Table 4 shows that the adsorption process did not proceed as the
(PFO) model due to the lower adj. R? value and the larger statistical parameter values. Conversely, the linear forms of (PSO)
equations' parameters highlighted that the solute-adsorption sites' chemical interaction at the adsorbent surface was the cause
of the rate-limiting step. To comprehend the achievement of this approach, Fig. S6 (c, e, g, i) displays linear plots of t/q: vs
time "t" for various concentrations. The statistical parameters, adj-R?, ge, t, k1, and k2 were determined from the plots and
included in Table 4. This table illustrates how the theoretical adsorption capacity (qe) derived from the (PSO) model and the
practical adsorption capacity (Qexp) are similar. Additionally, the statistical parameters have the lowest value (prob. value=0),
and the adj. R? is likewise greater than 0.99 (~ 1). The pseudo-second-order model might describe the system.

To find the best-fitting model with E122, E124, E129, and Cr(VI) adsorption, researchers characterized two kinetic
models: the pseudo-1%-order and the pseudo-2"d-order models (given in Egs. (7) and (8), respectively). The estimated first-
and second-order parameters (K1, K2, Qe1 ads, and Qe ads) and correlation coefficient R? values acquired from each examined
model are shown in Table 4 Adsorption kinetics parameters of E122, E124, E129, and Cr(VI) using OB System. When
considering the pseudo-2nd order, the computed adsorption capacities of Cr(VI), E122, E124, and E129 were well-fitted with
the experimental values. Besides, Comparing the pseudo-1% order R? values (0.76585 for E122, 0.91086 for E124, 0.57334 for
E129, and 0.45467 for Cr(V1)) to the pseudo-2nd order R? values (0.98219 for E122, 0.98607 for E124, 0.98691 for E129,
and 0.99006 for Cr(V1)), this shows R? values are higher in case of pseudo-second order. Hence, pseudo-1t-order theory is
unable to account for the adsorption nature of this situation.

Table 4. The adsorption kinetics properties of the OB adsorbent for E122, E124, E129, and Cr(VI) (conditions pH=1.5-2,
[0.005gm for E124 and Cr(V1), 0.01 for E129 0.015 for E122], and for 180min).

System Pseudo 1% order

Ki(min?) Qe1ads(MQ/Q) R?
OB-E122 20.035 94.07 0.76585
OB-E124 43.3 242.72 0.91086
OB-E129 9.379 85.32 0.57334
OB-Cr(VI) -4.814 120.19 0.45467
System Pseudo 2" order

Kz (g/(mg min) Qe2aas(Mg/g) R?
OB-E122 0.0222 102.459 0.98219
OB-E124 1.1986*10 222.2 0.98607
OB-E129 2.299*10° 91.5 0.98691
OB-Cr(V1) 1.3777*10* 197.63 0.99006

2.4.7. Temperature and Thermodynamic Studies

It was observed that when the temperature increased, the amount of E122, E124, E129, and Cr(VI) adsorption decreased, as
shown in Fig.S7A, and this is due to when the adsorption process is exothermic, the physical adsorption occurs readily at low
temperatures, and decreases with increasing temperature (Le-Chatelier principle). The thermodynamic parameters and K, the
equilibrium constant, were calculated using Egs. (9) and (10). Table 5 shows the estimated values of thermodynamic
parameters, while Fig. S7(b, c, d, e) shows the plotted curves. The predicted negative AG® values demonstrate both the
thermodynamic viability of the E122, E124, E129, and Cr(VI) adsorption within the examined temperature range and the
spontaneous nature of the adsorption on OB adsorbent. Furthermore, the exothermic nature of the adsorption process is
estimated by negative values of AH®. E122, E124, E129, and Cr(VI). Based on the high AH® values (> 80 kJ/mole), the
adsorption was proposed to be chemisorption [36]. Furthermore, E122, E124, E129, and Cr(VI) adsorption leads to a decrease
in randomness and an increase in alignment, as indicated by the negative AS® value.

Table 5. Thermodynamic parameters for the adsorption of E122, E124, E129, and Cr(VI) on OB adsorbent (conditions
pH=1.5-2, [0.005gm for E124 and Cr(V1), 0.01 for E129 0.015 for E122], and for 180min).

Adsorption K¢ AGe (KJ/mol) AHe AS°(J/mol.K)
system (KJ/mol)

298K 308K 318K 298K 308K 318K
OB+E122 4.338 1.637 1.048 -3.6346 -1.2624 -0.124 -72.9 -229.44
OB+E124 18.4 2.56 1.16 -7.18496 -2.41 -0.3923 -140.25 -446.71
OB+E129 5.97 1.73 1.01 -4.42742 -1.41 -0.026 -90.283 -288.178
OB+Cr(VI) 7.463  2.166 1.25 -4.979919 -1.979 -0.616 -90.3 -286.324
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2.4.8. Effect of ionic strength

The ionic strength characteristic is regarded as significant since industrial wastewater contains high amounts of matrix. It was
examined with several anions, including EDTA (0.1M,0.5M), NaCl (0.1, 0.5 M), KI (0.1M), MgS0O4(0.5M), Na2COs (0.1,
0.5 M), and NaHCOs (0.1, 0.5 M), at the optimum conditions of the investigated dye and metal adsorption. As shown in Fig.
S8. E122, E124, E129, and Cr(VI) adsorption on the OB surface, the different anions at concentration 0.1 0.5M affect the
investigated dye adsorption. In Fig. S8 a. the highest recovery of E122 was in the case of NaCl 0.5M (98.01), Fig. S8b E124
the highest recovery in the presence of NaCl 0.1M, Na2COs 0.1M(75.76%), Fig. S8c E129 NaCl 0.5M (88.2%), and Fig. S8d
the highest recovery of Cr(V1) by the use of NaHCO3 (0.5M) reached 189.3%.

2.4.9. Desorption and Regeneration

The capacity of reuse of OB investigation of E122, E124, E129, and Cr(V1) adsorption-desorption was performed under ideal
circumstances. Several eluents were investigated, and it was found that 0.5 M HCI is the best among them to recover E122,
E124, Cr(VI), and NaHCOs3 0.5M for E129, as shown in Fig. S9. Furthermore, due to the strong electrostatic bond formed
between pollutant molecules and OB, it was hard to recover the dye and reuse OB.

2.4.10. Application

2.4.10.1. Analysis of real water samples

Depending on the previous results, the prepared OB was utilized to treat and decontaminate a real sample. The calibration
curves were obtained using standard solutions. The 1.0 L standard solutions were made using the above-optimized
experimental setup. The samples under investigation were seawater in Damietta City and tap water in our laboratory at
Mansoura University. The obtained results are presented in Table 6. Not every sample contained every added dye naturally.
The recoveries in the samples that were spiked with particular dye concentrations were determined. The recovered
percentages ranged from 92.1% to 93.2%. These findings imply that OB adsorbent could be a useful tool for accurately
determining the presence of pollutants in real water.

Table 6. The analytical results of adsorption of E122, E124, E129, and Cr(VI1) in real water samples.

Sample Dye Spiked Measured Recovery% SD RSD%
g)ug-mL' (Mg.mL™)

Seawater E122 150 95.7 41.72 0.1 0.1045
E124 100 61.4 42.79 0.1 0.16286
E129 100 355 75.414 0.1 0.283
Cr(vl) 200 85.87 144.85 0.205 0.239

Tap-water E122 150 30.24 91.8 0.1662 0.5498
E124 100 49.9 55.5 0.153 0.306
E129 100 44.7 64.58 0.089 0.201
Cr(VvIl) 200 137.1 79.82 0.881 0.643

Wastewater  E122 150 449 80.73 0.153 0.34
E124 100 20.1 77.54 0.153 0.508
E129 100 195 93.94 0.153 0.782
Cr(VIl) 200 73.37 160.7 0.4687 0.6388

3.4.10.2. Analysis of dyes in colored soft drinks and candies

Various samples containing E122 and E129 were subjected to the optimal experimental conditions of E122 and E129
adsorption to assess the OB efficiency for anionic dye sorption. The standard solutions were used to create the calibration
curves. Candy and degassed carbonated drinks were among the food samples. Candy (strawberry taste) was dissolved after
being digested in 4% acetic acid, which includes E129 dye. As seen in Table 7, more than 71.23% for E122 and 61.969% for
E129 in soft drinks, and 79.2% for E129 in candy were attained in the E122 and E129 recovery removal from the tested
samples. These findings suggest that the recovery of these dyes from various materials might be effectively accomplished
using the OB material.

Table 7. The analytical results of adsorption of E122 and E129 anionic dyes in real water soft drinks and candy using OB
biosorbent (n=3).

Sample Dye Ci Measured Recovery% SD RSD%
(Mg.mL?)  (pg.mL™)

Soft drink E122 150 57.3 71.23 0.1 0.1745

Soft drink E129 100 46.7 61.98 0.153 0.326

Candy E129 100 32.15 79.21 0.05 0.155

Egypt. J. Chem. 68, No.11, (2025)



DESIGN, SPECTROSCOPIC ANALYSIS, DFT CALCULATIONS AND BIOSORPTION..... 581

2.4.11. Adsorption of pollutants in bi and multi-contaminated systems

2.4.11.1. UV-Visible spectra

For the mixture of two, three and four pollutants E122, E124, E129 and Cr(VI) which were studied at the conditions
mentioned earlier, the UV-vis spectra of the different mixtures (E122+E124), (E124+E129), (E122+129), (E122+Cr(VI),
(E124+Cr(V1), [(E129+Cr(VI)], [(E122+E124+E129), and [(E122+E124+E129+Cr(VI)]. Fig. 11(a—h) reflected that a new
Amax for each of the studied mixtures appeared that is not far away from the Amax 0f the single pollutants (518nm for E122,
507nm for E124, 502nm for E129 and for 427nm Cr(V1), respectively) and but in between, which emphasized the equivalent
selectivity toward the removal of the four pollutants in the binary and multicomponent systems at equilibrium time as shown
in Fig. 11 without forming an intermediate. This behavior demonstrated the adsorbent's lack of selectivity in adsorbing these
four pollutants in the bi- and multi-adsorbate systems, in addition to revealing the adsorbent's higher affinity for them. This
might be attributed to the similarity in their anionic nature. Further, the removal capacity of various mixed pollutants at the
same conditions was close to Qe for sole E122, E124, E129, and Cr(V1) (60- 229.3 mg/g). These results demonstrate that the
produced adsorbent is qualified for water treatment, particularly in bi- and multi-adsorbate systems, since they demonstrated a
very high removal efficiency for a mixture of anionic contaminants.
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Figure 11. UV data of (A) E122+E124 mix is contrasted with E122 and E124, (B) E122+E129 mix is contrasted with E122 and E129, (C)
E124+E129 mix is contrasted with E124 and E129, (D) Cr(VI)+E122 mix is contrasted with E122 and Cr(VI), (E) Cr(VI)+E124 mix is
contrasted with Cr(VI1) and E124, (F) Cr(VI)+E129 mix is contrasted with E129 and Cr(VI), (G) E122+E124+E129 mix is contrasted with
E122, E124, and E129, and (H) E122+E124+E129 +Cr(VI1) mix is contrasted with E122, E124, E129, and Cr(VI).

2.4.11.2. Kinetic studies for the multicomponent adsorption

It was necessary to apply OB biosorbent for the potential removal of (E122, E124, E129, Cr(V1)) at the previous new (Amax)
appeared in binary, tertiary, and mixed systems with different time intervals. For the adsorption experiment, 0.01 g of OB
biosorbent was added to each system solution (75 mg/L E122, 50 mg/L of [E124, E129], and 100 mg/L Cr(VI)) at pH [1.5-2].
Then, the mixture was shaken at 150 rpm. The equilibrium concentration of the adsorbates was calculated from UV—-Vis data.
The adsorption efficiency of E122, E124, E129, and Cr(VI) was calculated by employing Eq. (2). As it can be noticed from
Fig. 12, the absorbance, which is an indication of the dye’s concentration, is markedly reduced with increasing time of
adsorption denoting the efficient use of OB biosorbent for the removal of the investigated dyes in the binary system. It was
observed from the calculation in Table 8 and Fig.S10 that all of the multi-component systems follow pseudo-second-order by

applying Eq. (7&8).
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Figure 12. (A, B, C, D, E, F, G, H) UV data of E122, E124, E129, and Cr(VI) mix after adsorption by OB at different time intervals.

Table 8. Represents the adsorption Kinetics properties of the OB adsorbent for multi-component system.

System Pseudo 1%t order
Ki(min-t) Qe1ads(MQ/Q) R?
E122-E124 40.73 135.5 0.96895
E122-E129 -5.45 37.1 0.10023
E129-E124 -1.9 71.9 0.0688
E122-Cr(VI) -1.98 52.7 0.04038
E124-Cr(VI) -2.081 58.96 0.0295
E129-Cr(VI) 0.1 78.125 0.7026
E122-E124-E129 -4.35 84.6 0.06746
E122-E124-E129-Cr(VI) 33.88 146.41 0.18879
System Pseudo 2" order
Kz (g/(mg min) Qe2ads(mMg/g) R?

E122-E124 0.000164 1388.5 0.9984
E122-E129 0.0000478 115.2 0.97357
E129-E124 0.00036 95.2 0.9973
E122-Cr(VI) 0.000413 72 0.99111
E124-Cr(VI) 0.0002355 89.85 0.98409
E129-Cr(VI) 0.0001217 111.235 0.99399
E122-E124-E129 0.000039 201.6 0.9772
E122-E124-E129-Cr(VI) 0.0000618 186.6 0.99266

2.4.11.3. Isotherm studies for a multi-component system
Solute-to-adsorbent molecule interactions in an adsorption system are necessary for the adsorption behavior. The equilibrium
adsorbate concentrations in the solid and aqueous phases are referred to as isothermal at a particular temperature. Adsorption
information, adsorption mechanisms, and a system's maximum adsorption capacity are all examined using isotherm equations,
which are used to mimic the equilibrium adsorption data. The concentrations of the adsorbent in the solid phase and the

adsorbate in the liquid phase are mathematically related thanks to isotherm equations, so at the same (Amax) for the previous
mixed systems we measured the isothermal capacity of OB to adsorb the pollutants in the multi-component system for
different concentrations as shown in Fig. 11S using the extended Langmuir and Freundlich models Eq [11, 12] to analyze the

isotherm data in a multi-component system [46, 47]] This resulted in the multi-component system follows Langmuir isotherm
as it has the more related value of Qe with an (R?) about 0.9984 for all systems as illustrated in Table 9 and the value of (RL)

is an evidence that the reaction is reversible.
Om,i KLCi

9 = 1+31L 1 Ky.G

(1)

Ing; = InK; +-InG; (12)
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Table 9. Represents the isotherm of OB adsorption in a multi-component system.

System Langmuir isotherm constants

Ki Qm Rz RL
E122-E124 2.18 56.85 0.99803 0.007587
E122-E129 0.443 67.73 0.99605 0.0274
E129-E124 2.99 77.8 0.99983 0.00416
E122-Cr(VI) 0.968 67.3 0.99811 0.013
E124-Cr(VI) 0.251 93.1 0.98392 0.0475
E129-Cr(VI) 0.5786 75.3 0.99196 0.0211
E122-E124-E129 1.618 70.17 0.9964 0.007668
E122-E124-E129- 3.11 84.1 0.97345 0.0039997
Cr(VI)
System Freundlich isotherm constants

Kr N R?
E122-E124 35.87 6.35 0.60735
E122-E129 27.7 451 0.9488
E129-E124 44.55 3.97 0.8184
E122-Cr(VI) 37.96 6.02 0.91648
E124-Cr(VI) 18.8 2.16 0.85409
E129-Cr(VI) 44 6.3 0.95377
E122-E124-E129 45.6 8 0.93454
E122-E124-E129- 51.41 4.5 0.69086
Cr(VI)

2.4.12. The adsorption mechanism
Several mechanisms can be considered in an attempt to account for the adsorption of pollutants with particular structural
features. Included in these are the following:

1))
2)

3)

4)

Chelation: of surface calcium by bidentate ligands formed possibly from the functional groups -NH and C O, -OH
and C~-0, or --N~ and --OH. This occurs mainly in the tris medium.

Hydrogen bonding: between the dye molecule's ionized carbonyl oxygen and the hydroxyl groups in
hydroxyapatite or azo-nitrogen, -NH-. In calcium-deficient apatite, these hydroxyl groups in hydroxyapatite may
even be found as a component of the orthophosphate groups [48]. Preferential adsorption, perhaps by hydrogen
bonding, followed by chemisorption of dye onto the alcohol. This has been found on the surface of many
adsorbents such as alumina and silica [49], but it is unknown to which atoms in hydroxyapatite ethanol might
attach themselves. Incidentally, claimed that tris, which behaves as a cation at pH 7.4, was not adsorbed by
synthetic hydroxyapatite [50].

Electrostatic interaction: a replacement of surface (or hydration shell) phosphate by negatively charged groups in
the dye molecule and the negative charge of (Cr207)%, particularly sulphonate (--SOs°), permitting attachment of
the dye and chromate through these groups. There may be complex formation or adsorption in which the union
resembles an acid-base reaction or salt formation, with negatively charged groups on dye and chromate molecules
linked with positively charged surface calcium. In the anthraquinonoid dyes, there is evidence that union with
calcium can occur at the 2-hydroxyl position.

The plausible mechanism of adsorption of the three anionic dyes is represented in Fig. 13a, and Fig. 13b is the
mechanism for Cr(VI) adsorption.
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Figure 13. (A) the interaction between OB and the three anionic dyes, and (B) the interaction between OB biosorbent and Cr(V1).

2.4.13. Performance of OB biosorbent

E122, E124, E129, and Cr(VI) anionic species can be effectively separated and removed from a variety of water samples
using the OB Biomaterial. A comparison of the OB performances with those of the other mentioned adsorbents is shown in
Table 10. It was noted that OB biomaterial should take into account the sorption capacity, type, dose, beginning concentration,
and equilibrium duration of the sorption while comparing various adsorbents for the remediation of E122, E124, E129, and
Cr(V]). Finally, Table 10 shows that, in comparison to the other adsorbents described, the OB has excellent capacities and
efficiencies for the E122, E124, E129, and Cr(VI) recovery.

Table 10. The comparison of the adsorption capacity of E122, E124, E129, and K2Cr207 onto OB with previously reported
studies.

Adsorbate  Adsorbent Adsorbent dose Initial Equilibriu  ge (mg/g) References
concentration m time
(mg/L)
E122 OB 0.015g 150 120 min 86.76 Current study
ZrSiO4NPsCTAB@F  0.005g 100 20 min 66.5 [51]
€304 NPs-DoTAB
ND 1g/L 50 60 min 12 [52]
Doped (Ag)ZnOnes 0.08g 5 80 min 84.7 [53]
0.1Sn02-0.9Ce02 1g/L 20 20 min 22.10 [54]
0.155n02-0.85Ce02 22.8
0.25n02-0.8Ce02 21.16
0.35n02-0.7Ce02 18.33
Bt@CTAB 0.4g/L 100 240 min 248.75 [55]
E124 OB 0.005g 100 120 min 180.4 Current study
Fes04@SiO2 -CMK- 0.1g 50 20 min 78.74 [56]
8, MNCs
NH.-MMNC 0.008g 50 30 min 58.8 [57]
Bt@CTAB + g/l 150 240 min 358.25 [55]
E129 OB 0.01g 100 12 min 85.66 Current study
Activated carbon 400mg 3 96 h 72.85 [58]
Cr(VI) PPy/MoS: 0.015 g/50 mL 50 24 h 257.73 [59]
Coffee grounds and 59 100 120 min 94.34 [60]
Mixed waste tea (coffee
ground)
87.72
(Mixed
waste
tea)
A-RS/PVA 0.01 g/20 mL 100 48 h 140.39 [61]
OB 0.005g 200 120 min 157.67 Current study
CS@CTAB 0.005¢g 100 120 min 490.196 [36]
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3. Experimental

3.1. Proposed computational approach
Density functional theory (DFT) provides accurate and reliable information about the electrical characteristics, vibrational
frequency, rotational barrier, and shape of the compounds. The Ostrich Bone (OB) unit was used to carry out geometry
improvements and additional DFT calculations., E122, E124, E129, Cr(VI), these anionic dyes, and Cr(VI) with product
Ostrich Bone. DFT is considered a cost-effective method to approximate electron correlation effects. All DFT calculations
were performed by using the B3LYP level of theory, Becke’s three-parameter (B3) nonlocal exchange with the correlation
functional of Lee, Yang, and Parr (LYP) [62]. Nowadays, the B3LYP level is currently widely used to study organic
electronic compounds because the predicted geometries are very reliable and provide good estimations for HOMO-LUMO
gaps, in good agreement with experimental values [63-68]. All the calculations for geometry optimizations were carried out at
the B3LYP/6-31g(d,p) for all atoms. All computations were carried out by using the Gaussian09 suite of programs [69]. IR
spectrum was graphed using the GaussSum2.2.5 program [70], and full natural bond orbital (NBO) analyses were made to
calculate the charge distribution for all molecules by using NBO version 3.1 [71]. Gauss View 5.0 package [72] was employed
to produce several graphic depictions of the unique molecular orbitals' forms. Important ideas in theoretical molecular design
include the minimal unoccupied molecular orbital (LUMO) and a highly occupied molecular orbital (HOMO) [73]. Through
Koopman's theorem [74], the HOMO and LUMO orbital energies can be used to predict the electronic characteristics and
reactivity descriptors, such as ionization potential (IP), electron affinity (EA), hardness (1), softness (o), and electronegativity
0-

The Global Reactivity Descriptors (GRD): lonization potential (Ip), electron affinity (Ea), electronegativity (x), global
hardness 1) softness (a), can be explained in terms of the energy of the HOMO and the LUMO, are shown in Table S1 [75-
80].

3.2. Materials

The pristine Ostrich bone waste (OB), which includes the leg and breast bones, was used in this paper after being purchased
from a local store and dried, crushed, and sieved. The chemical structure of OB and pollutants is illustrated in Fig. 14. NaOH
(98%), EDTA (99.995%), NaHCOs3 (99.5%), HCI (37%), NaCl (99%), Na.COs (99.5%), ethanol (99.9%), Ponceau 4R
(C20H1:N2NasO10S3, E124), Azorubine (C20H12N2Na207Sz, E122), and Red Alora (80%) (Ci1sH14N2Na20sSz, E129) anionic
food dyes, and K2Cr207 (99.9%) are the substances that are utilized. These were all analytical-grade compounds that were
purchased from Sigma-Aldrich. The chemical structures of the studied pollutants are shown in Fig. 14.

(a) o (b) (C)

N

! o e "(E129)

(d) = ()

(Cr(VD)

Figure 14. (a) The chemical structure of hydroxyapatite [Cai0(PO4)s(OH):], (b, c, d, and e) E122, E129, E124, Cr(VI), respectively.

3.3. Characterization

By employing a Perkin-Elmer 550 spectrophotometer, the concentration of each of the investigated systems was measured
across a wavelength range of 200-900 nm. The maximum absorption wavelengths (Amax) recorded were 518 nm for E122, 508
nm for E124, 501 nm for E129, and 427nm for Cr(V1). The FTIR spectra of OB biosorbent, OB-E122, OB-E124, OB-E129,
and OB-Cr(VI) were characterized by (Perkin-Bhaskar-Elmer Co., USA). The surface morphology of prepared materials was
examined using the JSM-6510LV model. The specific surface area of the prepared material was determined through
Brunauer-Emmet-Teller (BET) analysis using a Size Analyzer (QUANTACHROME-NOVA 2000 Series).
Thermogravimetric analysis (Perkin Elmer TGA 4000) was used to determine thermal stability at a 15 °C/min heating rate
from 30 to 800 °C. X-ray diffraction (XRD) patterns of the OB sample were obtained using an Analytical Pert PRO
diffractometer spanning the 2-theta (26) range from 4° to 70°. The pH at the point of zero charge (pHrzc) of OB was
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determined through the following procedure; 0.1 gram of the OB adsorbent was mixed with 25 milliliters of NaCl solution
(0.01 M) adjusted to various pH levels ranging from 2 to 12. The mixtures were then shaken on an equilibrated shaker for 48
hours. The pH adjustment of the NaCl solution was achieved using 0.1 M HCI and 0.1 M NaOH. After shaking, the final pH
was recorded, and the difference in pH (ApH) was calculated using the equation ApH = pHi - pHt, where pHi represents the
initial pH and pHs is the final pH. The point where the ApH curve plotted against pHi intersects the line ApH = 0 was
identified as the pHrzc value [55].

3.4. Adsorption and regeneration procedures

3.4.1. Batch tests

By scanning the solutions throughout the range of 190-1100 nm, the absorption spectra (Amax) of E122, E124, E129, and
Cr(V1) were obtained. The maximum absorption wavelengths were 518 nm for E122, 508 nm for E124, 501 nm for E129, and
427nm for Cr(VI) [81]. Adsorption studies of these dyes were carried out at values between 25 and 400 mg/L. A contaminated
solution (10 mL) and a dose of adsorbent OB (0.01 g) were added to 25 mL stoppered bottles for the adsorption experiments.
The bottles were shaken at room temperature at 150 rpm using a thermostatic shaker. Upon reaching equilibrium, the solutions
underwent a 3000rpm centrifugation. The solution that remained after adsorption and contained traces of the contaminants
under investigation was evaluated at the particular Amax for all pollutants. Samples were regularly scanned between 200 and
900 nm after adsorption to find the lambda maximum. Several parameters were investigated, including contact time (ranging
from 30 to 180 minutes), temperature (between 25 and 45 °C), OB adsorbent dosage (from 0.005 to 0.03 grams), and initial
concentration of the pollutant (50—400 mg/L), ionic strength, and pH levels (varying from 1.5 to 11) Pollutant removal
percentage (R, (%)) and adsorption capacity (ge) of pollutants were calculated as per Eqs. (1) and (2), respectively [45].

R% ==L x 100 o)
ge = Ci=chHxv® « 100 )

Ci (mg/L) and Ct (mg/L) are the initial and equilibrium concentrations, respectively. Where wt (g) is the OB dose and V (L) is
the amount of pollutant under study.

3.4.2. Desorption and regeneration studies

The desorption of the pollutants under investigation was tested using various eluents, such as NaOH (0.1 mol/L), sodium
bicarbonate (0.5 mol/L), ethanol, and HCI (0.5,0.3,0.1 mol/L), following the adsorption of anionic dyes E122, E124, E129,
and metal ion Cr(V1) by OB. Using the batch approach, the adsorption-desorption was used to investigate the regeneration of
OB. The absorbent was filtered before being eluted with HCI (0.5 mol/L) for [E122, E124, and Cr(VI)] and NaHCO3 (0.5
mol/L) for E129. After shaken with dosage (0.015, 0.005, 0.01g of OB) for [E122, (E124, Cr(VI)), E129], respectively with
10 mL of (150 mg/LE122), (100 mg/L for E124 and E129), and (200 mg/L of Cr(V1) for 120 min for E122, E124, E129, and

Cr(VI). The desorption (D, %) of the pollutants under investigation from OB biosorbent was computed using Eq. (3) [18].
amount of desorbed to the solution (mg/L) % 100 (3)

amount adsorbed on OB (mg/L)

Desorption (%) =

3.4.3. Kinetics, isotherm, and thermodynamics studies

3.4.3.1. Impact of initial concentration and isotherm studies

The investigations concerning isotherms for E122, E124, E129, and Cr(VI) adsorption were performed by placing (0.015,

0.005, 0.01g) Doses of OB adsorbent in a range of bottles comprising E122, [E124, Cr(V1)], and E129 solution. The initial

concentration of the contaminant was between 50 and 400 mg/L. For E129, E124, E122, and Cr(VI) at pH 1.5, these bottles

were shaken at 150 rpm for 120 minutes at 25 °C in a thermostatic shaker. The parameters were determined using Freundlich's

and Langmuir's isothermal models, as indicated by Eqgs. (4) and (5), respectively. One crucial parameter is the Langmuir

separation factor (RL), which is shown in Eq. (6). It is used in adsorbent-sorbate affinity prediction. The following explanation

applies to the indications of RL values: While values between 0 and 1 reflect the acceptability of the adsorbent utilized, R

greater than 1.0 indicates that the adsorbent under examination is inappropriate [45].

Ce_ 1 G

& - Kidm qm 1 (4)

InQ, = InKf + ;lnCe (5)
1

Ry = 14+K,C ®

As Ce (mg/L) is the anionic dyes (E122, E124 and E129) and Cr(VI) concentration at equilibrium, ge (mg/g) is the pollutant

capacity at equilibrium, gm (mg/g) is the adsorption mum amount, The heterogeneity factor is represented by 1/n, and the

Langmuir and Freundlich constants are KL (L/mg) and Kr (mg/g), respectively.

3.4.3.2. Impact of contact time and Kinetics studies

Two kinetic models, pseudo-1%-order and pseudo-2nd-order, were used in kinetic experiments to predict the adsorption rate-
limiting phase. These models were reported in Egs. (7) and (8). Studies were carried out at the ideal pH for pollutants using
10 mL150 mg/L of E122, (100 mg/L of E124,200 mg/L of Cr(VI)), and 100 mg/L of E129 [0.015, 0.005, and 0.01 g] in order
of the OB adsorbent. These pollutants were allowed to shake with varying contact times from 30 to 180 minutes in a
thermostatic shaker at room temperature at a constant speed of 150 rpm [82].

1 ky 1

Q¢ - et de (7)
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t 1 t

=rate ®
ar ki qe
The adsorption efficiency for investigated pollutants at equilibrium and at a certain time t (min) is expressed as ge (mg/g) and
gt (mg/g), respectively. K1 and K2 are constants for pseudo-15t order and pseudo-2"-order, respectively.

2.4.3.3. Effect of temperature and thermodynamics

10 mL of the anionic dyes' solution (100 mg/L for E124 and E129 and 150 mg/L for E122) and 10 mL of 200 mg/L Cr(VI)
with an ideal pH of (1.5-2) were shaken for 120 minutes for E122, E124, Cr(VI), and E129 in a set of 25-mL stoppered flasks
containing these dosages (0.015, 0.005, and 0.01 g) of OB at different temperatures (25-45) °C. Following filtering and
adsorption, the residual dye concentration (E122, E124, and E129) and metal concentration were measured. As stated in Eqs.
9 and 10 and computed as follows, the thermodynamic parameters (adsorption enthalpy (AH®), adsorption free energy (AG®),
and adsorption entropy (AS®); from Eq. (10) intercept that equals AS®/R and slope that equals ~AH°/R of Ln Kc vs. I/T. A
gas constant expressed as (R) equals 8.314 J/mol K [51].

AG° = -RTInKc )
InKc = 2= -2 (10)
R RT

3.4.3.4. Error analysis

Using the Levenberg—Marquardt iteration technique included in the OriginPro 2019 program, the study's unknown parameters
for the kinetic and isotherm models were obtained. The above kinetic and isotherm models were evaluated for fitting quality
using the adjusted coefficient of determination (Adj. R?) [6].

3.5. Application

3.5.1. Analysis of real water samples

The real water samples were spiked with different concentrations of the studied pollutants viz. 100 mg/L of (E124, E129), 150
mg/L of E122 and 200 mg/L of Cr(V1). Before the dyes were spiked, the actual water samples were fully digested by adding
0.5 g of K2S20s and 5 mL of H2S04 98% (w/w) to 1000 mL of the water sample. The mixture was then heated for 120 min at
90 °C to fully dissolve the organic compounds that were present. The samples were allowed to cool to room temperature
before being mixed with 0.01 g of OB biosorbent and continuously shaken for 120 min with the pH level down to 1.5-2. To
guarantee total separation, the solutions were centrifuged once more, and 0.01 g of OB biosorbent was added to the
supernatant. The remaining amount of E122, E124, E129, or Cr(VI) employing an Ultraviolet-visible Unicam UV 2100
spectrometer at the proper wavelengths.

3.5.2. Elimination of dyes from industrial samples and colored soft beverages

To remove E122 and E129 from degassed carbonated beverages and candy, OB was utilized. In the beginning, the carbonated
drinks (a strawberry beverage with E129 dye and a watermelon beverage with E122 dye) were degassed by leaving them in
the air at 25 °C for 120 min. After being digested (which means the breakdown of unwanted substances in the candy sample)
using acetic acid (4%), the strawberry candy was dissolved. For E122 and E129, OB dosage (0.015, 0.01 g) was introduced to
each sample, and the optimum pH for each dye was set with constant shaking for 180 min. Using the Unicam UV 2100
UV/Visible spectrometer at the proper wavelengths, the residual E122 and E129 were identified.

Conclusion
Finding affordable pollutants-binding adsorbents is essential to efficient water treatment. The results of the present
investigation show that:

a-  Pristine Ostrich Bone is a potentially highly applicable biosorbent in removing anionic food dyes from water (E122,
E124, and E129) and metal ion chromate from water samples.

b- The pH, reaction temperature, and beginning concentration affected the adsorption of the anionic food dyes E122,
E124, E129, and Cr(VI).

c- Langmuir adsorption isotherms on a homogeneous surface provide a good description of the homeostasis of the
adsorption process. An almost second-order kinetic model is used in the kinetic investigations.

d- Thermodynamic parameters indicate that it's a spontaneous, exothermic chemisorption reaction.

e- Isotherm and kinetics of a multicomponent system.

f-  In this work, the prepared OB biosorbent has high efficiency of anionic food dye removal and chromate ion (Cr®")
removal at optimal batch sorption conditions, with an upper limit on the sorption capacity of 86.67 mg/g, 180.4
mg/g, 85.9 mg/g, and 157.67 mg/g, respectively, mg. g for E122, E124, E129, and Cr(VI), that was achieved in
90-120 minutes. The anionic food dyes E122, E124, E129, and chromate ions (Cr®") were removed using the
prepared biosorbent (OB) in both single and multi-component dye solution modes.

g- The prepared OB biosorbent was successfully used to remove E122, E124, E129, and Cr(VI) from natural water and
industrial food samples:

h-  Submersion of the OB dye sample in 10 mL of HCI 0.5 m and NaHCOs resulted in the desorption of about (99.9-
90.5%) of E122, E124, and (140%) of Cr(VI), and about 24.4% for E129 dyes.

i- DFT calculations were performed on the Ostrich Bone (OB) unit, E122, E124, E129, Cr(VI), these anionic dyes,
and Cr(VI) with product Ostrich Bone.

j-  The adsorption mechanism was proposed to be due to electrostatic interaction (between Ca(Il) of hydroxyapatite
and dyes SO;3 group, and oxygenated group in chromate) and the formation of the hydrogen bond.

k- In conclusion, the present work demonstrated the potential of this technique for environmental remediation well.
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I-  The process of synthesis, characterization, adsorption, and DFT studies of pristine OB for the removal of studied
pollutants is graphically represented in Fig. 15.
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Figure 15. Graphical abstract that represents the study of OB and the removal of pollutants.
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