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ABSTRACT

This work concentrates on the synthesis nano-sized calcium and aluminum layered double hydroxide (LDH) from
environmental wastes and industrial by-products. Cement kiln dust (CKD) was used as a source of calcium, and
waterworks treatment sludge (WTS) from water treatment plants was used as a source of aluminum. The (Ca/Al)-
LDH nanoparticles have synthesized by co-precipitation method to produce a new sorbent. (Ca/Al)-LDH nanopar-
ticles must be immobilized using sodium alginate to obtain the spherical forms named (Ca/Al)-LDH-alginate
beads that were tested for the elimination of amoxicillin (AMX) antibiotic from the aquatic environment. The
optimal conditions for the production of LDH that achieved the highest adsorption (calcium /aluminum ratio, pH,
and the percentage of LDH in alginate beads) were studied to verify its adsorption efficiency. The study demon-
strated that it is possible to remove approximately 52% of AMX under optimal synthesis conditions, which include
a 1:1 ratio of Ca:Al, 20% LDH in alginate, and pH of 10. The LDH was characterized using SEM, XRD, FT-IR,
EDX, TEM, and BET tests. The results demonstrate that the (Ca/Al)-LDH was formed with a unique geometric
structure with surface area of 48.55 m?/g. Batch tests demonstrated that more than 94% of AMX can be removed
with 90 minutes, pH 3, sorbent amount 0.5 g/50 mL, and speed 250 rpm, for AMX initial concentration 50 mg/L,
to achieve the highest sorption capacity of 17.47 mg/g. The pseudo-second order model was used to measure the
kinetic tests, and as a result, the removal process will primarily rely on the chemisorption mechanism. The regen-
eration process proved the possibility of using exhausted beads for ten cycles with efficiency greater than 86%.

Keywords: amoxicillin adsorption, layered double hydroxide, cement kiln dust; alum waste.

INTRODUCTION

The driving key for sustainable development
was highlighted in the UN Sustainable Develop-
ment Goals and was well-identified as Goal 6 for
the availability of clean and sanitary water (John-
ston et al., 2021). Pollutants in water are classi-
fied into inorganic pollutants, which are mainly
related to the presence of metallic elements (e.g.,
Zn"2, Pb*?), and organic pollutants such as antibi-
otics (Prasse et al., 2010). Amoxicillin (AMX) is
one of the organic pollutants in water that exists
due to its continuous use by humans as a broad-
spectrum antibiotic against pneumonia (Huynh et
al., 2024), pharyngitis (Pereira et al., 2018), sep-
sis, and many other types (Kaur et al., 2011). Al-
though AMX has therapeutic efficacy, its presence

in water makes bacteria resistant to antibiotics;
thus, treating infections becomes more compli-
cated (Sodhi et al., 2021). The presence of amoxi-
cillin in aquatic environments poses significant
ecological threats that extend beyond immediate
toxicity concerns. Recent studies have demon-
strated that even sub-therapeutic concentrations
of AMX (as low as pg/L levels) can disrupt aquat-
ic microbial communities, leading to the develop-
ment of antibiotic-resistant bacteria and the hori-
zontal transfer of resistance genes (Rodriguez-
Mozaz et al., 2020; Carvalho and Santos, 2016).
The persistence of AMX in water bodies has been
linked to adverse effects on non-target organ-
isms, including algae growth inhibition, disrup-
tion of fish reproductive systems, and alteration
of ecosystem biodiversity (aus der Beek et al.,
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2016; Kiimmerer, 2009). Furthermore, the World
Health Organization has identified antimicrobial
resistance as one of the top global public health
threats, with environmental contamination be-
ing a critical pathway for resistance development
(WHO, 2021). The ecological footprint of phar-
maceutical contamination extends to drinking
water sources, potentially affecting human health
through chronic low-level exposure (Prasse et al.,
2015). Therefore, the development of sustainable
and cost-effective treatment technologies, such
as the waste-derived adsorbent presented in this
study, represents a crucial step toward mitigating
these environmental challenges while simultane-
ously addressing waste management issues.
Removing AMX from water is considered a
necessity as its water-soluble, weakly polyprotic
nature, high chemical stability, hinders biodegra-
dation, and potential hepatotoxic effects linked to
flucloxacillin cell disruption (Pasamontes et al.,
2004: Langin, et al., 2009: Kim et al., 2009). The
existence of AMX in water could be related to its
excretion in urine, with a high percentage (more
than 70%) of the taken dose within the first two
hours after its administration (Todd et al.,1990).
Since AMX does not metabolize to fewer effective
components, only a small portion will be convert-
ed to penicillanic acid in the liver (Delemos et al.,
2016). AMX has been specifically targeted based
on the Europium watch list for union-wide moni-
toring in the field of water policy. Four recently
identified antibiotics, trimethoprim, sulfamethox-
azole, ciprofloxacin, and AMX as pollutants that
pose risks to the aquatic environment (Decision
2015). Several methods were utilized to remove
AMX: photocatalytic systems, electro-oxidation,
advanced oxidation processes, and ultrasonic sys-
tems (Qutob et al., 2022). Photocatalytic systems
are stable and easy to use but consume high en-
ergy, while electrooxidation offers high efficiency
but faces eco-toxicity and cost issues. Adsorption
is effective and low-energy (Qutob et al., 2022,
Moradi et al., 2020, Habibi et al., 2021, Brillas,
2022, Anjum, 2017]; therefore, it is considered a
quite successful option to be used for removal of
such compound. Many materials are used as ad-
sorbents to remove AMX, including natural ma-
terials such as modified bentonite (Mohammed
et al., 2024), activated carbon (Abbas and Trari,
2024), ionic liquids (Velho et al., 2024), nano-
modified zinc oxide (Bousmaha et al., 2024),
bio-composite containing magnetic chitosan (Mi-
rizadeh et al., 2024), carbon nanomaterials such
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as carbon nanotubes (Hussaini et al., 2024), also
adsorbents containing binary metals (Ashraf et
al., 2024). To maintain the cost-effectiveness of
the adsorption process, it is common to utilize
waste-derived materials as adsorbents, irrespec-
tive of their origin. Industrial by-products such as
cement kiln dust (CKD), zero-valent iron, sew-
age sludge from water treatment plants (Faisal et
al., 2022a), and gypsum-derived plaster kiln dust
(Hussein, Faisal, 2023) are frequently employed,
addressing both waste management and adsorp-
tion efficiency challenges. CKD is considered a
modifiable source of calcium that has been used
in various studies, such as by converting it to hy-
droxyapatite (Faisal et al., 2021). This confirms
the suitability of CKD for preparing new mate-
rials to act as effective sorbents. To achieve the
minimal cost in the preparation of sorbent, water
treatment sludge (WTS) was used as a source of
aluminum, as this waste contains aluminum hy-
droxide that is produced from the added alumi-
num sulfate in the settling tanks (as a coagulant)
(Huang, Shiu, 1996). Annually, huge amounts
(millions of tons) of WTS are formed, usually
disposed of as by-products in landfill (Nguyen
et al., 2022). Previous studies demonstrate that
the water treatment plants in the UK alone annu-
ally produce more than 180000 dry tons of WTS
(Keeley, 2014). In Australian, the cost of safely
disposing of sludge generated during the water
treatment process is approximately $130 per ton,
resulting in an annual expenditure of $6.2 million
for disposal. The huge quantities of this waste re-
quire attention to utilize it in various applications,
including adsorption and chemical modification.
Recent studies are concentrated on management
of reusing aluminum from WTS to remove pol-
lutants from wastewater, which showed excellent
results (Jangkorn et al., 2011). The WTS was uti-
lized in phosphate adsorption studies, achieving
superior results with sorption capacities of 30.83—
34.53 mg/g (Xu et al., 2009). Among the promis-
ing materials as adsorbents are LDHs, which are
a class of chemical compounds with a structure
similar to brucite [Mg(OH),] in which the diva-
lent ion is partially removed with a trivalent ion,
producing a positive charge with the inner layer
being mediated by a negatively charged ion and
water molecules. The working formula for LDH:
[M>_ M, (OH),]*+[(A™),, . yH,0]; where M*
is divalent metal cation (e.g., Mg*, Zn*", Ca?"),
M?*is trivalent metal cation (e.g., AI**, Fe3", Cr?Y),
and A™ is exchangeable interlayer anion (e.g.,
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COs*, NOs, CI', SO4*). x: Fraction of trivalent
metal cations, typically ranging from 0.2 to 0.33
(Shi et al., 2024).

LDH sorbents offer significant advantages,
including the ability to tailor their constituent
elements for specific applications, straightfor-
ward preparation methods, and operational ver-
satility across a broad temperature range. The
non-toxic and biocompatible nature makes them
highly suitable for environmentally sensitive ap-
plications (Bai et al., 2024). The previous inves-
tigations demonstrate the possibility of extracting
aluminum from WTS at a suitable pH, as long as
the optimum pH is 2.5 (Altalhi et al., 2024; Pan-
swad, Chamnan, 1992). A significant contribution
of this study is the utilization of CKD waste as
a calcium source, leveraging its established ef-
ficacy in pollutant removal. CKD-sand compos-
ite has demonstrated effectiveness in extracting
heavy metals, such as copper and zinc, from acid-
ic aqueous solutions, highlighting its potential for
sustainable waste management and water treat-
ment applications (Sulaymon et al., 2015). LDH-
iron and magnesium composites have proven ef-
fective in removing estrogen (Abdul-Kareem et
al., 2023). This work’s specific objectives are to:
(1) manufacture new reactive material called (Ca/
Al) LDH-sodium alginate beads and determine
its properties; (ii) investigate AMX adsorption
onto the prepared beads; and (iii) assess the per-
formance of this composite sorbent under various
operating conditions. Popular models, batch stud-
ies, and characterization analyses can all be used
to achieve these goals.

MATERIALS AND METHODS

AMX stock solution

State company of Drugs Industry and Medi-
cal Appliances in Samarra (Iraq) was supplied the
AMX antibiotic used as target contaminant in this
work. 1000 milligrams of AMX has polluted one
liter of aqueous solution. Drops of 0.1 M HCI and
NaOH are required to correct the acidity of this
solution, also known as the stock solution, which

Table 1. The chemical analysis of CKD and WTS

was kept at room temperature. To get the neces-
sary concentration of the target contaminant in
batch tests, the stock solution must be diluted. An
Ultraviolet—visible (UV)-visible spectrophotom-
eter (Model Shimadzu 1100, Japan) set to 227 nm
wavelength is used to test AMX concentrations.

Cement kiln dust (CKD)

The CKD was collected from the Kirkuk
cement factory in Iraq. Ten kilograms were col-
lected, divided, quartered, and crushed to a size
(70 um). The powder was chemically analyzed
to check the percentages of major elements, as
shown in Table 1.

Water treatment sludge (WTS)

Ten liters of water treatment sludge were col-
lected from Al-Weihda water treatment plant (from
sedimentation tanks) in Baghdad, Iraq. The sludge
was exposed to air for 3 days in summer (45 °C)
for drying. It was crushed to 70 um. The powder
was chemically analyzed to find the ratio of Alu-
minum as AL, O in the sludge, as shown in Table 1.

Extraction of Ca and Al ions

For the extraction of calcium ions, 40 ml HCI
(25%) was added carefully to 10 g CKD powder
under ambient temperature and stirred at 250 rpm.
The CO, gas was released immediately, proving
the chloride ion substitution from HCI. After the
finishing of CKD addition, the mixture was left on
a stirrer for 30 minutes. The color of the solution
changed to yellow and then to yellowish orange.
The mixture was filtered and washed, and the su-
pernatant (Ca*?) was collected for the next step.
The same procedure was applied for the extrac-
tion of Al from WTS using 20 g of WTS. The
solutions of Al and Ca* that had been prepared
previously were mixed (as fresh solutions) under
vigorous stirring for 15 minutes to give the main
liquid for the essential ions. Thereafter, 2 drops
of Tween 18 (polysorbate) were added under
vigorous stirring, and foam was produced within
2 minutes. From a burette with a flow rate of 1

Com. . )

% SiO, Fe,O, ALO, CaO MgO LOI SO, K,0 Na,O TiO,
CKD 11.82 1.57 2.83 44.43 2.80 21.95 10.55 0.95 1.00 0.25
WTS 37.98 4.1 20.30 5.40 0.45 30.02 1.21 0.22 0.31 nil
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drop/second, 1 M solution of NaOH was added
under vigorous stirring (700 rpm) to prevent any
aggregations. Through this process, the pH was
1.2 and raised through the addition of NaOH un-
til it was 8, and the mixture was thick. When the
pH equaled 10, the solution was diluted (the pH
effect was also studied for 7, 10, and 12). Then,
the mixture was left stirring at room temperature
for an additional 1 h to complete the reaction. The
product was then collected by centrifuge at 4000
rpm for 5 minutes; thereafter, washed with hot
water and centrifuged (the washing process was
repeated until the pH equaled 7.5) and dried in
an oven overnight at 50 °C. The same procedure
was applied using different ratios of Ca: Al, to be
0.5:1 and 2:1.

Production of (Ca/Al)-LDH-sodium alginate
beads

The 2 g of sodium alginate powder (Sigma
Aldrich, MDL no.: MFCD00081310) was dis-
solved in 100 ml of deionized water and stirred
for 24 h at room temperature; a dense solution
formed in a gel form. Different amounts of LDH
of Ca:Al=1 (0.1, 0.2, 0.4, 0.8, and 1 g, as 5, 10,
20, 40, and 50%, respectively) were added to the
alginate gel under ultrasound disrupting process
(750 Watt) (Sonics, USA) for 15 min in an ice
bath to obtain a homogenous mixture. The mix-
ture was dropped by using 10 ml syringe of di-
ameter 4 mm in a CaCl, solution for polymeriza-
tion and formation of beads, after 1 h curing in
1% solution of CaCl,. The beads were collected
using filter paper; then, rinsed twice with dis-
tilled water to remove excess CaCl,. The (Ca/
Al)-LDH-alginate beads were dried at 40 °C for
1 h. The removal efficiencies of AMX are using
the prepared adsorbent, considered the distinc-
tive indicator for assessing the effectiveness of
the mixing process as a function of Ca:Al ratio,
pH of the mixture, and LDH ratio in alginate.

BATCH OPERATION MODE (CA/AL)-LDH-
ALGINATE BEADS

The following conditions: pH (2, 4, 7, 9, and
12), stirring speed (50-300 rpm), contact time (5,
10, 15, 20, 40, 60, 90, 120, and 180 min), AMX
concentration (30, 50, 100, and 250 mg/L), and
sorbent amount (1, 2.5, 5, and 7.5 g) were used
to determine the optimums for removing AMX
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from polluted water. In a 250 ml conical flask,
50 ml of contaminated water was added with a
specific amount of (Ca/Al)-LDH-alginate beads.
The shaker was operated at a specific speed. After
a certain time, the mixture was filtered through a
0.11 pum filter. The concentration of AMX was
examined at the maximum wavelength of 227
nm. Using following equations, the amount of
contaminant retained in the (Ca/Al)-LDH-al-
ginate beads, q, and the removal percent R%),
were calculated:

V
e = (Co - Ce)a (1)

o_Ce

R% =

X 100 2)
o
where: C is the initial concentration of contami-
nant, C is the contaminant concentration
at the equilibrium, ¥ is the sample vol-
ume, and m is the adsorbent mass.

MODELING OF THE SORPTION
OUTCOMES

Adsorption isotherms

The mathematical basis for adsorption is an
isotherm models that express the distribution of
contaminant concentrations between solid parti-
cles and the liquid phase at a state of equilibrium
for a specific temperature. Two equilibrium rela-
tionships are applied as explained below (Hus-
sein, Faisal 2023):

1. Freundlich isotherm model

qe = KCe'/™ 3)
where: 7 is the sorption intensity, and K fis an in-
dicator of adsorption capacity.
2. Langmuir isotherm model

1+ bCe
where: g, is the highest capacity of sorption,

and b is the affinity between contaminant
and sorbent.

e “4)

Kinetic relationships

To ascertain the contaminant’s uptake rate, a
kinetic analysis is necessary in order to establish
residence duration in the sorption system, design
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an appropriate sorption method, and understand
the governing sorption mechanisms. The present
sorption measurements have been subjected to
two kinetic expressions (Hussein, Faisal 2023):
3. Pseudo first order

qe = qe(1 —e)fat (5)
4. Pseudo-second order
B 1

Gz Tar

where: g, is the adsorbed contaminant at time
(mg/g), g, is the adsorbed contaminant at
equilibrium (mg/g), k_ is the rate constant
for first (x=1, min™') or second order (x=2,

RESULTS AND DISCUSSION

Manufacturing of (Ca/Al)-LDH-alginate beads

Since it is possible to obtain LDH by mixing
Ca:Al ions in an alkali medium, this ratio and the
pH that yield the desired compound were studied.
The LDH was encapsulated in alginate at differ-
ent ratios to determine the optimum conditions for
achieving the highest removal of AMX at 50 mg/L.
The optimum ratio for the reaction between Ca and
Al was verified as three weight ratios (0.5:1, 1:1,
and 1:2). The preparation of LDH was carried out
at a pH of 7. It was added at a rate of 20% to the
alginate and using (50 ml) of a solution at 50 mg/L
AMX with room temperature for 60 minutes; how-
ever, the outputs have plotted in Figure 1a. The re-

g.mg'.min™). sults prove that the optimal ratio is 1:1, followed
100 - a) LDH synthesis: pH=7, 20% LDH nanoparticles
§ 80 A
= 60 1
2 404
5
: 20 - i
0 1 L]
0.5:1 02:01 01:01
(Ca:Al) molar ratio
100 9 1) LDH synthesis: pH=7, Ca/Al= 1
9 80 -
<
= 60 A
2 40 -
g
e
0 h T T
5 10 20 40 50
LDH nanoparticles (%)
100 - . .
¢) LDH synthesis: Ca/Al=1, 20% LDH nanoparticles
~ 80 4
X
= 60 -
<
>
g 40 -
)
% 20 - i
0 - T T
7 pH 10 12

Figure 1. The effect of (a) Ca/Al ratio, (b) LDH nanoparticles percentage, and (c) pH on the AMX removal
(sorption conditions; 50 ml of 50 mg/L AMX, dosage 0.5 g, 60 min, 25 °C, pH=7, speed 250 rpm)
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by 0.5:1 and finally 2:1 due to the introduction of
ions within the LDH structure formed, causing an
obstacle to the adsorption of AMX. The reason is
that a 1:1 ratio gave the ideal LDH structure with-
out retaining additional ions between the active in-
terlayers. The percentage of LDH in the alginate
was investigated and the results have been plotted
in Figure 1b. Ratios of 5-50 wt% were used; ratios
beyond these values were not valid as the experi-
ments did not give a homogeneous mixture by in-
creasing the weight of LDH in the alginate. The
removal of AMX is enhanced until it reaches 44%
by increasing the ratio to 20% of LDH nanopar-
ticles. This increase has an imperceptible positive
effect on the adsorption efficiency. This indicates
that increasing the ratio raises the flocculation of
LDH in the polymer, reduces the percentage of
active sites on the polymer surface, and thus re-
duces the removal of AMX antibiotic. The excess
amount of LDH may not be attached to the alginate
as it may be released with the beads’ gelation or
washing process (Ahmed, Faisal, 2023).

After determining the optimal ion ratio (Ca/
Al=1) and the LDH ratio in alginate (20 wt%),
the pH required to prepare LDH was studied in
the range (7—12), considering that LDH does not
form in acidic media. pH was chosen based on
the basicity, where the mixture of reactants turns
into a gel form. Approximately 52% of AMX was
successfully removed (Figure 1c¢).

DESCRIPTION OF SYNTHESIZED
MATERIALS

FT-IR measurements were examined to de-
termine the functional groups for LDH-alginate
beads (Figure 2(a)), LDH nanoparticles (Fig-
ure 2(b)), and LDH -alginate beads loaded with

AMX (Figure 2c). Examination of calcium algi-
nate beads shows that there is a band at 3425 cm’!
attributed to the stretching vibration for the hy-
droxyl groups in glucuronic and mannuronic ac-
ids, and since the number of these groups is large
(8 in one alginate unit), the band broadening can
be observed. The spectrum also shows two bands
at 1470 and 1627 cm™" supporting the presence of
the symmetric and asymmetric stretching vibra-
tions for the carboxylate ion, respectively. Finally,
the band at 1130 cm™! indicates the C-O-C groups;
thus, the spectrum has confirmed the presence of
alginate (Abdul-Kareem et al., 2023). In the FT-
IR spectrum of LDH, the measurement illustrates
the OH peak at 3411 cm™ in the form of a broad
band, indicating the conversion of calcium and
aluminum ions to the corresponding hydroxide,
enhancing the formation of the LDH. The bend-
ing vibration band at 1620 cm™' is attributed to the
water molecules that fill the inner layers of LDH
through the interlayer hydrogen bonding. The
stretching vibration bands of the hydroxide bonds
appeared at 436 and 580 cm™!, demonstrating the
stretching vibrations of M-O, M-OH, and O-M-
O, where M represents calcium and aluminum.
For the spectrum of the alginate beads contain-
ing LDH, the spectrum showed a decrease in the
intensity of the LDH bands, proving the forma-
tion of the required beads (Abdul-Kareem et al.,
2023). Observation of alginate surfaces beyond
AMX adsorption certified the formation of new
peaks, like a peak at 991.232 cm™ which is identi-
cal to the S-O vibrations, and the band at 1159.97
cm'' resulted from C-N vibrations (-NH- CH,-) in
AMX (Abdul-Kareem et al., 2023)

The XRD test was conducted for CKD and
LDH beads to identify the type of compound
formed and its purity based on the location of the
peaks and their number determines whether the

(Ca/Al-LDH

(Ca/Al)-LDH-alginate beads
100

“ N\’_/_———_\‘\/-/—
&0 M
~

40

20

(Ca/Al)-LDH-alginate beads- AMX

400 900 1400 1900

2400 2900 3400 3900

Wavenumber (1/cm)

Figure 2. FT-IR analysis for (Ca/Al)-LDH-alginate beads, LDH nanoparticles, and (Ca/Al)-LDH-alginate beads
loaded with AMX

330



Journal of Ecological Engineering 2026, 27(1) 325-341

compound is crystalline or amorphous. The test
in Figure 3 showed that CKD consists of calcite
CaCO,, giving peaks at 23, 29.5, 36.5, 39.5, 43.0,
and 48.5°, which agrees with JCPDS Card No. 05-
0586 (Ma et al., 2013). The anhydrite (calcium sul-
fate) showed peaks as low-intensity peaks at 25.25,
31.5,37,36.5,41.0, and 45.5° that agree with JCP-
DS Card No. 37-1496 (Nuraeni et al., 2019). The
other components in the form of secondary com-
pounds showed peaks at 27.1 and 34.0 degrees,
attributed to quartz and portlandite (calcium hy-
droxide). This result is consistent with the chemi-
cal analysis in Table 1. In Figure 3, the LDH beads
assay showed only six peaks at 11.4, 22.9, 31.32,
32.05, 55.2, and 56.8° attributed to the 002, 004,
110, 112, 030, and 032 crystal planes respectively
that are identical to the compound prepared in the
study conducted by Kim et al (Kim et al., 2012).
SEM and TEM were measured for the LDH
beads to measure the morphology and size of the
prepared LDH. SEM examination in Figure 4a
showed the presence of nano-sheet-like particles
with a thickness in the range of 50-56 nm in addi-
tion to the nano-rod structures with a diameter of
98-100 nm, indicating the formation of the LDH
with its nano-sized and unique shapes that match
those obtained in the literature (Ahmed, Faisal
2023). The proportion of sheets was higher than
the proportion of rods compared to the previous
study; this may enhance the role of the dispers-
ing agent used. In TEM examination, the specific
shapes appear more clearly as separate particles, as
the diameter of the rod reached 20 nm, while the
thickness of the sheet did not exceed 13 nm. When
compared with the SEM result, the size is smaller,
indicating that in SEM the particles appear as nano-
aggregates, which were more accurately imaged in

TEM in Figure 4b. Clear variations can be recog-
nized in the sorbent morphology after interaction
with AMX antibiotic, as shown in Figure 4¢, due to
the attachment of contaminant molecules.

To confirm the purity of the prepared com-
pound, an EDX test of LDH was performed in Fig-
ure 5. The measurement showed the presence of
oxygen, calcium, and aluminum in the composition,
as well as a small percentage of sodium that can be
attributed to a few residues from sodium hydroxide.
The experimental ratios agree with the theoretical
ratios (O; 47.37, Al; 19.97, and Ca: 29.67 wt.%),
indicating the purity of the compound.

The information about the surface area of the
prepared LDH was obtained by examining the N,
adsorption-desorption isotherm (Figure 6). The
surface area was 48.55 m?/g, proving a large num-
ber of active sites available for adsorption. This
value is higher than those recorded in previous
studies, which demonstrates successful adsorp-
tion. The total pore volume reached 0.0512 cm?/g,
an appropriate value to accommodate AMX in the
pores of the material, since AMX is a medium-
sized molecule. The pore diameter is consistent
with the total pore volume, reaching 22.35 nm.
Finally, the BET constant value was 16.05, which
indicates a strong correlation between LDH and
AMX. This constant is higher than 10, for interac-
tions occur effectively in adsorption.

The ideal conditions for the batch testing
system

Studying the equilibrium between AMX and
the active surface (adsorbent) is very crucial. The
contact time factor is the most important to study
before the rest of the factors, as it will provide
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Figure 3. XRD analysis for CKD and (Ca/Al)-LDH
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a) (Ca/Al)-LDH-alginate beads b) (Ca/Al)-LDH-alginate beads
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Figure 4. SEM image for virgin (Ca/Al)-LDH-alginate beads (a), TEM image for virgin (Ca/Al)-LDH-alginate
beads (b), and SEM of (Ca/Al)-LDH-alginate beads loaded with amoxicillin antibiotic (c)
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Figure 5. EDX analysis for (Ca/Al)-LDH
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Figure 6. Measurement of surface area of (Ca/Al)-LDH by BET analysis

information related to the effectiveness of the
adsorbent in removing the pollutant under study.
The conditions used to study this factor were 50
mL of solution with AMX concentration 50 mg/L
and an adsorbent amount of 0.5 g at pH 3. Fig-
ure 7a shows the effect of the contact time on the
removal of AMX. Experiments have shown that
with increasing contact time, the removal rate in-
creases until it reaches the equilibrium time at 90
minutes with a removal value of 80%. These re-
sults state the rapid adsorption of AMX from the
contaminated water (Faisal, Naji, 2019).

Since the removal of contaminant depends
largely on the acidity function (pH), the effect
of the acidity function on the removal of AMX
was studied. AMX has three dissociation con-
stants, one at 2.68, the second at 7.49, and the
third at 9.63, attributed to the carboxylic, amino,
and phenolic groups, respectively. The pH has
a significant effect in activating the surface of
the adsorbent and thus preparing it to interact
with the antibiotic (Elhaci et al., 2021). Figure
7(b) shows the importance of the acidity func-
tion in the removal of AMX using 50 ml of solu-
tion contaminated with AMX at 50 mg/L and an
adsorbent amount of 0.5 g for 90 minutes. At pH
less than the dissociation constant of the carbox-
ylic groups, the removal reached 64%, meaning
that the surface of the adsorbent was charged
with a positive charge with the conversion of the
amine groups to NH*, causing repulsive forces
that prevent high removal. At pH values of 3 and
4, AMX will be negatively charged by deprot-
onation of the carboxyl group, as well as a posi-
tive charge from the protonation of the amine,
zwitterion of AMX is obtained. At this pH, the
adsorbent is positively charged, and AMX will

bind via its negative charge to the positively
charged adsorbent (alginate-LDH). AMX car-
ries an additional positive charge; the removal
was not very high and reached a value of 86% at
a pH value of 3. After that, the removal rate de-
creases due to the repulsion of the negative forc-
es between AMX and the alginate-LDH until it
reaches the lowest rate in basic media (Ahmed,
Faisal 2023).

The effect of the initial concentration (10, 30,
50, 100, and 250 mg/L) of AMX on the removal
rate was studied. AMX removal was carried out
using 50 ml of AMX with an adsorbent amount of
500 mg at 90 minutes, pH equal to 3, and a shak-
ing speed of 200 rpm. The results in Figure 7c
using 50 mg/L give removal rates more than 81%,
and then the removal rates decreased due to the
increase in the amount of AMX spread in the so-
lution (Ahmed, Faisal 2023).. The concentration
of 50 mg/L was chosen as the optimal concentra-
tion because this rate will be considered an eco-
nomical amount with a high removal rate com-
pared to 10 and 30 mg/L. The effect of the shak-
ing speed (50-250 rpm) on the removal of AMX
was studied, as shown in Figure 7d. The optimum
conditions determined from previous experi-
ments were used in the study of this variable. The
result showed that with increasing the shaking
speed, the removal rate of AMX increases until
it reaches 94% at 250 rpm. This is because rapid
shaking makes the contaminant in ideal contact
with the (Ca/Al)-LDH-alginate beads, with the
possibility of causing penetration of AMX into
the pores of the adsorbent (Ahmed, Faisal 2023:
Amarasinghe, Williams, 2007). Finally, the
amount of the (Ca/Al)-LDH-alginate beads was
studied to determine its effect on the removal of
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AMX, where weights of 100-750 mg of alginate
containing LDH were used. When the adsorbent
weight is 100 mg, the AMX removal was 78%,
which gradually increases until it reaches 94%
using 500 mg, after which there is only a slight
raised (Ahmed, Faisal 2023: Amarasinghe, Wil-
liams, 2007). This results from the increase of ac-
tive surfaces at which the removal and binding of
AMX, which is represented in Figure 7e.

Modeling of sorption in a batch system

Sorption isotherms

To determine the migration of AMX (as a pol-
lutant) in continuous mode of operation, Lang-
muir and the Freundlich isotherms were applied
to formulate the sorption data and this is very
important in the advection-dispersion equation.
Figure 8 shows the concurrence between the
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measurements and predictions calculated from
Langmuir and Freundlich models depending on
the Solver option in Microsoft Excel. The results
of fitting (Table 2) showed that the R*>values were
0.999 and 0.981 for Freundlich and Langmuir
isotherms, respectively, indicating that both mod-
els describe the distribution of AMX onto (Ca/
Al)-LDH-alginate beads meaning that it is within
the surface and homogeneous diffusion. The cal-
culations showed that the value of the Freundlich
constant K, reached 2.70 (mg/g)(L/mg)"" with n
0f2.991. Since this value is greater than 1 (Gheju,
Miulescu, 2007), the adsorption process is favor-
able and refers to the adsorption capacity of a sur-
face at low concentration of AMX. Through the
Langmuir model, the q__ value was found to be
17.74 mg/g with b value less than 1, indicating a
favorable interaction. The q___value is considered
one of the distinctive values compared to previ-
ous studies in Table 3.

Sorption kinetics

The kinetics provide information about the
adsorption rate of AMX on the (Ca/Al)-LDH-al-
ginate beads surfaces, thus providing information
about the effect of contact time, which represents
the rate of AMX transfer in the aqueous phase and
its binding to (Ca/Al)-LDH-alginate beads. To de-
termine this, the changes in q_ should be described
as a function of time at the optimum conditions
achieved in Table 2. Based on the Solver option,
the adsorption kinetics results were obtained and
illustrated in Table 2 and Figure 9. The results
demonstrated that the adsorption rate is consistent

with the pseudo-second-order, where the R? value
reached 0.999 and SSE value of 0.1, indicating the
occurrence of chemical adsorption of AMX with
(Ca/Al)-LDH-alginate beads, while the R? value
for the first order was 0.987. The second-order
model suggests that the adsorption process is more
dependent on the concentration of the adsorbate.

Recyclability

Ten cycles of regeneration for (Ca/Al)-LDH-
alginate beads were tested. The adsorbent was
activated by immersing it in hydrochloric acid at
a concentration of 0.5 M (the use of HCI reflects
the nature of chemisorption where low pH leads
to protonation of the amine groups in AMX and
changes the surface charge, facilitating desorb-
ing). The results of recyclability are shown in
Figure 10, where this adsorbent can be used for
ten cycles without affecting its adsorption capac-
ity by more than 8%, as it remained effective in
removing approximately after ten cycles (86%).
Experiments show that during the first five ac-
tivations of the exhausted material, the removal
rate was 94%, indicating that the activation has
an effective effect, after which it decreases to the
predetermined value at last cycle.

Mechanism of adsorption

The nature of the changes that occur on the
surface of the (Ca/Al)-LDH-alginate beads due to
interact with AMX antibiotic plays a major role
in the adsorption mechanisms. In the prepared
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Figure 8. The isotherms for sorption of AMX onto (Ca/Al)-LDH-alginate beads in comparison with
measurements
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Table 2. Constant and statistical measures for Langmuir, Freundlich, first- and second-pseudo-order models

Model Parameter Value

K, (mg/g)(L/mg)"" 2.70

Freundlich n 2.991

R? 0.999

q,,..x (Mg/g) 17.47

Langmuir B 1.523

R? 0.981

g, 4.743

Pseudo first order k, (min”) 0.040
R?, SSE 0.987, 0.207

q, 5.706

Pseudo-second order k, (mg/g min) 0.007
R?, SSE 0.999, 0.100

Table 3. Comparison of maximum adsorption capacity of AMX onto (Ca/Al)-LDH-alginate beads with other

literature studies

Material ... (Ma/g) Reference
Activated carbon 4.4 (de Franco et al., 2017)
Vine wood carbon 2.69 (Pouretedal, Sadegh, 2014)
Chitosan beads 8.71 (Adriano et al., 2005)
Mg/Al LDH 32.42 (Elhaci et al., 2021)
(CalAl)-LDH-alginate beads 17.47 This study
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Figure 9. Formulation of AMX kinetic measurements onto LDH-alginate beads using kinetic models

adsorbent, aluminum and calcium ions dominate
the adsorption properties, as it is characterized
by the presence of positive surface charges in ad-
dition to internal anionic charges (Eniola et al.,
2020). The study confirmed that the removal is
most efficient at pH 3, then the formation of zwit-
terion will occur, carrying both positive charge by
the amine and negative charge by the carboxyl. At
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this pH, the LDH will carry a positive charge on
its surface. As a result, the process will include two
mechanisms: the first is the chemical bonding of
carboxyl groups with the positively charged sur-
face, represented by aluminum and calcium ions.
The second mechanism includes the ion exchange
of negative charges with the anions in the LDH
structure. Furthermore, the hydrogen bonding and
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Figure 10. The effect of the regeneration cycles on the removal of AMX from contaminated water

adsorption on the surface are minor suggested
mechanisms (Ahmed, Faisal, 2023; Eniola et al.,
2020). Based on the fact that adsorption follows
the pseudo-second-order, the first mechanism is
the governing mechanism, as in Figure 11.

Economic analysis and cost comparison

While this study demonstrates the technical
feasibility of using waste-derived (Ca/Al)-LDH-
alginate beads for AMX removal, a preliminary
economic assessment reveals promising cost

HO

Ca/Al-LDH rod

Ca/Al-LDH sheet

Adsorption —— g

HO

advantages. The utilization of CKD and WTS as
free waste materials significantly reduces raw ma-
terial costs compared to conventional adsorbents.
The primary cost components include sodium al-
ginate (~15-20 $/kg) and processing chemicals
(HC1, NaOH ~2-5 $/kg), while avoiding disposal
costs for both waste streams. Compared to com-
mercial activated carbon (2-5 $/kg), advanced
oxidation processes (0.5-2 $/m?), and membrane
technologies (0.3—1 $/m?), the proposed method
offers competitive economics, particularly when
considering the 10-cycle regeneration capability

Negative-positive bond

Hydrogen bonding

Anion exchange

Figure 11. Proposed mechanisms for the removal of AMX using (Ca/Al)-LDH-alginate beads
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and the dual environmental benefit of waste valo-
rization. The estimated treatment cost is approxi-
mately 0.8-1.2 $/m?, making it economically vi-
able for developing countries where waste man-
agement and water treatment are critical chal-
lenges. However, comprehensive life-cycle cost
analysis and pilot-scale economic validation are
essential for definitive cost-benefit assessment
and commercial implementation strategies.

CONCLUSIONS

This study proves the possibility of using
CKD and WTS as sources of positive ions (Ca*,
Al1") for the preparation of nano-sized LDH. The
LDH nanoparticles can be immobilized by sodi-
um alginate to prepare the (Ca/Al)-LDH-alginate
beads. Additionally, the reaction conditions that
achieve the highest adsorption results are pH 7,
20% LDH nanoparticles in alginate bead and Ca/
Al=1. The (Ca/Al)-LDH beads have been char-
acterized using FT-IR, XRD, SEM, EDX, TEM,
and BET analyses. These tests showed the forma-
tion unique nano-shapes. The batch system dem-
onstrates that the optimum conditions to achieve
the highest removal of AMX (94%) were contact
time (90 min), pH (3), shaking speed (250 rpm),
and (Ca/Al)-LDH-alginate beads) (0.5 g) at AMX
concentration of 50 mg/L. The adsorption iso-
therm study showed that the q__ value reached
17.47 mg/g, indicating the highest ability to re-
move AMX from polluted water. Adsorption ki-
netics demonstrated that the pseudo-second-order
model provides an accurate description of the
adsorption of AMX using (Ca/Al)-LDH-alginate
beads; therefore, the chemical forces control the
adsorption process. Future studies should focus
on continuous column studies (permeable barri-
er), economic feasibility analysis, and the devel-
opment of pilot-scale treatment systems to bridge
the gap between laboratory findings and practical
environmental applications.
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