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Abstract

The presence of ciprofloxacin (CIP), an antibiotic, in pharmaceutical wastewater has emerged as a significant
environmental concern. This study presents the synthesis of magnesium/aluminum layered double hydroxide
(MAL) through a co-precipitation method, utilizing seawater bittern as the magnesium source, with the objective
of addressing CIP removal effectively. MAL was prepared at three different pH levels (5, 9, and 12), resulting
in three distinct samples: MALS, MAL9, and MAL12. Among these, MAL9 was identified as the most effective
variant, exhibiting well-formed crystal structures alongside the highest adsorption capacity for CIP, achieving a
removal rate of 63%. Moreover, we evaluated several factors that influence the adsorption process, including
the dosage of the adsorbent, the solution’s pH, and the presence of co-ions. The findings indicated that optimal
adsorption occurs at a concentration of 1 mg/mL within a pH range of 6 to 9, demonstrating significant resistance
to both monovalent and divalent co-ions. The adsorption mechanism was further investigated through isothermal
modeling (the Freundlich isothermal model), resulting in data that aligned with the Freundlich isothermal model,
which indicated a maximum adsorption capacity of 95.15 mg/g at the concentration of CIP of 100 mg/L. Kinetic
analysis showed that the sorption process follows a pseudo-second-order model, reaching equilibrium in about
100 minutes. The MAL demonstrated an impressive reusability, maintaining 90% to 50% performance over
three adsorption-desorption cycles. Thus, bittern-derived MAL is an effective adsorbent for CIP removal and
promotes the sustainable use of bittern waste as a magnesium precursor in functional nanomaterials synthesis.
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1 Introduction

Water pollution has emerged as a critical global issue,
significantly impeding access to clean water and
proper sanitation, as emphasized in the United Nations
Sustainable Development Goal 6 [1]. One of the most
troubling contributors to water pollution is the
presence of pharmaceuticals and medical waste,
particularly antibiotics, which are among the most
commonly consumed medications. Ciprofloxacin
(CIP), a second-generation fluoroquinolone, stands
out as the most frequently prescribed antibiotic due to
its broad-spectrum efficacy against a range of Gram-
negative and some Gram-positive bacteria [2]. The
therapeutic effectiveness of CIP lies in its ability to
inhibit bacterial cellular replication, thus limiting their
proliferation [3]. While this property is beneficial in
medical applications, the extensive prescription of
CIP, coupled with incomplete metabolic processing
[4], has resulted in significant concentrations of the
drug in municipal water systems—reportedly reaching
up to 20,000 ng/L [5]. This situation raises
environmental concerns and highlights the pressing
need to address antibiotic pollution. The health
implications associated with antibiotic contamination
are substantial; elevated doses of CIP can lead to
severe conditions such as thrombocytopenia, acute
renal failure, eosinophilia, increased liver enzymes,
and leucopenia [6]. Moreover, exposure to even low
concentrations of antibiotics poses a risk for the
development of resistance and genetic transfer among
both human and animal populations [7]. Thus,
addressing the removal of ciprofloxacin waste has
become an urgent priority.

Notably, CIP exhibits remarkable resistance, not
only to biodegradation [8] but also to pH changes. CIP
exhibits persistent performance across a range of pH
levels in water. It exists as CIP* at low pH due to the
activation of the NH," group, transitioning to a
zwitterionic form (CIP*") between pH 3 and 9, and
appears as CIP- at higher pH levels as a result of the
negative charge from hydroxyl groups [9], [10].

The conventional techniques employed for
treating wastewater are often inadequate for
addressing contaminants of emerging concern (CIP
pollutants) due to their resistance to biodegradation
[8]. Therefore, a variety of advanced treatment
methods have been evaluated, including catalytic [11],
photocatalytic, and ozone-based oxidation [12], as
well as biological treatment and reverse osmosis [2],
[13]. Their high cost and complex treatment are major

obstacles. However, these advanced methodologies
can be prohibitively expensive and necessitate
extensive maintenance. In the process to compromise
the efficiency and economical approach, the attention
has shifted to the adsorption process. A more practical
solution lies in the adsorption process, which is based
on the principles of mass transfer and the availability
of surface sites. This process utilizes adhesion forces
that surpass cohesive forces, thereby attracting
molecules to the surface of the adsorbent material [2],
[14]. Several critical factors influence the efficiency of
adsorption, including surface area, concentration of
the adsorbate, pH level of the solution, and duration of
contact. The mechanisms underlying adsorption have
been extensively researched to elucidate the
interactions between the adsorbate and the adsorbent
through various theoretical models, such as Henry’s
law [15], Harkin-Jura model [16], and isothermal
Langmuir and Freundlich equations [17], [18].
Additionally, characteristics such as surface area,
porosity, and heterogeneity can be effectively
assessed. Upon establishment of the adsorption
process, the behavior of sorption can be robustly
predicted using a kinetic approach. Typically, the
adsorption process adheres to a pseudo-kinetic order,
which accurately describes the influence of physical
and chemical processes governing sorption [10], [13],
[14].

Layered double hydroxides (LDH) represent a
significant category of ionic lamellar solids, consisting
of metallic ions and interlayer anions. These materials
are characterized by the general formula [M;.
LM (OH)A(A™ )xn]*".mH20 [19]. The designation
of M?" and M3* is the combination of metallic ions that
originate from Mg?*, Co*", Ni**, Zn>', and Cu®" as
divalent ions, and (e.g., AI*", Fe**, Ga’" as trivalent
ions, ranging from 2-5 as a molar ratio of M?>"/M3*
[20], [21]. LDH exhibits a distinctive brucite-like
structure featuring two layers of crystallized
hydroxide, imparting a positive net charge to its
surface [22], [23]. The fundamental characteristics of
LDH comprise regular basal spacing that supports its
crystalline phase, an interlayer region that
accommodates anions, and a brucite framework
formed from hydroxylated metallic ions [24]. The
adsorption process involves the interaction between
adsorbate molecules and metallic ions within the
brucite framework, leading to a charge-balancing
effect facilitated by existing anions in the interlayer
regions [24]. The affinity of the brucite framework is
critical for adsorbate interactions, which underscores
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the importance of studying various combinations of
metallic ions. Among these, the pairing of magnesium
(M?") with aluminum (M3") has been extensively
researched and frequently serves as the foundation for
further modifications of LDHs [25]-[27], such as
MgFeAl-, MgCuAl-, and MgZnAl-LDHs, which
possess diverse properties, including photocatalytic,
optical, and flame-retardant features [28]. LDH-based
adsorbents have been studied for antibiotic adsorbent.
Previous studies have been carried out to adsorb
antibiotics using layered bimetallic hydroxides such as
Mg/Fe LDHs. Qiu et al., prepared Mg/Fe LDHs at a
molar ratio of 5:1 and investigated their adsorption
performance to remove low concentrations of
Norfloxacin with an adsorption capacity of 97.07
mg/g at neutral pH. Also, De Lima et al., prepared
Mg/Fe LDH for amoxicillin adsorption in water and
reached the adsorptive capacity of 9.11 mg/g. Ni/Fe
LDH was also synthesized by dos Santos et al., to
remove sulfadiazine with a maximum adsorption
capacity of 631.5 mg/g. These studies underline the
importance of LDH-based material in emerging
pollutants removal, especially antibiotics, as the
cations and anions present in the structure of LDH
may intercalate the antibiotic molecules in the
interlayer region through ion exchange with the
original anion.

While the synthesis of LDH systems from
different metallic sources is well-documented, it
predominantly relies on commercial reagents.
Therefore, expanding the sources of magnesium for
LDH synthesis, especially utilizing readily available

by-products, is highly desirable.

Bittern, a by-product of salt production, emerges
as a rich alternative source of Mg?". Indonesia stands
as the largest global producer of bittern, which is
abundant in various minerals and salts, including
sodium, potassium, sulfate, chloride, and magnesium.
The concentration of magnesium in bittern can reach
levels as high as 60 g/L, with Mg?" content exceeding
20 g/L. Many studies have been carried out to lock out
the potency of bittern as Mg?" precursor for
synthesizing Magnesium-based nanomaterial, for
examples MgO and Mg(OH), nanoparticles, which
have wide applications such as sensors, catalyst
supports, photonic devices, electro-optical devices and
bactericides because of their good surface reactivity.
The preparation techniques involve precipitation,
decarboxylation/precipitation, sonochemical process
and electrochemical method, which are considered as

facile and environmentally-friendly. Moreover, these

nanomaterial preparation methods are proven to be
convenient to be up-scaled for practical application
industry. The utilisation of bittern, which is considered
as waste as Mg?" precursor, could realize the concept
of zero waste and give the added-value of bittern itself
as a precursor of functional nanomaterials.

This study aims to synthesize Mg/Al layered
double hydroxides (MAL) for applications in water
treatment, specifically targeting the removal of
ciprofloxacin (CIP). We propose a thorough
investigation into the structural properties and
adsorption performance utilizing magnesium sourced
from bittern, an approach that has not been previously
reported. By addressing the challenge of CIP as a
pollutant through adsorption using the abundant by-
product of bittern, we present a comprehensive
solution that effectively tackles both environmental
concerns of water treatment and waste management.
To this end, we collected bittern from the saltpond in
Pamekasan-Madura Island, Indonesia, and
subsequently filtered it to remove impurities. The
Mg?" precursor derived from bittern was combined
with AlCl;.6H,O as the AI*" source. The synthesized
Mg/Al-LDHMAL was characterized thoroughly using
X-ray diffraction (XRD), scanning electron
microscope (SEM), and Fourier transform infrared
(FTIR). Additionally, to assess the surface area
available for adsorption, we measured the surface
area. We initiated our investigation of adsorption
performance by considering various influential
factors, including the pH of the synthesis process, the
dosage of the adsorbent, the pH of the adsorbate, and
the presence of co-ions. The maximum adsorption
capacity was evaluated using an isothermal adsorption
model, while the kinetic order analysis was employed
to elucidate the dynamics of the sorption process.
Finally, we demonstrated the potential for reusability

of this material by conducting adsorption-desorption

tests over multiple cycles.
2 Experimental Section
2.1 Materials

Commercial materials were of an analytical grade and
directly used  without further purification.
Ciprofloxacin, sodium hydroxide (NaOH), aluminum
chloride hexahydrate (AICI3.6H>O), and sodium
bicarbonate (Na;CO;) were procured from Sigma-
Aldrich Co. (USA). A stock solution of ciprofloxacin
of 50 mg L' was prepared and diluted using Ultrapure
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Milli-Q water. Solution pH was adjusted using 0.1 N
HCl and 0.1 N NaOH. Bittern was supplied from a salt
pond in Pamekasan-Madura Island, Indonesia, with
the concentration of magnesium, sulphate, chloride,
sodium, and calcium of 58,000 mg/L, 96,608 mg/L,
15.05%, 2.54% and 0.01%, respectively. It is worth
noting that ionic concentrations in bittern may vary
over different origins, varying from the sea to the
ocean and are also influenced by seasons.

2.2 Synthesis of MAL

The synthesis of MAL was achieved through a co-

precipitation method at a designated pH level. The
magnesium source, Mg?*, was derived from a filtered
bittern solution, which contained 58,000 mg/L of
magnesium. The concentration of magnesium was
determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES) and
adjusted to establish the targeted molar ratio of metal
ions, specifically maintaining an M?**/M?* ratio of 3.
The aluminum component, Al**, was sourced from
AICls-6H20, facilitating the formation of the MAL.
The balancing anions were introduced through a
combination of sodium hydroxide (NaOH) and
sodium carbonate (Na2COs). The preparation protocol
commenced with the addition of 50 mL of AlCls-6H20
mixed with 50 mL of the filtered bittern solution,
ensuring the establishment of a M?*/M3* molar ratio of
3.0/1.0. Subsequently, anionic solutions were
prepared by combining 50 mL of 0.4 mol L' Na.CO:s
with 50 mL of 1.5 mol/L NaOH. This anionic solution
was gradually introduced to the previously prepared
metal solution while carefully maintaining pH levels
of 5, 9, and 12, corresponding to the designations
MALS, MAL9, and MALI12, respectively. The
precipitation process was conducted in a boiling flask,
placed in a water bath maintained at a temperature of
80 °C for approximately six hours. The resultant
precipitates were subjected to filtration and washing to
achieve a neutral state, followed by a drying phase at
70 °C for a duration of 12 to 24 h, culminating in the
formation of the MAL system.

2.3 Characterization

XRD analysis was conducted utilizing the Bruker D8
Advance 3kW instrument equipped with a Cu-Ka
source at 40 kV, covering a 26 angle range of 10°—90°.
The surface morphology of the samples was
characterized through SEM using the Hitachi SU—

3500 microscope, with magnifications of 2,500 times
and 10,000 times at 20 kV. The functional groups
present in the material were evaluated using FTIR
spectroscopy, employing the Thermo Scientific
Nicolet iS—10 across a range of wave numbers from
400 to 4000 cm™'. Additionally, specific surface area
measurements and pore size analyses were performed
using the Brunauer—Emmett-Teller (BET) and
Barrett—Joyner—Halenda (BJH) methods, respectively,
employing the Quantachrome Nova 4200e Gas
Sorption Instrument with accuracy within 1-3%.

2.4 Adsorption experiments

A static adsorption test was conducted under room
temperature conditions with magnetic stirring at a
speed of 200 rpm for a duration of 4 h to facilitate
equilibrium. A 50 mL conical flask was utilized,
containing the synthesized adsorbent at a loading
concentration of 1 mg/mL, with an initial CIP
concentration of 50 mg/L, which was selected as the
model contaminant to investigate the adsorption
properties of the Mg/Al LDH.

The influence of foreign anions on the adsorption
capacity of CIP was also examined. Specifically,
anions such as CI-, COs*>", SO+*, and PO+~ were
chosen as interfering substances for the adsorption
experiments, each at a concentration of 1 mol/L.
Additionally, the effects of solution pH and adsorbent
dosage on the adsorption of the antibiotic were
analyzed.

The potential for regenerating the MAL 9 after
CIP adsorption was also explored. After the
adsorption process, the adsorbent was regenerated
through a washing procedure using acetic acid at pH
3, followed by separation via centrifugation and
drying in an oven at 60 °C. This regeneration process
was performed over four cycles, with an initial
concentration of CIP in the regeneration solution of 50
mg/L at pH 7 with an adsorbent concentration of 1
mg/mL. Acetic acid pH 3 was used to break the bound
CIP on the surface of MAL 9, as CIP can dissolve in
an acidic medium and at the same time to preserve the
structure of exhausted adsorbent MAL 9.

The variations in the adsorption process were
assessed by analyzing the absorbance of the solution
using an Agilent UV—-Visible spectrophotometer at a
wavelength of 278 nm. The measurements were
carried out in triplicates and the CIP adsorption
performance data presented in this study were the
mean values of triplicate measurements. Further
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calculations established a correlation between the
absorbance values and the concentration of remaining
CIP in the solution, thereby enabling the
quantification of the adsorbed molecules. The removal
efficiency and adsorption capacities of the prepared
adsorbent were calculated using Equations (1) and (2),
respectively.

_ (Co-Ce)v

- (1)

The wvariable (g.) represents the adsorption
capacity of CIP (mg'®). The parameters (Co) and (Ce)
denote the initial and equilibrium concentrations of
CIP in the solution (mg/mL), respectively.
Additionally, (V) refers to the volume of the CIP
solution (mL), while (W) indicates the dry weight of
the adsorbent in milligrams (mg).

Kinetic experiments were conducted at a pH 7,
with samples collected at intervals from 0 to 20 h. The
adsorption dynamics and sorption rates were analyzed
using a pseudo—second order kinetic model, as
represented by Equation (2).

t 1 1

=t =t )

q kqe? = qe

Adsorption isotherm studies were conducted for
initial concentrations ranging from 10 to 100 mg/L
using a consistent adsorbent loading. The resulting
data were analyzed and fitted to various adsorption
isotherm models, specifically the Langmuir and the
Freundlich models.

3 Results and Discussion
3.1 Characterizations of MAL

A series of XRD analyses was performed to
comprehensively understand the crystal structure. The
XRD patterns of synthesized MAL9 are depicted,
showcasing a series of distinct peaks in the
diffractogram at 11.56°, 23.39°, 34.86°, 39.28°,
46.68°, 60.93°, and 62.28°, which correspond to
Miller indices (003), (006), (012), (015), (018), (110),
and (113), as illustrated in Figure 1(a). These peaks
are characteristic of MAL and are in agreement with
the standards provided in JCPDS No. 22-700.
Notably, the prominent peaks observed at 11.56° and
23.39° for (003) and (006), respectively, reflect basal
peaks, indicating the successful formation of a
lamellar hydrotalcite-like material. Additionally, the

distinct separation of the crystal planes represented by
peaks at Miller indices (110) and (113) suggests a high
degree of regularity within the anion layers [29]. This
evidence affirms that MAL9 can be effectively
synthesized using bittern at pH 9. Utilizing Bragg’s
equation, the calculated basal spacing was determined
to be 7.624 A. Relevant literature indicates a lamellar
thickness of 4.81 A [30]; consequently, the derived
value for the interlayer anion is 2.814 A, which is
consistent with findings from other studies [31]-[33].

2000

(003)

(@

g

g

Intensity (CPS)

)

Figure 1: (a) XRD patterns and SEM images of a
fractured surface of MAL9 in (b) 2500 and (c) 10,000
magnifications.

Table 1: Textural properties, surface, and pore
characteristics of MAL materials.

Sample Multipoint BET
SgeT D, VT c r
(m*/g) (nm)  (cm3/g)
MALS 1655.00 1.81 1.50 2.50  0.99
MALY9 2671.00 1.82 243 243 0.99
MAL12  1326.56 1.95 1.29 1.29  0.99
Sample BJH Adsorption
Sgin Ve Dgn %S meso
(m%g)  (em’g)  (nm)
MALS 961.90 1.45 1.54 58.12
MAL9 1566.00 2.38 1.53 58.63
MALI12 813.22 1.25 1.53 61.30
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The morphology of the synthesized MAL sample
was examined using SEM, as illustrated in Figure 1(b)
and (c). Figure 1(b) reveals that the synthesized
material exhibits a flattened morphology characterized
by several granular fractions. The measured particle
size is approximately 5 um, which is consistent with
findings from various studies on conventional
precipitation processes, where particle sizes typically
range from 1 to 10 pm [34], [35]. The gradual
introduction of precursors during co-precipitation
facilitates a thorough reaction, favoring the
maximization of crystal growth stages over the rapid
hot injection method employed in heat treatment
processes. At higher magnifications, Figure 1(c)
presents a distinct plate—like morphology of the
particles, which aligns with observations reported in
other studies [24], [36], confirming the presence of a
well-developed layered structure. This clearly defined
morphology corresponds closely with the prominent
peaks observed in the XRD pattern of the MALsystem
shown in Figure 1(a), particularly with the high—
intensity peaks denoting the lamellar structure,
specifically (003) and (006) planes.

The adsorption-desorption isotherms of nitrogen
(N2) and the corresponding pore size distribution have
been utilized to characterize the pore properties within
the structures of MALS, MAL9, and MALI2, as
illustrated in Figure 2 and summarized in Table 1.
Notably, MAL9 exhibits the highest specific surface
area (BET), whereas MAL12 demonstrates the lowest
surface area. A larger specific surface area typically
enhances the exposure of active sites and consequently
leads to an increased adsorption capacity.
Furthermore, the pore  distribution  spans
approximately 1 to 50 nm, indicating that the MAL
system comprises both mesoporous and microporous
materials, with MAL9 showing a greater tendency
towards macroporous structures (diameter > 50 nm).
This trend generally aligns with the material's larger
pore volume [33]. Specifically, the total pore volume
of MALO9 reaches a maximum of 2.43 cm?/g, followed
by MALS at 1.5 cm®/g and MAL12 at 1.29 cm?¥g, as
detailed in Table 1. This range significantly exceeds
that of other LDH-based materials, which often have
pore volumes below 0.5 cm?/g [10], [13], [33], [37].
The increased pore volume in MALY is likely a
contributing factor to its superior capability for
achieving the highest level of CIP adsorption in the
later discussion. This enhanced transport pathway to

the internal voids facilitates improved adsorption
performance [33].

The hysteresis associated with microporous
characteristics exhibits a broad range of P/Py, whereas
mesoporous materials typically display a narrower
range of loops. This distinction is illustrated in
Figure 2(b), which presents the hysteresis of N
adsorption-desorption. The observed hysteresis is
subtle and approaches a reversible nature. This
behavior closely resembles the findings reported by
Saghir et al. [38], which demonstrated a Co/Ni-based
LDH isotherm pattern characterized by an even slope
and high linearity, underscoring the predominance of
microporous materials reflecting the type 1
classification. The remarkable similarity in the
extremely high surface area (as measured by BET)
further supports these findings, as detailed in Table 1.
However, it is important to note that these
observations cannot be wholly extrapolated to the
MAL materials, as the reference material is not
entirely representative of an optimal LDH and
significant discrepancies in textural property values
are evident [39].

To address the obscureness, we have
incorporated the analysis of the observed hysteresis
(Figure 2(b)) alongside the BJH measurements (Table
1) to calculate the percentage of surface area attributed
to mesoporous characteristics (%Smeso).
Interestingly, our results indicate that the MAL
materials yield a %meso value of approximately 50%
of the total pore volume. This result suggests that the
porous characteristics of MAL materials encompass a
combination of microporous, mesoporous, and
possibly macroporous features, a conclusion that
resonates with findings documented in other scholarly
articles [10]. Furthermore, the nearly reversible
hysteresis observed in CoAl-LDH, as reported by Gao
et al., [40], is attributed to the two—dimensional plate—
like structure of LDH. Notably, it notes the well—
defined hysteresis of the mesoporous types H2 and
H4, which are commonly associated with three—
dimensional structured LDH, such as flower-like
hollow or sphere formations [40]. This is consistent
with the structural properties of MAL, which also
exhibits a plate-like morphology (as depicted in
Figure 1(b)) and demonstrates similar hysteretic
behavior in connection with its micro—and
mesoporous characteristics.

S. Purwajanti et al., “Bittern-Derived Mg/Al Layered Double Hydroxide Adsorbent for Potential Ciprofloxacin Removal in Water Treatment

Application.”



Applied Science and Engineering Progress, Vol. 19, No. 3, 2026, 8048 7

— 14 (a)
;U’
£+
E
=2
o 61
E
=2
S 4
e e e
S
P
_% MAL 12
% —®—MAL 9
0 —a ——MAL 5
10 20 30 40 50 60
Pore size (nm)
o] (b)
60 -|
e
2
@ 404
£
2
o
>
20
MAL12
0 —e— MAL9
1 —a— MALS
T T T T
0.2 0.4 0.8 0.8 1.0

Pressure (P/Pg)

Figure 2: (a) N, adsorption and desorption isotherms,
and (b) pore size distribution of MALS, MAL9, and
MALI12.

3.2 Effect of pH in MAL synthesis

The impact of pH on the synthesized MAL has been
examined in detail. Co-precipitation is a well—
established method utilized in the formation of various
LDH-based materials. This process typically involves
two key sequential steps: first, the transformation of
the solution into one enriched with aluminum species,
and second, the incorporation of divalent metal ions
(such as Mg, Cu, or Zn) to achieve the hydrotalcite
phase [41]. Numerous studies have investigated the
mechanisms underlying LDH formation at a constant
pH. However, the combinations of metals in the
M?2*/M3* ratio led to distinct optimal LDH formations
across varying pH ranges. Specifically, the
hydrotalcite phase of ZnAl-LDH displays a
suboptimal crystalline structure at pH levels below 8§,
with the optimal crystallization occurring within the
pH range of 8 to 10 [42]. Beyond pH 10, the
predominant phase shifts to that of ZnO [43], [44].
While ZnAl-LDH demonstrates a relatively wide

range of pH conditions suitable for crystal formation,
the hydrotalcite phase of CuAl-LDH is formed within
a narrow specific range, specifically at pH 8 [45].
Notably, the pH range for the formation of
hydrotalcite in the case of MAL is significantly higher
than that for CuAl-LDH or ZnAl-LDH, occurring
predominantly between pH 9 and 10 [45], [46]. The
synthesis mechanism of MAL under varying pH
conditions was elaborated upon by Seron and Delorme
[46], who noted that the aluminum ion precipitates
immediately into a solid phase upon the initial
addition of the base solution. The concentration of
A" ions significantly decreases following the
introduction of the NaOH/Na.COs solution, a
phenomenon typically attributed to the early
precipitation of trivalent ions forming hydroxides. As
the base solution continues to be added, the sequential
precipitation of Mg?* occurs due to the diminishing
presence of AI** in the solution, corroborated by
observations from Seron and Delorme [46] regarding
the notable decrease in Mg concentration following
the depletion of AI*" at elevated pH levels. These
findings illustrate a clear sequential behavior in the
synthesis process [45], [46].

The pronounced sharp peaks observed at Miller
indices (003), (006), and (012) in Figure 3 highlight
the advantageous stacking sequence of basal spacing,
which serves as the foundational structure of LDH—
based materials. These peaks are critical indicators for
tracking the formation of MALin response to pH
variations (Figure 3). Notably, the co—precipitation
process yielded no characteristic peaks of MAL when
the solution's acidity was adjusted to pH 5 (MALS).
This absence can be attributed to the instability of
certain fractions of the trivalent cation, resulting from
a charge imbalance at higher acid concentrations.
Consequently, the M?"/M>" ratio was inadequate to
attain the necessary proportions for crystal phase
development. Furthermore, it is plausible that
hydrotalcite may have formed in an amorphous phase
during this process [45]. In contrast, distinct sharp
peaks emerged at pH 9 (MAL9) and became
increasingly pronounced at pH 12 (MALI12),
reflecting a more substantial formation of ordered
layers. This observation is consistent with existing
literature, which indicates that sharper XRD peaks for
MAL formation are typically seen at pH levels ranging
from 8.5 to 13.2 [46]. However, a secondary phase of
hydromagnesite (Mg>(CO3)4(OH),.5H,0) is present in
sample MALI12. Literature suggests that this
phenomenon can be attributed to the reaction of
magnesium from bittern under extreme alkaline
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conditions, which occurred in two—step reaction, as
shown in Equations (3) and (4). Conversely, some
studies propose that brucite decomposition may occur
due to an insufficient balance of negative charge
arising from the abundance of MgOH, which may lead
to inadequate charge levels. This imbalance has the
potential to compromise the basal spacing of LDH and
promote the formation of secondary phases. This
occurrence of secondary phases has also been
documented in other metal combinations within LDH.
The high concentration of hydroxide ions at pH 13
results in the formation of ZnAl-LDH mixed
hydroxides, such as Na[Al(OH)s] and Na,[Zn(OH)4]
[45], [47]. Additionally, other mixed hydroxides,
including Na,[Cu(OH)s], Cu(OH),, and CuO, have
been identified in the formation of CuAl-LDH at pH
10 [45], [47].

Mg+ 20H = Mg(OH), 3)

5Mg(OH), + 4CO, + HyO — Mgy(CO3)4(0H),.5H,0
4)

M Hydromagnesite

Intensity (A.U)

20 (%)

Figure 3: XRD pattern of MAL in pH of 5 (MALS), 9
(MALD9), and 12 (MAL12).

3.3 CIP Adsorption Performance
3.3.1 Effect of MAL’s pH synthesis

The adsorption performance of Mg/Al LDHs
synthesized at different pH levels was examined, as
shown in Figure 4(a). The findings reveal that the CIP
adsorption capacity of MAL is influenced by the pH
condition under which MAL was synthesized,
reaching a peak between pH 5 and 9, before declining
at pH 12. This trend is consistent with observations in
other systems synthesized under similar conditions
[48]. The hydrotalcite phase of the sample produced at

pH 5 (MALS) has a poorly defined structure (see
Figure 2), leading to an incomplete formation of
lamellar structure and basal spacing, which negatively
impacts the adsorption process. As a result, MALS
only adsorbs about 40% of CIP. In contrast, the sample
synthesized at pH 9 (MAL9) shows well-defined
brucite-like sheets and interlayer spaces, which
facilitate effective charge balancing with CIP
particles, achieving a maximum adsorption capacity of
around 60%. However, although the crystal structure
of the sample synthesized at pH 12 (MA12) exhibits
sharp peaks indicating strong basal spacing (Figure 2),
its adsorption performance plateaus compared to
MAL9. This may be due to the appearance of a
secondary phase, specifically hydromagnesite, which
includes carbonate ions (CO3%) in its framework, as
supported by existing literature [49]. Hydromagnesite,
with the formula [4MgCO3;.Mg(OH),.4H,0], is a
common form of magnesium hydrocarbonate mineral
within a layered structure [50]. Under the extreme pH
conditions in MAL12, the high magnesium content
leads to increased precipitation of aluminum ions as a
trivalent species, while magnesium remains as a
divalent ion in solution. The elevated pH also boosts
the concentration of COs* ions from Na,CO; or
NaOH. This significant imbalance between the
depletion of aluminum and the presence of magnesium
ions encourages precipitation as hydrotalcite and the
reaction with COs;* to form hydromagnesite.
Ultimately, the reduced adsorption capacity can be
attributed to the formation of hydromagnesite during
the synthesis of the layered double hydroxides, which
decreases the availability of active surface areas [49]
and limits the efficiency of CIP adsorption. In
summary, MAL9 demonstrated the highest
performance in CIP adsorption due to its well-defined
basal spacing and pure hydrotalcite phase, making it
the selected sample for further studies.

3.3.2 Adsorbent dosage

In the realm of adsorption, the ratio of adsorbent to
adsorbate is crucial for achieving optimal
performance. This study involved a preliminary
assessment of various adsorbent doses, ranging from
0.5-2.5 mg/mL, in relation to a CIP solution with a
concentration of 50 mg/L at pH 7. The adsorption
capacity of MAL9 across these different doses is
depicted in Figure 4(b). Starting with an initial dosage
of 50.5 mg/mL, MAL9 exhibited an adsorption
capacity of 62.3 mg/g. This capacity increased
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significantly to 64.92 mg/g when using a dosage of
1 mg/mL. However, as the adsorbent dosage
continued to rise, a gradual decline in adsorption
capacity was observed. The initial increase in
adsorption efficiency can be attributed to a heightened
frequency of collisions between the adsorbent and
adsorbate, which corresponded with a larger
availability of active surface sites. In contrast, the
subsequent decrease in capacity is likely due to the
aggregation of adsorbent particles at higher dosages.
Such aggregation can diminish the effective surface
area and extend diffusion pathways, both of which
negatively affect adsorption performance [21].
Additionally, higher concentrations of adsorbent can
lead to the exchange of higher—energy surface sites
with lower—energy fractions, further impacting overall
adsorption [51]. Thus, this study suggests that an
optimal dosage of 1 mg/mL of MALY9 is recommended
for the adsorption of a ciprofloxacin solution at a
concentration of 50 mg/L. These findings align with
existing research, reinforcing the effectiveness of the
identified dosage [21].

3.3.3 Effect of CIP solution pH

In practical applications, waste treatment requires a
diverse range of solutions, including considerations of
pH levels. One notable water pollutant is the antibiotic
CIP, which is particularly persistent due to its
structural changes based on the medium’s pH. Studies,
such as those conducted by Igwegbe et al., [14], have
explored the behavior of CIP using various adsorbents
across different pH conditions. Figure 4c illustrates
the adsorption behavior of the MAL system at various
pH levels. It is evident that in low pH conditions (1-4),
the adsorption capacity is minimal. However, this
capacity significantly increases, reaching a seven—fold
increase at pH 6. From pH 6 to 10, the adsorption level
stabilizes, but at extremely alkaline conditions (pH 12),
the adsorption rate drops dramatically to only 40%.
This pattern is closely linked to the dynamic changes
in CIP's ionic state, which affects its affinity for the
MALD9 system. Key factors in the adsorption process
include the pH of the solution, the point of zero charge,
and the pKa values of the adsorbate. CIP has two
functional groups—hydroxyl and amine—and,
consequently, two pKa values: pKa; at 5.9 and pKa, at
8.89. In low pH conditions, the ionic state of CIP
becomes positively charged due to the protonated
amine group [10], [52]. This positive charge does not
interact well with the MAL9 framework, which has a

net positive charge due to the presence of divalent and
trivalent metals. As reported in previous studies [53],
the point of zero charge for MALranges from 7.8 to
12, leading to a repulsive interaction between CIP and
MALDO9. Conversely, at pH levels between 6 and 9, both
the amine and hydroxyl functional groups become
activated, forming a zwitterion that enhances
electrostatic interactions.

Overall, the pH-dependent adsorption profile
shows that MAL9 achieves its highest adsorption
efficiency under mildly basic conditions. Within this
pH range, ciprofloxacin predominantly exists in its
zwitterionic form, enabling optimal electrostatic
interactions and ion exchange with the positively
charged LDH layers. This is also supported by the
elevated surface area (2,671 m?/g) and large pore
volume (2.43 cm’/g) of MALY, as demonstrated
before (Table 1), which facilitates molecular diffusion
and accessibility of active sites, thereby enhancing
adsorption. However, at strongly alkaline conditions
(MAL12), the adsorption capacity significantly
decreases. This is due to the partial conversion of the
LDH surface into hydromagnesite or magnesite phase
(Figure 3). As a result, the availability of reactive
hydroxyl groups is reduced and chemisorptive
interactions are hindered. Therefore, MAL9's superior
performance can be attributed to the synergistic
influence of favorable surface morphology and pore
structure combined with stable surface chemistry
under near—neutral pH conditions.

3.3.4 Effect of competitive anions

In the real polluted water system, CIP compounds are
always in coexistence with other anions [14] as a
competitive agent, hence we studied the adsorption
with simulated polluted water containing several
competitive ions of mono-, di-, and trivalent, which
are CI', CO3%, SO4%, and PO4*. The influence of those
interfering anions on the adsorption capacity was
evaluated (Figure 4d). It is clearly shown that the
percentage of CIP uptake decreases in the order Cl->
COs% > SO4* > PO4*. It is noticeably implied that the
competitive effect between the existing anion in the
MALY9 framework with the new-former anion is
greater when the given ion has a larger ionic state. The
CIP uptake is insignificantly decreased between the
absence and the presence of Cl anion, but noticeably
lower in the presence of divalent and trivalent anions
such as SO4% and PO4>~.
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Figure 4: (a) The adsorption capacity of pH—
synthesized Mg/Al LDH, (b) the amount of the
adsorbent used, (c) the pH level of the CIP solution,
and (d) the influence of co—ions present in the solution.

The addition of Cl" as a monovalent anion is
similar to the CIP mono—ionic state, hence the
competitive effect is not deemed enough to interfere
with CIP adsorption. However, the presence of sulfate
and phosphate as divalent and trivalent anions will
provide a higher ionic attraction with Mg?* and AI** in
MAL frameworks and, hence, will interfere with CIP
adsorption. Novillo ef al., [24] show the phenomenon
that LDH has a higher affinity towards divalent anions
than monovalent anions, which is also in similar notes
in other studies [14], [54], [55]. Additionally, the
presence of carbonate ions did not significantly
change the performance, while sulfate ions did,
although carbonate and sulfate are at a similar level of
ionic state. The plausible reason is that the
intercalation layer of hydrotalcite has included the
carbonate anion in the first place through
Na,CO3/NaOH solution. Once the carbonate ion is
intercalated, it resists another anion exchange,
including the newcomer of carbonate anion [56].

The variation in adsorption performance among
different co—ions (Figure 4d) demonstrates that the
surface chemistry and interlayer anion configuration
of LDH play a crucial role in controlling the
adsorption process. MAL9, which contains COs*" as
the dominant interlayer anion, exhibited the highest
adsorption capacity due to its optimal balance between
anion exchangeability and structural stability. The
carbonate species not only maintain a well-ordered
layered structure but also create a favorable surface
charge environment that enhances the electrostatic

interaction and hydrogen bonding with ciprofloxacin
molecules. In contrast, the presence of multivalent
anions such as SO+* and PO+*~ reduces adsorption
efficiency because these anions strongly bind to the
interlayer sites, limiting the accessibility of active sites
for the organic molecule. Thus, the superior
performance of MAL9 can be attributed to its surface
chemistry governed by interlayer carbonate ions,
which promote a mixed mechanism of anion exchange
and surface complexation, consistent with
chemisorption—dominated adsorption [57], [58].

3.4 Adsorption isotherm and kinetics

The interaction between the adsorbent and adsorbate
is a critical area of study for elucidating the adsorption
mechanism. As illustrated in Figure 5(a), the data
reveal a linear correlation between adsorbate
concentration and adsorption capacity [40]. This
relationship suggests that an increase in CIP
concentration enhances the likelihood of effective
collisions between the adsorbate molecules and the
surface of the adsorbent, subsequently facilitating the
mass transfer from the solution phase to the solid
phase [59]. By methodically increasing the adsorbate
concentration while maintaining a fixed dose of
adsorbent under controlled isothermal conditions, we
can gain further insights into the adsorption behavior.
Understanding the adsorption equilibrium is essential
for comprehensive analysis, and the isotherm provides
valuable information about the interactions between
the adsorbate molecules and the adsorbent surface
[40]. The Freundlich and Harkin-Jura isotherm models
are commonly utilized to describe these interactions
[13], [60], as shown in Figure 5(a), respectively. Our
regression analysis indicates that the Freundlich
model (R? = 0.994) offers a superior fit compared to
the Harkin-Jura model (R? = 0.972), positioning the
Freundlich model as the most representative
framework for analyzing the isothermal adsorption of
CIP by the MAL9 system. This model suggests a
spontaneous mechanism of multilayer adsorption [52],
[61]. Particularly noteworthy is the parameter value of
1/n, which reflects the heterogeneity of the adsorbent
surface; our findings yield a value of 0.92, indicating
a high level of heterogeneity [40]. Additionally, the
Freundlich model constant n, representing the
adsorption intensity constant, exceeding 1 for MAL,
signifies substantial adsorption affinity in MAL.
Moreover, the isotherm model enables us to assess the
maximum capacity of the sorption process, as
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indicated by the K¢ value. Our results demonstrate that
the MAL9 system exhibits a maximum adsorption
capacity of 95.15 mg/g at the initial concentration of
CIP as much as 100 mg/L.
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Additionally, the equilibrium concentration of
adsorbed CIP within the MAL9 system, shown in
Table 2, is measured at 47.17 mg/g, a value that aligns
well with findings from both LDH and non-LDH
systems [2], [13], [49]. In exploring kinetic models,
the pseudo—first order and pseudo—second order
models are frequently employed in adsorption studies
[14], [21], [40]. The pseudo-first order model pertains
to physical adsorption, where the ratio of solute
concentration to solid significantly influences the
sorption rate. In contrast, the pseudo—second order
model addresses the limiting factors of electron
sharing between the adsorbate and adsorbent,
suggesting a chemisorption process [14], [62].
Together with Table 2, our analysis identifies the
pseudo—second order model as providing the highest
linear regression outcomes, corroborating results
reported in various adsorption systems, including
Fe;04—Zn—Cr LDH [14], although in several cases,
mix-adsorption with physisorption is also plausible
[63]-[65].

50
48 o ( b) @ . .
/ T, . Table 2: Isotherm and kinetics parameters of CIP
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o
E 444 » Freundlich Ky (L/g) 1/n R?
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Figure S: (a) The isothermal adsorption plot of MAL9
utilizing the Freundlich model demonstrates the
variation of CIP concentration and (b) the kinetic
analysis is presented through the adsorption capacity
of MAL9 onto CIP over time, including a fitting of the
pseudo—second—order model.

Figure 5(b) further illustrates that equilibrium is
achieved within approximately 100 min, a timeframe
that is notably faster compared to other corresponding
LDH systems [40] This rapid uptake is primarily
attributed to the substantial diffusion from the solution
phase to the external solid phase, while the subsequent
gradual rate of adsorption can be ascribed to internal
surface retention and interaction processes [40].

High regeneration properties are integral to enhancing
the effectiveness of adsorption applications,
particularly for waste material management. This
study explores the adsorption—desorption process over
four cycles, utilizing an eluent derived from an acidic
solution (CH3COOH) to facilitate the removal of
adsorbates from the surface sites of the adsorbent. The
presence of hydrogen ions (H') promotes the
attachment of the CIP molecule through dipole—dipole
and electrostatic interactions, thereby supporting the
regeneration of the surface sites. Although it is not
dominant, the supporting involvement of
physisorption where a weak intermolecular interaction
could help regeneration of the adsorption capacity up
to 80-90% in the 4% cycle, which underlines the
presence of mix-adosorption mechanism [66]. The
observed adsorption capacity of the MAL9 material
for the CIP solution, as illustrated in Figure 6,
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demonstrates a consistent decline over successive
cycles, recorded at 49.42, 35.07, 14.15, and 10.27
mg/g, respectively. This trend coincides with a gradual
decrease in the concentration of CIP removed from the
solution, indicating a performance reduction of
approximately 25.67% per cycle. This decrease in
efficiency may be attributed to the limitations of the
eluent, as CH3COOH likely solubilizes only a partial
fraction of the CIP present within the MALY system,
resulting in the occupation of some surface sites and
consequently impairing adsorption performance.
Additionally, potential leaching of fractions from the
surface sites, due to the dissolution of Mg?* and AP**
ions in the acid medium [67], thereby supporting the
regeneration of the surface sites.

89%
50 4

40 4

30 4

20 4

Capacity of Adsorption (mg/g)

0
4th cycle

31 cycle

1 cycle
Figure 6: Adsorption capacity of MALY in several
applied cycles.

2 cycle

As anticipated, the reusability of this system may
be less than that of more complex hierarchical
structures based on layered double hydroxides (LDH),
which typically display a greater variety of metal
combinations and structural frameworks [39], [40],
[68]. However, the three-dimensional frameworks
examined herein not only offer tunable morphology
but also preserve their layered integrity during the
adsorption—desorption process, thereby enhancing
performance over multiple applications. For instance,
CaMgAIl-LDH has been reported to achieve a CIP
retention rate exceeding 62% after six cycles [69],
while the three—dimensional flower—like hollow
structure of CoAl-LDH retains over 75% of CIP after
five cycles [40]. Furthermore, a three—dimensional
zeolite ~ ZIF-67  supporting CuCo-LDH  has
demonstrated an adsorption performance of up to 70%
in the removal of methylene orange (MO) [39]. For
example, fine—layered structures such as SiO—coated

MgAI-LDH exhibit a retention rate of below 10% for
anionic pollutants after three cycles [70], and layered
Ni/Al-LDH show a retention rate below 35% for
methylene blue over the same number of cycles [71].
Given this comparable performance at an initial stage
of the LDH framework's development, there is
considerable potential for advancing adsorption
efficiency through the exploration of more complex
frameworks in future research endeavors.

3.6 After adsorption

The charge—balancing mechanisms within their
structure significantly influence the adsorption
performance of LDH. The removal of pollutants from
aqueous solutions necessitates multiple interactions
between the adsorbate and the surface sites of the
adsorbent, including the involvement of functional
groups. Additionally, these interactions are enhanced
by the presence of interlayer anions and the
adsorbent's high surface area and porosity. Therefore,
examining the structural properties of LDH both
before and after treatment is critical for assessing their
effectiveness.

In the context of CIP, as the adsorbate interacts
with Mg/Al LDH, various interactions are engaged.
As illustrated in Figure 7a, there is no notable shift in
the three main characteristic peaks of MALSY,
indicating a well-preserved structure throughout the
sorption process. The presence of CIP is confirmed by
the sharp peak observed at 20 = 20°-40°, which
reflects the crystal phase of the compound.
Furthermore, while previous studies often report
deviations in the lattice structure of adsorbents
following treatment, Figure 1c reveals no additional or
shifted peaks, suggesting that the crystal structure of
LDH remains stable. This finding is further supported
by FTIR analysis, as shown in Figure 7(b), which
displays several peaks at 439, 452, 471, and 665 cm’!
corresponding to M—O-M vibrations and M—O-H
bending [40], [72]. The sharp peak at 1355 cm’
indicates the asymmetric stretching of carbonate
anions [73] or intercalated NOs™ [24], while the peak
at 1633 cm™! corresponds to interlayer water bending
vibrations [74]. Notably, the vibration at 3360 cm™! is
associated with the —OH stretching of water molecules
in the brucite layer [73]. A significant observation is
the presence of an additional peak around 1640—-1570
cm’', which is indicative of the characteristic
stretching mode of the carboxyl group in the carbonate
ion derived from the presence of CIP [2], [10].
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Figure 7: (a) XRD patterns of the MAL9 system,
illustrating the data both before and after the
adsorption of CIP. Additionally, (b) the FTIR
spectrum of MAL9 following the adsorption process.

While the crystal lattice structure exhibits no
significant deviations, the morphological analysis
following the adsorption process shows clear changes
(Figure 8). Compared to Figure 1(b)—(c), the MAL
system depicted in Figure 8(a)-(b) appears rougher
and larger, which can be attributed to the incorporation
of CIP within the LDH microstructure. Furthermore, a
comparative analysis underscores these differences;
Figure 8(a) and (b) present blurring and deviations in
the layered structure of the MAL system when
juxtaposed with Figure 1(c). These visual alterations
reinforce the successful integration of the MAL
system and highlight the efficacy of the adsorption
process.

, Zkd

Figure 8: SEM images showcase the fractured surface
of MALat magnifications of (a) 2500x and (b) 10000x,
respectively, following the sorption process.

3.7 Potential of practical application

The simple synthesis of the MgAl-LDH system in this
work proposes bittern as a magnesium source with
comparable yield and adsorption capacity to other
magnesium source—based LDH systems. The high
abundance of bittern as a salt plant by—product will
bridge the gap between bulk adsorption needs and
industrial benefits. Battaglia et al., [75] reported a
successful pilot-scale Mg recovery plant that
achieved 99% conversion of native bittern to
Mg(OH), powder from one of the bitterns of an Italian
district salt plant. Although LDH-based adsorption
has been frequently demonstrated in many real-world
wastewater treatments, such as treating pyrophosphate
(PP) in real electroplating wastewater Fu et al., or
removing metals and dyes from textile wastewater
[76], the performance of bittern-derived LDH has
begun to demonstrate feasibility in real-world
treatments. Ayoub et al., reported a 56% arsenic
removal from native tannery wastewater via active
adsorption of bittern/lime. Similarly, the use of bittern
coagulant has been shown to successfully remove

S. Purwajanti et al., “Bittern-Derived Mg/Al Layered Double Hydroxide Adsorbent for Potential Ciprofloxacin Removal in Water Treatment

Application.”



14

Applied Science and Engineering Progress, Vol. 19, No. 3, 2026, 8048

>90% of the metal pollutants from batik industrial
wastewater [77].

Indeed, wastewater treatment (reusing waste and
converting it into valuable products to address other
waste issues) is quite costly, both financially and in
terms of efficiency. Widodo et al., [78] successfully
demonstrated the profitability and environmental
benefits of a bittern recovery facility through mixed
integer nonlinear modeling, which considers bittern
supply, demand structure, and recovery constraints.
This model presents parameters that maximize the
trade—off between waste transportation costs,
recovery, station investment, sales value, and
environmental sustainability. The results show that
total profit and environmental benefit parameters will
theoretically increase in an exponential way, with
increasing bittern stock, even for a decentralized
scenario (small, distributed bittern recovery plants
operating in parallel), which is generally assumed to
be a non—profit scenario. The point of unrealistic
environmental benefits, where the profit feedback
does not meet the environmental feedback, is reached
when bittern supply reaches 1.25-2 million tons/year,
which is quite manageable given the plant's potential
for expansion. The consistent success of conventional
LDH and bittern derivatives in real wastewater
applications, combined with proven economic
feasibility and performance at pilot scale, positions the
idea of bittern-LDH as a waste—to—waste solution to
become more measurable.

4 Conclusions

The study successfully synthesized and characterized
Mg/Al LDHs using bittern at a pH of 9, confirming the
formation of a lamellar hydrotalcite-like material with
well-defined basal spacing and plate-like morphology.
This novel approach of using bittern as Mg?" precursor
realizes the concept of zero waste and gives the added
value as precursors for functional nanomaterials. The
MAL9 material exhibited the highest specific surface
area and pore volume among the samples, contributing
to its superior adsorption capacity for CIP. The study
demonstrated that pH significantly influences the
synthesis process, with pH 9 yielding the most optimal
material. Additionally, the effect of adsorbent dosage,
solution pH, time and CIP initial concentration and
competitive anions on CIP adsorption was
systematically investigated, revealing that the MAL9
system performed best under specific conditions. The
CIP adsorption tendency on MALY is well- matched

with the electrostatic charge between CIP and MAL 9.
The electrostatic interaction is strongly involved in the
CIP adsorption reaction of MAL 9. The adsorption
process was best described by the pseudo-second-
order kinetic model, indicating chemisorption as the
dominant mechanism. At a constant pH 7, the MAL 9
shows 95.5 mg/g at a CIP initial concentration of 100
mg/L without precipitation reaction, and it is well-
fitted with the Freundlich isotherm model, which
means that heterogeneity in the CIP adsorption
reaction. Overall, the findings provide valuable
insights into the synthesis, characterization, and
adsorption performance of Mg/Al LDHs, contributing
to the advancement of wastewater treatment
technologies.
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