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A B S T R A C T   

The goal of this work was to prepare a novel magnetic nanocomposite of Lotus leaf powder@iron oxide 
(LLP@Fe3O4) to remove Methyl Orange (MO) from a liquid medium. The co-precipitation approach was used to 
successfully synthesize the LLP@Fe3O4 composite, which was then characterized using FT-IR, XRD, pHPZC, 
SQUID-VSM, BJH/BET, and FE-SEM/EDX analysis. Batch tests were carried out to investigate the adsorption 
behaviour and mechanisms. The optimal MO removal efficiency of LLP@Fe3O4 reached up to 94.3% under the 
optimum reaction conditions (LLP@Fe3O4 dosage = 50 mg/30 mL, stirring speed = 200 rpm, contact period =
120 min, MO initial concentration = 20.8 mg/L, temperature = 298 K, and pH = 5.1). Adsorption isotherms and 
kinetics were analyzed using Temkin, Freundlich, Langmuir, Dubinin-Radushkevich (D-R), pseudo-second-order 
(PSO), intra-particle diffusion (IPD), pseudo-first-order (PFO), and Elovich models. Adsorption of MO on 
LLP@Fe3O4 is best matched to the Langmuir isotherm and PSO kinetic models. The data was analyzed utilizing 
four errors (SSE, ARE, RMSE, and χ2) and regression coefficient functions to estimate the best-fitting kinetic and 
isotherm models. The maximal monolayer adsorption uptake of MO was estimated to be 282.3 mg/g at 298 K. 
The thermodynamic variables, namely entropy (ΔSo = -98 J/mol K), enthalpy (ΔHo = -35.6 kJ/mol), and Gibbs 
free energy (ΔGo = -6.2808 kJ/mol at 298 K), indicated that the adsorption of MO onto LLP@Fe3O4 was 
spontaneous, exothermic, and feasible. The LLP@Fe3O4 composite may be regenerated and readily separated 
from the liquid medium without losing any weight. After regeneration, the LLP@Fe3O4 still has good adsorption 
efficiency for up to five cycles of adsorption and desorption. The experimental findings of this study output could 
be confirmed that LLP@Fe3O4 is a potential adsorbent to remove dyestuff from wastewater.   

1. Introduction 

In order for humans to survive and exist in the universe, water is a 

must. However, concerns with water contamination brought on by dyes, 
metal ions, and antibiotics have received increased attention globally as 
a result of large industrial output and rapid population expansion. 
Especially in textile, paper mill, leather, plastic, rubber, paint, 
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cosmetics, and other industries, dyes are widely employed as coloring 
agents [1]. Synthetic dyes and pigments are manufactured in excess of 
100,000 different types and 700,000 tons yearly. Nevertheless, 
throughout the numerous uses and manufacturing processes, 10–15% of 

dyestuffs are released into the industrial effluent [2]. Disposing of dye- 
containing wastewater into the environment (wetlands, agricultural 
fields, and rivers) results in (a) risks to human health, (b) decreased crop 
quality and soil fertility, (c) a decrease in biodiversity due to the pre
vention of photosynthesis for aquatic plants, and (d) a decrease in water 
quality due to an increase in oxygen demand as measured by BOD 
(Biochemical Oxygen Demand), TOC (Total Organic Carbon), and COD 
(Chemical Oxygen Demand) values [3]. Thus, the treatment of industrial 
pollutants is critical and the need of the hour. 

Methyl orange dye is one of the notable anionic/acidic dyes which 
leads to environmental risks. The general features of MO dye are listed in 
Table 1. MO dye has been extensively used in various industries, 
including, paper, food, textile, pharmaceutical, and other research- 
based laboratories. The presence of a single azo group in MO causes 
MO becomes resistant to undergoing biodegradation, and affects life at 
their genetic level (teratogenic, carcinogenic, and mutagenic 

aberrations) [4]. By chance, if the MO dye enters the human system, the 
gastrointestinal bacteria metabolize the dye into an aromatic amine, 
which can cause, cyanosis, quadriplegia, jaundice, vomiting, and 
elevated heart rate in humans [5]. Keeping in view of these deleterious 

effects, MO dye treatment before being disposed of in water bodies has 
become essential. 

Numerous conventional techniques, including ion exchange [6], 
reverse osmosis [7], coagulation/flocculation [8], photocatalytic 
degradation [9–11], ultrafiltration membrane [12], incineration [13], 
solvent extraction [14], adsorption [15–24], and so on, have been uti
lized effectively for harmful pollutant treatment. The advantages and 
disadvantages of these conventional techniques are given in Table 2. 
Adsorption is one of the most chosen processes because of its features 
such as high flexibility, ease of application, high efficiency, simplicity of 
design, cheap cost, environmental benignity, and plenty of adsorbents. 
Activated carbon, activated diatomite, resin, carbon aerogel, carbon 
nanotubes, clays/zeolites, polymers, graphene oxide, and other porous 
materials have been used in the adsorption technique to remove con
taminants from wastewater [25–27]. The problem with these materials 
is that either their precursors are expensive or their synthetic routes 
require lengthy and complicated reactions or require nonviable reaction 
conditions for scaling up. To overcome these challenges, extremely 
affordable, naturally accessible, and environmentally friendly adsor
bents can be employed for effective water treatment. 

Agricultural waste has recently been identified as a suitable adsor
bent because of its low cost, vast availability, and environmental 
friendliness. The role of plant-based materials in the elimination of 
potentially toxic dyes from the aquatic system is growing. In this 
connection, it is worth mentioning here a perennial aquatic herb, Lotus 
(Nelumbo nucifera), which is a common farm product and an ornamental 
plant. The lotus leaves possess rich plant fibers, various functional 
groups (hydroxyl and carboxyl), and proteins [28]. In this study, Lotus 
leaves powder was chosen as a raw adsorbent material. Nevertheless, 
using lotus leaf powder as such leads to low adsorption capacity, 
reduced specific surface area, and also removal of the powder will be 
difficult after the completion of the adsorption process. Therefore, 

Nomenclature 

ARE Average relative error 
AT Temkin constant 
BT Constant related to the heat of sorption 
BET Brunauer-Emmett-Teller 
BJH Barrett-Joyner-Halenda 
C Constant that represents the thickness of the boundary 

layer 
Ce MO equilibrium concentration (mg/L) 
CAe MO concentration at equilibrium in the solid phase (mg/L) 
Co Initial MO concentration (mg/L) 
FE-SEM Field Emission-Scanning Electron Microscopy 
FT-IR Fourier Transform Infrared 
Kc Equilibrium constant 
Kf Freundlich constant 
KL Langmuir constant 
Kid IPD rate constant 
k1 PFO rate constant 
k2 PSO rate constant 
M LLP@Fe3O4 mass (mg) 
n Measure of the deviation from linearity of adsorption 
1/n Heterogeneity factor 
qe Quantity of MO adsorbed at equilibrium (mg/g) 

qe1 MO uptake at equilibrium 
qe2 MO uptake at equilibrium 
qe,exp MO adsorbed amounts at equilibrium, experimental value 

(mg/g) 
qe,cal MO adsorbed amounts at equilibrium, calculated value 

(mg/g) 
qm D-R monolayer uptake 
qmax Adsorption uptake 
qt Amount of MO adsorbed at time t (mg/g) 
R Gas constant (8.314 kJ/mol K) 
RMSE Root mean square error 
SSE Sum of square error 
SQUID-VSM Superconducting Quantum Interference Device- 

Vibrating Simple Magnetometer 
T Temperature (K) 
V Volume of MO (L) 
XRD X-ray Diffraction 

Greek letters 
β Constant related to sorption energy 
ε Polanyi potential 
α Elovich model initial adsorption rate 
β Elovich model desorption constant 
χ2 Chi-square  

Table 1 
The characteristics of MO.  

Property Value 

IUPAC name Sodium-4-(4-dimethylamino phenyl diazenyl) benzenesulfonate 
Molecular 

formula 
C14H14N3SO3Na 

Molecular weight 327.34 g/mol 
pKa 3.7 
Colour and form Orange-yellow powder or crystalline scales 
Melting point >300 ◦C 
Solubility <1 mg/mL (18 ◦C) 
Structure 
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modification of lotus leave powder is essential to overcome these limi
tations. In this context, special emphasis was put on the use of magnetic 
nano adsorbents. Because of their significant super-paramagnetic ac
tivity, non-toxicity, ease of manufacture, high thermal stability, and 
environmental friendliness, iron oxide (Fe3O4) nanoparticles are one of 
the most often utilized materials in wastewater treatment [29]. The 
inclusion of magnetite Fe3O4 nanoparticles into agricultural waste im
proves surface area and reactivity while decreasing intraparticle diffu
sion rate and improving adsorption efficiency and reusability [30]. In 
general, the saturated sorbents are either filtered or centrifuged from the 
aqueous medium following the adsorption process, which is both time- 
consuming and energy-intensive. The saturated sorbents, on the other 
hand, may be swiftly separated and reused several times utilizing 
magnetic nano adsorbents. Magnetite (Fe3O4) displays the strongest 

magnetism among other iron oxides [31]. Several studies have been 
conducted to evaluate the use of Fe3O4 nanoparticle-coated biomass as 
adsorbents for possibly hazardous color cleanup [32–36]. 

In this work, a new kind of LLP@Fe3O4 magnetic nanocomposite was 
synthesized utilizing the co-precipitation process and employed for the 
adsorptive elimination of MO from an aqueous environment. pHPZC, 
FTIR, FE-SEM/EDX, XRD, SQUID-VSM, and BJH-BET techniques were 
used to characterize LLP@Fe3O4. Adsorption process variables such as 
solution pH, LLP@Fe3O4 dose, contact period, agitation speed, starting 
MO concentration, and MO temperature were also studied. In addition, 
isotherm, kinetics, thermodynamics, desorption, and regeneration 
studies were conducted. 

2. Materials and methods 

2.1. Materials 

Lotus leaves were gathered from the YUNTECH campus, Douliou, 
Taiwan. NaOH (sodium hydroxide) pellets, HCl (hydrochloric acid), 
KNO3 (potassium nitrate), FeSO4⋅7H2O (ferrous sulfate heptahydrate), 
FeCl3⋅6H2O (ferric chloride hexahydrate), and MO dye were acquired 
from Sigma Aldrich (USA). The aforementioned reagents were all of the 
analytical quality and were utilized without any prior purification. DI 
(Deionized) water was prepared to exhibit conductivity of < 18 MΩ-cm. 

2.2. Preparation of standard solution 

1.18 g of MO was dissolved in 1000 mL of DI water to make a 
standard solution with a concentration of 1000 mg/L. This solution’s 
concentration was then diluted to the appropriate amount for use in 
further studies. 

2.3. Preparation of lotus leaf powder 

The collected lotus leaves were first washed, dried, and powdered. 
The powder was then rinsed with DI water and dried at 70 ◦C for 10 h 
before being boiled in DI water and changed frequently until the water 
became colorless, indicating the elimination of the water-soluble color 
composites. The cleaned and boiled powder was dried in an air oven at 
80 ◦C for 10 h. After drying, the powder was sieved using a 30-mesh 
sieve tray. The powder is labelled as lotus leaf powder (LLP). 

2.4. Synthesis of LLP@Fe3O4 composite 

The co-precipitation method [30] was used to make the LLP@Fe3O4 
composite. In summary, 7.80 g of FeCl3⋅6H2O and 3.80 g of FeSO4⋅7H2O 
were dissolved in 400 mL of DI water. At 60 ◦C, the mixture was 
vigorously mixed for 40 min. The solution was then added 10.0 g of LLP 
while being constantly agitated. While stirring, a dropwise addition of 
sodium hydroxide (5.0 M) solution was made to raise the pH to 11.0 and 
precipitate metal hydroxides and afterward hydrated metal oxides [37]. 
During this time, the reaction mixture’s colour changed to black, con
firming the synthesis of iron oxide nanoparticles, LLP@Fe3O4. The liquid 
was then vigorously mixed for 1 h at 60 ◦C before being cooled to room 
temperature. An external magnetic field was then used to separate the 
nanocomposite precipitate from the mixture. Furthermore, the precipi
tate was rinsed multiple times with DI water until it reached neutral pH 
and dried in an oven at 70 ◦C for 12 h. The LLP@Fe3O4 was stored in an 
airtight glass container for characterization and batch adsorption 
experiments. 

2.5. Instrumentation 

The characteristics of the adsorbents LLP, LPP@Fe3O4, and MO- 
LPP@Fe3O4 were examined utilizing different instrumental techniques. 
The surface functional groups on the samples were examined using an 

Table 2 
Advantages and disadvantages of wastewater treatment methods.  

Treatment 
method 

Advantages Disadvantages 

Ion-exchange  • Efficient and rapid process  
• Simple and easy to use  
• High capacity  
• Scalability  
• Versatility  
• Regenerability  
• Wide range of applications  

• Too expensive  
• Limited selectivity  
• Chemical compatibility  
• Large volumes require 

columns  
• Sensitive to effluent pH  
• Waste generation  
• Fouling 

Reverse osmosis  • High efficiency  
• East to operate  
• Wide range of applications  
• Low energy consumption  

• Wastewater production  
• Cost  
• Slow water production  
• Dependence on electricity 

Coagulation/ 
Flocculation  

• Low-cost  
• Highly efficient for 

suspended solids and 
colloidal particles  

• Simple process  
• Bacterial inactivation 

capability  

• Requires adjunction of 
non-reusable coagulants 
and flocculants  

• Large generation of sludge 
volume  

• Poor removal 

Photocatalytic 
degradation  

• Low capital cost  
• Reuse of photocatalyst  
• Complete degradation of 

pollutants  
• Environment friendliness  

• Limited effectiveness  
• Catalyst deactivation  
• Energy consumption  
• Catalyst cost  
• Formation of secondary 

pollutants  
• Limitations on 

applicability 
Ultrafiltration 

membrane  
• Requires small space  
• Efficient, uncomplicated, 

and rapid process  
• No chemicals needed  
• Generate relatively less 

solid waste  

• High energy requirements  
• High operation and 

maintenance costs  
• Rapid fouling on 

membrane  
• Limited flowrates 

Incineration  • Volume reduction  
• Energy production  
• Waste reduction  
• Reduced greenhouse gas 

emissions  

• Air pollution  
• High cost  
• Negative public 

perception  
• Limited applicability  
• Ash residue 

Solvent extraction  • Common for wastewater 
recycle 

• Usage in large-scale activ
ities with heavy contami
nation loads  

• Very affordable operating 
costs  

• Simple process monitoring 
and control  

• High equipment cost  
• Difficult to recover 

solvents  
• Large volume of solvent 

needed  
• Use of organic solvents are 

highly flammable/or toxic 

Adsorption  • Flexibility  
• Simple operation design  
• High efficiency  
• Cost-effectiveness  
• Environmental benignity  
• Plenty of adsorbents  
• Good recycle performance  

• pH dependent  
• Relatively high cost of 

materials  
• Generation of waste 

products  
• Performance depends 

upon adsorbent  
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FT-IR (Thermo Nicolet iS10; USA) spectrophotometer with a resolution 
of 5 cm− 1 across the wavenumber ranging from 400 to 4000 cm− 1. The 
solid samples were made as KBr (potassium bromide) pellets. Each 
sample was combined with around 100 mg of KBr before being exposed 
to a pressure of about 1400 kPa in a hydraulic press. The surface mor
phologies and elemental composition of the materials were investigated 
using an FE-SEM (JSM-7610F Plus; JEOL; Japan) connected to an EDX. 
Prior to the examination, the samples were mounted on metal 
(aluminium) stubs with double-sided carbon taps, coated with palla
dium/gold using a sputter coater at 20 mA, and then viewed using FE- 
SEM/EDX equipment at various working distances and accelerating 
voltage. The crystalline structures of materials were determined using 
an XRD (AXS D8 Advance XRD; Germany) in the 2θ range of 10.0–80.0◦

with Cu Kα radiation (λ = 1.54059 Å) at ambient temperature. Textural 
parameters such as pore radius, surface area, and pore volume of ma
terials were evaluated from N2 adsorption–desorption isotherms at 76 K 
using a pore size and surface area analyzer (Quantachrome, Autosorb 
IQ, USA). Prior to testing, the samples were degassed to 473 K for 240 
min to remove any pollutants physically adsorbing in the pores. The 
magnetic property of Fe-LPP was measured using the SQUID-VSM 
magnetometer (Quantum Design; MPMS3; USA), with magnetic fields 
ranging between ± 20000 Oe. All pH measurements were taken using a 
Mettler Toledo Seven Easy (USA) pH meter. A UV–Vis spectrophotom
eter (Jasco V 750; Japan) at a wavelength of 464 nm was used to 
measure the concentration of MO in the solution. 

The solid addition procedure was used to calculate the pHPZC (point 
of zero charge) of the LPP@Fe3O4. In short, 30.0 mL of KNO3 0.1 M 
electrolyte was put into a sequence of 50.0 mL glass vials, and the initial 
pH (pHi) of each vial was adjusted from 1.0 to 10.0 by the addition of 
either 0.1 M NaOH or HCl solutions. Following the addition of 50 mg of 
LPP@Fe3O4 to each sample, the solution was stirred at 298 K for 24 h to 
ensure thorough contact with the sample. The final pH (pHf) value of the 
filtrate was then determined. The pH (the variance between the pHi and 
pHf values) was computed, and the pHi was plotted versus the pH. The 
pHPZC value of the LPP@Fe3O4 is the junction point of the horizontal line 
in the graph (X-axis) at ΔpH = 0. 

2.6. Adsorption experimental procedure 

The following parameters were maintained for the various sets of 
batch tests:  

• Influence of pH was examined in the pH range from 1.06 to 10.2, 
LLP@Fe3O4 dosage 50.0 mg, solution volume 30.0 mL, concentration 
20.8 mg/g, temperature 298 K, and stirring speed 200 rpm. To 
maintain the pH of the medium, either 0.1 M NaOH or HCl was added 
to set a particular pH value.  

• Influence of contact period was conducted through the periods (0, 5, 
10, 15, 20, 30, 45, 60, 75, 90, 105, 120, 150, 180, 360, 420, and 480 
min), LLP@Fe3O4 dosage 50 mg, solution volume 30.0 mL, concen
tration 20.8 mg/g, pH 5.1, temperature 298 K, and agitation speed 
200 rpm.  

• The influence of stirring speed was examined under seven varying 
speeds (0, 50.0, 100.0, 150.0, 200.0, 250.0, and 300.0 rpm), pH 5.1, 
contact period 120 min, concentration 20.8 mg/L, solution volume 
30.0 mL, temperature 298 K, and LLP@Fe3O4 dosage 50 mg.  

• LLP@Fe3O4 dosage was examined using different weights (10, 20, 
30, 40, 50, 60, 70, and 80 mg/30 mL) of adsorbent, pH 5.1, contact 
time 120 min, concentration 20.8 mg/L, solution volume 30.0 mL, 
stirring speed 200 rpm, and temperature 298 K.  

• The influence of initial MO concentration was conducted using 20.8, 
40.4, 59.7, 79.2, 98.7, 142.1, and 201.7 mg/L, pH 5.1, time 120 min, 
LLP@Fe3O4 dosage 50 mg, stirring speed 200 rpm, and temperature 
298 K. 

• The influence of temperature was examined under varied tempera
tures of 298, 308, 318, and 328 K, pH 5.1, time 120 min, LLP@Fe3O4 
dose 50.0 mg, solution volume 30.0 mL, and stirring speed 200 rpm. 

In all experiments, the vials were shaken using an incubator shaker. 
After reaching equilibrium, the adsorbents were separated by means of 
an external magnet, and the MO concentration in the filtrate was esti
mated using a UV–Visible spectrophotometer. Each experiment was 
carried out in duplicate and the average of two values was used for the 
calculation of design parameters. 

The quantity of dye adsorbed was calculated by the variance be
tween the beginning and equilibrium concentrations. The removal ef
ficiency (%) was estimated by Eq. (1): 

% MO Removal =
(

Co − Ce

Co

)

× 100 (1) 

The sorption efficiency [the quantity of dye adsorbed per gram sor
bent (mg/g)] was computed using Eq. (2): 

qe =
(Co − Ce) V

M
(2)  

2.7. Kinetics, isotherms, and thermodynamic studies 

The data was analyzed using IPD, PSO, Elovich, and PFO models to 
determine the sorption kinetics of MO. The experimental data was ac
quired by combining 50 mg of LLP@Fe3O4 with 30 mL of pH 5.1 effluent 
solution and changing the contact period (0–480 min). The isotherm 
tests were carried out by diluting the materials to a set volume (30 mL), 
LLP@Fe3O4 dose (50 mg), pH 5.1, contact period 120 min, and tem
perature 298 K. D-R, Langmuir, Temkin, and Freundlich isotherms were 
used to examine the data. Thermodynamic variables such as entropy 
(ΔSo), Gibbs free energy (ΔGo), and enthalpy (ΔHo) were estimated 
using data acquired at various temperatures (298–328 K). 

2.8. Desorption and reusability of LLP@Fe3O4 

The H2SO4, NaOH, and HCl (1.0 M) eluents were used for the 
desorption test of MO dye. The adsorption procedure was carried out 
using the following procedure: 50 mg of LLP@Fe3O4 was added to the 
solution containing 30 mL of 20.8 mg/L of MO dye for 120 min under 
200 rpm at 298 K. After adsorption, LLP@Fe3O4 was separated using 
external magnet from the mixture, dried and dye desorption analysis 
was done, which was combined with 30 mL of an eluting agent, which is 
stirred for 120 min. The below equation was used to calculate the 
desorption (%) of MO dye: 

Desorption (\%)) =
MO desorbed

MO adsorbed
X 100 (3) 

When MO dye was estimated using all the desorbing agents, NaOH 
proved to be effective, and this was subsequently investigated for the 
desorption of MO dye from the conjugates in the concentration range of 
0.2 to 1.0 M. To test the conjugate’s capacity for regeneration, up to five 
cycles of adsorption–desorption were carried out using this eluting 
agent. 

2.9. Error functions 

In both isotherm and kinetic studies, non-linear regression analysis 
was performed, and the best models fitting the experimental data were 
chosen based on the coefficient of determination (R2) values as well as 
the error functions, including the SSE, ARE, RMSE, and χ2, the calculated 
formulas for which are given below. Greater R2 and lower SSE, ARE, 
RMSE, and χ2 values suggest that the related model is well-fitting. 
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SSE =
∑n

i=1
(qe,exp − qe,cal)

2 (4)  

ARE =
100

n
∑n

i=1

(
qe,exp − qe,cal

qe,exp

)

(5)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 2
∑n

i=1
(qe,exp − qe,cal)

2

√

(6)  

χ2 =
∑n

i=1

(
(qe,exp − qe,cal)

2

qe,cal

)

(7)  

3. Results and discussion 

3.1. Characterization (FT-IR, FE-SEM with EDX, BET, XRD, SQUID- 
VSM, and pHPZC) 

The FT-IR technique is useful for determining the distinctive func
tional groups that allow for adsorption behavior. The results of FTIR 
analysis for LLP, LLP@Fe3O4, and MO-loaded LLP@Fe3O4 are illustrated 
in Fig. 1. In the LLP spectrum (Fig. 1a), the broadband at 3429 cm− 1 

represented the stretching vibration of –OH and –NH groups due to 
hydrogen bonds of compounds such as alcohols, carboxylic acids and 
phenols [38]. The peak at 2929 cm− 1 corresponded to the C–H vibra
tions of the stretch methoxy (O-CH3), methylene (CH2), and methyl 
(CH3) groups, the main components of pectin and lignin [39]. The band 
at 2363 cm− 1 represents -C≡C stretching vibrations in alkyne groups 

[40]. The band at 1654 cm− 1 was the characteristic of the stretching 
vibration of C = O from COOH with an intermolecular hydrogen bond 
[28]. The peak at 1544 cm− 1 was associated with C = C vibration in the 
structure of cellulose and lignin. The band observed at 1454 cm could be 
assigned to symmetric bending vibrations of –CH3 [41]. The band at 
1322 cm− 1 revealed the existence of antisymmetric stretching of the 
carboxylate anion [36]. The peak near around 1070 cm− 1 could be 
attributed to the stretching vibration of C-O-C and the bending vibration 
of –OH in the lignin structure of the LLP [39]. The peaks between 800 
and 600 show the presence of antisymmetric out-of-plane aromatic ring 
stretch. After loading Fe3O4 nanoparticles, the characteristic peak at 
585 cm− 1 corresponding to Fe-O stretching vibration occurred in 
LLP@Fe3O4 (Fig. 1b), manifesting the success of Fe3O4 loading [37]. 
And the intensities of some bands became shifted (3429, 2929, 2363, 
1654, 1454, 1322, and 1070 cm− 1 to 3425, 2933, 2358, 1633, 1436, 
1320, and 1084 cm− 1) compared to LLP and one peak even disappeared 
(1544 cm− 1), indicating some functional groups of LLP were linked with 
Fe3O4 nanoparticles. The distinctive alterations seen in the FT-IR spec
trum of LLP@Fe3O4 after MO adsorption indicated that several bands 
were displaced or disappeared (Fig. 1c). These variations in the spec
trum indicated that dye molecules interacted with the functional groups 
of the LLP@Fe3O4 during the sorption process. 

The surface morphologies and elemental compositions of LLP, 
LLP@Fe3O4 before and after adsorption were analyzed using FE-SEM/ 
EDX analysis. The obtained FE-SEM images, EDX, and percentage 
composition of elements (Wt and At) results are represented in Fig. 2. As 
displayed in Fig, 2a, it could be seen that the surface of LLP was smooth 
and irregular. After modifying the LLP with magnetic Fe3O4 nano
particles (Fig. 2b), the LPP@Fe3O4 surface was changed into a rough, 

Fig. 1. FT-IR spectrum of (a) LLP, (b) LLP@Fe3O4, and (c) MO/LLP@Fe3O4.  
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heterogeneous, irregular, and porous surface structure with particles of 
different sizes and shapes. These changes indicate that the LPP surface 
was successfully loaded with Fe3O4. Adsorbent surface roughness and 
pores, in general, have an important role in dye adsorption efficacy 
because they give a large interior surface area [42]. The surface of the 
LPP@Fe3O4 was completely filled by the MO dye molecules after MO 
adsorption (Fig. 2c), and the surface became smoother, confirming the 
successful adsorption of MO onto LPP@Fe3O4. The EDX analysis shows 
the presence of C, O, Mg, Cl, K, and Ca elements in the pure LLP before 
Fe3O4 loading and the presence of the Fe element in addition to C, O, Mg, 
Cl, K, and Ca in the LLP after Fe3O4 loading. This indicated the successful 
incorporation of Fe3O4 in the LLP. The EDX spectrum of LLP@ Fe3O4 
after MO adsorption exhibited the presence of C, O, Na, and S elements 
[from MO dye molecules] (Fig. 2c), indicating the successful adsorption 
and distribution of MO dye onto the surface of the LLP@ Fe3O4 
composite. 

Fig. 3 depicts the N2 adsorption–desorption and pore size 

distribution for LLP and LLP@ Fe3O4 using the BET and BJH methods. 
Both samples’ hysteresis loops reveal that their isotherms were IV type 
according to IUPAC classification, suggesting that they had a meso
porous structure (Fig. 3a). Furthermore, the LLP@ Fe3O4 isotherm had a 
larger hysteresis loop than the LLP, showing that the introduction of iron 
oxide nanoparticles on the LLP surface enhanced its pore radius and pore 
volume [32,43]. This finding is supported by the pore size distribution 
seen in Fig. 3b. The pore radius, BET surface area, and, pore volume, of 
LLP@Fe3O4, were 2.716 nm, 136.5 m2/g, and 0.431 cc/g, respectively. 
These results were much greater than that of raw LLP (6.313 m2/g, 
0.039 cc/g, and 1.491 nm). Therefore, the increased surface area, pore 
radius, and pore volume could further provide more adsorption sites for 
dye adsorption. 

The XRD analysis was carried out for determining the crystalline or 
amorphous nature of the as-prepared materials. Fig. 4 shows the XRD 
patterns of LLP and LLP@Fe3O4. LLP (Fig. 4a) exhibited an amorphous 
nature due to the presence of the high content of organic compounds. It 

Fig. 2. FE-SEM/EDX images of (a) LLP, (b) LLP@Fe3O4, and (c) MO/LLP@Fe3O4.  
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displayed broad diffraction peaks at 2θ = 15.1◦ and 22.3◦, which rep
resents the ketones, aldehydes, hydroxyl, and amine groups in the forms 
of hemicelluloses, lignin, and amorphous cellulose of LLP [44]. The XRD 
spectra of LLP@Fe3O4 can be seen in Fig. 4b. It shows distinct peaks 

having 2θ values at 30.1◦, 35.6◦, 43.2◦, 53.8◦, 57.1◦, and 62.8◦, which 
corresponded to the crystal planes of 220.0, 311.0, 400.0, 422.0, 511.0, 
and 440.0, respectively. The peaks matched the typical magnetite 
(Fe3O4) XRD patterns in JCPDS file No: 19–0629 [45]. These results 
suggest that the magnetic Fe3O4 nanoparticles were loaded on the sur
face of LLP successfully. 

At 298 K, the magnetic characteristics of the LLP@Fe3O4 were 
examined using a SQUID-VSM. Over the applied magnetic field, the 
magnetization hysteresis loop has a typical S-like shape (as seen in 
Fig. 5). The zero retentivity and coercivity in the curve revealed the 
super magnetization of LLP@Fe3O4 [46]. The Ms (saturation magneti
zation) value was determined to be 35.6 emu/g, indicating that the 
LLP@Fe3O4 has superparamagnetic characteristics. Because of these 
features, the LLP@Fe3O4 reacts fast in the presence of an external field 
and exhibits reversible behaviour in the absence of a magnetic field, 
making it simple to extract the adsorbent from the reaction liquid after 
adsorption. As a result, the magnetic characteristics of the adsorbent 
revealed that the LLP@Fe3O4 was a kind of recycled adsorbent that was 
useful for separation and recovery. 

Fig. 6a depicts the LLP@Fe3O4 point of zero charge. The obtained 
pHPZC was 5.5. At this pH level, the charge of the positive surface sites is 
equal to the charge of the negative surface sites (zero charge on its 
surface). This variable is crucial because it enables the assessment of the 
impact of pH on the sorption process by predicting the charge on the 
biosorbent surface as a function of pH. When in solution, sorbent sur
faces are negatively charged when pH is greater than pHPZC and may 
interact with positive species, whereas solid surfaces are positively 
charged when pH is lower than pHPZC and may interact with negative 
species. 

3.2. Influence of pH on MO removal and mechanism 

The surface charge of a biosorbent and the degree of ionization of the 
solute is regulated by solution pH, which is important in the sorption 
process. Fig. 6b depicts the percentage of MO dye adsorption onto 
LLP@Fe3O4 composite from its aqueous solution at various pH levels 
(1.06–10.2). The removal effectiveness of MO rose from 39.4 to 94.5% 
as the solution pH climbed from 1.06 to 5.1, and then declined from 83.5 
to 10.2% as the pH grew from 6.07 to 10.2. The maximal removal effi
ciency (94.5%) of MO onto LLP@Fe3O4 was obtained at pH 5.1, so, it 
was identified as the optimal pH for further studies. The uptake of dyes 
mainly depends upon the pHPZC of the adsorbent and pKa of the dyes 
[47]. The pHPZC of LLP@Fe3O4 was found to be 5.5. At pH less than 
pHPZC, the surface of the LLP@Fe3O4 becomes + vely charged because of 
the protonation of functional groups (–OH, –NH2, etc.). While, at pH 

Fig. 3. (a) N2 adsorption–desorption isotherms and (b) pore size distribution of 
LLP and LLP@Fe3O4. 

Fig. 4. XRD pattern of (a) LLP and (b) LLP@Fe3O4.  

Fig. 5. Magnetization curve of LLP@Fe3O4.  
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greater than pHPZC, the LLP@Fe3O4 surface becomes negatively charged 
due to the de-protonation. The pKa (dissociation constant) value of MO 
dye is 3.7 [48]. The MO dye molecule exists in the molecular form at a 
pH less than pKa [MO-SO3

- Na+] while it dissociates at a pH greater than 
pKa [MO-SO3

- + Na+]. The improvement in removal effectiveness with 
increasing pH from 1.06 to 5.1 may be attributed to electrostatic inter
action between + vely charged LLP@Fe3O4 surface and -vely charged 
MO dye molecules. An increase in pH (beyond 5.1) results in a decline in 
the removal efficiency of MO which may be attributed to the generation 
of more -vely charged adsorbing sites onto the surface of the LLP@Fe3O4 
and causes the electrostatic repulsion of negative MO dye molecules. 
Based on the above discussion, a proposed binding mechanism of MO 
dye on the LLP@Fe3O4 surface is illustrated in Fig. 7. Various studies 
with MO also found that adsorption was favored at pH below at pHPZC 
for adsorbents such as modified nitrate intercalated MgAl LDH [49], 
sugar-based carbon [50], activated carbon/NiFe2O4 [51], and cationic 
surfactants modified coffee waste [52]. 

3.3. Influence of initial concentration on MO removal 

One of the major factors describing the partitioning behaviour of the 
adsorbate molecules between the solid biosorbent and the bulk liquid 
solution at equilibrium is the initial adsorbate concentration. Using 
LLP@Fe3O4, it was determined how initial MO solution concentrations 
affected the removal efficiency, and the results are given in Fig. 8a. With 
an upsurge in MO concentration from 20.8 to 201.1 mg/L, the removal 
efficiency of MO declined from 94.3 to 44.3% (Fig. 8a). It may be said 

that having enough active sites on the sorbent surface is what allows for 
the high removal effectiveness of MO at a low starting dye concentra
tion. Due to competition between the dye and the active binding sites of 
the sorbent and a lack of available free space to attach dye molecules to 
the biosorbent surface, the removal effectiveness of MO is reduced at 
increasing concentrations [53]. It is clearly found that the adsorption of 
dye depends on the concentration of the pollutants. These findings show 
that the MO solution concentration of 20.8 mg/L, which was determined 
to be the proper solution concentration for the adsorption reaction to 
successfully optimize the process, was where the maximum removal 
efficiency was seen. 

3.4. Effect of LLP@Fe3O4 dosage on MO removal 

The adsorbent mass is one of the most crucial factors as it reflects the 
efficiency of the adsorbent for a definite amount of adsorbate during the 
adsorption process. The impact of LLP@Fe3O4 dose on MO dye removal 
efficiency was investigated by increasing the quantity of LLP@Fe3O4 
from 10 to 80 mg/30 mL, as displayed in Fig. 8b. The removal efficiency 
of MO was clearly increased when the LLP@Fe3O4 quantity was 
increased until 50 mg, after which the removal efficiency remained 
almost comparable. This is due to the availability of a higher number of 
accessible sorption sites as adsorbent doses increase. However, no sig
nificant differences in adsorption performance were identified after 50 
mg. Moreover, overuse of adsorbent might cause aggregation of 
LLP@Fe3O4 particles owing to the collision which can limit the acces
sible adsorption site for incoming dye molecules by decreasing specific 
surface area and increasing diffusion route length value [54]. At 50 mg 
doses, the maximal removal effectiveness of MO was up to 94.5%, which 
may be regarded as an ideal dosage for further experiments. 

3.5. Effect of stirring speed on MO removal 

In a sorption process, the stirring speed has a considerable impact on 
both adsorption and adsorbate removal. The impact of stirring speed on 
the elimination of MO by LLP@Fe3O4 has been examined from 0 to 300 
rpm. The observed change is displayed in Fig. 8c. MO removal efficiency 
was 25% without agitation; however, increasing the stirring speed from 
50 to 200 rpm boosted removal effectiveness from 42 to 94.3%. This 
phenomenon may be elucidated by the fact that the diffusion rate of 
solutes from the bulk liquid to the liquid boundary layer surrounding the 
biosorbent particles rises quicker as turbulence increases and the 
thickness of the liquid boundary layer reduces [55]. As the agitation 
speed further increased (300 rpm), the MO adsorption rate decreased to 
87%. The lower removal efficiency might be ascribed to the low 
adsorption energy between MO dye molecules and the LLP@Fe3O4. This 
occurrence is known as desorption which is not beneficial in terms of 
sorption performance [56]. The optimum removal effectiveness is ach
ieved at a speed of 200 rpm, which also provides the best uniformity of 
the mixed suspension. As a result, a speed of 200 rpm was taken for the 
next tests. 

3.6. Effect of contact time on MO removal 

The solution/solid reaction time is a crucial factor to analyze the 
time required for attaining the saturation of the sorption process. The 
impact of the contact period on the adsorption of MO by LLP@Fe3O4 was 
examined at various time intervals ranging from 0 to 480 min, as 
depicted in Fig. 8d. It was projected that the removal efficiency of MO 
would be quick at first, then slow down until equilibrium (saturation) 
was attained. After reaching equilibrium, no substantial change was 
noticed. Initially, more binding moieties sites were present on the 
adsorbent surface for dye ion binding, which is why the dye was 
removed quickly at the beginning. Alternatively, as the reaction time 
progresses, the active binding sites are occupied and competition for the 
remaining dye molecules may arise, slowing dye adsorption at later 

Fig. 6. (a) point of zero charge (pHPZC) of LLP@Fe3O4 and (b) effect of pH on 
the removal of MO onto LLP@Fe3O4. 
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stages [57]. The equilibrium was reached in 120 min, confirming that 
120 min is necessary to full fill all adsorption-binding sites of 
LLP@Fe3O4 with MO dye molecules. As a result, a contact period of 120 
min was chosen for further adsorption investigations. The results of this 
experiment are used to establish the kinetic parameters of adsorption 
and make predictions about the nature of the adsorption process. 

3.7. Reaction kinetic models 

Adsorption reaction kinetics illustrates the biosorption system’s 
sorption behaviour and uptake rate up to equilibrium. The type and 
sequence of the reaction, which reveal the sorptive profile and effec
tiveness of the sorbent, are determined using the reaction kinetic model 
using time study data. The widely used PFO, PSO, and Elovich reaction 
kinetic models are used in this study, and the model equations are as 
follows: 

qt = qe1(1 − exp(− k1t)) (8)  

qt =
q2

e2k2t
1 + qe2k2t

(9)  

qt =
1
β

ln(1 + αβt) (10) 

The fitting results of the non-linearized PSO, PFO, and Elovich ki
netic models are shown in Fig. 9, and the variables along with error 
function (SSE, ARE, RMSE, and χ2) values are given in Table 3. The PFO 
model’s correlation coefficient (R2 = 0.9681) reveals some differences in 
the kinetic predictions of MO adsorption on LLP@Fe3O4. The Elovich 
model is often employed for systems with heterogeneous surfaces; 

however, the correlation coefficient (R2 = 0.9413) indicates that the 
Elovich model does not adequately fit the kinetic data, showing that 
diffusion is not a rate-limiting phenomenon at the interface. The PSO 
model, on the other hand, has a higher correlation (R2 = 0.9989) and 
lower SSE (6.33), ARE (2.01), RMSE (3.99), and χ2 (9.18) values than 
the PFO and Elovich models. Furthermore, the PSO kinetic model’s 
predicted adsorption capacity was close to the experimental results. As a 
consequence, the PSO model proved more suitable for modelling the 
kinetic adsorption process, demonstrating that MO chemisorption on 
LLP@Fe3O4 occurs. 

3.7.1. Intra-particle diffusion (IPD) 
The IPD model, proposed by Weber-Morris, was used to identify the 

diffusion mechanism of the process. Its mathematic expression can be 
given as follows: 

qt = Kid(t)0.5
+C (11) 

The linear IPD model plot is shown in Fig. 10. Three distinct linear 
parts were identified, indicating that the MO dye adsorption on the 
LLP@Fe3O4 occurs in three steps. The first, sharper section is ascribed to 
adsorbate diffusion through the solution to the adsorbent’s exterior 
surface or boundary layer diffusion of solute molecules. The second, 
linear component is the gradual equilibrium stage, which is dominated 
by IPD. The third section is ascribed to the final equilibrium stage, 
during which IPD began to decelerate owing to the very low adsorbate 
concentration remaining in the solution [58]. The three linear sections 
of the IPD model did not pass through the origin (C not equal 0), indi
cating that IPD is not the only rate-limiting phase in the MO dye sorption 
process on LLP@Fe3O4. As a result, both boundary layer diffusion and 
IPD are engaged in the MO adsorption processes. As shown in Table 3, 

Fig. 7. Proposed adsorption mechanism of MO onto LLP@Fe3O4.  

V. Subbaiah Munagapati et al.                                                                                                                                                                                                               



Inorganic Chemistry Communications 151 (2023) 110625

10

the Kid values are in the sequence Kid,1 > Kid,2 > Kid,3, showing a strong 
transfer of dye in solution to the adsorbent’s exterior surface and little 
intraparticle diffusion, presumably due to the quick creation of multi
layers, until the adsorbate in solution decreases. C1, C2, or C3 values 
were not equal to zero, demonstrating the lack of simplex IPD in any of 
the three phases [59,60]. 

Fig. 8. Effect of (a) initial dye concentration, (b) adsorbent dosage, (c) stirring speed, and (d) contact time on the removal of MO by LLP@Fe3O4.  

Fig. 9. Non-linear pseudo-first-order, pseudo-second-order, and Elovich ki
netics plot for MO dye onto LLP@Fe3O4. 

Table 3 
Kinetic parameters for the adsorption of MO onto LLP@Fe3O4 at 20.8 mg/L.  

Kinetic model Parameter Value Error analysis Value 

Experimental qe, exp (mg/g)  61.83   
Pseudo-first-order qe1, cal (mg/g)  55.91 SSE  25.61  

k1 (1/min)  0.0418 ARE  8.73  
R2  0.9681 RMSE  19.36    

χ2  38.72 
Pseudo-second-order qe2, cal (mg/g)  63.02 SSE  6.33  

k2 (g/mg min)  0.0009 ARE  2.01  
R2  0.9989 RMSE  3.99    

χ2  9.18 
Elovich α (mg/g min)  13.81 SSE  34.26  

β (g/mg)  0.0975 ARE  17.42  
R2  0.9413 RMSE  23.93    

χ2  67.46 
Intra-particle diffusion kid,1 (mg/g min0.5)  7.518 SSE  16.61  

C1 (mg/g)  1.288 ARE  7.68  
R2

1  0.9888 RMSE  13.42    
χ2  22.35  

kid,2 (mg/g min0.5)  2.645 SSE  28.67  
C2 (mg/g)  27.953 ARE  13.81  
R2

2  0.9611 RMSE  19.39    
χ2  47.93  

kid,3 (mg/g min0.5)  0.177 SSE  58.83  
C3 (mg/g)  55.931 ARE  31.75  
R2

3  0.9231 RMSE  43.37    
χ2  92.36  
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3.8. Adsorption isotherms 

When adsorption approaches equilibrium, sorption isotherms char
acterize the distribution of adsorbate molecules in the liquid medium 
and the sorbent. The equilibrium results are critical for describing 
sorption because understanding the adsorption of adsorbed molecules 
from the liquid medium to the sorbent surface is dependent on the 
appropriate description of the separation of liquid and solid phases to 
equilibrium. The adsorption data of MO dye onto LLP@Fe3O4 were 
fitted to D-R, Langmuir, Temkin, and Freundlich models. 

The Langmuir isotherm model implies the creation of an adsorbed 
layer of unimolecular thickness and takes into account the one-to-one 
interaction between adsorbent and adsorbate. The mathematical equa
tion for this model is represented as: 

qe =
qmaxKLCe

1 + KLCe
(12) 

The maximal sorption efficiency of LLP@Fe3O4 for MO dye was re
ported to be 282.3 mg/g at 298 K using the Langmuir model. As one of 
the essential aspects of the Langmuir, a dimensionless constant termed 
the separation factor (RL) was computed from the starting concentra
tions. The RL is determined by: 

RL =
1

(1 + KLCo)
(13) 

Due to the RL value, Langmuir’s isotherm’s kind could be identified 
with ease. If RL = 0, the isotherm would be kind of irreversible, 
favourable if 0 < RL < 1, unfavourable if RL > 1, and linear if RL = 1. The 
achieved RL values at a different initial concentration of MO values were 
given in Table 4. The achieved RL values were between 0 and 1.0, 
indicating the spontaneity and favourability of the adsorption process. 

Freundlich’s model of adsorption characterizes it as a process of 
heterogeneous multilayer development caused by the adsorbate mole
cules’ non-uniform affinity and heat of adsorption of active sites on the 
sorbent surface. It is assumed that once sorption sites on the adsorbent 
are completed, adsorption energy decreases exponentially. This 
isotherm applies to the multilayer adsorption of solute molecules onto a 
heterogeneous surface with a non-uniform heat of sorption distribution. 
The non-linear equation for this model is given as: 

qe = Kf C1/n
e (14) 

The degree of nonlinearity between the sorbent and the solution 
concentration depends on the value of n [61]:  

• If n is smaller than 1; adsorption process is chemical  
• If n exceeds 1; adsorption process is physical  
• If n is 1; adsorption is linear 

The Freundlich equation n value was discovered to be 4.1. Because n 
is between 1.0 and 10.0, this indicates that MO is physically adsorbed 
onto LLP@Fe3O4. 

The Temkin model has a component that specifically accounts for the 
interactions between the sorbent and sorbate. Because of the in
teractions between the adsorbent and adsorbate, the heat of sorption of 
all the molecules in the layer would drop linearly with coverage. Up to a 
certain maximum binding energy, the binding energies are distributed 
uniformly throughout the adsorption process. This model is represented 
by the following equations: 

qe = BT ln(AT Ce) (15)  

qe = BT ln(AT)+BT ln(Ce) (16)  

BT =
RT
bT

(17) 

The heat of the adsorption process determines the nature of the 
sorption process, hence the value of BT, which is the heat constant, de
termines the type of adsorption. If BT is positive, it indicates that the 
sorption process is exothermic, whereas BT is negative, it suggests that 
the sorption process is chemically endothermic [62]. In the current 
study, the BT value is positive, indicating that the sorption process of MO 
onto LLP@Fe3O4 is exothermic. 

The Dubinin-Radushkevich (D-R) is also a widespread isotherm 
model used for the evaluation of excess adsorption on the surface of 
LLP@Fe3O4. The equations governing this isotherm are given as: 

qe = qmexp(− βε2) (18)  

ε = RTln
(

1 +
1

Ce

)

(19) 

When MO dye molecules are adsorbed on the LLP@Fe3O4 sorbent 
surface from the solution phase, the mean free energy, E, of dye sorption 
per molecule may be calculated using Eq. (20): 

E =
1̅̅
̅̅̅

2β
√ (20) 

Determining the kind of adsorption process is aided by the value of E 
in the D-R model. Physical interactions are thought to be responsible for 
the removal of the adsorbate when E is between 1.0 and 8.0 kJ/mol, ion 
exchange is thought to be involved when E is between 8.0 and 16.0 kJ/ 
mol, and chemical adsorption reactions are indicated by E values>16.0 
kJ/mol [63]. In the current study, the value of E is in the range of 1.0 – 
8.0 kJ/mol, which indicates that physisorption may contribute to the 
adsorption of MO onto LLP@Fe3O4. 

Fig. 11 depicts the non-linear isotherms of the four models. Table 5 
also includes the values of various constants and fitting data, including 
the correlation coefficient R2, SSE, ARE, RMSE, and χ2 values. Using the 

Fig. 10. Weber-Morris (intra-particle diffusion) model for MO adsorption 
by LLP@Fe3O4. 

Table 4 
Calculated Langmuir separation factor (RL) for the adsorption of MO onto 
LLP@Fe3O4.  

Initial concentration of MO 
(mg/L) 

Separation factor (RL) derived from the Langmuir 
model 

20  0.2063 
40  0.1149 
60  0.0797 
80  0.061 
100  0.0494 
140  0.036 
200  0.0253  
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calculated correlation coefficient and error function (SSE, ARE, RMSE, 
and χ2) values, the model that best fits the experimental data is deter
mined. The Langmuir R2 is 0.9991, which is larger than the values for 
the other three isotherms based on the estimated data from the different 
models of the two-parameter isotherms. Furthermore, it has the lowest 
SSE, ARE, RMSE, and χ2 values. This means that the Langmuir model 
matches the data better than the other three. This result shows that 
during the adsorption process, monolayer sorption occurred on a ho
mogeneous surface. The following is the order of the correctness of 
different isotherms to experimental data: Langmuir > Temkin >
Freundlich > D-R. 

3.9. Comparison of LLP@Fe3O4 with other adsorbents 

Table 6 compares the performance of LLP@Fe3O4 composite with 
that of other composites for the adsorption of MO. When compared to 
other composites described in the literature [48,64–75], the adsorption 
capability of LLP@Fe3O4 displays excellent results, indicating that MO 
may be readily adsorbed on LLP@Fe3O4. The magnetic LLP@Fe3O4 
composite’s greater adsorption capacity might be attributed to its large 
surface area and functionality. Furthermore, the LLP@Fe3O4 may be 
readily regenerated and isolated from an aqueous solution with little 
weight loss. According to the comparison, LLP@Fe3O4 has a strong 
adsorption ability for removing MO from an aqueous medium and may 
be employed as an effective adsorbent. 

3.10. Temperature effect on MO removal 

One of the key factors influencing the actual adsorption action is 
temperature. It influences both the diffusion of dye molecules within 
adsorbent pores as well as at the contact of the outer boundary layer of 
the adsorbent. The sorption process may be exothermic or endothermic 
depending on the types of dyes and adsorbents [76,77]. The removal 
effectiveness of LLP@Fe3O4 on MO dye in solution at various tempera
tures (298, 308, 318, and 328 K) was examined in this work. As seen in 
Fig. 12a, the removal efficiency of MO declined from 94.2 to 74.7% as 
the temperature increased from 298 to 328 K, showing that the 
adsorption of MO by LLP@Fe3O4 was favorable at low temperatures and 
exothermic adsorption occurred. This means that at high temperatures, 
the adsorbent active sites expand and the dye ions and/or molecules in 
the solution tend to release from the adsorbent surface back into the 
liquid phases [78]. The maximum removal efficiency of 94.2% was 
achieved at 298 K, and this temperature was chosen for further studies. 

3.11. Thermodynamic analysis 

Thermodynamic parameters are crucial for determining the sponta
neity of an adsorption process. Gibbs free energy changes (ΔGo), entropy 
changes (ΔSo), and enthalpy changes (ΔHo) are associated with the 
adsorption process. These parameters can be calculated from the 
following Eqs: 

Kc =
CAe

Ce
(21)  

ΔGo = ΔHo − TΔSo = − RTlnKc (22)  

lnKc = −
ΔGo

RT
= −

ΔHo

RT
+

ΔSo

R
(23) 

The ΔGo was calculated by Eq. (19), and the ΔSo and ΔHo can be 
calculated from the intercept and slope by plotting the 1/T versus ln Kc 
(Fig. 12b). Obtained thermodynamic factors are listed in Table 7. Ac
cording to the table, the value of ΔGo is –ve (negative) at all 

Fig. 11. Non-linear adsorption isotherms plot for MO onto LLP@Fe3O4.  

Table 5 
Isotherm constants for the adsorption of MO onto LLP@Fe3O4 at 298 K.  

Isotherm model Parameter Value Error analysis Value 

Langmuir qm (mg/g)  282.3 SSE  8.81  
KL (L/mg)  0.1924 ARE  2.27  
R2  0.9991 RMSE  5.73    

χ2  10.66 
Temkin BT (J/mol)  50.66 SSE  141.74  

AT (L/mg)  3.404 ARE  26.28  
R2  0.9629 RMSE  79.48    

χ2  273.12 
Freundlich Kf (mg/g)  94.05 SSE  242.91  

n  4.114 ARE  57.03  
R2  0.9339 RMSE  127.19    

χ2  730.65 
Dubinin-Radushkevich qm (mg/g)  243.77 SSE  673.28  

β (mol2/J2)  0.045 ARE  183.63  
E (kJ/mol)  3.33 RMSE  397.71  
R2  0.8389 χ2  1187.4  

Table 6 
Comparison of maximum adsorption capacity of other adsorbents for MO 
adsorption.  

Adsorbent Experimental 
conditions 

qmax 

(mg/g) 
Reference 

Mn@ZnO-NPs pH = 5.0, T =
303 K 

96.154 [48] 

Goethite/chitosan beads pH = 3.0, T =
298 K 

84 [64] 

Fe3O4@MUS composite pH = 3.0, T =
298 K 

149.25 [65] 

Fe3O4/polypyrrole pH = -, T = 298 K 149.48 [66] 
MnFe2O4@CPB pH = 7.0, T =

288 K 
90.35 [67] 

Magnetic iron oxide/carbon 
nanocomposites 

pH = 4.8, T =
298 K 

72.68 [68] 

SiO2-coated Fe3O4 nanoparticles pH = 2.66, T =
298 K 

53.19 [69] 

PbS/ZnO microspheres pH = 7.0, T =
298 K 

159 [70] 

Spent tea leaves/ 
polyethyleneimine 

pH = 3.0, T =
298 K 

62.11 [71] 

Amine/Fe3O4-resin pH = 5.5, T =
298 K 

222.2 [72] 

Polyethyleneimine/ 
β-cyclodextrin/Fe3O4 

pH = 1.0, T =
303 K 

192.2 [73] 

MWCNT/SPION pH = 3.0, T =
298 K 

10.54 [74] 

Magnetic lignin-based carbon 
nanoparticles 

pH = 5.0, T =
293 K 

113 [75] 

Magnetic LLP@Fe3O4 composite pH = 5.1, T =
298 K 

282.3 Present 
study  
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temperatures studied, indicating that the adsorption of MO on 
LLP@Fe3O4 is spontaneous [79]. As the temperature rose from 298 to 
328 K, the ΔGo value increased. This implies that when the temperature 
increases, the spontaneity of the adsorption process reduces. A -ve value 
for ΔHo shows that the sorption process is exothermic. As the biosorbent 
molecule is attracted and subsequently linked to the biosorbent surface, 
the surface energy of the adsorbate-adsorbent system is lowered due to 
the newly formed interface, resulting in a -ve adsorption enthalpy [80]. 
The -ve value of ΔSo denotes a decrease in the degree of irregularity of 
the adsorption system on the LLP@Fe3O4 surface throughout the 
adsorption process. This finding reveals the compatibility and affinity 
between the MO dye molecules in solution and the active site of the 
LLP@Fe3O4, as well as good adsorption reversibility [81]. 

3.12. Desorption and regeneration studies 

The most essential aspect of the adsorption study is regeneration. It is 
critical to reuse the adsorbent in order to make the adsorption process 
more cost-effective. For this aim, it is better to desorb the adsorbed MO 
dye first, followed by five successive adsorption–desorption cycles using 
the LLP@Fe3O4 adsorbent. Desorption tests were performed using eluent 
i.e., HCl, NaOH, and H2SO4 (1.0 M). The desorption efficiencies of MO- 
adsorbed LLP@Fe3O4 by HCl, NaOH, and H2SO4 were 19.8, 63.5, and 
38.9%, respectively. The anionic nature of the dye may have contributed 
to the higher desorption of NaOH. Furthermore, to investigate the 
recycling potential of LLP@Fe3O4, desorption was performed using 
NaOH in the 0.2–1.0 M range, with maximum desorption of 97.1% 
achieved at 0.2 M NaOH (Fig. 13a). It is worth noting that increasing the 
NaOH concentration leads to a decrease in desorption efficiency due to 
the deterioration of active sites present on the LLP@Fe3O4 surface [57]. 
The recovery test was done five times with 0.2 M NaOH, and the results 
are shown in Fig. 13b. After each cycle, the initially deposited MO dye 
on the material surface was desorbed by dispersing it in a 0.2 M NaOH 
solution. The alkalinity of the solution might reduce the strong elec
trostatic contact between adsorbent and adsorbate, resulting in easier 
MO dye desorption. The regenerated adsorbent is then dried and reused 
up to the fifth cycle. According to Fig. 13b, it is clear that the adsorbent’s 
performance decreased after each cycle. The maximal dye removal 
percentage reached 94.1% in the first cycle and gradually declined to 

Fig. 12. (a) Effect of temperature on the removal of MO onto LLP@Fe3O4 and 
(b) Van’t Hoff plot. 

Table 7 
Thermodynamic parameters for the adsorption of MO onto LLP@Fe3O4 at 
different temperatures.  

Temperature [K] Thermodynamic parameters 

ΔGo (kJ/mol) ΔSo (J/mol K) ΔHo (kJ/mol) R2 

298  − 6.2808    
308  − 5.2083 − 98  − 35.6  0.9992 
318  − 4.3081    
328  − 3.2949     

Fig. 13. (a) Desorption and (b) regeneration studies of prepared LLP@Fe3O4 
for MO dye. 
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78.4% in the fifth cycle. Between the first and final cycles, the dye 
removal effectiveness drops to 15.7%. The loss of adsorption sites during 
the repeated regeneration process may be linked to the decline in 
adsorption effectiveness [54]. These promising results demonstrated 
that LLP@Fe3O4 has a good regeneration ability and could be repeatedly 
used for dye removal. 

4. Conclusion 

In this work, a magnetic separable LLP@Fe3O4 nanocomposite was 
successfully synthesized by the co-precipitation process and applied to 
adsorbing MO from an aqueous medium. The results of FT-IR, FE-SEM/ 
EDX, XRD, SQUID-VSM, and BJH/BET analysis proved that Fe3O4 par
ticles had been successfully loaded on the surface of LLP. The prepared 
material was a mesoporous structure with a high specific surface area 
(136.5 m2/g), which increased the contact possibility between the 
LLP@Fe3O4 and MO. The saturation magnetization (Ms) of LLP@Fe3O4 
was 35.6 emu/g, which confirms the high separation capability of the 
nanocomposite by a magnetic field. Experimental data from an evalu
ation of various influential variables such as LLP@Fe3O4 dosage, pH 
solution, contact period, MO initial concentration, temperature, and 
agitation speed of the solution were carried out using a batch adsorption 
method. The highest removal efficiency 94.3 % was obtained at a pH 
value of 5.1. The adsorption process of MO onto LLP@Fe3O4 could be 
well described by the PSO kinetic model and the Langmuir isotherm 
model. The maximal adsorption uptake of MO on LLP@Fe3O4 was 282.3 
mg/g at 298 K. Based on the kinetics and isotherms results, physical and 
chemical interactions are involved during the adsorption process of MO 
onto LLP@Fe3O4. Thermodynamic studies exhibited an exothermic, 
feasible, and spontaneous sorption process because of the negative 
variations in ΔHo, ΔGo, and ΔSo. Even after five consecutive regenera
tion cycles, the LLP@Fe3O4 composite adsorption effectiveness exhibi
ted excellent stability. The electrostatic interactions between the MO 
and the functional groups on the LLP@Fe3O4 surface were responsible 
for the dye removal. Advantages including eco-friendly, cost-effective, 
non-toxicity, simple preparation, easy separation, high adsorption effi
ciency, and high regeneration ability demonstrate that LLP@Fe3O4 
could be an effective material for the elimination of dyestuff from 
wastewater. 
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