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Abstract

Arsenic (III) ion contamination in water system is a significant and
challenging global concern. In this study, agro-waste material, specifically
Citrus pseudolimon peels (CP), was utilized as a precursor for the preparation
of biochar (CPB). Furthermore, biochar-supported Fes0s-Zn+Al layered
double hydroxide (M-CPB/LDH) has been synthesized by simple co-
precipitation method for the removal of noxious As (III) ions. The prepared
composites undergone instrumental analysis including Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM) equipped with energy-dispersive X-
ray spectroscopy (EDX) and elemental mapping, high-resolution transmission
electron microscopy (HRTEM), Brunauer-Emmett-Teller (BET), thermo-
gravimetric (TGA), vibrating sample magnetometer (VSM), and X-ray
photoelectron spectroscopy (XPS). The surface areas (BET) of CPB and M-
CPB/LDH composites were recorded to be 52.49 m?/g and 99.78 m?/g,
respectively. The VSM analysis confirmed the ferromagnetic characteristics
of M-CPB/LDH composites. The adsorption behavior of CPB, M-LDH and M-
CPB/LDH composites was strongly depend on pH, with the maximum As (III)
ion uptake recorded at pH 4.0. The sorption of As (III) ion were analyzed by
isotherm, kinetics and thermodynamic study. Experimental data obey the
Langmuir model (R?2=0.97-0.99), indicating that As (III) ions exhibits the
monolayer adsorption. The kinetic results directed that removal mechanism

conformed to pseudo-second-order model, signifying the chemisorption play



a major role. The maximum monolayer capacities of CPB, M-LDH and M-
CPB/LDH composites for As (III) ions were recorded to be 575.10 mg/g,
624.34 mg/g and 721.34 mg/g, respectively. The maximum adsorption of
88.95 %, 92.18 %, and 96.76 % were achieved for CPB, M-LDH and M-
CPB/LDH composites, respectively, at 65 °C under optimal conditions,
indicating a endothermic and thermodynamically favorable. Regeneration
study demonstrated that adsorbents were effectively recovered using 0.01
mol/L. HCI as the desorbing agent. After seven adsorption-desorption cycles,
the adsorption remained at 78.19 %, 83.13 %, and 91.45 % for CPB, M-LDH,
and M-CPB/LDH composites, respectively. Finally, we summarize that
synthesized M-CPB/LDH composite exhibited high efficiency, versatility and
economical for As (III) ion removal, making it a promising material for
wastewater treatment.

Keywords: Citrus pseudolimon peels, Biochar, Zn+Al (LDH), As (III),

Isotherm, Kinetics

1. Introduction

Environmental contamination is among the most pressing global challenges.
This problem arises from the release of pollutants from countless sources,
such as sewage disposal, industrial, and agricultural activities, which
introduce harmful metals into the environment [1-2]. Among these
contaminants, arsenic (As) is particularly dangerous due to its toxic and
cancer-causing properties in aquatic ecosystems. The chronic exposure to

extreme arsenic level has caused severe health conditions including diabetes,



cardiovascular and respiratory disorders, neurological functioning and
various forms of cancer. As a result, arsenic adulteration is a critical global
concern. The permissible limit of 10 pg/L arsenic in intake water has been
prescribed by USEPA. However, alarmingly high concentrations up to 5000
mg L~1 have been reported in underground water sources, raising concerns
among health organizations [3-4].

Various chemical forms of arsenic with differing levels of toxicity are found
in nature. As (III) found as H;AsOz, HAsO32- and AsOs33- ions, while As (V)
exist as HyAsOs , HAsO42- and AsO43 The trivalent form of arsenic (As III)
being significantly more poisonous than pentavalent (As V) form and As (III)
poses a greater health hazard than As (V) [5 0]. Research attention has been
centered on developing strategies for speciation of various types of arsenic
as well as finding technologies that may remove arsenic contaminated water.
Numerous methods have proven effective for remediating As (III) ions and
these include membrane-based separation techniques, oxidation-coagulation-
precipitation followed by filtering, adsorption, electrocoagulation etc.
Adsorption stands out as a popular and effective measure for water
detoxification, largely owing to its cost-effectiveness and operational
simplicity [7-8]. Adsorbents such as cellulose by-products, hydrogels, resins,
and carbon materials have been suggested for the treatment of As(III)-
contaminated water. However, many of these materials suffer from
drawbacks, including lower adsorption capacity, potential risk of secondary

contamination, and difficulties in synthesis [ 1.



Consequently, researchers are focusing on developing novel materials for As
(III) remediation. Among these, layered double hydroxides (LDHs) have
emerged as a promising option due to their strong anion exchange properties
and hydrophilic nature, which enhance their effectiveness [11-13]. LDHs are
a class of anionic clays, also known as hydrotalcite-like compounds, with a
brucite-like layered structure. Their composition consists of positively
charged brucite-like sheets and hydrated interlayer regions containing
charge-balancing anions. [ ]. The [M11—x MIlx (OH),**(A™)x/n*mH-0,
can be used to describe them. It is also known as [MII-MIII-A], in which
trivalent cation M*3 such as Al3+, Cr3+, Fe3+ and divalent cation (M+2) such
as Mg?+, Zn2+*, Cu?*, etc. The variable x is defined as the M/ (MI+M!) ratio,
m is the number of interlayer water, and A™ indicates exchangeable
interlayer anion having negative charge [ ]. The intercalation
mechanisms of layered double hydroxides (LDHs) are a fascinating area of
study. Intercalating various anions into the interlayer area via different
techniques allows for the significant modification of the LDH's properties.
[ ]. The co-precipitation method is the most widely used for preparing
the layered double hydroxides (LDHs) due to its simplicity, affordability, and
scalability. This technique efficiently incorporates various metal cations and
anions into the composite structure, which can be further enhanced by
adding a variety of functional anions, including oxyanions, organic
compounds, and physiologically active chemicals, to greatly improve the

LDH's characteristics [20]. Numerous studies have found outstanding



pollutant adsorption by Zn-Al layered double hydroxides (LDH) synthesized
using co-precipitation technique [21-23]. A drawback of co-precipitation is
the production of fine, dispersed particles of LDH. This morphology makes
the material difficult to separate and recycle after sorption process, which
has in turn hindered the widespread practical use of Zn-Al LDH as an
adsorbent. Therefore, finding a solution to this issue is crucial. Magnetic
separation is an important technique for enhancing material separation in
water, particularly for wastewater treatment. Because of their
biocompatibility, reusability, and simplicity of recovery, magnetic adsorbents
have been given priority in the water treatment sector [24]. Due to its
excellent magnetic responsiveness, low toxicity, and ease of synthesis,
magnetite (FesO4) has been widely used as a magnetic modifier compared to
other magnetic materials [25].

Agro-waste-biochar has demonstrated growing attention for wastewater
treatment and contaminant removal owing to their porous framework,
greater porosity and several functional groups able to interact with a variety
of toxic pollutants. Agro-derived biochar is highly economical as it utilizes
low-cost agricultural residues that are otherwise considered as waste
materials. Its production not only reduces the disposal cost, but also provides
a sustainable and affordable material for environmental remediation. In this
study, Citrus pseudolimon peels (CP) is reported as an effective and eco-
friendly adsorbent due to its natural abundance and biodegradable nature.

[26-27]. Aforementioned discussion, present research seeks to explore an



efficient adsorbent for removal of As (III) ions by integrating the biochar
(CPB) and Fe304-Zn+Al (LDH) composites. The successful synthesis of
composites (M-CPB/LDH) has been confirmed through instrumental analysis
and simultaneously, adsorption mechanism including parameter
optimization, isotherm, kinetic and temperature study has also carried out in
detail.

2. Materials and method

2.1. Chemicals

Chemicals and reagents including zinc nitrate hexahydrate (Zn (NO3),-6H-O,
=98 %), aluminum nitrate nonahydrate (Al (NO3)3-:9H>0, =98 %), ferrous
chloride tetrahydrate (FeCly-4H;0O, =99 %), ferric nitrate dihydrate (Fe
(NO3)3:2H,0, =98 %), sodium hydroxide (NaOH, pellets, =97 %), ammonia
solution (NH3-H,0O, 25-28% w/w NH3s). sodium arsenite (NaAsO;, =98 %)
were acquired from Sigma-Aldrich chemicals. Analytical grade (AR) reagents
were used, and stock scolutions of As (III) ions were prepared in deionized
water.

2.2. Preparation of Citrus pseudolimon biochar (CPB)

Citrus pseudolimon (CP) peels were obtained from Himachal Pradesh, India.
Through the pyrolysis process, biochar was produced from the Citrus
pseudolimon (CP) feedstock. The surface was treated with double distilled
water, sun dried after cutting into small pieces to remove any grit or dust
left behind. The dried Citrus pseudolimon peels were crushed and screened

to a particle size of 10 pym. A particle size of 10 pm was chosen in order to



provide a higher surface area, facilitate efficient heat and mass transfer,
and ensure homogeneous pyrolysis of material [28]. It was then put into
silica crucible having a controlled heating rate of 10 °C/min at 400 °C in a
muffle furnace. The silica crucible was removed from muffle furnace and
cooled under ambient conditions. The residues weight was measured for the
evaluation of biochar yield. The resulting Citrus pseudolimon biochar (CPB)
was kept in a hermetic vessel for succeeding experiments.

2.3. Synthesis of M-LDH and M-CPB/LDH composites

The FesO4 nanoparticles were synthesized by adding 1.63 g of Fe(NO3)s-9H20
(0.02 mol/L) in 80 mL of double-distilled water along with a 1M NaOH
solution. Then, 0.12 g of FeClz was added and mixture was thoroughly stirred.
Subsequently, solution pH was adjusied to around 10.0 using 0.1 mol/L
ammonia solution. The soluticn was agitated for 3 h continuously and samples
were allowed to stand overnight at room temperature (~25 °C) under
ambient atmospheric conditions. The FeszOa precipitates rinses multiple times
using deionized water, collected by external magnet and dried in an oven at
65 °C. The obtained black precipitate was labeled as magnetic Fes3Oa
nanoparticles (M). The M-LDH was synthesized using co-precipitation
process. Firstly, a 100 mL solution was prepared by mixing 50 mL each of
Zn(NO3z)2 (0.16 mol/L) and AI(NO3z)s (0.08 mol/L) in double-distilled water,
maintaining a molar ratio of 2:1. The solution was magnetically shaken for 35
min. Next, 1.24 g of the previously prepared FesO4 nanoparticles were added

and the mixture was stirred again for 35 min at 65 °C. The NaOH (1M)



solution added dropwise to maintain a pH of 10.0, followed by stirring for 2
h to ensure proper mixing. The mixture was kept undisturbed for 24 h in an
oven at 65 °C. The aged precipitates were subjected to washing several times
with deionized water until effluent solution reached a neutral pH, then dried
at 65 °C in oven-. The final dark powder was labeled as M-Zn+Al (LDH). M-
CPB/LDH composites were synthesized by adding 2.0 g of CPB into 80 mL of
M-LDH solution. The mixture was stirred for 3 h to ensure sufficient contact
between CPB and M-LDH. It was then set aside for 2 h and precipitates were
cleaned with distilled water upto neutral pH was reached and then oven
drying at 80 °C. Finally, black product crushed using inortar and pestle, and
resulting fine powder (approximate yield=2.9 g) was labeled as M-CPB/LDH.
The pictorial representation for preparation of CPB, M-LDH and M-CPB/LDH

composites has given in Fig. 1

2.4. Characterization

The synthesized M-CPB/LDH composites has been tested using various
instrumental techniques. The microstructure was analyzed using field
emission-scanning electron microscopy (FESEM) Model Hitachi-PU 5.0 kV
and energy dispersive spectroscopy (EDS), elemental analyzer for CHN
(Thermo scientific). Diffraction pattern (XRD) was recorded by the Rigaku
Smart Lab SE by powder method using Cu K-aplha -1 radiation. Fourier-
transform infrared spectra (FT-IR) were examined by Thermo Nicolet FTIR
spectrometer with resolution 1cm! and scan range of 4000-! to 380 -1. Using

an instrument made by Micrometrics ASAP 2460, surface area and pore



structure were examined by BET instrument (Brunauer-Emmett-Teller). A
vibrating sample magnetometer (VSM) is used to check the magnetization by
model Quantum Design Linear Motor Servo Controller. High resolution
transmission electron microscopy (HRTEM) direct the internal atomic
structure of material by Hitachi (H-7500). X-ray photoelectron spectroscopy
(XPS) technique measure the composition, chemical state and bonding by
Model PHI 5000 Versa Probe III. Themo-gravimetric analysis (TGA) is used
to study the material mass changes with altering the temperature by Model
(SII 6300 EXSTAR) with temperature range upto 900 °C. The atomic
absorption spectrophotometer (AAS) PerkinElmer's PinnAAcle 900 series has
recorded the As (III) concentration. Zeta potential of prepared sample is
calculated on Zeta Potential Analyzer using Malvern Zetasizer Nano ZS
installed in MMEC, Ambala.

2.5. Batch experiment

The batch experiment has been conducted to optimize the various parameters
and to ensure boosted adsorption of As (III) ions. The experimental were
performed in Erlenmeyer flasks (250 mL) having 100 mL of As (III) solution
and shaken at 170 rpm in a thermostatic shaker. The effect of M-CPB/LDH
dosage (0.050-0.350 g/L), pH (2.0-12.0), initial As (III) concentration (50-350
mg/L), contact time (15-120 min) and temperature (30-60 °C) were
systematically investigated and optimized for maximum sorption of toxic As
(III) ions. The 0.1 N NaOH and 0.1 N HCI solution were employed to maintain

initial pH of As (III) solution. After adsorption. An 8 mL aliquot of the



suspension was withdrawn from the Erlenmeyer flasks and subjected to
magnetic separation. The residual concentration of As (III) ions were
computed using an AAS at 198 nm. All adsorption experiments were
performed quadruplicate to ensure accuracy, consistency and the mean values
were reported. The following mathematical equations were applied to

calculate the adsorption capacity (de) and removal percentage (R %):

(Co-Ce) V
de = —
(1)

R % = —Co-ce X 100
Co

(2)

Where, Cy and C, (mg L1) indicate As (IT) ion (initial and equilibrium), V and

M is the volume (mL) and composites mass (g), respectively.

3. Results and discussion

3.1. Characterization

3.1.1. FTIR and XRD study

FTIR gives the information regarding molecular structure and compositions
of a substance by identifying functional groups within the material. FTIR
study of CPB, M-LDH, and M-CPB/LDH are revealed in Fig. 2(a). The
absorption signal at 3680 cm~! in the CPB is attributed to non-hydrogen-bonded

hydroxyl groups arising from residual mineral phases such as metal hydroxides,

rather than structural O-H in the carbon matrix [29]. The C-H bending vibration



at 1397 cm~?! corresponds to methyl groups in CPB, while absorption signal
at 1027 cm~?! is attributed to C-O stretching of cellulose and hemicellulose, a
characteristic of bio-based materials [30]. The absorption signal at 960 cm~?
and 872 cm™! indicates the carbonate groups in the form of calcite group,
reflecting the vibrational modes of carbonate. Additionally, signal at 691 cm~?
can be assigned to the out-of-plane bending vibration of C-H bonds, which
are commonly observe in aromatic or aliphatic hydrocarbons [31]. For M-
LDH, absorption signal at 3556 cm~! corresponds to vibration mode of O-H
group. The absorption signals recorded at 1642 cm~! and 1345 cm™! are
associated with C=C stretching and asymmetric streiching of C-O bond in
COs2%~ ions present in the interlayer matrix of M-L.DH [32]. The signal at 1023
cm~!, 822 cm™?!, and 634 cm~?! are ascribed to C-O stretching and vibrational
modes of AlOg and Al-OH bonds, respectively. Furthermore, absorption
signals at 535 cm~! and 422 cmn~! were relate to the vibrational modes of Fe-
O bond in Fes0Os4 and Zn-O bond, respectively [33]. This was apparent from
Fig. 2(a) that incorporation of CPB into M-LDH results in only slight shifting
of peaks and a new peak found at 963 cm~! likely indorsed to the CPB
structure. All these peaks successfully showed the formation of M-CPB/LDH

composites.

XRD spectra of CPB, M-LDH, and M-CPB/LDH are presented in Fig. 2(b). XRD
patterns were recorded in the 20 range of 10-80° with a step size of 0.02°,
and scan rate of 2°/min [34]. In CPB, there is a sharp peak at 26 = 29.62¢

indexed as the (002) plane of carbon structure, which is randomly stacked in



the aromatic sheet. Other peaks occurring around 35.912, 39.74%, 43.369,
47.652, and 48.899 can be related to whewellite [Ca(C204)-H20] and calcite
(CaCOs) compounds [35]. The appearance of calcite peaks is attributed to the
fact that Citrus pseudolimon (CP) has calcium oxalate present naturally in its
leaves, peels and stems. The diffraction peaks of ZA-LDH, which were
observed at 26 values of 23.45%, 35.329, 39.752 and 62.159 correspond to the
reflection planes (hkl) of (006), (012), (018), and (113), respectively. Other
peaks found at 18.11¢, 29.89¢9, 33.362, 43.892, 54.352, and 57.082 are
designated to the (111), (220), (311), (400), (422), and (511) planes,
respectively, and all these peaks agree well with FesO4 standard card (JCPDS:
79-0417) [36]. The sharp and strong peaks for the (012) and (113) planes in
ZA-LDH and the (311) and (511) planes in FesOas indicate the successful
synthesis of M-LDH. Upon incorporation of CPB onto M-LDH, the crystal
structure of M-LDH was slightly altered having introduction of CPB resulting
in increased interlayer spacing (d-spacing). The interlayer spacing, as
determined from Bragg's law for the (012) plane, was 8.17 A for M-LDH and
8.26 A for M-CPB/LDH composites. This expansion of interlayer distance can
be explained by the introduction of CPB, which decreases the electrostatic
interaction in the brucite-like sheet of M-LDH. As a result, the interlayer
distance expands. It is clear from the results that CPB interacts well with the
M-LDH structure. Following Debye-Scherrer equation has been employed to

computes the average crystallite size:



_ kA
- B cos /7

(3)

Where, D and A indicate the average crystallite size and X-ray wavelength,
respectively. Bragg angle 6, B is full width at half maximum (FWHM)
of peaks of diffraction and k is a constant (0.89). The M-CPB/LDH

composites exhibits average crystallite size of 13 nm to 18 nm.
3.1.2. BET, TGA and VSM study

The surface area and BJH plot for pore size distribution (PSD) of CPB and M-
CPB/LDH composites were studied by N2 adsorptioi/desorption isotherm.
The curves shape for CPB and M-CPB/LDH represents type IV (a) isotherms
with H3 hysteresis loops as stated by IUPAC classification, indicating the
presence of micropores and mesopores within a relative pressure (P/Po) range
from approximately 0.551 to 0.1 [37-38]. BET surface area for CPB and M-
CPB/LDH composites was computed to be 52.49 m?/g and 99.78 m?/q,
respectively (Fig. 3a). The main peak of PSD curve (Fig. 3b) for M-CPB/LDH
composites was recorded at 3.98 nm and found to be higher than that of CPB
(2.48 nm). Other textural properties such as pore volumes of 0.008 cm3/g and
0.097 cm3/g were recorded for CPB and M-CPB/LDH composites,
respectively. Hence, greater surface area and pore diameter, M-CPB/LDH
composites is more conducive for the internal transfer and adsorption of toxic

As (IIT) ions [39]



Thermo-gravimetric (TG) curves of CPB, M-LDH and M-CPB/LDH composites
are presented in the Fig. 3(c). Thermal decomposition of the prepared
samples follows a three-step mass loss pattern as observed from TGA curve.
The first stage of mass loss, occurring around 125.34 °C, corresponds to the
evaporation of adsorbed H;O molecules and volatile substances. The
recorded weight losses is approximately 7.70 % for CPB, 4.52 % for M-LDH
and 4.03 % for M-CPB/LDH composites [40-41]. As the furnace temperature
increase to stage 2, CPB sample exhibits a mass loss of 7.81 %. It is mainly
due to decomposition of organic contents such as cellulose and hemicellulose.
In contrast, M-LDH and M-CPB/LDH show lower weight losses of 3 % and
3.10 %, respectively. The weight loss chieily due to dehydroxylation of
brucite-like structure of LDH and decomposition of carbonate anions [42]. In
the final stage, from 320 °C to 00 °C, the CPB sample shows a small weight
loss of 3.18 % is probably not only the breakdown of carbonate ions but also
from residual moisture, partial decarbonation of mineral leftovers, and
decomposition of oxygen-containing surface functional groups. For M-LDH
and M-CPB/LDH, weight losses are 1.40 % and 1.72 %, respectively, linked
to the removal of interlayer anions and decarbonation. The thermal stability
of M-HLB/LDH is found to be slightly lower than M-LDH composites. This
reduced stability corresponds to incorporation of biochar (CPB) into the M-
LDH matrix, which likely to deteriorates the M-O bond. Overall, CPB, M-LDH
and M-CPB/LDH composites demonstrate significant stability, a crucial

criterion for retaining noxious metal ions on their surface.



Magnetization intensity is an important factor for evaluating magnetic
properties and directly influencing their magnetic response. The saturation
magnetization (Ms) of M-CPB/LDH composites and M-LDH was measured
with an applied field ranging from -10,000 to +10,000 kilo-oersted (KOe).
From Fig. 3(d), the observed maximum saturation magnetization (Ms) of M-
LDH and M-CPB/LDH composites were recorded as 33.59 and 30.87 emu g},
respectively. VSM parameters values such as saturation magnetization (Ms),
coercivity (Hc) and retentivity (Mr) are given in Table 1. The results suggest
that M-LDH and M-CPB/LDH composites exhibits ferromagnetic
characteristics with enhanced Ms, Hc and Mr values. The slight reduction in
magnetization (Ms) of M-CPB/LDH composites mainly attributed to dilution
and shielding effect of non-magnetic CPB matrix, that diminishes overall
magnetic response per unit mass [43]. However, M-CPB/LDH composites still
possess sufficient magnetization strength to be separate out from solutions
mixture and collected using an external magnet. As demonstrating in Fig.
3(d) inset that M-CPB/LDH composites can be easily and efficiently retrieved
after adsorption experiment. This magnetic separation method provides a

significant advantage over centrifugation and filtration techniques, offering

a more efficient tool for separation, recovery and reuse of adsorbent.
3.1.3. XPS analysis

The elemental compositions and interactions of M-LDH and M-CPB/LDH
composites were scanned using XPS technique. The XPS survey spectrum of

M-LDH, confirming the Al, O, Fe, and Zn elements. The survey spectrum of



the M-CPB/LDH composite exhibits an additional peak for C 1s, alongside the
parent elemental composition similar to M-LDH, with significant upshifts and
downshifts in the respective binding energies (Supplementary Fig.1). Fig.
4(a) illustrates the deconvoluted Al 2p spectrum, where the peaks for M-LDH
appear at 72.54 eV and 75.41 €V. In contrast, for M-CPB/LDH, the first peak
shows a slight downshift to 71.85 eV, which is attributed to interactions with
the CPB surface, potentially altering the oxidation state. An unusual shift in
the second peak is also observed, appearing at 86.48 eV, which may be due
to Al adopting a different coordination environment onto biochar surface [44-

46].

Fig. 4(b) presents the deconvoluted Fe 2p spectrum. In the case of M-LDH,
peaks appear at 711.25 eV and 725.16 ¢V. However, for M-CPB/LDH, both
peaks exhibit a downshift, appearing at 709.18 eV and 721.92 eV,
respectively. This shift suggests the partial reduction of Fe3* to Fe2* due to
interactions with certain electron-rich moieties present on the biochar
surface [47-48]. Furthermore, deconvoluted Zn 2p spectrum is presented in
Fig. 4(c). For M-LDH, the peaks appear at 1021.58 eV and 1044.98 eV, while
for M-CPB/LDH, they shift downward to 1019.16 eV and 1042.40 eV,
respectively. Similar to the Fe 2p spectrum, a downward shift in binding
energy is observed in the composite. This shift may be attributed to strong
interactions with CPB surface functionalities, potentially affecting the Zn-O
and Zn-OH bonds present in M-LDH [49-50]. The O 1s spectrum Fig. 4(d) of

M-LDH exhibits two peaks: one at 529.96 eV, attributed to M-O and lattice



oxygen within the M-LDH framework, and another at 531.68 eV,
corresponding to surface-adsorbed oxygen. In contrast, M-CPB/LDH displays
a single peak at 529.21 eV, indicating that M-CPB/LDH composites
framework is predominantly characterized by lattice oxygen [51-52]. The
deconvoluted C 1s spectrum of M-CPB/LDH, as shown in the Fig. 4(e),
exhibits peak at 282.50 eV, 290.69 eV, and 293.57 eV. The signal appearing
at lower binding energy of 282.50 eV is ascribed to carbide-like carbon, which
likely forms due to interactions between carbon from CPB and metallic
species in the LDH moiety. The peak at 290.69 eV corresponds to COs32?~
species, while high-energy peak at 293.57 eV is identified as a satellite peak,
attributed to the delocalized aromatic m-eleciron system present in biochar
[53]. Based on aforementioned analysis, it is briefed that M-LDH interacts
significantly with the CPB surface, leading to mutual surface modifications

that may improve its efficiency for adsorption mechanism.

3.1.4. FESEM, HRTEM, EDS and elemental mapping study

The FESEM and HRTEM scan the microscopic characteristics of synthesized
samples. FESEM images of CPB and M-CPB/LDH composites are presented
in the Fig. 5(a-f). As observed in the Fig. 5(a-c), CPB surface exposing the
porous texture possessing dense, rough, irregular, and elongated or rod-like
morphology [54]. The fractured edges indicate that CPB has undergone
thermal decomposition, with the residue being a porous carbon-rich

structure. The FE-SEM image of ZA-LDH display the typical thin, stacked



nano-sheets and layered flake-like morphology (Fig. 5d). Fig. 5(e-f) shows the
microscopic pictures of M-CPB/LDH composites that exhibits uniform,
compact and heterogeneous morphology. The occurrence of different particle
size and phases indicates the successful loading of brucite like structure of
M-LDH on CPB surface (Fig. 5f). HRTEM study reveal (Fig. 5g-i) that M-LDH
particles are dark and irregular shaped clusters, indicating the stacking of
M-LDH particles on CPB surface (Fig. 5e). The dark lattice spots are for M-
LDH and lighter areas indicates the CPB matrix. This was evident from Fig.
5(h) that M-CPB/LDH composites particles were synthesized in the nano-
range of 8-14 nm. The SAED pattern (Fig. 5i) confirins the polycrystalline

nature of M-CPB/LDH nano-composites with bright and concentric rings.

Fig. 6(a-b) shows the EDS elemental mapping and FESEM image of M-
CPB/LDH nanocomposites, upon which analysis was conducted. The EDS
spectra (Fig. 6a) validate the occurrence of Al, Fe, C, O, and Zn in the M-
CPB/LDH nanoconiposites. To determine their adsorption ability, the EDS
spectra of As (III) ions loaded CPB, M-LDH, and M-CPB/LDH have been
recorded. Figure. 7(a-c) indicates a new peak for As (III) ions is present on
the surface of CPB (Fig. 7a), M-LDH (Fig. 7b) and M-CPB/LDH composites
(Fig. 7c), verifying their adsorption potential and the presence of As (III) ions
was not only confirmed by the appearance of a new peak but also
quantitatively validated by the measured atomic % values (Supplementary

Table 1, 2 & 3) [55]. Additionally, FESEM image of M-CPB/LDH composites



(Fig. 7d) also shows extensive surface alterations following loading of As (III)

ions, supporting structural changes resulting from the sorption process.

3.2. Adsorption: Parameter optimization, isotherm, kinetic and

thermodynamic study

3.2.1. Adsorbent dosage effect

The effectiveness of LDH for removal of As (III) ions is highly dependent on
sorbent dosage. Theoretically, increasing the sorbent dose improve the
adsorption, primarily due to greater surface area and copious sorption sites.
As the dispersion of adsorbent increases, accessibility of active sites
increases, facilitating the greater interaciion and simultaneously removal of
As (III) ions. The adsorbent dosage was checked by varying adsorbent dose
from 0.050 to 0.350 g/L and findings were illustrated in the Fig. 8(a), shows
sorption efficiency (%) rose steeply with adsorbent dosage up to 0.250 g/100
mL. This enhancement mainly due to greater accessibility of adsorption sites
and increased surface area of adsorbent, which dictate the diffusion of As
(III) ions into the adsorption sites. However, exceeding the dosage beyond
0.250 g/L, the removal percentage began to decline. This reduction is likely
due to various factors such as adsorption entrapment, overlapping of sorption
sites and potential aggregate formation, which restrict effective surface area
to be available for sorption of As (III) ions. The maximum sorption of 88.96 %

has been achieved using M-CPB/LDH composites (Fig. 8a), as these prepared



magnetic composites exhibit a significantly higher surface area, enhancing

their adsorption capacity.

3.2.2. Solution pH: adsorption mechanism

The surface properties of an adsorbent are highly dependent on pH of
adsorbate solution as well as ionic states. It governs not only surface
ionization and behavior of its functional group but also dictates molecular
forms and degree of ionization for pollutant molecules. Therefore, it is crucial
to inspect the sorption behavior of As (III) ions onto CPB, M-LDH, and M-
CPLB/LDH composites under various initial pH conditions (2.0-12.0).
Furthermore, determining the zero-point charge (pHzpc) of the prepared
samples is crucial, as it provides insight into the charge characteristics of
composites at different pH levels. As the solution pH is below pHzpc, surface
of adsorbent is +ve charge and conversely negatively charged. The pHzpc
values of M-HLRB/LDH composites were determined using the pH drift
method, yielding value of 6.01, as revealed in Fig. 8(b). At pH 4.0, maximum
adsorption of 83.11 %, 86.98 %, and 94.56 %, were recorded for CPB, M-LDH
and M-CPB/LDH composites, respectively (Fig. 8c). The dominant
mechanisms for As (III) ions sorption involve surface complexation, including
outer-sphere complexation and ligand exchange mechanism [56-57]. Under
acidic conditions, As (III) ions mainly found as HszAsOs and H2AsOs~. The
surface of M-CPB/LDH composites remains positively charged at pH < pHzpc

due to protonation of -OH groups, facilitating electrostatic interactions with



H2AsOs~ ions and boosting the adsorption efficiency. Additionally, -OH groups
on the M-CPB/LDH surface participate in a ligand exchange mechanism,
further promoting As (III) sorption. As the pH increases beyond 8.0,
adsorption capacity gradually declines to 15.15 %, 21.18 % and 32.07 % using
CPB, M-LDH and M-CPB/LDH composites respectively due to repulsion
interaction between -ve charged composite and deprotonated As (III) species.
Based on these findings, pH 4.0 was selected as the optimal for As (III)

sorption and consequent experiments were conducted under this pH.

3.2.3. Initial As (III) concentrations and isotherm mechanism

The concentration of As(III) ions plays a vital role in influencing the
equilibrium uptake (ge) and the residual concentration of adsorbate ions in
solution. In current study, adsorption of As (III) ions using CPB, M-LDH, and
M-CPB/LDH composites, were evaluated under optimized conditions: an
adsorbent dosage of 0.250 g/L, pH 4.0 and 30 °C temperature. The As (III)
concentration was examined from 50 to 350 mg/L to assess its impact on
adsorption efficiency (Fig. 8d). As showed in Fig. 8(d), percentage sorption
of As (III) ions present a declining trend. The removal efficiency for CPB, M-
LDH, and M-CPB/LDH composites decreased from 89.78 %, 92.78 %, and
95.78 % to 64.78 %, 71.78 %, and 82.78 %, respectively. Among the tested
adsorbents, M-CPB/LDH composites demonstrated highest adsorption
efficiency across all concentrations, which can be attributed to its enhanced
porosity, as confirmed by BET surface area study. The superior adsorption

performance of M-CPB/LDH composites is likely due to its greater number of



accessible active sites and improved mass transfer properties compared to
CPB and M-LDH. Although, As (III) percentage removal decreased
progressively with higher As (III) concentration, but adsorption capacity (ge)
followed an increasing trend. This is mainly due to the driving force
generated by concentration gradient between bulk solution and adsorbent
surface. At higher As (III) concentrations, mass transfer resistance between
aqueous phase and solid adsorbent is overcome more effectively, allowing a
greater number of As (III) ions to be retained per unit mass of adsorbent [58].
Based on these findings, 50 mg/L was selected for further experiments to

ensure efficient adsorption.

Langmuir, Freundlich and Tempkin models were applied in order to explore
the As (III) adsorption mechanism onto CPB, M-LDH, and M-CPB/LDH
composites. Langmuir model explain the homogeneous sorption having all
sites are equivalent energetically and have same attraction and affinity for
adsorbate molecules. Freundlich model correspond to heterogeneous
sorption due to the existence of a variety of adsorption sites. Temkin accounts
for indirect interactions of adsorbate-adsorbent system with the variations of

sorption energy. The linearized equations are given below:

3.2.3.1. Langmuir equation:

Ce 1 Ce

Qe kLQm  Qm

(4)




Maximum monolayer capacity and equilibrium constant correspond to Qp
(mg/g) and ki, (L/mg), respectively. The Qp and ki accessed from plot of Ce
versus Ce/qe, respectively. The Ry (dimensionless separation factor) is used
to evaluate the feasibility and found to be favorable, as Ry is O<Rp<1. The

following equation compute Ry values [59]:

=
R = 1+(k.Co) (5)

3.2.3.2. Freundlich equation:

Inge = Ink¢ + =(InC,) (6)
The sorption capacity and adsorption intensity are representing by Kr (L/g)

and n constants, respectively and obtained {rom the plot of logde vs. logCe.
3.2.3.3. Temkin equation:

de = Bln(kr) +BIn(C,)
(7)

Where, kt and B indicates the Temkin coefficients to be computed from the
graph of ge vs. InCe.

The fitting plots are presented in Fig. 9(a-c). It was evident that the linear fit
plot for Freundlich model exhibited poorer linearity compared to the
Langmuir and Temkin models. Among these, Langmuir model was seeming
to be most appropriate for the adsorption of toxic As (III) ions, as indicated
by its higher regression coefficient (R2) values. As depicted in Table 2, Qmu

value for As (III) ions by CPB, M-LDH, and M-CPB/LDH composites has been



found to be 575.10 mg/g, 624.34 mg/g and 721.34 mg/g, respectively. The
regression coefficient (R2?) values computed from Langmuir model ranged
between 0.97-0.99, indicating a strong correlation. The dimensionless
separation factor (Rp) determine that weather adsorption is favorable or not.
Hence, according to Table 2 and Fig. 9(d), Ry values for CPB, M-LDH and M-
CPB/LDH composites were computed to be less than one, confirming that
adsorption process followed the Langmuir model [60]. This suggests that As
(III) ion sorption occurs in a favorable manner, forming a monolayer sorption
onto sorbent surface. Additionally, Temkin model also provided a good linear
fit, with regression coefficient (R%) values ranging from 0.97 to 0.98. This
suggests that physical and chemical adsorption involved in sequestration of
As (III) ion.

3.2.4. Contact time and kinelic study

The kinetics of As (III) ion removal using CPB, M-LDH and M-CPB/LDH
composites were evaluated under optimized conditions: dosage (0.250 g/L),
pH (4.0) and initial concentration of As (III) (50 mg/L), with contact time from
15 to 120 min. The As (III) adsorption with function of time is plotted in Fig.
10(a). It was clear that percentage adsorption of As (III) ions onto CPB, M-
LDH and M-CPB/LDH composites increased sharply between 15 and 90 min,
after which the adsorption uptake gradually decreased (Fig. 10a). The
removal efficiency increased from 32.87 %, 42.6 %, and 56.06 % to 88.82 %,
92.77 % and 95.45 %, respectively, after 90 min of shaking. The initial rapid

sorption rate due to abundant availability of porous active sites on external



surface of M-CPB/LDH composites, facilitating the adsorption of toxic As (III)
ions. Adsorption process shifted to the internal pores of M-CPB/LDH
composites as soon as external surface acquire saturation, requiring a longer
diffusion time for further amputation of As (III) ions [61]. Hence, 90 min was
set for succeeding experiments, as adsorption occurs at a significantly slower
rate beyond 90 min due to constrained supply of active sites and diffusion
constraints of As (III) ions into the adsorbent pores.

Time-dependency of adsorption process has important role in determining
the efficiency of an adsorbent. To understand the adsorption behavior of
noxious As (III) ions, applicability of kinetic models including pseudo-first-
order, pseudo-second-order, Elovich and Weber-Morris models has been
inspected having their equations are given below [62]:

3.2.4.1. Psuedo-first-order model:

10g(de - Gp) = 109qe - bt 8)

The values of rate constant (k;) and equilibrium adsorption capacity (ge) have
been calculated from the plot of log(qe-qy) vs. t, respectively.
3.2.4.2. Psuedo-second-order model:

= 1 LL)t
Jde

t
de |<2qze

9)

+

k, is second-order constant (g mg?! min!) and k, and qe. (mg/g) were
computed from t/q; vs. t.

3.2.4.3. Elovich Model:



e = %In(aB) + %In(t)

(10)

Where, adsorption rate and degree of surface coverage correspond to a (mg
gl h2)and B (g mgl), respectively.

3.2.4.4. Weber-Morris model:

qt = Kiqt?-> + C
(11)

Where, C (mg/g) is the intercept, indicates boundary layer thickness and kigq
rate constant for intraparticle diffusion. The C and ks values are interpreting
from q; vs. t9-° plot.

The applicability of kinetic models has been assessed using their linear fitting
plots (Fig. 10b-d). As evident from Table 3, adsorption kinetics of As (III) ions
using CPB, M-LDH, and M-CPB/LDH composites were best described by
pseudo-second-order model having higher values of R2= 0.97, 0.98, 0.99. The
results suggest that adsorption was predominantly chemically controlled,
involving chemisorption as the rate-limiting step. In contrast, pseudo-first-
order and Elovich models yielded lower regression coefficients. Their
computed parameters were given in the Table 3. However, kinetic models used
for only to study reaction rate, they do not describe the diffusion mechanism
of As (III) ions. Therefore, further Weber-Morris model has been investigated
to study the As (III) adsorption. The adsorption of As (III) ions involves the
following three phases: initial phase (15-45 min) corresponds to rapid

movement of As (III) from the bulk solution to the external surface of M-



CPB/LDH composites. Second Phase (60-90 min) is governed by intra-particle
diffusion, where As (III) ions diffuse into the internal pores of M-CPB/LDH
composites and here, adsorption rate is higher due to availability numerous of
active sites. Finally, equilibrium phase (up to 120 min) is characterized by a
gradual approach to equilibrium, primarily controlled by pore diffusion and
sorption rate stabilizes as available sites are already occupied [63-64]. As
stated by Weber-Morris that if q; vs. t05 plot cross the origin than intra
particle diffusion is the major rate-limiting step. However, as shown in Fig.
11(a), As (III) sorption did not pass through the origin, indicating that
sorption does not involve single-step mechanism. Rather,
the findings indicate that adsorption is dictated by film diffusion and intra

particle diffusion which occur together.
3.2.5. Temperature and thermodynamics

To explore the thermodynamics study, temperature of As (III) ions solution
were varied from 30 °C to 60 °C with CPB, M-LDH and M-CPB/LDH
composites. Fig. 11(b) present the temperature study and it was found that
with a rise in temperature, As (III) adsorption was increased. Maximum
adsorption efficiencies of 88.95 %, 92.18 %, and 96.76 % were achieved for
CPB, M-LDH, and M-CPB/LDH composites, respectively, at 65 °C under
optimum conditions. This trend indicates a positive relationship between
temperature and adsorption capacity, verifying the endothermic adsorption.
The improvement in adsorption capacity can be credited to the superior

binding ability of As (III) ions at the active adsorbent sites under elevated



temperatures. Moreover, at higher temperature activation energy boosted
the As (III) ion mobility and the pore texture of the adsorbent for easier
permeability and adsorption of As (III) ions. Following equations compute the

value of AH® and AS° [65-66]:

AG® - AH® _ TAS®
(12)

AS°  AH®
InKp = R RT
(13)

Distribution ratio (Kp) can be calculated as:

Kp = —

(14)

Where, Kp and ge (mg/g) indicates the distribution coefficient and sorption
capacity of adsorbent, respectively and R gas constant (8.314 J/mol/K). Table
4 summarizes the parameters computed for As (III) ions adsorption using
prepared composites. The Gibbs free energy (AG°) values were negative,
confirming the feasibility and spontaneity of adsorption process (Fig. 11c).
Positive enthalpy (AH®) values (17.37 KJ/mol, 32.44 K]J/mol and 45.54 KJ/mol
using CPB, M-LDH and M-CPB/LDH, respectively) indicates that adsorption
process is of endothermic. Additionally, the positive entropy (AS°) values of
83.64 J/mol/ K, 91.53 J/mol/ K and 162.03 J/mol/ K were computed using CPB,

M-LDH and M-CPB/LDH, respectively specify the solid-liquid interface



exhibit randomness upon sorption of As (III) ions, possibly because of the
displacement of water molecules and structural reorganization of adsorbate-

adsorbent interactions.
3.2.6. Mechanism of As (III) adsorption

The passible mechanism of As (III) ions adsorption onto M-CPB/LDH
nanocomposites has been given in the Fig. 12. The mechanism of action may
involve the electrostatic attraction and ligand exchange. The negatively
charged arsenate species are initially attracted to the positively charged M-
CPB/LDH surface, while surface -OH groups subsequently undergo ligand
exchange to form stable inner-sphere M-0O-As complexes. This synergistic

interaction ensures strong binding of As (i17) ions with M-CPB/LDH surface.

3.2.7. Regeneration, reuse and ccmparison of monolayer adsorption

capacity

Desorption and recyclability are critically connected for assessing the real-
world applicability of an adsorbent. Hence, CPB, M-LDH and M-CPB/LDH
composites were regenerated with acidic eluents. In particular, 0.01 mol/L
HCI was utilized as the desorbing agent for As (III) ions removal from loaded
composites. For desorption experiments, As (III)-loaded composites added
into 100 mL of 0.01 mol/L. HCI solution in Erlenmeyer flasks under the
optimized reaction conditions. The suspensions were mechanically agitated
at 170 rpm for 24 h, and after this, composites were magnetically separated

from the solution. Following desorption, equilibrium concentration of As (III)



in solution was analyzed by AAS and clean with distilled water thoroughly
upto neutral pH, we obtained and then, reused for seven adsorption-
desorption cycles (as mentioned in Section 2.5). Fig. 13 shows the adsorption
efficiency of CPB, M-LDH, and M-CPB/LDH composites for seven successive
cycles. At the seventh cycle, adsorption efficiency reduced to 78.19 % for
CPB, 83.13 % for M-LDH, and 91.45 % for M-CPB/LDH composites. This
accounts for a loss of around 8 % in adsorption efficiency for CPB and M-LDH
and 5 % for M-CPB/LDH composites. The small decline due to partial
desorption of As (III) ions, which causes a steady decline in accessible
adsorption sites in subsequent cycles [67]. Interestingly, M-CPB/LDH
composites showed great reusability with high adsorption capacity and
negligible loss of efficiency, which makes them propitious for practical
applications. The computed Qp, value for As (III) metal ions using CPB, M-
LDH, and M-CPB/LDH composites were compared with other reported
adsorbents. Table 5 illustrates the compare the sorption performance of other
adsorbents and our synthesized M-CPB/LDH composites imparted the
descent adsorption efficiency over adsorbents reported in the literature.
Therefore, M-CPB/LDH composites has been regarded as economical, green

and efficient material for elimination of toxic As (III) ions.
Conclusion

In present laboratory scale research work, CPB, M-LDH and M-CPB/LDH
composites were explored for the removal of toxic As (III) ions. The

microstructure and chemical compositions of samples has been analyzed by



FTIR, XRD, FESEM-EDX elemental mapping, BET, TGA, VSM and XPS. These
instrumental techniques confirmed the successful synthesis of targeted
composites. The adsorption of As (III) ions onto CPB, M-LDH, and M-
CPB/LDH composites was confirmed using FESEM-EDX analysis and
elemental mapping, which showed significant As (III) peak in the
corresponding spectra. The surface area of M-CPB/LDH composites was
found to be higher than that of CPB, correlating with enhanced As (III) ion
removal efficiency. The VSM study reveal that maximum saturation
magnetization (Ms) of M-LDH and M-CPB/LDH composites were recorded to
be 33.59 and 30.87 emu/g, respectively. These values showed that M-
CPB/LDH composites is attracted by magnetic field from the aqueous
solution. The maximal adsorption of As (TII) ions were recorded at 4.0 pH and
dominant mechanisms involve surface complexation including outer-sphere
complexation and ligand exchange mechanism. The equilibrium sorption of
As (III) ions onto CPB, M-LDH and M-CPB/LDH composites have been
strongly co-related with Langmuir and pseudo-second-order model with
greater values of regression coefficients, suggesting monolayer and
chemisorptive adsorption. Desorption of As (III) ions indicates that it can be
efficiently removed from the adsorbent surface under acidic conditions,
maintaining a high adsorption even after seven cycles. The use of M-CPB/LDH
composites as an adsorbent for As (III) ions proved to be highly efficient,
emphasizing its potential for practical water purification. Even, while the

findings of our laboratory-scale experiments were promising, but testing with



actual waste-water effluents might provide different results. This is because
real water effluents are more complex, containing multiple co-existing ions,
fluctuating pH, ionic strength, organic matter, and other interfering
materials that can affect the performance of the composites being studied.
Overall, findings suggest that synthesized M-CPB/LDH composite is an
environmentally benign, economic and innovative, offering a promising

alternative for As (III) contamination.
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Fig. 1: Schematic illustration of M-CPB/Zn+Al (LDH) synthesis.
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Fig. 6. (a-b) EDS spectrum ana FESEM image of M-CPB/LDH with elemental

mapping showing Al, Fe, C, O and Zn elements.
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Fig. 7. (a-c) EDS spectra of CPB, M-LDH and M-CPB/LDH loaded As (III) ions, (d)
FESEM image of M-CPB/LDH composites after As (III) adsorption followed by

individual elemental mapping.
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Fig. 12. Adsorption mechanism of As (III) ions using M-CPB/LDH

nanocomposites.
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Table 1: Magnetic parameters of synthesized samples:

Samples Magnetic Retentivity Saturation
coercivity (Mr- emu g!) | magnetization (Ms-
(Hc-KQe) emu g'l)

M-CPB/LDH 23010 21.78 30.87

M-LDH 2577 25.26 33.59




Isotherm CPB M-LDH M-
and CPB/LDH
parameters
Langmuir
Om (mg g- 575.10 624.34 721.34
1
)
ki (L mg1) 0.022 0.0316 0.0452
Ry 0.476-0.114 0.387-0.082 0.306-0.059
R2 0.97 0.98 0.99
Freundlich
Kr (L g1) 34.38 53.99 67.10
n 1.80 2.34 2.76
R2 0.87 0.91 0.91
Temkin
kt (mg g1 2.48 3.73 5.89
h-2)
B ( (g mg! 142.79 157.06. 184.02
h-2)
R2 0.98 0.97 0.97

Table 2. Adsorption models for As (III) sorption onto synthesized samples.




Table 3. Kinetic study of As (III) sorption onto synthesized samples.



Adsorbents CPB M-LDH M-CPB/LDH

Pseduo-first-

order

de (mg g1) 12.09 15.10 14.69
K; (b)) 0.028 0.073 0.064
R2 0.76 0.93 0.90
Pseduo-second-

order

de (mg g1) 138.74 144.17 164.74
K; (g mg! min?) 0.00011 0.00026 0.00010
R2 0.97 0.98 0.99
Elovich

a (mgg'lh?) 49.77 59.48 78.58
B (g mg1l) 0.256 0.0316 0.0305
R2 0.95 0.96 0.97
Weber-Morris

C (mg gtl) 3.74 31.18 52.59
Kiq (mg g1 h0-5) 15.06 10.51 3.92
R2 0.95 0.98 0.98

Table 4. Thermodynamic study of As (III) adsorption onto synthesized
samples.



Temperature

AG® (KJ/mol)

(k)
CPB M- M-
LDH CPB/LDH

303.15 -25.33 -27.71 -49.07
308.15 -25.75 -28.17 -49.88
314.15 -26.25 -28.69 -50.85
318.15 -26.59 -29.08 -51.50
323.15 -27.01 -29.54 -52.31
328.15 -27.44 -30.00 -53.12
333.15 -27.84 -30.46 -53.93
338.15 -28.26 -30.91 -54.74

AH® (KJ/mol) 17.37 32.44 45.54

AS° (J/mol/ K) 83.64 91.53 162.03

Table 5: Comparative maximum adsorption capacity (Qmn) of As (III) ion
onto various types of adsorbents.

Seri | Adsorbents | Qn (mg Referen | Seri | Adsorbe | Qq Reference
al gl) ce al nts (mg g
no. no. B
1 Nickel/nick | 23.4 [58] 9 Fe-Cu 122.3 | [65]
el boride binary
oxide
2 Mn-Fe- 112.5 [59] 10 Hollow 266 [66]
CO3 Fe-Ce
alkoxides
3 CZA 30.15 [60] 11 Fe;03 60.65 |[67]




diatomit
e

Mg-Al- 99 [61] 12 Fe;03 320
MoS4 LDH B (68]
macropo
rous
silica
CCA 10.91 [60] 13 FeO 416 [69]
x-CNS-
13
Mg-Fe-Cl 286.9 [62] 14 CPB 575.10 | Present
study
a-alanine 49.8 15 M-LDH 624.34 | Present
(MgeFe- study
Ala-LDH [63]
Fe304 160 16 M- 721.34 | Present
nanoparticl (641 CPB/LD study
es (12 nm) o H




