Journal of Water Process Engineering 50 (2022) 103312

Contents lists available at ScienceDirect

JOURNAL OF
WATER PROCESS
ENGINEERING

Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

ELSEVIER

Check for

Development of novel nano-y-Al;03 adsorbent from waste aluminum foil = [%&s
for the removal of boron and bromide from aqueous solution

Mohammad A. Al-Ghouti®, Mariam Khan ?, Aakasha Malik °, Majeda Khraisheh ",
Dima Hijazi®, Sana Mohamed “, Shaikha Alsorour , Razan Eltayeb®, Fay Al Mahmoud *,
Johaina Alahmad®

@ Environmental Science Program, Department of Biological and Environmental Sciences, College of Arts and Sciences, Qatar University, Doha, Qatar
b Department of Chemical Engineering, College of Engineering, Qatar University, P.O. Box 2713, Doha, Qatar

ARTICLE INFO ABSTRACT

Keywords: The current study deals with the synthesis of nano-gamma-alumina (nano-y-Al;O3) from waste aluminum foil
Remediation and its application for the removal of boron and bromide from an aqueous solution. The physical characteristic of
Alumina

nano-y-Al;O3 was analyzed using various analytical techniques, namely thermogravimetric analyzer (TGA),
scanning electron microscope (SEM), energy dispersive X-ray (EDX), and Fourier-transform infrared spectroscopy
(FTIR). Additionally, various important parameters that govern the adsorption process were examined, such as
PH, solution temperature, and initial ions concentration. It was found that boron preferred a basic environment
while bromide prefers a less acidic environment. The prepared adsorbent also demonstrated a very high removal
efficiency; 88.35 % of boron and 87.65 % of bromide were achieved. Isotherm studies showed that the Langmuir
model best explained the adsorption processes for both boron and bromide at 25 °C. The maximum boron and
bromide adsorption capacities (Langmuir adsorption capacity) were 25.86 mg/g (at 35 °C) and 90.72 mg/g (at
25 °C), respectively. Moreover, the evaluated thermodynamic parameters revealed that boron followed an
endothermic reaction while bromide followed an exothermic reaction. The AG® value for both ions indicated that
adsorption was favorable. While the kinetic studies revealed that both, boron and bromide adsorption onto nano-
v-Al,03 obeyed pseudo-second-order; indicating that electrostatic forces and electron sharing would be amongst
the major forces involved in the adsorption process. The desorption experiments confirmed that the spent ad-
sorbents can be regenerated and effectively reused. The prepared nano-y-Al,O3 was also tested with a real
groundwater sample, and it was found that 96.25 % of boron and 100 % of bromide were successfully adsorbed
using nano-y-Al,Os. Additionally, it was also found that 99 % of sulfate ions were removed. This showed that the
prepared adsorbent has the tendency to adsorb multiple ions from the real groundwater sample.
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1. Introduction maximum acceptable amount of boron uptake [4]. Pharmaceuticals,

condensers, detergents, preservatives, enamel, leathers, carpets, fertil-

Due to limited water resources, several countries have relied on
seawater desalination technology to meet their water needs. Desalina-
tion of seawater has become an unavoidable trend in a variety of in-
dustries, including agricultural and industrial production, as well as the
daily existence of living organisms and plants [1]. In seawater, boron
concentration usually varies between 5 mg/L and 6 mg/L [2]. Though
boron is considered an essential micronutrient for humans, plants, and
animals, a however excessive amount of boron has been reported to
cause an adverse effect on both plants and animals [3]. According to
World Health Organization (WHO), 1 mg/day to 20 mg/day is the
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izers, artificial gemstones, and high-contrast photogenic materials are
just a few of the products that expose their customers to roughly 0.1 mg
of boron each day [5]. Many countries have specified a limit to boron
level in irrigation water that must be maintained (<1 mg/L) to reduce
boron poisoning in plants as they may lose their photosynthetic poten-
tial and productivity if the amount is too high [5]. However, some plants
can sustain high boron concentrations (2 mg/L to 4 mg/L) in irrigation
water, while other very sensitive or semi-sensitive plants, can tolerate up
to 0.3 mg/L, and 1 mg/L to 2 mg/L, respectively. It has also been re-
ported to affect the blood and endocrine system in adults, there has been
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an increase in incidents of pregnancy complications, and congenital
malformation, which has been linked to boron toxicity [6-10]. Due to its
severity, WHO has set a maximum for boron concentration in drinkable
water, which must be <2.4 mg/L [11]. The non-ionic form of boron in
seawater production cannot be treated by a simple desalination plant
procedure and demands a more complex method [8]. On the other hand,
bromide is also abundant in natural water, particularly in water bodies
due to anthropogenic activities such as the discharge of treated or un-
treated wastewater and power plant discharges [9]. Bromide ion is also
another element that is known to be toxic to mammals, aquatic organ-
isms, and plants. It is considered to cause carcinogenicity, as well form
trihalomethanes, cause toxicity to the reproductive system and affects
the development of bodies. Additionally, neurotoxicity and other acute
organ toxicity are some of the other common side effects of excessive
bromide consumption [10]. In seawater, bromide concentration can
range between 65 mg/L and 80 mg/L [11]. Due to ozonation and
chlorination, when bromide ion dissolves in water, it forms a toxic
chemical that can harm the ecosystem and cause cancer and other
chronic diseases in humans [12]. Additionally, bromide ions existing in
water can respond differently to different disinfectants [13]. During the
pre-chlorination process, a high amount of chlorinated disinfection by-
products (DBPs), particularly (Cl-DBPs) and (Br-DBPs) can be pro-
duced from seawater containing a high amount of bromide ions (50 mg/
L-80 mg/L), which are extremely harmful [14]. Furthermore, natural
processes such as the movement of saline water into freshwater aquifers,
erosion of rocks, as well as anthropogenic activities including seawater
desalination, mining tailings, chemical reactions, sewage, and industrial
discharge, are some of the sources of bromide in drinking water [15].
The need to regulate the presence of boron and bromide in water has
been recognized by several studies, which have presented several effi-
cient ways for removing these ions from aqueous solutions. Some of the
technologies that have been presented as possible technologies to treat
boron and bromide ions include electrocoagulation [16], ion exchange
[17], reverse osmosis [18], and adsorption [19]. However, there are
various limitations associated with the high percentage removal of
boron and bromide when using electrocoagulation, ion exchange, and
reverse osmosis. Such as the generation of toxic by-products, and vola-
tilization, the construction of the plant, requires a large area, can cause
fouling and scaling, and can deteriorate water quality. Over the years,
adsorption has emerged as a superior technique owing to its cost-
effectiveness, selectivity, and comparatively environmentally friendly
alternative. Accordingly, the exploitation of various dross that is pro-
duced by industries has also emerged as the greatest challenge for the
industries [20]. Usually, the waste is disposed of in designated landfills,
which is likely to cause the leaching of toxic metal ions into the
groundwater causing serious pollution problems, additionally; landfills
require large land, which is also one of the main concerns due to
increasing production [21]. Utilizing such waste from another industry
could be one of the possible ways to save operational costs. Owing to its
environmental friendliness and strong adsorption capacities, the use of
recycling waste material for boron and bromide removal from an
aqueous solution has gotten a lot of attention [19]. Aluminum has
gained great attention since it is dumped as a waste by-product from
various industries on daily basis. Additionally, nanomaterials of
aluminum oxide and aluminum hydroxide are extensively studied due to
their hierarchal nanostructure and unique properties. Currently, several
methods have been proposed to successfully prepare alumina [22-23].
The current study aimed to prepare nano-y-Al,O3 using waste
aluminum foil through a hydrothermal process. The synthesis of
alumina was carried out in an acidic preparation using hydrochloric acid
(HCI) and drops of ammonia. HCI is an inexpensive raw material and
ammonia was only required in a few drops. The physical and chemical
properties of the prepared nano-y-Al;O3 were analyzed using various
analytical techniques. The effect of various essential parameters on
boron and bromide adsorption was also evaluated. Four isotherm
models namely, Langmuir, Freundlich, Dubinin—Radushkevich, and
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Temkin were used to evaluate the boron and bromide adsorption pro-
cesses, and thermodynamics studies were performed to understand the
adsorption process pathway.

2. Methodology
2.1. Synthesis of nano-aluminum oxide, nano-y-Al;03

The preparation procedure of nano-y-Al;03 was modified by Osman
et al. [22]. The aluminum foil wastes were collected, washed, and stored
in airtight containers. 6 M of HCI solution was added to 20 g of
aluminum foil and stirred to form an AlCI3 solution. The mixture was
maintained in a desiccator for 24 h to form crystalline AlCl3.6H50, then
deionized water was used to purify the AlCl3.6H50, to assure the purity
of the AlCl3.6H,0 crystals, washing was carried out three times [22,23].
The prepared AlCl3.6H,0 were dissolved in deionized water and heated
up to 100 °C and ammonia solution (35 %) was added gradually to form
a pale off-white precipitate, which was kept at room temperature for 12
h. The precipitate was filtered (centrifuged), washed, dried, and
calcined at 550 °C for 4 h. The final product (nano-y-Al;03) was crushed
and kept in a sealed container. Fig. 1 displays a schematic illustration of
the procedure carried out to achieve nano-y-AlyOs.

2.2. Materials characterization

All chemicals used in this study were analytical grade. The prepared
nano-y-Al;O3 were characterized using various instruments. Thermog-
ravimetric Analyzer (TGA) (Perkin Elmer TGA-4000, USA) was used to
measure the thermal characteristics of nano-y-Al;Os at a heating rate of
15 °C/min in the presence of a 20 mL/min Ny flow as an inert gas.
Functional groups were determined by using Fourier-transform infrared
spectroscopy (FTIR) PerkinElmer 400 Spectrum instrument using UATR
(Universal Attenuated Total Reflectance). X-ray photoelectron spec-
troscopy (XPS) analysis was performed using Axis (Ulta DLD XPX Kratos,
Manchester, UK) with Al Ka radiation source (1486.6 eV) X-ray Powder,
15 kV, 20 mA under a UHV environment. The physical morphology of
the prepared nano-y-Al,O3 was determined by scanning electron mi-
croscope (SEM) and energy dispersive X-ray (EDX); NovaTM Nano SEM
50 Series (FEI SEM, Quanta 200, USA) and transmission electron mi-
croscope (TEM) (Nanomeasurer 1.2, H-7650 Hitachi, Japan TEM).
While the surface area and pore size distribution were determined by
Brunauer-Emmett-Teller (BET) (Quantachrome Corporation, Nova
3000). To determine boron and bromide concentrations in an aqueous
solution, inductively coupled plasma optical emission spectrometer
(ICP-OES) Perkin-Elmer Optima 3000 V and ion chromatography (IC);
Shimadzu ICPS-7510 Sequential Plasma Spectrometer (Japan) were
used.

2.3. Stock solution preparation

100 mg/L of boron and bromide stock solution was prepared. Then
the stock solution was diluted to the desired concentrations (10, 20, 30,
40, 50, 60, 80, 90, and 100 mg/L). IC and ICP-OES were used to
determine the concentrations of bromide and boron in each solution
respectively.

2.4. Adsorption studies

The experiments were performed in batches to determine the
adsorption capacities of the prepared nano-y-Al;03 for boron and bro-
mide ions. In this study, various parameters were investigated such as
the influence of pH, initial ions concentration, and solution temperature.
The batch experiment was carried out by adding 0.05 g of the prepared
adsorbent to 50 mL of the stock solution, which was placed in a 100 mL
glass bottle (previously soaked in acid). The bottles were placed in a
shaker at room temperature, for 24 h at 165 rpm. To determine the effect
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Fig. 1. Proposed schematic illustration of nano-y-Al,O3 preparation from aluminum foil waste.

of pH, samples of boron and bromide solution were adjusted to different
pH values (2, 4, 6, 8, and 10). The pH was adjusted by adding 0.05 M
NaOH and 0.05 M HCI as needed. Moreover, the effect of temperature
was also tested at various temperatures (25 °C, 35 °C, and 45 °C). Lastly,
the effect of concentration was tested at 10 different concentrations (10
mg/L-100 mg/L). After each experiment, the samples were centrifuged
(7000 rpm), and the solution was analyzed using ICP-OES for boron and
IC for bromide. The percentage removal was calculated using the
following equation. Duplicates and blanks were prepared in each
experimental set to validate the data.

Cy—C.

0

%Removal (%) = x 100 (€D)
The initial concentration (mg/L) and the final concentration (mg/L)
were denoted by Cy and Ce, respectively.

2.5. Adsorption isotherm

Four isotherm models were used to evaluate the adsorption capacity,
namely Langmuir, Freundlich, Temkin, and Dubinin-Radushkevish. The
equation and parameter of each isotherm model can be found in the
supplemental file (Fig. S1). In addition, the maximum adsorption ca-
pacity was calculated using Langmuir constant Q°pax-

2.6. Thermodynamics study

Thermodynamic analysis was also performed to understand the na-
ture of the adsorption reaction by determining the changes in the pa-
rameters including Gibbs free energy (AG®), entropy (AS°®), and enthalpy
(AH®) using the following equation:

AG® = —RT In Ky 2
K, =2 3)

where R is the gas constant 8.314 J/mol. K, T is the temperature in
Kelvin, and Kj is the distribution coefficient. Where C, is the equilibrium
concentration of the adsorbent in mg/L and q, is the amount of boron or
bromide adsorbed per gram during adsorption in mg/g.

AG® = AH® —TAS® )

where AG° is Gibbs free energy (kJ/mol), T is the temperature in Kelvin
(K), AS® is the entropy change (J/mol.K) and AH° is the enthalpy (kJ/
mol).

Additionally, adsorption affinity (R;) was also calculated using Eq.
(5). Ry indicates whether a reaction was favorable or not. Values above 1
indicate the reaction was linear while the R; value denoted by zero

indicates the reaction was irreversible.

1

RL=—
1+ K,Co

5)
where Cj is the initial concentration of the ions (mg/L).

2.7. Kinetic studies

The kinetic and thermodynamic equilibrium investigations were
developed based on the conditions established in earlier experiments. To
conduct the kinetic investigation, 0.5 (w/v) dried adsorbent was added
to a 1.5 L boron or bromide solution with a known concentration. There
were fifteen different contact times: 0, 1, 3, 5, 10, 15, 20, 30, 40, 50, 60,
90, 120, 240 and 300 min. Some of the most common kinetic models,
namely pseudo-first-order, pseudo-second-order, and intra-particle
diffusion models were used for the kinetic study. The mathematical
formulas in Egs. (6), (7), and (8), respectively provide the relationships
between the solid and liquid phase concentrations (Ho and McKay,
1998; Ho and McKay, 2000).

g =q.(1—¢"") ©)
Pseudo-second-order kinetic equation

quezt
- - 7
q: T kg2t @

where g is the adsorption quantity (mg/g), qe is the adsorption quantity

of different samples at equilibrium (mg/g) refers to; t is time (h); k; (1/

min) and ky (g/mg.min) stand for the adsorption rate constants of

pseudo-first-order and pseudo-second-order, respectively.
Weber-Morris intra-particle diffusion

¢ = kit +B 8)

The slope and intercept of the linear plots are used to derive the intra-
particle diffusion parameters (rate constants and equilibrium concen-
trations). B is the intercept associated with the boundary layer which is
obtained from the intercept while kiq is the rate constant related to in-
ternal diffusion (mg/g.min®%) and which is determined from the slope of
the graph when g is plotted against the t*> plot.

2.8. Reusability of the adsorbent

The separation of the spent nano-y-Al,Os3 for the removal of 100 ppm
boron and bromide solution was achieved by centrifuging each sample
for 30 mins. Then, the spent material was washed carefully, to minimize
any loss. It is essential to wash the spent adsorbent to ensure the removal
of any boron and bromide ions that may not be adsorbed by nano-
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y-Aly03. Various eluents including HCl were used for the desorption
process, in which a set concentration of the acid was added to the glass
bottle to which the spent nano-y-Al,O3 was added. The bottles were kept
in the incubator shaker at room temperature for 24 h, 165 rpm then
centrifuged for 30 min.

2.9. Desorption study

To investigate the desorption capacity of spent adsorbent (nano-
v-Al;03) that had already adsorbed boron and bromide, three initial
concentrations of 40 mg/L, 70 mg/L, and 100 mg/L were used. Two
separate solutions were used to evaluate the spent adsorbents: 0.5 M HCl
and 1 M HCl in 100 mL glass bottles. 0.05 g of spent nano-y-Al;03 of
boron was added to 50 mL of each solution. Replicate experiments were
carried out. The mixture was then shaken at 165 rpm for 24 h at room
temperature. After each experiment, the samples were centrifuged
(7000 rpm), and the solution was analyzed using ICP-OES for boron and
IC for bromide. The desorption percentage was calculated according to
the following Eq. (9):

G —C,

0

Desorption (%) = x 100 9

where Cp is the initial concentration based on the average adsorption
(mg/L) and C, is the equilibrium concentration (mg/L).

2.10. Cost analysis

The estimated cost of the prepared nano-y-Al;O3 was determined
from the cost of the individual steps occurring during the preparation
process of 1 kg nano-y-AlOs. This includes the chemicals cost, elec-
tricity consumption, and other overhead costs. All calculations were
based on the adsorption capacity of the prepared nano-y-Al;O3 for boron
and bromide removal.

2.11. Statistical analysis

Two-way ANOVA was used to help understand the interaction of the
independent variables with the dependent variable. Statistical analysis
of all data was carried out in Excel. To validate the data, duplicates of all
experiments were performed. Additionally, Chi-square (y)? and coeffi-
cient correlation (R%) were used to investigate the best-fit adsorption
isotherm model.

The Chi-square (x)? was calculated as the following Eq. (10):

. . 2
N (qlexp - q[‘)rfd)

=3

; 10$)

] pred
where, qé,q, is the equilibrium capacity (mg/g) from the experimental
data while qli,,ed is the equilibrium capacity (mg/g) from the predicted
(model) data. The data were used from the results obtained from the
effect of initial concentration. N denotes the number of sizes, which is
the number of match experimental runs conducted to find out the
adsorption capacity.

Accordingly the Critical value (p-value) for 10 is 18.31 at « = 0.05.
Therefore if the (y)? is lower than the p-value the null hypothesis is not
rejected and it will be concluded that there is no sufficient evidence that
the experimental value is different from the predicted value.

2.12. Adsorption of boron and bromide ions from groundwater using
nano-y-Al;03

A real groundwater sample was used as a real wastewater sample to
determine the efficiency of prepared nano-y-AlyOs. The groundwater
was collected from a local area. The experiment was carried out by
adding 50 mL of the collected groundwater and 0.05 g of nano-y-AlOs3.
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The solutions were agitated at 165 rpm at ambient temperature for 24 h.
The solution was then centrifuged, and the equilibrium concentrations
of boron and bromide were measured using ICP-OES and IC, respec-
tively. The removal percentage was calculated using Eq. (1).

3. Results and discussion
3.1. Characterization of the prepared nano-y-Al;03

3.1.1. Morphological characterization using SEM

The intended purpose of conducting an SEM analysis of a sample was
to attain a topological image of the compound and its relative compo-
sition. Figs. 2A and (S2a-d) provide the SEM images of the prepared
nano-y-Al;Os. It can be observed from Fig. 2A and B, that the adsorbent
had several cavities, thus ensuring high adsorption capacity. The close
clustering of the cavities is due to the oxidation that occurred at high
temperatures. The roughness of the surface indicates the presence of
impurities due to other components that may have been present in the
aluminum foil. Additionally, the morphology of the prepared adsorbent
is also observed as porous and heterogeneous. Such characteristics will
indeed facilitate the capturing of boron and bromide. Similar findings
were also reported by Zhang et al. [19] and Murambasvina & Mahamadi
[24]. The presence of active sites on nano-y-Al;03 will influence the
physicochemical properties of the adsorbent. The formation of the
defective structure during the transition from amorphous to crystalline
in a thermal dehydration state resulted in increased chemical and active
adsorption sites. During the preparation of nano-y-Al,0s, the interaction
of water vapor on the aluminum surface is one of the most complex
processes under the influence of various types of forces. The sharp edges
formation may be due to the increase of y-alumina content. The results
from the EDX spectral elemental analyses of the adsorbent surface of
aluminum oxide are shown in Fig. 2C. The purity of aluminum oxide is
shown in quantitative measuring findings obtained from the EDX anal-
ysis. The EDX measurements indicate the presence of Al along with O
peaks. The results indicated 57.53 % of O and 42.47 % of Al. Addi-
tionally, the use of precursor salts for nanoparticle production was
responsible for the weaker signal of K. Overall, the results indicated the
high purity of the adsorbent. Similar results were observed in various
studies, for instance, Zhu et al. [25] prepared aluminum oxide adsorbent
and obtained similar results, aluminum comprised 35.4 % wt%. On the
other hand, Zhang et al. [19] found the content of nano-y-Al,O3 to be
40.55 % Al, and 59.45 % O.

The structure and shape of the synthesized nano-y-Al,O3 were
further analyzed by TEM, which is shown in Fig. 2D & E. The TEM
images make it easier to comprehend the regular layer and interlayer
region present in the adsorbent. Fig. S3 depicts a wormhole-like struc-
ture, which is a distinct and common characteristic of nano-y-Al,O3
reported in various studies including Lee et al. [26] and Ekka et al. [27].
Additionally, narrow pore size with a particle size of 500 nm can be
observed throughout the surface as evident in Figs. 2D and E, and S3. In
general, Fig. 2D and E also show that nano-y-Al;O3 can be thought of as a
laminar structure. Lastly, overall, it can also be seen that the nano-
y-Al;03 structure is more homogenous and consistent. Similar findings
were also reported by Cardona et al. [20] and Gomez et al. [28]. At the
same time, it can be observed that the particles are found to be irregular
which indicates particle crystalline feature, which is another distinct
property of nano-y-Al,03 [29].

3.1.2. Surface area analysis

Adsorption rate and adsorption capacity are influenced by the ad-
sorbent's surface area. The BET analysis revealed that nano-y-Al,O3
possessed a high surface area of 150.0 m?/g compared to other studies.
While the pore volume and pore sizes were 0.208 cm®/g and 27.20 A,
respectively. The pore area distribution and nitrogen adsorption-
desorption isotherms graphs are presented in Fig. S4, a supplementary
document. For instance, Lee & Lee [30] reported the surface area of the
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Fig. 2. A and B: The scanning electron microscope (SEM) image, of nano-y-Al,O3 before adsorption at x50,000 & 25,000. C. Corresponding energy, dispersive
spectrum (EDX) pattern, and D and E: TEM images for the prepared nano-y-Al,O3 before adsorption.

prepared aluminum oxide particles as 46.80 m?/g. While Zhu et al. [25]
reported the surface area of the prepared mesoporous bismuth-
impregnated aluminum oxide between 107 m?/g and 161.0 m?/g and
pore volume between 0.196 cm®/g-0.301 cm®/g. Zhang et al. [31]
synthesized y-aluminum oxide and recorded a surface area between
58.60 m%/g-85.30 m?%/g.

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR)

The results obtained through the FTIR analysis display peaks that
correspond to the presence of aluminum oxide can be observed in Fig. 3.
Several peaks between 400 cm™!-1000 cm ™! determined the formation

of y-phase alumina. For instance, the peak at 880 cm ' indicated
asymmetric stretching, 795 cm™! showed symmetric stretching, and
630 cm ! showed the bending vibrations of the Al—O—Al bonds. Lastly,
the presence of an octahedral arrangement of the AI*" peak was deter-
mined by the peak present at 680 cm ™! [32]. The peak observed at 1101
em ! and 611 em ™! is attributed to the presence of the functional group
for aluminum [33]. This confirms the successful formation of the y-phase
alumina. Additionally, bands observed in the FTIR spectra suggested
that there were very few water molecules attached to the AI(OH)3 [30].
Additionally, the band located at 500 cm ™ '-800 cm™* could be attrib-
uted to AI—O—H. The peaks for the —OH stretch were deducted at
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Fig. 3. FTIR spectra of nano-y-Al,03, A. 4000 cm™'-400 cm™}, B. 3850 cm™!-3680 cm™!, showing the types of OH-species on the surface of alumina and C. XPS

spectrum of the prepared nano-y-Al,O3 before adsorption.

3600 cm~! which can be attributed to the aluminum (hydra) oxide
minerals [34]. The peak that was observed between 3650 em 13120
cm ™! was due to the symmetrical and asymmetrical stretching of OH
while the peak at 1630 cm™'-1400 cm ™! was due to the bending of O—H

bonds, present in water. Additionally, the prominent peak observed at
3410 cm ! shows the presence of OH stretching vibration of the Al—OH
moieties. While the bands between 1020 cm™'-920 cm ™! were related to
the AlI—O bond [35]. Furthermore, the chemical state of the prepared
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nano-y-Al,O3 was further characterized by XPS as illustrated in Fig. 3C.
Accordingly, the peak located at 74.4 eV in the XPS spectra is also
attributed to AI—O bonding, while the peak at 70.5 eV indicated the
presence of Al,O3 [19,36].

The FTIR graph for nano-y-Al,O3 was further enhanced between the
3680-3850 cm ! to understand the two main groups of surface hydroxyl
groups (—OH), namely isolated hydroxyl groups with infrared peaks
(>3600 cm 1), and self-associated hydroxyl groups with infrared peaks
(>3600 cm™!). However, the OH groups could be coordinated to one,
two, and three A1®" in the surface layers (Onfroy et al., 2009), as shown
in Fig. 3B. The intensity of the OH peaks refers to the density of OH
groups present on the surface of the nano-y-Al;03. Accordingly, type III
is the dominant coordination, then type II and type 1. These findings
were in line with Basu et al. [35] and Rabung et al. [37].

3.1.4. Thermal properties

Fig. 4 shows the TGA curve of the prepared nano-y-Al;03. Accord-
ingly, the pattern of weight decrease with increasing temperature. Such
observation was similar to the findings by Castillo et al. [38] and
Asencios et al. [23]. TGA profile shows four distinct stages, as marked in
Fig. 4. The first loss of around 7 % can be observed at around 28 °C to
50 °C, which can probably be due to the dehydration process and the
desorption of the physisorbed water from the surface [39]. The second
weight loss was observed at around 50 °C-170 °C. The third loss from
170 °C-240 °C, can be associated with rapid autoignition, which could
be due to the quick evaluation of nitrogen dioxide. The exothermic peak
recorded can be attributed to the combustion of organic compounds
[39]. Hence, 300 °C was chosen to obtain nano-y-Al;03 nanoparticles.
After the peak at 300 °C, the weight loss gradually slowed down, this can
be due to the formation of nano-y-Aly,O3 [40]. The last stage showed an
insignificant weight loss, which can be attributed to the dihydroxylation
of nano-y-Al,03 and other alumina transitions that may have occurred.
Overall, the total weight loss was 29 % showing nano-y-Al,Os is resistant
to high temperatures.

3.2. Effect of the pH on the percentage removal

It is well established that boron, in aqueous solutions, exists as
H3BO3 and B(OH);4. The dominant existence of either boric acid or tet-
rahydroxyborate is dictated by the pH of the aqueous solution; with the
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presence of boric acid being dominant at lower and neutral pH, while
tetrahydroxyborate occurrence is more in alkaline solution [5]. How-
ever, at a pH range between 7.2 and 11, both boric acid and tetrahy-
droxyborate exist in equilibrium. Since the pH plays a critical role in the
adsorption at the water-absorbent interface, the optimization of the
parameter was performed by investigating the boron removal percent-
age as a function of pH, as illustrated in Fig. 5. As seen, an increase in pH
resulted in a higher percentage of boron removal. At lower pH, the
electrostatic forces on the adsorbent and boric acid negatively affect the
boron adsorption. It can be assumed that at lower pH boron was present
in the solution in various forms including B(OH)3, which under acidic
conditions is mainly uncharged, consequently resulting in low boron
adsorption in an acidic environment [2,14]. Likewise, at a pH of 10, the
highest removal was reached. Bouguerra et al. [41] used activated
alumina for the removal of boron and found pH higher than 9 showed
high boron adsorption. Accordingly, Bouguerra et al. [41] explained
that the boron species that are present in an aqueous solution are
determined by the pH and the concentration of the solution. Usually, the
point zero (pHpzc) of alumina ranges between 8.7 and 9.0, while the pKa
for boric acid is 9.2. Consequently, the surface of the prepared alumina
was positively charged until pH < pHpzc. Likewise, the same phenom-
enon can be used to explain the high adsorption of boron at pH 10. At
pH 10, the anionic species would have a stronger interaction with the
adsorbent and thus result in greater removal of the species. However, the
optimal solution pH is also reliant on the surface chemistry of the
adsorbent used [13]. Additionally, the adsorption of earth-alkaline
metal ions on alumina increased as the pH of the solution increased.
Furthermore, the affinity of the earth's alkaline metal towards hydrous
y-Alumina decreased as the ionic size of the ion increased [42].

While, on the other hand, the bromide ions' adsorption in an aqueous
solution is also illustrated in Fig. 5. From Fig. 5, it can be observed that
bromide preferred a weakly acidic environment, and the maximum
adsorption efficiency was around 57 %, which was obtained at pH 6
using nano-y-Al;Os. It can be seen from Fig. 5, the change in pH did not
dramatically influence bromide adsorption. This is because bromide is
very stable at different pH values [43]. The pH of the solution is very
crucial as it also determines the surface charge of the adsorbent in the
solution. At low pH, the surface of the adsorbent was positively charged,
which caused the active sites on nano-y-AloO3 to be protonated. Addi-
tionally, the increase in hydrogen ions at low pH may also have been
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Fig. 5. Effect of pH on bromide and boron adsorption onto nano-y-Al,O3. The experimental conditions were: Adsorbent dose, 0.05 g/50 mL, temperature 25, ignited

at 165 rpm for 24 h.

attributed to the high bromide removal. When the pH was lower than 6
the removal of bromide was negatively affected. This may be due to
several factors including electrostatic repulsion between bromide and
the surface of the nano-y-Al,O3. In general, in more acidic solutions,
bromide adsorption occurs in a competitive process with the presence of
hydrogen ions in the solution. Therefore, as the pH increased, bromide
adsorption also increased this can be attributed to the surface of the
adsorbent that was almost free of adsorbed hydrogen. It is worthy
pointing out that in an acid medium bromide adsorption is stronger than
in an alkaline medium. Additionally, the pH was adjusted by inducing
0.5 M of HCl; this may have caused competitive adsorption of chloride
ions, which would have also influenced bromide adsorption to nano-
y-Al;03 to some extent. While adjusting pH 6 required a very minimum
amount of hydrochloric [44]. Lastly, under alkaline conditions, there
would be hydroxyl ions competition. However, at pH 10, 51.35 % of
bromide was removed; this could be accounted for as a faked adsorption
behavior phenomenon [45]. Additionally, it is also possible that at high
pH, the bromide structural transition takes place, which can cause
bromide to change its form to other components. Thus, the increase of
bromide ions at high pH was observed which might not be of pure
bromide but perhaps of a compound such as bromate (BrOg3), thus, the
adsorption of bromide will be more suitable under neutral or weakly
acidic conditions [46].

3.3. Effect of concentration of boron and bromide on nano-y-Al,03

Fig. 6 shows how the adsorption performance of boron and bromide
onto nano-y-AlyO3 changed as the initial concentration (C.) increased.
The percentage removal was investigated under an initial concentration
of 10 mg/L to 100 mg/L of boron and bromide solutions. It was observed
that as the initial concentration increased, the percentage removal of
boron and bromide also increased simultaneously. The amount of the
boron and bromide ions adsorbed on the adsorbent is a function of
concentration at equilibrium. Thus, by increasing the initial boron and
bromide concentrations, it was observed that the adsorption of boron
and bromide increased onto the nano-y-Al,Os3 surface, as indicated by
the trend line in Fig. 6. This is also predictable as it suggests the mass
transfer of boron and bromide ions to the available adsorption sites on
nano-y-Al,03. Boron adsorption increased from 65.55 % to 75.55 % as
the concentration increased from 10 mg/L to 30 mg/L, respectively. The
percentage removal for boron continued to increase as the initial con-
centration of boron increased. The maximum percentage removal of
boron reached 88.35 % at 100 mg/L on nano-y-Al»Os. It can be assumed
that the increase of boron ions in the initial concentration in the solution
caused a stronger driving force that is greater than the mass transfer
resistance [47]. Furthermore, it can also be assumed that the adsorption
process did not reach equilibrium. Similar results have been also re-
ported by Wang et al. [6] while investigating boron adsorption
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efficiency onto graphene oxide composite (UIO-66-NH,/GO). On the
other hand, bromide adsorption also showed a similar trend. As the
initial concentration increased from 10 mg/L to 40 mg/L, the percentage
removal increased from 57.3 % to 74.06 %, respectively. At 100 mg/L,
the percentage removal reduced slightly from 74.06 % to 72.75 %, and
then gradually improved to 87.56 %. Similar to boron, it can be assumed
that the adsorption process did not reach equilibrium. The high
adsorption of both boron and bromide can be attributed to various
reasons. For instance, the active sites on the surface of nano-y-Al,O3
consist of a large surface area and good porosity are the two essential
properties that favor adsorption. Additionally, the micropores' nature
and structure, the surface morphology of the prepared nano-y-AlyOs,
and the active adsorption sites on nano-y-AlyOs, are attributed to the
capturing of boron and bromide ions [44]. Table 1 mentions various
studies that have been conducted to remove boron and bromide from an
aqueous solution.

3.4. Isotherm studies

3.4.1. Boron adsorption

Langmuir isotherm implies that the adsorption took place on a
monolayer. The correlation coefficient (R?) for boron adsorption was
close to one (0.9800) as tabulated in Table 2. This indicates that boron
adsorption onto nano-y-AlpO3 could be explained by the Langmuir
model. The separation factor (R;) was close to 1 (0.89-0.93), which
showed that the adsorbent was favorable energetically. The affinity
between the adsorbate and adsorbent, which is denoted by Ky, indicated
a strong binding between boron ions and nano-y-Al;O3 at 35 °C. When
the temperature increased to 35 °C, the maximum adsorption capacity
(Qhax) increased, however, (Qmax) decreased when the temperature
further increased to 45 °C. Boron adsorption onto nano-y-Al;O3 could be
best explained by Langmuir isotherm as the R? is 0.98 and Chi-square
(X)2 15.07 at 25 °C. While Freundlich isotherm implies that a hetero-
geneous surface was involved in the adsorption, and the distribution of
heat is non-uniform throughout the surface. Similarly, the R? for boron
adsorption was between 0.7200 and 0.9000, while the K¢ value showed
an increase from 13.48 (mg/g)(mg/L)" to 109.18 (mg/g)(mg/L)" at
25 °C and 35 °C, respectively and then a decrease from 45 °C to 105.32
(mg/g)(mg/L)" this indicated that up to 35 °C the adsorption capacity
continued to increase. The n value indicates if the reaction was physical
adsorption or chemical adsorption. If the n value is <1 it indicates that
the reaction was chemical adsorption while if the value is higher than 1,
the reaction was physical adsorption. Accordingly, from the data in
Table 2 it can be seen that at 25 °C and 35 °C, the adsorption was
chemical adsorption, while at 45 °C the adsorption changed to a physical
process. The reaction was favorable at 35 °C and 45 °C, as indicated by
the 1 values (5.860 and 0.6900, respectively). The heat adsorption
constant that is denoted by by revealed that at 35 °C and 45 °C, the heat
adsorption was high, 53.40 J/mol and 44.62 J/mol, respectively. The
equilibrium-binding constant (Ar) for Temkin isotherm, presented a
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gradual increase as the temperature increased. For instance, at 25 °C the
At value was 3.79 L/g, which gradually increased to 5.960 L/g at 35 °C
and 6.530 L/g at 45 °C, respectively. Finally, the Dubinin-Radushkevich
adsorption model was found not to be suitable for both boron and bro-
mide as the R? values were between 0.5300 and 0.7600.

3.4.2. Bromide adsorption

The correlation coefficient (R?) for bromide adsorption, on the other
hand, was likewise close to 1 (0.9800-0.9900). This suggests that the
Langmuir isotherm could also explain bromide adsorption onto nano-
v-Aly03. The R, was found to be more than one, indicating that the
adsorption was energetically advantageous (0.90-0.98). The b showed
that there was a strong binding between boron ions and nano-y-Al;O3 at
25 °C, which was 59.90. It is noteworthy to mention that the Qf,,x was
90.72 at 25 °C and gradually decreased as the temperature increased.
Likewise for bromide adsorption onto nano-y-Al;Os, it can also be said
that the adsorption process was best explained using the Langmuir
model at 25 °C as the R? is 0.99 and Chi-square (X)2 6.987 with
maximum adsorption capacity being 90.72 mg/g. While for Freundlich
isotherm, the R? for bromide adsorption was between 0.82 and 0.85,
while the K¢ value increased generally as the temperature increased,
from 25 °C to 45 °C. The value decreased from 4.520 mg/g to 1.080 mg/
g at 25 °C and 35 °C, respectively, and then slightly increased to 2.930
mg/g at 45 °C. The value suggested that the adsorption of bromide was
chemical adsorption at 25 °C as the value is <1, however, as the tem-
perature increased there to 35 °C and 45 °C the adsorption process
followed physical adsorption, as seen from n value which increased to
3.410 and 1.096 at 35 °C and 45 °C, respectively. The 1 value exhibited
the process was favorable. The Ar showed a general decline as the
temperature increased. For instance, at 25 °C At value was 4.650 L/g,
which gradually decreased to 2.940 L/g and 45 °C. The br value
revealed that at high temperatures the heat adsorption was high, (35C,
66.61 J/mol) and (45°C, 104.45 J/mol). The results were similar to
Pouya et al. [55] who studied the adsorption of Pb(II) on y-Al;Os,
Banerjee et al. [32] utilized alumina nanoparticles for the removal of a
hazardous dye, and Asencios et al. [23] who synthesized alumina for the
adsorption of Pb, Cd, and Zn.

3.5. Effect of temperature

Temperature effects on boron and bromide adsorption onto nano-
y-Al,O3 were also examined. The trend of this parameter is illustrated in
Fig. 7. It is evident that both boron and bromide favored low tempera-
tures (25 °C) and resulted in a high removal capacity of 88.35 % and
87.65 %, respectively. This finding is very noteworthy, as it indicates
adsorption of boron and bromide on nano-y-Al;03 does not require high
temperature, which indicates cost-effectiveness and a more sustainable
option.

Table 1

Compilation of various studies that have reported the removal efficiency/maximum capacity of boron and bromide using various adsorbents.
Method Removal Optimum pH Adsorption capacity (mg.g) Dosage (g) Element Reference
Activated carbon 50-60 % 9.26 0.950-1.680 1.000 Boron [48]
Fly ash 90 % NR NR 1.000 Boron [49]
Eggshell wastes 96.3 % 6 25.99-86.20 0.050 Boron [13]
Waste tire rubber 76.7 % 2 1.06-3.27 0.050 Boron [50]
Activated Alumina 40-65 % 8-8.5 NR 0.050 Boron [51]
Polymer grafting polyol compounds NR 9 2.540 0.010 Boron [52]
Fibrous polymeric chelator containing glycidol moiety NR 25.9 0.5 Boron [53]
Cellulose-based beads modified with TEMPO-mediate 82.33 10 0.5524-1.165 0.050 Bromide [46]
Silver-loaded porous carbon spheres 94 % 1.20 0.008 Bromide [44]
Natural pumice and aluminum-coated pumice 58-72 mg/g 8 58.82-76.92 8.000 Ethidium bromide [54]
Nano-y-Al,03 88.35 % 6 16.21-25.86 0.005 Boron Current study
Nano-y-Al,03 87.65 % 10 19.09-90.72 0.005 Bromide Current study
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Table 2

Isotherm parameter for boron and bromide adsorption onto nano-y-Al,Os.
Boron
Langmuir Freundlich
Temperature (°C) Qhax (Mg/g) Ky b (L/mg) R? P K (mg/g)(L/g)/™ n 1/n R? $>
25 16.21 10.58 11.64 0.9800 15.07 13.48 —0.3100 —3.200 0.8200 50.31
35 25.86 35.66 36.70 0.9700 7.94 109.18 0.1700 5.860 0.7700 43.73
45 19.65 31.27 32.31 0.9700 17.58 105.319 1.442 0.6900 0.9000 95.3
Boron
Dubinin-Radushkevich Temkin
Temperature (°C) qs (mg/g) Kaa (molz/kJZ) E (kJ/mol) R? Xz B (J/mol) by A7 (L/®) R? x2

(=1/(2Ka0)>®)
25 93.00 6 x 107% 28.90 0.8600 25.02 53.22 42.64 3.790 0.660 441.2
35 42.14 59 x 107 9.210 0.6700 0.099 47.97 53.40 5.960 0.810 196.7
45 32.56 6.9 x 107 8.510 0.9500 918.7 59.26 44.62 6.530 0.760 6063
Bromide
Langmuir Freundlich
Temperature (°C) Q%ax (Mg/g) K4 b (L/mg) R? b K (mg/g)(L/g)/™ n 1/n R? P
25 90.72 18.85 59.90 0.9900 6.987 4.527 0.4700 2.108 0.8200 10.44
35 30.89 29.78 30.81 0.9800 2.233 1.080 3.410 0.2900 0.8000 1345
45 19.09 55.00 16.01 0.9900 8.809 2.910 1.096 9.120 0.8500 32.66
Bromide
Dubinin-Radushkevich Temkin
Temperature (°C) qs (mg/g) Kaa E (kJ/mol) R? X2 B (J/mol) by A7 (L/®) R? X2
(mol?/kJ?) (=1/(2Ka0)™®)

25 68.48 1x10°% 224.0 0.8300 47.45 53.12 42.72 4.650 0.5200 9769
35 61.35 9 x 107% 23.00 0.8500 7.997 38.45 66.61 4.910 0.6100 447.5
45 53.222 5 x 107% 316.0 0.8200 5.894 25.32 104.5 2.940 0.7100 32.60

3.6. Thermodynamic studies

The thermodynamic behavior of boron and bromide adsorption was
investigated by determining thermodynamic parameters such as Gibbs
free energy (AG°), enthalpy (AH°), and entropy (AS°), as shown in
Table 3. From the data obtained, boron adsorption was spontaneous and
feasible as suggested by the negative value of AG ° . The value estimated
for AG® were — 5574 kJ/mol, —9230 kJ/mol, and — 9193 kJ/mol at
25°C, 35 °C, and 45 °C, respectively; demonstrating that adsorption was
more favorable at low temperatures. The enthalpy value (AH ° ) was
positive which signified that the process followed an endothermic re-
action, while the negative value of entropy suggested that throughout
the process the adsorbate concentration increased on the solid adsorbent
surface which lead to a decrease in randomness at a solid-liquid inter-
face. On the other hand, the thermodynamic parameter revealed that the
adsorption of bromide followed an exothermic reaction, as the AH°
value was negative (—0.502 kJ/mol). Similar to boron, as temperature
increased, the value of AG® decreased from —8782 kJ/mol to —9413 kJ/
mol at 298 °C and 318 °C, this observation was in accordance with the
adsorption capacities which showed the adsorption efficiency decreased
with the increase in temperature. Lastly, bromide adsorption had a good
affinity at the solid-liquid surface as indicated by the positive value of
AS°(165.4 J/mol.K). Similar findings were reported by Banerjee et al.,
[32] in their study on removing hazardous dyes using alumina.

3.7. Adsorption kinetics studies

The adsorption kinetic models are used to empirically predict the
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mechanism controlling the adsorption of bromide and boron [57]. The
pseudo-first-order and pseudo-second-order were applied to describe the
kinetic process of the bromide and boron adsorption onto the nano-
y-Al;03. The parameters of both models for bromide and boron are
tabulated in Table 4. Pseudo models assume that the reaction was a
pseudo-chemical reaction process. The data were plotted to the pseudo-
first and second other equation to have a further clearer understanding
of bromide and boron adsorption onto nano-y-Al;03. Accordingly, if a
reaction follows a pseudo-first-order it will obtain a straight line when In
(g+qe) is plotted against time t, while in pseudo-second-order the straight
line is obtained when the é is plotted against time. From Fig. 8 A and B

boron adsorption onto nano-y-AlyO3 obeyed the pseudo-second-order
with a very high R? value (0.99) while for the pseudo-first-order the
R? value was 0.08. In addition, the g, value obtained in pseudo-second-
order is in agreement with the calculated amount. Furthermore, K; in-
dicates the reaction rate per minute the value shows the reaction was
comparatively faster 1.64 while the maximum concentration was 527
mg/g. This indicates that covalent bonding or perhaps electron transfer
between the various functional groups present on nano-y-Al,Os were
involved in capturing boron ions. This finding is in line with the earlier
findings of the functional groups and elemental composition of the
adsorbent that was deducted from the surface of the adsorbent.
Furthermore, the reaction is likely to be affected by chemical adsorption
[58]. Wang et al. [59] studied the adsorption of boron onto UiO-66-
NH2/GO and obtained similar results, additionally, they also mentioned
that other forces such as electrostatic attraction were also involved in
the successful adsorption of boron.

On the other hand, bromide adsorption onto nano-y-Al,O3 can be
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Table 3
Thermodynamics properties of Boron and bromide adsorption onto nano-
v-Al,Os.

Temperature (°C) AG® (kJ/mol) AH°(kJ/mol) AS°(J/mol.K)
Boron

25 —5574

35 —9230 20.03 —5202

45 —9193

Bromide

25 —8782

35 —10,690 —0.502 165.4

45 —9413

seen to follow the pseudo-second-order; with R? being 0.98 while for the
pseudo-first-order it was 0.51, indicating that the reaction was governed
by chemical exchange through electron sharing. The K, value for bro-
mide was 2.45 g/mg.min, which shows the reaction for bromide was
much faster than for boron. This indicates that the adsorption occurred
on a heterogeneous surface [60]. Which agree with earlier finding,
where SEM and TEM revealed that the surface of the prepared adsorbent
was covered with different sizes of pores and cavities Furthermore, it
also implies, that bromide fixation onto nano-y-Al,O3 was mainly due to
chemo-sorption, which was due to several forces including electron
exchange between the ions and the adsorbent [61]. Jiang et al. [62] in
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Table 4
Kinetic parameter of boron and bromide adsorption onto nano-y-Al,Os.
Bromide Boron
Model Parameter Value Model Parameter Value
Pseudo first K; (1/min) 2.67 Pseudo first K; (1/min) 1.64
law X law
1074
Qe (mg/g) 572 qe (Mg/g) 527
R® 0.51 R? 0.08
Pseudo K, (g/mg. 2.45 Pseudo K (g/mg. 2.53 x
second law  min) second law min) 1074
ge (mg/g) 322 Qe (mg/g) 769.23
R? 0.98 R? 0.99
Intra-particle  kiq (mg/g. 6.44 Intra-particle  kig (mg/g. 2.69
diffusion min®®) diffusion min®®)
model B 224.9 model B 216.8
R? 0.95 R? 0.94

their study for the removal of bromide using electrochemically induced
dual-site adsorption composite film of Ni-MOF derivative/NiCo LDH.
The failure of the pseudo-first-order in correlating adsorption kinetic
experimental data is usually due to theoretical interpretations of this
equation. In pseudo-first-order, it is commonly assumed that the total
sorption process is controlled by the rate of adsorption/desorption
processes, which is perceived as a chemical reaction on the adsorbent's
surface. However, in many circumstances, the rate of solute diffusion
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into the interior of the adsorbent also determines the adsorption
mechanism, and the pseudo-first-order model does not account for this
phenomenon [63]. Lastly, the data was also compared using the intra-
particle diffusion model and for both the bromide and boron model the
value on both graphs the line could not pass through the origin of the
graph, indicating that the intraparticle diffusion was not the only force
involved in the process. In addition, from Table 4, the intercept value (B)
for bromide was 224.9 and for boron was 216.8, which further
confirmed that the intra-particle diffusion was not the dominant
mechanism governing the adsorption of bromide and boron [63]. In
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addition, the rate constant was observed to be higher for bromide (6.44
mg/g.min’>) than boron (2.69 mg/g.min’>), this indicates that bromide
adsorption onto the adsorbent was faster than boron. When comparing
the thermodynamic studies result, at 25 °C for both boron and bromide
the n value (Freundlich constant) was <1 which also indicated that the
adsorption followed a chemo-adsorption.

3.8. Statistical analysis

The data for the influence of three different parameters, i.e. pH,
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temperature, and concentration were validated using two-way NOVA.
The data is tabulated in Table 5. For both reactions, the probability value
(p-value) was <0.05 for boron, which was 7.39 x 1039 while for bro-
mide it was 2.46 x 107%°, suggesting that the data was significantly
different between groups. While the F-value was greater than F-crits, for
boron F value was 477.0 and for bromide 111.0 while the F-crits was
2.210 and 2.290, respectively this showed adsorption of boron and
bromide ions were significantly affected by the initial concentration of
boron and bromide and temperature.

Similarly, boron adsorption was significantly affected by the change
in pH, as the p-value (2.32 x 10~%) was <0.050 and the F value was
higher than F-crits 78.40 and 3.210, respectively. However, bromide
adsorption was not significantly affected by the change in pH as the p-
value was higher than 0.05 (0.55).

3.9. Adsorption mechanism

During the adsorption process, more than one mechanism is present
that controls the adsorption process, while the model can express the
adsorption pathway but are unable to express the precise adsorption
mechanisms involved during the process. Fig. 8B shows a combined
schematic representation of the boron and bromide adsorption mecha-
nism onto nano-y-Al;O3 that would have occurred during the respective
adsorption, In general, both interior and exterior adsorption of boron
and bromide would have occurred on nano-y-AlpOs. The adsorption
mechanism, on the other hand, can be assumed to be based on the
surface chemistry of the nano-y-Al;03. The presence of metal oxides in
nano-y-Al;O3 causes hydroxylation of the metal oxide surface in the
aqueous phase. As a result, the metal oxide might act amphoterically
under the effect of different pH values [56]. The aqueous pH condition
has a significant influence on the surface characteristics of alumina
nanoparticles. Fig. 8A illustrates the possible mechanisms that may have
taken place for bromide adsorption. The net surface charge at pH 7.4 is
near zero, and the system becomes electrostatically neutral. While in an
acidic medium, principally the surface is positively charged, which
electrostatically attracts the bromide ions, which will ultimately lead to
high adsorption as shown in reaction (3) [32]. Thus, it can be deduced
that electrostatic attraction between the electronegative bromide and
the positively charged nano-y-Al,O3 majorly contributed to the high
efficiency of bromide adsorption [64]. Furthermore, aluminum atoms
exhibit strong Lewis acidity and have an electronegativity of 1.5 while
bromide has an electronegativity of 2.8, resulting in a 1.3 electronega-
tivity difference for the aluminum and bromide bond. Thus, it can be
also deduced there was a strong electronegativity attraction and polar
covalent bond.

While the mechanism of boron onto nano-y-Al;O3 can be assumed as
a ligand exchange with the reactive hydroxyl groups that are found on
the surface of nano-y-Al;O3. The shift of pH of the point zero of charge
(pHzpc) present on the mineral when the adsorbent becomes specially
adsorbed on the mineral surface is often characterized as ligand ex-
change [65]. Additionally, from the results obtained it can also be
deduced that the occurrence of film diffusion can also be another
adsorption mechanism where the cations' movement from the bulk so-
lution to the nano-y-Al,O3 external surface occurred. Lastly, the increase
in pH could be inferred that B(OH)4 species such as B(OH)3, or B(OH)4
could form trigonal and tetrahedral boron species to be adsorbed on the

Table 5
Analysis of Variance for the effect of temperature and pH on boron and bromide
adsorption onto nano-y-Al,Os.

Condition p-Value F value F-crits
Temperature Boron 7.39 x 107 477.0 2.210
pH Boron 2.32 x 1078 78.40 3.210
Temperature Bromide 2.46 x 1073° 111.0 2.290
pH Bromide 0.5500 80.40 4.450
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surface of nano-y-AlyOs. Similar findings were also reported by Al-
Ghouti & Salih. [65].

3.10. Desorption studies of nano-y-Al,03

In any adsorption water treatment, it is crucial to consider the
regeneration step. The effectiveness of any adsorption process is pri-
marily determined by its expenses as well as the amount of solid waste
produced. This could be minimized if the used adsorbent can be recycled
multiple times easily and effectively. The regeneration of nano-y-AloO3
was performed by washing the spent adsorbent (boron or bromide
loaded nano-y-Al,O3) with two different desorption agents 0.5 M and 1
M of hydrochloric acid (HCl). HCI was preferred over other acids to
avoid the interference of other anions. Results indicated that 0.1 M of
HCl was able to remove 89.6 % of boron and 91.6 % of bromide. This
could be due to the Lewis acid-base reaction as discussed earlier. These
results demonstrated the strong feasibility of nano-y-Al;O3 regeneration.

3.11. Reusability of the spent adsorbent

Determining the possibility of reusing an adsorbent is very crucial as
it aids in reducing the cost, helps preserve the environment, and proves
to be a sustainable option. Thus, this study also performed the reus-
ability of the spent adsorbent to explore the efficiency of the prepared
adsorbent. The removal percentage for boron and bromide was calcu-
lated through four and five adsorption-desorption cycles until it reached
50 % percentage removal. For boron, it was found that the first cycle had
89.32 % percentage removal followed by 75.24 %, and 67.43 % and the
forth cycle reported 54.32 % boron removal while for bromide it was
found that the first cycle was able to remove 91.23 % of bromide, fol-
lowed by 84.24 %, 73.45 %, 66.73 %, and the fifth cycle was removed
49.33 %. In general, it was observed with an increase in the number of
cycles the ability of the adsorbent to remove boron or bromide also
decreased gradually. The decrease in the nano-y-Al,O3 adsorption per-
formance can be due to the reduction of sites available on the nano-
y-Al;O3 surface, and the loss of adsorbents after each reuse cycle.

3.12. Application of nano-y-Al;Os3 to real wastewater sample

The feasibility and efficiency of nano-y-AloO3 were also evaluated by
using real groundwater, which was collected from a local area. The
methodology and the complete characterization are mentioned in one of
our preliminary research (Ahmad et al. 2022). The collected ground-
water pH level was between 6.89 and 7.94, while the total dissolved
solids (TDS) and conductivity were 598.87 mg/1-156,433 mg/L and
0.92 pS/cm-22.33 pS/cm, respectively. Additionally, the groundwater
is laden with various cations and anions. Accordingly, bromide's initial
concentration was found to be 21.98 mg/L, and boron's initial concen-
tration was found to be 16.02 mg/L. After adsorption, the IC results
indicated no traces of bromide, proving that bromide was 100 % suc-
cessfully adsorbed. On the other hand, 96.25 % of boron was success-
fully adsorbed. Surprisingly the prepared nano-y-Al,O3 was also able to
adsorb sulfate substantially. The initial concentration was found to be
11,543 mg/L in the groundwater, while after adsorption the sulfate
concentration was reduced by 99 %. Indicating that the prepared nano-
y-Al;03 adsorbent can adsorb multiple ions in one run. Proving that the
adsorbent is environmentally and economically very feasible.

3.13. Cost analysis

Cost analysis is also another crucial parameter that should be
considered for any potential adsorbent. In this study, aluminum foil was
collected as a waste source, making the raw material price insignificant.
Based on the solutions and other overhead costs required in this study,
the total cost to prepare 5 g of nano-y-Al;03 was 0.85 United States
Dollars (USD#$). This is very minimal in contrast to Bai et al. [60], who in
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their study reported that the synthesis of T-resin was 13.02 USD$ (87.19
CNY/kg) which was prepared for boron removal. While commercial
activated alumina can cost between 1.5 and 3.5USD$/kg [67].

4. Conclusion

In this study, nano-y-Al,03 was successfully prepared from waste
aluminum foil. This study may be regarded as one of its kind as for the
first time nano-y-Al,03 was used to effectively remove boron and bro-
mide from an aqueous solution. The stable structure nano-y-Al,03 and
the presence of various functional groups were found to be favorable for
boron and bromide ion entry into the exterior and interior surface ma-
trix of nano-y-Al,03. Several influencing factors such as pH, tempera-
ture, and concentration were studied. This study revealed that both ions
react differently in an aqueous solution. Boron preferred a basic medium
(pH 10) for its effective removal from nano-y-Al,O3 while bromide
preferred a less acidic environment (pH 6). The highest boron adsorp-
tion capacity was 25.86 mg/g, while the maximum bromide adsorption
capacity was 90.72 mg/g. Isotherm studies showed that the adsorption
process for both boron and bromide was best explained by the Langmuir
model, for boron at 35 °C the maximum adsorption capacity was
recorded while bromide preferred a low temperature and yielded a high
adsorption capacity of 25 °C. The evaluated thermodynamic parameters
revealed that boron followed an endothermic reaction while bromide
followed an exothermic reaction. AG® value for both ions indicated that
adsorption was favorable. Kinetic studies showed that pseudo-second-
order could better explain the kinetics aspect of boron and bromide
adsorption. The results from desorption experiments were >85 % indi-
cating that the used adsorbent can be effectively reused. Hydrogen
bonds, electrostatic attraction, and ligand bonds were some of the forces
that were involved in the adsorption mechanism. It was also assumed
that the adsorption occurred on both the interior and exterior surfaces of
the adsorbent.
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