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Abstract—The adsorption of cationic (methylene blue, MB) and anionic (Congo red, CR) dyes using magnetic from
Archidendron pauciflorum peel extract obtained via sonochemical synthesis (Fe;O,-AP) has been carried out. This
study also compared the ability of Fe;O,-AP as an adsorbent for MB and CR through isotherm and kinetics studies.
Fe,0,-AP was synthesized by the sonochemical method at a frequency of 800 kHz and characterized using FTIR, XRD,
PSA, VSM and SEM-EDX. The XRD diffractogram showed Fe;O,-AP with high crystallinity with a crystal size of
17.05 nm, and the particle size distributed in three groups, 2.56, 862.23, and 4855.78 nm, respectively. Meanwhile, the
Ms of Fe;O,-AP was 27.71 emu/g. The SEM-EDX showed disordered morphology with Fe, O and C elemental compo-
sition. The kinetics and isotherm of MB and CR dye adsorption on Fe;O,-AP followed Hos kinetics model and Freun-
dlich isotherm. The Freundlich isotherm model with adsorption capacities MB and CR on Fe;O,-AP was 16.02 and

10.24 mg/g, respectively.
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INTRODUCTION

Synthetic dyes such as methylene blue and Congo red are the
most widely used dyes in the textile industry [1,2]. Mostly; in the
coloring process of the textile industry, it is only 45% of the dye
that is attached to the cloth, while the rest is wasted in the wash-
ing process. Synthetic dyes in wastewater are unnaturally degraded
and even have toxic properties; as a consequence, they must be
processed before being discharged into the environment [1,3,4].

Many materials have been developed to treat dyes in wastewa-
ter. However, in recent years, materials with magnetic properties
have received more attention in environmental remediation for being
easier to regenerate and separate using an external magnetic field.
Of the magnetic materials being developed, the magnetite com-
pound (Fe;O,) is the most popular as it has a number of strong
and more stable magnetic properties [5-11].

Plant extracts are some of the innovations of environmentally
friendly magnetite synthesis. The specific content of organic com-
pounds in plant extracts can act as the reducing agents and cap-
ping agents that control the growth process of material particles
[12-14]. In addition, organic compounds can coat the magnetite
materials’ surface to prevent agglomeration [5,15,16]. The synthe-
sis of magnetite nanomaterial using plant extracts has been widely
developed using co-precipitation [17,18] and reverse co-precipita-
tion [14,19]; however, the use of edible plant extracts will under-
mine food security.

Archidendron pauciflorum (Djengkol) plants are widely cultivated
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in tropical areas, especially in Southeast Asia [20]. The fruit's flesh
is used as a food product in great demand. Along with the great
market demand, the amount of peel waste also increases. Thus,
the waste used as an added-value product becomes interesting to
develop because it contributes to the environmental impact less and
does not interfere with food security. The peel contains many com-
pounds of tannins, saponins, alkaloids, glycosides, flavonoids, and
steroids/triterpenoids [19] that can act as the reducing agents and
capping agents in magnetite synthesis.

In this study, the developed magnetite using the peel of Archi-
dendron pauciflorum was applied as an adsorbent for methylene
blue and Congo red dyes. The sonochemical method was used in
the synthesis process to obtain a smaller particle size. This method
facilitates microscopic particle growth because the flow of ultrasonic
waves can cause acoustic cavitation, which is the formation, growth,
and bursting of liquid bubbles at very high temperatures and pres-
sures (5,000 K, 20 MPa), followed by very high cooling rates (1010
K/S), resulting in extreme conditions. This extreme condition then
leads to microscopic particle growth [21]. Magnetite synthesis using
sonochemical method has been widely developed, but the synthe-
sis of magnetite based on plant extracts using sonochemical meth-
ods has not been widely reported. In this research, the effectiveness
of the developed magnetite using the peel of Archidendron pauci-
florum obtained via sonochemical method for methylene blue and
Congo red dyes adsorbent was studied through kinetics and adsorp-
tion isotherms.

EXPERIMENTAL

1. Materials
The plant waste used was Archidendron pauciflorum (locally called
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as djengkol) peel and the peel was further called as AP peel. The
chemicals purchased from Merck Co were iron(IlI)chloride hexa-
hydrate (FeCl,-6H,0), iron(IT)sulfate heptahydrate (FeSO,-7H,0),
sodium hydroxide (NaOH), hydrochloric acid (HCI), methylene
blue and Congo red. The solvent used was water with twice distil-
lation (aquabidest) from PT. Ikapharmindo.
2. Preparation of Archidendron Pauciflorum Peel Extract

The peel was dried in an oven at 60 °C for 2 hours, then cut into
small pieces and mashed into powder. The organic compounds
from peel powder were extracted using water as a solvent for 20
minutes at a temperature of 60 °C. The peel extract was then sepa-
rated from the residue, and stored in the refrigerator. Before being
used for synthesis, the extract must be left at a room temperature.
3. Sonochemical Synthesis of Fe;O,-AP

The magnetite produced from the peel of Archidendron pauci-
florum using the sonochemical method was further named Fe;O,-
AP. The sonicator used was the Leistungsfreq (generator type with
a primary voltage of 230 V 50/60 Hz). A mixture of Fe’" and Fe**
precursors in a ratio of 2:1 was prepared by dissolving 2.164 g
FeCl;-6H,0O and 1.112 g FeSO,-7H,O with 100 mL aquabidest and
then added to the NaOH 1M solutions (1.6 g, 40mL) by drop-
ping them slowly. After the mixture of Fe* and Fe** precursors was
dripped, the peel extract was poured. Stirring was continued for
60 minutes at a room temperature with an ultrasonic wave stream
of 800 kHz. The precipitate and filtrate were separated by centrifu-
gation using an external magnetic field.
4. Characterization of Fe;O,-AP

The Fe;O,-AP was characterized using FTIR, XRD, PSA, VSM
and SEM-EDX. Functional group analysis used FTIR spectropho-
tometer (Shimadzu Prestige 21) in the transmission mode as the
KBr method was used for all the powders. Crystallinity and crys-
tal size of Fe;O,-AP, meanwhile, were determined using X-Ray
diffraction (XRD-6000 Shimadzu) patterns recorded using a Bruker
D2 phase diffractometer with Cu Kex (4=0.1546 nm) radiation. Fur-
ther, the particle size was determined by particle size analyzer (PSA)
(Horiba SZ-100). The magnetization saturation of Fe;O,-AP was
conducted using a vibrating sample magnetometer (VSM) and the
analysis of morphology or surface structure and elemental content
of Fe;O,-AP used scanning electron microscope-energy dispersive
X-ray (SEM-EDX).
4-1. Determination of the Maximum Wavelength of MB and CR
Dye Solutions

The MB and CR wavelengths were measured in the 400-700
nm wavelength range. Maximum wavelength information was used
to construct the standard curves of MB and CR solutions. From
the linear equations of the MB and CR standard curves, the con-
centrations of residual as well as the adsorbed MB and CR dyes
could be then calculated.
5. Dye Adsorption Studies

MB and CR adsorption studies on Fe;O,-AP were performed
by interacting MB and CR with Fe;O,-AP at various pH, adsorp-
tion time, and initial concentration of MB and CR.
5-1. pH Effect

A total of 25 mL of MB and CR dye solutions with a concentra-
tion of 15 ppm with a solution pH of 2, 4, 6, 8 and 10 interacted
with 10 mg of Fe;O,-AP adsorbent for 60 minutes at room tempera-
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ture. The adsorbent and filtrate of the mixture were separated by
centrifugation using an external magnetic field. The amount of
residual dye contained in the filtrate was analyzed using a UV-Vis
spectrophotometer. The dye removal efficiency percentage (R%)
was obtained from Eq. (1).

C,—C
R (%):(%e)x 100% 6]
0

6. Contact Time Effect and Kinetics Study

In the kinetic studies, the dye adsorption rate on the adsorbent
surface and the mechanism between the dye and the adsorbent
were evaluated. The adsorption kinetics of MB and CR on Fe;O,-
AP was studied by interacting 10 mg of adsorbent Fe;O,-AP with
25mL of MB dye and 15 ppm CR for 5-90 minutes. The interaction
was carried out using the optimum dye pH and at room tempera-
ture. In this study; the three kinetic models used induded Lagergrens
pseudo-first-order, Hos pseudo-second order, and Elovich's kinetic
models.
7. Initial Dye Concentration Effect and Adsorption Isotherms
Models

MB and CR adsorption isotherms on Fe;O,-AP were studied by
interacting 10 mg of Fe;O,-AP adsorbent with MB and CR dyes
of 5, 10, 15, 25 and 50 ppm, respectively, at room temperature with
optimum dye pH and optimum reaction time. The adsorption
capacity increased nonlinearly with increasing initial concentra-
tion [22].

RESULTS AND DISCUSSION

1. Characterization of Fe,;O,-AP

The presence of functional groups in Fe;O,-AP can affect the
adsorption ability of dyes [23]. The result of FTIR spectrophotom-
etry was used to determine the type of functional group possessed
by Fe;O,-AP. Based on the FTIR spectra as shown in Fig. 1, the
functional groups of Fe;O,-AP could be derived from the func-
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Fig. 1. FTIR spectra of pure Fe;O,, Archidendron pauciflorum peel
extract and Fe;O,-AP.
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Fig. 2. XRD pattern of Fe;O, and Fe;O,-AP.

tional groups of pure Fe;O, and AP peel extract. Absorption at wave
numbers of 46292 and 601.79cm™ in Fe;O,-AP indicated the
presence of Fe;O, in the form of Fe-O bonds. Compared to pure
Fe;O, spectra, an absorption shift was observed due to the interac-
tion between the pure Fe;O, surface and organic compounds in
the AP peel extract. On the other hand, the absorption at the wave
number of 462.92cm™' showed Fe-O bonds in octahedral units,
while the absorption at 601.79 cm™" showed Fe-O bonds in tetra-
hedral units [16,19,24,25].

The presence of functional groups of organic compounds derived
from AP peel extract was indicated by the appearance of absorp-
tion at wave numbers 1,072.42, 1,373.32, 1,627.92, 2,368.59 and
3,433.29 cm™". These absorptions indicated the presence of C-O
stretching vibrations, C=C aromatic compounds, -CH, stretching,
and -OH group vibrations of carboxylic acids, alcohols, and phe-
nols [26-28]. Though again there were absorption shifts due to
new interactions compared to the AP peel extract, those indicated
that Fe;O,-AP magnetic particles had been successfully synthesized
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Fig. 3. (a) Magnetic properties of Fe;O,-AP (b) Magnetization curve
at room temperature for Fe;O,-AP.

from AP peel extract.

XRD characterization was carried out to determine the crystal
structure of Fe;O,-AP as presented in Fig. 2. The Fe;O,-AP diffrac-
togram showed the presence of intense peaks at the values of 26
(Miller index) 30° (220), 35° (311), 43° (400), 53° (422), 57° (511),
and 62° (440). These characteristic peaks belonged to Fe;O, (JCPDS
No. 19-0629). This confirmed that the magnetite (Fe;O,) formed
did not mix with other iron oxides such as Fe,O, (JCPDS No. 39-
1346). This type of iron oxide led to stronger magnetic properties;
it is thus more desirable as an adsorbent.

Fig. 3(a) shows the saturation magnetization (Ms) value of Fe;O,-
AP, The presence of Fe;O, in the AP peel extract contributed to a
phenomenon of magnetization. The lower saturation magnetiza-
tion observed for the AP peel extract during magnetite synthesis
compared to the Fe;O, was reasonable since the magnetization
vectors for all domains in extensive materials such as AP peel extract
containing various phenolic compounds could not be completely
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Fig. 4. Particle size distribution of Fe;O,-AP.
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Table 1. Data of some plant-based magnetite particles
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Extract source Synthesis condition Particle size (nm) Morphology Reference
Hevea brasiliensis Conventional method
Muell. Are. peel Room temperature (27 °C), 200 nm - [25]
AT P 1 h, FeCl; and FeCl,
Conventional method
T 2,670. - 2
ea dregs pH 11, 60 min, 60°C 670.37 nm [29]
Archidendron Conventional method, 60 min,
pauciflorum 60 °C, FeSO,-7H,0, FeCl,-6H,0 318 and 294 nm i [19]
Archidendron Sonochemical method, 60 min, 2.56 nm, 862.23 nm, Roush surface This research
pauciflorum 60 °C, FeSO,-7H,0, FeCl,-6H,0 and 4,855.78 nm &
®
(b)
Atomic percentage
= 47.94%
40.55 %

1 2 3 4 5 6 7

Fig. 5. (a) SEM images of Fe;O,-AP and (b) energy-dispersive X-ray fluorescence spectrometry spectra of Fe;O,-AP.

harmonized. Fig. 3(b) illustrates an image of Fe;O,-AP attracted to
a magnetic field. The goal is to facilitate the separation process be-
tween the adsorbent and filtrate using an external magnetic field.
The crystal size of Fe;O,-AP was determined using Debye-Scher-
rer’s equation with full width at half maximum (FWHM=0.461)
of the (311) reflection. The crystal size of Fe;O, and Fe;O,-AP
obtained in this study was 15.00 nm and 17.05 nm, respectively.

Fig. 4 presents the particle size distribution of Fe;O,-AP that
was not uniform. There were three size groups with an average size
of 2.56 nm, 862.23 nm, and 4,855.78 nm. Table 1 presents the com-
parison of particle size of the Fe;O,-AP with other magnetite parti-
cles. Compared to the previous studies, the sonochemical method
succeeded in synthesizing Fe;O,-AP nanoparticles with smaller
size, ie., 2.56 nm.

Fig. 5(a) shows characterization results using SEM-EDX, and
the image confirms the previous finding of using particle size analy-
sis (PSA), as the magnetite particle size was here observed in the
range of 1-5 um. Fig. 5(b) shows the elemental content of Fe;O,-AP.
The most significant percentage of elements was Fe, followed by O
and C. This also reveals the role of Fe;O, presence in the synthesis.
2. Synthesis Mechanism of Fe;O,-AP

Fe;O,-AP was synthesized using the reverse co-precipitation
method at pH 12. The pH conditions of the synthesis greatly affected
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the purity of the Fe,O,-AP obtained. If the synthesis was conducted
above pH 12, the iron oxide formed was magnetite (Fe;O,). Fur-
thermore, if the synthesis was carried out below pH 8, other iron
oxides such as hematite (Fe,0O;) would be formed. According to
the Pourbaix diagram of iron oxide, Fe;O, is stable at pH 8 and
Fe,O; at pH 3 [19].

The original magnetite compounds had a pHp,=6-6.8 and the
synthesis or modification method using organic compounds caused
the pHp, magnetite to decrease into pH 3-4. The decrease in the
PHpyc value was caused by the protonation and deprotonation mech-
anism of the carboxylic acid group and the phenol hydroxy group
with metal oxide nanoparticles [30-33].

In this study, Fe;O,-AP was synthesized at pH>pH,, Fe;O,.
Under this condition, the surface of the magnetite was negatively
charged. High solution pH (basic conditions) caused hydroxy ions
(OH") to dominate in solution and then was able to extract H
from Fe-OH to produce negatively charged iron oxide species (Fe-
O"), as shown in Eq. (2) [34].

The negative surface of magnetite (Fe-O™) will be able to inter-
act with organic compounds such as tannins, flavonoids, and sapo-
nins through hydrogen bonds. Electrostatic interactions are difficult
in this condition because these organic compounds carboxylate
and hydroxy groups have been protonated to -COO™ and -O~
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Fig. 7. Absorbance data of CR and MB dyes at various wavelengths.

[19]. Fig. 6 illustrates the synthesis mechanism of Fe,O,-AP as pre-
viously described.
3. Structure and Maximum Wavelength of the Dye

Fig. 7 presents the graphs of the wavelengths of CR and MB
dyes. The determination of the peak wavelength of dye was required
to evaluate the concentration of dye adsorbed on Fe,O,-AP. The
peak wavelength of CR dyes was 500 nm, while the maximum
wavelength of MB was 664 nm.
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Fig. 8. Kinetic profile of adsorption of MB and CR (pH 4, [MB or
CR]=15 ppm and room temperature) using Fe;O,-AP.

4. Adsorption Study of Cationic and Anionic Dyes on Fe,O,-
AP
4-1. Kinetic Profile of the MB and CR Adsorption on Fe;O,-AP

The kinetic profile of MB and CR adsorption using Fe,O,-AP
had a similar pattern as shown in Fig. 8. Adsorption occurred rap-
idly in the early minutes until the fifth minute equilibrium was
reached. After reaching equilibrium, there was no significant increase
or decrease in MB or CR removal. The surface condition of Fe;O,-
AP at the beginning of the interaction was still unsaturated, thus
allowing the abundant active groups in Fe;O,-AP to interact very
quickly with MB and CR. After reaching equilibrium, the surface
of Fe;O,-AP became saturated; hence, the adsorption of MB and
CR no longer increased. It was also observed that the ability of
Fe;O,-AP to adsorb MB was better than CR due to differences in
the chemical structure of MB and CR related to the previous pH
discussion. Further explanation regarding these findings would be
turther confirmed through studies of kinetics and isotherms ad-
sorption.
4-2. Effect of Dye Initial Concentration on the Adsorption Ability
of Fe;O,-AP

Fig. 9 presents the relationship between the initial concentra-
tions of MB and CR and the adsorption ability of Fe;O,-AP. The
adsorption of MB and CR on Fe;O,-AP increased until the initial
concentration of MB and CR reached 15 ppm. However, the ad-
sorption ability of Fe;O,-AP decreased, at which the initial dye
concentration was higher than 15 ppm. The decrease in % removal
at the initial dye concentration >15 ppm was because, at high con-
centrations, the dyes would compete with each other to interact
with the Fe;O,-AP adsorbent. The optimum % removal of MB and
CR was 97 and 91%, respectively.
4-3. Effect of Dye pH on Fe,0,-AP Adsorption Ability

Fig. 10 presents the results of the pH optimization for dye re-
moval by Fe;O,-AP. The Fe;O,-AP adsorbent had a pHp,=3. The
surface conditions of Fe;O,-AP at pH above and below pH,, were
different. Various previous studies have reported that a solution’s
initial pH conditions greatly affected a magnetic particle’s adsorp-
tion ability [35-37]. It is reported for pH above pHyy, the surface
of Fe;O,-AP was negatively charged due to the deprotonation of

Korean J. Chem. Eng.(Vol. 40, No. 11)
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-OH and -COOH groups into -O and -COO™ groups. For pH
under pHyy, the surface of Fe;O,-AP was positively charged due
to the protonation of the -OH and -COOH groups into -OH, and
-COOH; groups [18,19]. Thus, the difference in the surface charge
of the adsorbent affected the ability of Fe;O,-AP to adsorb dyes as
here caused by pH. As observed in Fig. 8, MB dye adsorption
using Fe;O,-AP led to a great performance of % removal at pH>3,
and the ability of adsorption decreased at pH<3. It was plausible
because MB is a cationic dye with S" or N* groups, thus easily inter-
acting through electrostatic connections with -O™ and -COO™ groups
on the surface of Fe,O,-AP which were negatively charged at pH>3;
hence, MB adsorption on Fe;O,-AP could reach 96-97%. Mean-
while, at pH<3, % MB removal was only around 43-75%. At this
pH condition, the surface of Fe;O,-AP was positively charged; thus,
electrostatic interactions between S or N* of MB with -OH; and
-COOH; Fe;0,-AP groups were increasingly difficult to occur.
The adsorption of CR on Fe;O,-AP was found better than the
adsorption of MB on Fe;O,-AP at a pH below pHPZC Fe;O,-AP.
CR is an anionic dye with SO; groups, thus making it easier to
interact with the positive Fe,O,-AP surface (pH<3) through elec-
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trostatic interactions between the SO; groups of CR dyes with
-OH; and -COOH; from the Fe;O,-AP adsorbent. Above pH 3,
the ability of Fe;O,-AP to adsorb CR decreased because the -OH
and -COOH groups of the Fe;O,-AP adsorbent had been depro-
tonated into -O~ and -COO™ groups; hence, electrostatic interac-
tions were increasingly challenging to occur. However, the per-
centage of the removal was still above 80%. From this phenome-
non, it was suspected that the electrostatic interaction mechanism
was not the only mechanism between MB and CR with Fe;O,-AP.

Other possible interaction models were hydrogen bonding, 7-7
interactions and hydrophobic interactions [38-40,50]. Hydrogen bonds
occur between the hydrogen atoms of the -OH," and -COOH,
Fe,0,-AP groups with the nitrogen atoms of the -N(CHs,), group
of MB or between the oxygen atoms of the -O™ and -COO™ groups
and the hydrogen atoms of the -CH, and -NH, groups of CR. Mean-
while, 7 interactions occur between 7 bonds in Fe;O,-AP due to
the delocalization of the charge distribution of the conjugated aro-
matic ring with bonds in the aromatic ring of MB or CR dyes.

On the other hand, hydrophobic interaction is an interesting
proposed mechanism because of the interaction between a hydro-
phobic molecule and dye molecules in an aqueous solution. When
Fe;O,-AP (hydrophobic) meets aqueous solution molecules (MB
and CR), hydrogen bonds will be broken between aqueous solu-
tion molecules to provide a space for Fe;O,-AP. However, aqueous
solution molecules do not react with Fe;O,-AP. This process is
considered as an endothermic reaction because heat will enter the
system when a bond is broken. Furthermore, the aqueous solution
molecules are distorted due to the presence of Fe;O,-AP molecules
that form new hydrogen bonds between the aqueous solution mol-
ecules and further yield a clathrate cage around the Fe,O,-AP mole-
cules. Fig. 11 illustrates the interaction mechanism between Fe;O,-
AP with cationic and anionic dyes. The illustration is also strength-
ened by the post-adsorption Fe;O,-AP characterization results using
an FTIR spectrophotometer as presented in Fig. 12. Since there
was no new absorption peak in the post-adsorption of MB and
CR on Fe;O,-AP spectra, the interaction between MB and CR with
Fe;O,-AP occurred through physical interactions.

4-4. Kinetics Studies

In this study; the three kinetic models used included Lagergrens
pseudo-first-order, Hos pseudo-second order, and Elovichs kinetic
models. Lagergrens equation of pseudo-first order is presented in
Eq. (3). The adsorption capacity of MB and CR dyes on Fe,0,-AP at
time t (minutes) and equilibrium are expressed by q, and q, (mg/
g), and the pseudo-first-order reaction rate constant is expressed
by k, (min™"). If a graph of In(q,—q,) versus t were made, it would
produce a straight line with slope and intercept. The value of k,
was obtained from the slope, and the value of q, was obtained from
the intercept.

In(q,—q;)=Ing,— kit ©)

Ho's pseudo-second-order equation is expressed in Eq. (4). Like
Lagergrens pseudo-first-order equation, the adsorption capacities
of MB and CR dyes on Fe;O,-AP at time t (minutes) and equilib-
rium are expressed by q, and q, (mg/g), respectively. For Hos pseudo-
second-order, the constant is expressed by k, (g/mg-min). The
advantage of this model is that it could calculate the initial dye
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Fig. 11. Illustration of the interaction mechanism between Fe;O,-AP with cationic and anionic dyes.

adsorption rate on Fe;O,-AP (mg/g-min) with the formula pre-
sented in Eq. (5). The values of q, and k, were determined from
the slope and intercept of the graph of t/q, versus t.

1.1 @
% kg 9
h=kyq; 5)

Elovichss kinetic model is expressed in Eq. (5). This kinetic model
is suitable for the adsorption of gases and wastewater pollutants
[41]. The desorption constant associated with the surface area and
chemisorption activation energy is expressed by £ (g/mg), and the

initial adsorption rate is expressed by « (mg/g min). By making a
graph of Int versus q, the o and S values are determined from the
slope and intercept.

q,= (2 In(apf)+ GH> In(t) (6)

Fig. 13 and Table 2 presents the graphs of the MB and CR ad-
sorption kinetic models on Fe;O,-AP. Kinetic studies showed that
the adsorption of MB and CR on Fe;O,-AP followed the pseudo-
second-order Hos kinetic model with R values of 1 and 0.9965,
respectively, and did not match with the Lagergren pseudo-first-order
kinetic model with R” of 0.1959 and 0.098, respectively. These indi-
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Transmitance (a.u.)

342558 1072.42
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Table 2. Kinetic parameters of MB and CR dyes

Dyes
Kinetic models Parameters
MB CR
Lagergrens R’ 0.1959 0.098
. 2.
pseudo-first-order e (@g{%) 0960 330
k (min™") 0.001 0.0166
R’ 1.0000  0.9965
Ho’s q. (mg/g) 1,666.67  1,250.00

pseudo-second-order  h (mg/g-min)  14,285.71  1,666.67
k (g/mg-min) 000514  0.00107

236859 1627.92 R 0.6504 0.5851
- Elovich o (mg/g-min) 0.804 0.773
343329 462.92 P (g/mg) 0.003 0.004
1 L 1 L I - 1 - I % 1 ~ 1
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 12. FTIR spectra of Fe;O,-AP before and after adsorption.

cated that the adsorption of MB and CR involved more than two
active sites belonging to the Fe;O,-AP surface [42]. In addition, the
adsorption of MB and CR on Fe;O,-AP was determined by the
adsorbent, adsorbate and water solvent used. The kinetics study of
MB and CR adsorption on Fe;O,-AP using the Elovich model
resulted in R” values of 0.6504 and 0.5851, respectively; meaning
that the adsorption of MB and CR on Fe;O,-AP also did not fol-

low this kinetic model. Elovichs kinetic model assumes that dye
adsorption on Fe;O,-AP occurs at a local site, interactions between
dye ions are possible, and dye concentration is considered to be
constant [41]. The results of this kinetic study reinforced the pre-
sumption of the previously described interaction mechanism.
4-5. Isotherm Studies

The adsorption isotherm was studied to determine the relation-
ship between the initial concentrations of MB and CR dyes and
the adsorption capacity of Fe;O,-AP when the dye was initially dis-
tributed in equilibrium between the solid and liquid phases. In this

@) 0; l R
| * 0.054 y=0.0008x-0.0006 ¢
0.6 ... R?=0.9965 ‘
0.4 y =-0.0166x + 0.8461 p
-~ R R2=0.098 ek k5]
o . '-..‘_'
PR S-S S SE——" F 003
z i PA 60 sh e y=0.0006x + TE-05
3 427 y=0.001x - 0.0422 - = R2=1
04 R2=0.1959 o @
0.6 0.01 &
= | * 0-00"’ T T T
: : 0 20 40 60 80
Time (minute) Time (minute)
©) 2500
@ MB ¢ (R ¥ =370.48x + 477.34
R?=0.6504
2000
® o o.® ©
05. . ._..-'.
] e *
1000
et e y = 280.75x +406.47
R2=0.5851
500 |-
Ol
0 1 2 3 4 5

Time (minute)

Fig. 13. (a). Lagergren’s pseudo first-order (b) Ho's pseudo second (c) Elovich’s kinetic models of MB and CR adsorption onto Fe;O,-AP.
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study, three adsorption isotherm models were used: Langmuir, Fre-
undlich and Temkin isotherm.

Langmuir isotherm model is expressed in Eq. (7) and the con-
centration of free dye ions in solution at equilibrium is expressed
as C, (mg/L). The amount of dye adsorbed at equilibrium and the
maximum single-layer adsorption capacity is expressed by q, and
Qe (Mg/g), respectively. Meanwhile, K; is the Langmuir constant
associated with the adsorption energy, describing the affinity of the
dye for Fe;O,-AP (L/mg). By plotting C,/q, versus C,, the q,,,, and
K; are calculated from the slope and intercept, respectively.

C 1 ( 1 )
—= + C, (7)
9 KLqmax Qma

The Freundlich isotherm equation is expressed in Eq. (8) and
the equilibrium adsorption capacity is expressed by q, (mg/g) [43].
C, refers to the concentration of free dye ions in solution at equi-
librium (mg/L). The Freundlich constant associated with adsorp-
tion capacity is expressed as K, (mg/g). By making a graph of logq,
versus logC,, the values of n and K; are evaluated with the slope
and intercept. 1/n refers to a heterogeneity factor that indicates the
intensity of dye adsorption on Fe;O,-AP. The value of n indicates
the preferred adsorption process and is in the 0.1<1/n<1 [44,45].

logq,=logK+ (ﬁ)logce 8)

The Temkin isotherm model is expressed in Eq. (9). Similar to

2767

the kinetic model of Langmuir and Freundlich, q, (mg/g) and C,
(mg/L) refer to the equilibrium adsorption capacity and the con-
centration of free dye ions in solution at equilibrium, respectively.
B corresponds to the heat of adsorption, and k; is the binding
constant of the Temkin isotherm at equilibrium and is associated
with the maximum binding energy. The relationship between B
and the adsorption potential of the adsorbent is expressed in Eq.
(10), where R is the universal gas constant (8.314 J/kmol); T is the
temperature (K), and 1/b; (mol/J) is the adsorption potential of the
adsorbent.

q.=Blnk;+BInC, C))
B=2T (10)
T

The Temkin isotherm model was studied to determine the adsor-
bent-adsorbate interaction. This model assumes that the heat adsorp-
tion of all molecules in the layer decreased linearly with surface
coverage. In addition, the adsorption energy, when the adsorption
site was filled, decreased linearly. Likewise, the binding energy dis-
tribution was uniform up to the maximum value. By making a graph
of q, versus InC,, the values of B and K; were determined by slope
and intercept values.

Based on Fig. 14 and Table 3, Freundlich and Temkin adsorp-
tion isotherms well fitted the data for MB and CR adsorption iso-
therms on Fe;O,-AP with values of R*>>0.9. However, the Freundlich
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1.40 4 R=08631 L. y v=1.7923x - 1.2666 x
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Fig. 14. (a). Langmuir, (b) Freundlich, and (c) Temkin isotherm models of MB and CR adsorption onto Fe;O,-AP.
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Table 3. Isotherm parameters of MB and CR dyes

Isotherm Dyes
Parameters
models MB CR
Qrax (Mg g7 22727 256.41
Lanemuir K, (Lmg™") 0.0037 0.0039
5 E. (J mg™) —14,044.86 —13,906.29
R 0.8631 0.6872
Ky (mgg™) 16.02 10.24
Freundlich n 1.016 0.558
R 0.9708 0.9765
B 14.95 2248
k ! ) )
Temkin r (L mg™") 0.17 0.14
1/by 0.0060 0.0091
R 0.9443 0.9427

adsorption isotherm was found to better perform with the higher
values of the R’. Freundlich isotherm model showed that various
active sites played an important role in the adsorption process and
had different adsorption energies but with the same entropy [43].
This finding aligned with the adsorption kinetics studies that fol-
lowed Ho’s second-order kinetic model. Based on Eq. (7), it was
also observed that the value of 1/n for MB adsorption (0.98) was
smaller than 1 compared to the value for CR adsorption (1.80), indi-
cating that the intensity of MB dye adsorption on Fe;O,-AP was

Table 4. MB and CR adsorption studies

more favorable.

In addition, the value of 1/n below 1 indicates that the adsorp-
tion operation was physical instead of chemical (for the value of 1/n
higher than 1) [44]. This also strengthened the alleged MB adsorp-
tion mechanism on Fe;O,-AP as described previously through physi-
cal adsorption. On the other hand, the preferred CR adsorption
on Fe;O,-AP was chemical, while the FTIR characterization of the
post-adsorption adsorbent did not show the formation of new
adsorption due to chemical interactions. It became the reason that
the KF value of MB adsorption on Fe;O,-AP was higher than the
K value of CR adsorption on Fe,O,-AP.

On the other hand, for the Temkin isotherm model (R?>0.9), the
heat of adsorption of all molecules in the aqueous solution of MB
and CR dyes decreased linearly with the range. The adsorbent-adsor-
bate interaction and adsorption were characterized by the regular
allocation of binding energy until it reached the maximum binding
energy [46]. Based on the 1/b; value, which showed the potential
of the adsorbent, the adsorbent Fe;O,-AP had a better CR adsorp-
tion potential than MB. However, the binding constant value of the
Temkin isotherm was obtained at equilibrium and was associated
with a lower maximum binding energy (k;) for CR adsorption com-
pared to MB.

5. Performance of Fe;O,-AP as MB and CR Adsorbent

Table 4 presents the previously reported adsorption studies of
various adsorbents for MB and CR removal compared with the
results of this study. Compared with the results of other studies
related to the adsorption of MB and CR dyes, Fe;O,-AP had an

Fitted isoth
Adsorbate Adsorbent % Removal Kinetic model friec sothermm References
model
Porous activated Starbons® Pseudo-second-order Freundlich
MB 82.69 47
derived from starch % and Elovich isotherm [47]
Orange and lemon peels-derived Pseudo-second-order Langmuir
MB 98.09 26
activated carbon (OLPAC) K model isotherms [26]
Activated carbon of Pseudo-second-order
MB .09 Temki; 2
Coriandrum sativum 95.0% kinetic e [27)
Magnetite nanoparticles using .
Pseudo- d- F h
MB Archidendron pauciflorum peel 91.7% kisri:ti: second-order isi)etl}llrelfrlrllc [19]
extract (conventional)
Magnetite using Archidend
agr.le ¢ using Archudendron Pseudo-second-order Freundlich .
MB pauciflorum peel extract 97% o . This research
(sonochemical) kinetic isotherm
MgAl-layered double hydroxide ) Pseudo-second-order Langmuir
CR (MgAl-LDH) 14.8-100% Kkinetic isotherms [40]
CR Magnetic nanocellulose base 91-100% i Langmuir (48]
polymeric ionic liquid isotherms
CR Magnetite-nanoparticle-decorated 96% Pseudo-second-order Langmuir [49]
NiFe LDH (MNPs@NiFe LDH) ° kinetic isotherms
Magnetite using Archidendr:
agnetiie tising Arcudendron Pseudo-second-order Freundlich .
CR pauciflorum peel extract 91% e . This research
kinetic isotherm

(sonochemical)
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excellent adsorption ability even though it was synthesized using
plant waste extracts. Another advantage is that adsorbents were
found to be more environmentally friendly, whereas extraction sol-
vents used was water with lower production costs. Thus, Fe;O,-AP
has the potential to be developed as an adsorbent for MB and CR
dyes.

CONCLUSIONS

Fe;O,-AP synthesized using the sonochemical method has great
potential as an adsorbent for methylene blue and Congo red dyes
in simulated wastewater. Fe;O,-AP synthesized using sonochemis-
try has high crystallinity, crystal size, and smaller particles com-
pared to conventional methods, and other plant extracts studied
previously. Also, the Fe;O,-AP adsorbent has superparamagnetic
properties with a saturation magnetization value of 27.71 emu/g.
The adsorption of MB and CR on Fe;O,-AP follows a pseudo-sec-
ond-order Ho kinetic model with ge values of 1,666.67 and 1,250.00
mg/g, respectively;, and k values of 0.00514 and 0.00107 g/mg.min,
respectively. The MB and CR adsorption isotherms on Fe;O,-AP
follow the Freundlich isotherm model with KF values of 16.02 and
10.24 mg/g, respectively. Fe;O,-AP was found to be capable of
absorbing MB dye better than CR dye.
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