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AbstractThe dye pollutants that contaminatewater and food resulting from commercialmanufacture and illicit addiction are aworldwide threatthat harms the ecosystem, the food supply, and the health of humans. Magnetite/Fe3O4 humic acid (MHA) with various ratios wassynthesized using a two-step process involving coprecipitation and hydrothermal treatment in order to effectively overcome theseobstacles. Analyses of SEM, XRD, FTIR, and VSM were used to describe the morphology and physicochemical aspects of MHA. Theadsorption kinetics studies indicated that the adsorption mechanism of malachite green adhered to the pseudo-second-model andthat the adsorption was adequately described by the Langmuir isotherm. The thermodynamic studies demonstrated spontaneous,endothermic, disorderly adsorption. MHA2 had maximal malachite green adsorption capacities of 83.333 mg/g. Malachite green andMHAmay interact via 𝜋-𝜋 interaction, electrostatic attraction, van der Waals forces, H-bonding, pore filling, pore locking, and/ormechanical adhesion; however, physisorption dominates the adsorption process. Malachite green’s adsorption characteristics changesignificantly after up to four cycles. It has been demonstrated that MHA has a high capacity for dye adsorption and a broad range ofpotential applications.
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1. INTRODUCTION

Textile wastewater poses a significant environmental challenge
as it leads to water pollution, which is essential for human sur-
vival (Dahlan et al., 2023; Gong et al., 2021; Santosa et al.,
2021). In the industrial sector, approximately 100,000 dyes
are utilized, resulting in the generation of textile wastewater
(Fagbohun et al., 2022; Gao et al., 2022). Sadly, only 8% of this
effluent gets processed instead of being released into waterways
(Van Tran et al., 2022) . This untreated wastewater poses a
threat to the environment and human well-being due to the
carcinogenic properties of these dyes (Ben et al., 2023) . Mala-
chite green (MG), one of the problematic dyes, is widely used
in the fabrics, paper, and agricultural sectors (Brahma et al.,
2022) . MG has been linked to immune and reproductive sys-
tem disruptions, as well as kidney failure (Kavci, 2021) . Various
technologies exist for removing dyes from textile wastewater,
including degradation under visible light (Jabeen et al., 2023) ,
membrane (Raval et al., 2022) , biodegradation (Cheng et al.,
2021) , chemical oxidation (Al-Balawi et al., 2023) , and ad-

sorption (Rahman et al., 2021) . The adsorption process is
particularly advantageous due to its simplicity, effectiveness,
efficiency, and cost-effectiveness (Palapa et al., 2023; Thotaga-
muge et al., 2021; Wu et al., 2022). Several adsorbents, such
as halloysite nanotube (Altun and Ecevit, 2022) , chitosan-zinc
oxide (Muinde et al., 2020) , ZnAl layered double hydroxide
(Cardinale et al., 2022) , and Fe-Zn nanoparticles (Gautam et al.,
2015) have been reported as effective means of addressing this
issue.

Humic acid (HA) is containing functional groups such as
-COOH and -OH (Wang et al., 2023a; Zhao et al., 2023). It is
a naturally occurring component found in soil organic matter,
specifically belonging to the group of humic compounds (Sun
et al., 2023b) . HA possesses a notable adsorption capacity and
is commonly utilized to adsorb both organic and inorganic
pollutants (Zhang et al., 2023) . Unfortunately, humic acid is
susceptible to damage and presents challenges when separating
it from aqueous solutions.

Magnetite (Fe3O4) is an iron oxide that falls under the
mineral group known as spinel. It finds applications in various

https://crossmark.crossref.org/dialog/?doi=10.26554/sti.2023.8.4.616-625&amp;domain=pdf
https://doi.org/10.26554/sti.2023.8.4.616-625


Ahmad et. al. Science and Technology Indonesia, 8 (2023) 616-625

fields such as water treatment, catalysts, membrane processes,
and biodegradation through the process of adsorption (Paz
et al., 2022; Wijaya and Yuliasari, 2023; Zong et al., 2022).
The incorporation of magnetite imparts magnetic properties to
HA, facilitating the separation of the adsorbent using an another
magnet. Previous studies have reported the use of magnetite
mixture to humic acid (MHA) for oxytetracycline adsorption,
phosphate adsorption, and removal of pharmaceuticals (Lee
and Kim, 2022; Tang et al., 2023; Yan et al., 2020).

The primary of this work is to prepare magnetite humic acid
with different ratios through a combination of the conventional
coprecipitation method and the subsequent hydrothermal pro-
cess. The success of the synthesis was verified through the
utilization of characterization techniques such as SEM, XRD,
FTIR, and VSM analysis. The research also delved into multi-
ple facets of adsorption, including an examination of kinetics,
thermodynamics, and isotherms involved. Furthermore, regen-
eration techniques were used to determine the the durability
of the MHA.

2. EXPERIMENTAL SECTION

2.1 Chemicals
The Humic Acid (HA) present in peat soil was sourced from the
region of South Sumatra, Indonesia. The reagents used in this
study, which comprised FeCl3, FeSO4.7H2O, HCl, NaOH,
and NH3, were obtained from suppliers such as Merck and
Sigma-Aldrich with analytical grade, without any further pu-
rification. Brataco provided the distilled water necessary for
the experimental procedures.

2.2 Adsorbent Preparation
Magnetite/Fe3O4 humic acid (MHA) with different variation
ratios was synthesized using a two-step process involving copre-
cipitation and hydrothermal treatment (Ahmad et al., 2023b) .
To initiate the synthesis, a mixture of FeCl3 and FeSO4.7H2O
(ratio mol 3:1) was dissolved in 18 mL of distilled water through
stirring. Subsequently, 3 g of humic acid (HA) was added to
the solution and stirred for 3 h at room temperature. Next,
NH3 was slowly added to the mixture, followed by additional
stirring for a half of hour at 75◦C. The resulting slurry was
transferred to hydrothermal equipment, which lasted for 4 h at
a temperature of 150◦C. After the hydrothermal process, the
slurry was rinsed and dried at 100◦C. The resulting product ob-
tained was Fe3O4/humic acid, specifically referred to as MHA3,
indicating the 3:1 ratio of FeCl3 and FeSO4.7H2O used in its
synthesis. Similarly, MHA2 and MHA1 were synthesized us-
ing the same procedures but with different ratios of FeCl3 and
FeSO4.7H2O, specifically 2:1 and 1.5:1, respectively.

2.3 Characterization
The morphological characteristics of MHA1, MHA2, and
MHA3 were examined using a Scanning Electron Microscope
(SEM) with a magnification of 1000 times, specifically the FEI
Quanta 650 model. The crystalline structure of the adsorbents

was analyzed using an X-Ray Diffractometer (XRD), specifi-
cally the Rigaku Miniflex-6000, with a scanning angle range
of 10◦ to 70◦. To assess the absorbance of malachite green, a
UV-Visible Spectrophotometer (EMC) was employed, with
a specific wavelength of 617 nm. The functional groups and
magnetization properties of the adsorbent were characterized
using Fourier Transfer Infra-Red (FTIR) spectroscopy, utiliz-
ing the Shimadzu Prestige-21 instrument within the wavenum-
ber range of 500 cm−1 to 4000 cm−1 and the Vibrating Sample
Magnetometer (VSM) VSM1.2H was utilized to measure the
magnetic field within the range of -1 kOe to 1 kOe.

2.4 Adsorption Experiments
The concentration of a standard solution of malachite green
(MG) was initially diluted to a concentration of 50 mg/L. Batch
adsorption experiments were conducted to investigate the influ-
ence of various factors, including pHpzc (point of zero charges),
temperature, contact time, and initial dye concentration. In
each experimental run, 20 mL of the MG solution was mixed
with 0.02 g of the adsorbent in a glass beaker, and the pHpzc
has adjusted accordingly. The mixture was then subjected to
agitation using a shaker. Subsequently, the final concentration
of MG after adsorption was measured using a UV-Vis spec-
trophotometer at a wavelength of 617 nm. The adsorption
capacity, denoted as the quantity adsorbed per unit mass of
adsorbent (Qt), was determined using the following Equation
1:

Qt =
(C0 − Ct) ×V

m
(1)

Where C0 represents the initial concentration of the MG (mea-
sured in mg/L); Ct corresponds to the concentration of the MG
at any given time during the experiment (measured in mg/L);
V signifies the volume of the MG solution (measured in L);
lastly, m denoted the mass of the MHA1, MHA2, and MHA3
(measured in g).

3. RESULTS AND DISCUSSION

Morphology and chemical elements of MHA1, MHA2, and
MHA3 are shown in Figure 1. Magnetite humic acid has irreg-
ular particles shapes, which means that the magnetite particles
coated with humic acid do not have a consistent or uniform
shape. The irregular particle shape observed in MHA is a result
of various factors involved in the prepare material process and
the interactions between the magnetite particles and the humic
acid coating. It’s worth noting that irregular particle shapes
do not necessarily affect the performance of magnetite humic
acid composites. Irregular shapes can sometimes enhance cer-
tain properties or interactions, such as increased surface area
or improved adsorption capabilities (Zhou et al., 2014) . The
irregular shape can provide more active sites for adsorption.
Meanwhile, the chemical elements of MHA1, MHA2, and
MHA3 show that the Fe element increase with increasing ratio
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Figure 1. SEM-EDX Image of MHA3 (a), MHA2 (b), MHA1 (c)

of magnetite. So, MHA3 have Fe element higher than MHA1
and MHA2.

X-ray diffraction is a technique that provides valuable in-
formation about various aspects of crystalline materials, in-
cluding their chemical composition, crystallographic structure,
phase identification, and unit cell dimensions (Fan et al., 2023) .
In Figure 2, the powder X-ray diffraction pattern of MHA1,
MHA2, and MHA3 is presented. The pattern exhibits promi-
nent peaks at specific 2𝜃 angles, namely 25.64◦, 35.43◦, and
62.91◦. These peaks indicate the respective crystallographic
planes (002), (311), and (440). The measured 2𝜃 angles for
magnetite samples are in good accordance with the values de-
scribed on cards 19-0629 of the JCPDS, which functions as
a reference for known crystallographic data (Prilepskii et al.,
2018) . The crystallographic planes of (002) have a 2𝜃 peak
shift because of changes in the chemical composition (mag-
netite ratio) of the crystal sample.

By measuring the bands of absorption, Fourier transforms

infrared (FTIR) spectroscopy can learn useful details about the
many functional groups. The presence of functional groups of
MHA1, MHA2, and MHA3 was confirmed by FTIR results in
Figure 3. The bands lower than 1000 cm−1 (541, 795, and 909
cm−1) were due to metal-oxygen bonds (Fe-O and Fe-O-Fe)
(Amin et al., 2023; Kotnala et al., 2023; Li et al., 2021). The
presence of peaks at 1026 and 1395 cm−1 was attributed to the
stretching of C-O-C and bending of HCOO− on humic acid
(Wang, Huang, Sheng, and Ma, 2023b) . Two bands at 1603
and 3424 cm−1 were confirmed aromatic rings of the C-C
group and OH stretching vibrations (Khan and Bagla, 2022;
Sun et al., 2023a).

Vibrating sample magnetometer (VSM) measures the str-
ength of magnetization of MHA1, MHA2, and MHA3 as an
effect of magnetic field and temperature. The hysteresis loops
of the MHA1, MHA2, and MHA3 at room temperature are
depicted in Figure 4. The S-shaped magnetic hysteresis loop
of MHA1, MHA2, and MHA3 confirms the materials’ super-
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Table 1. Kinetic Fitting Parameters

Adsorbent
Qeexp PFO PSO

(mg/g) Qecalc (mg/g) k1 (min−1) R2 Qecalc (mg/g) k2 (g/mg.min) R2

MHA1 41.526 16.342 0.023 0.887 42.553 0.004 0.999
MHA2 45.733 15.937 0.026 0.896 46.512 0.005 0.999
MHA3 39.03 13.041 0.019 0.957 40.161 0.003 0.999

Figure 2. X-Ray Diffraction Pattern of MHA1, MHA2, and
MHA3

Figure 3. FTIR of MHA1, MHA2, and MHA3

paramagnetic behavior (Das and Dhar, 2020) . MHA1, MHA2,
and MHA3 exhibit strong magnetic behavior with saturation
magnetization values of 13.829, 15.512, and 20.320 emu/g,
respectively. As the material exhibits superparamagnetic prop-
erties, it can be easily extracted or gathered by another magnet
(Li et al., 2023) .

Figure 4. VSM Graphic

To analyze the adsorption kinetics, the pseudo-first-order
(PFO) and pseudo-second-order (PSO) models were employed.
The Equations 2 and 3 used for these models are as follows:

log(Qe −Qt) = logQe −
(
k1

2.303

)
× t (2)

1
Qt

=
1

k2Q2
t
+ 1
Qe

(3)

In these equations, Qe represents the adsorption capacity at
equilibrium andQt represents the adsorption capacity at time t
(both measured in mg/g); the rate constraints for the PFO and
PSO models are denoted as k1 (in min−1) and k2 (in g/mg.min),
respectively; the variable t represents the adsorption time of
MG (in min).

The experimental adsorption data were fitted with kinetics
and isotherm models to obtain useful knowledge of the ad-
sorption process and behavior (Siraorarnroj et al., 2022) . The
resulting fitting lines of both of the kinetics models are shown
in Figure 5, and the associated variables are specified in Table 1.
Based on the given information, it appears that the PSO model
provides a better fit to experimental data, as indicated by the
higher R2 values compared to the PFO model. The calculated
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Figure 5. Kinetics Parameters of MHA3 (a), MHA2 (b), and MHA1 (c)

Table 2. Isotherm Fitting Parameters

Adsorbent T (◦C)
Langmuir Freundlich

Qmax (mg/g) KL (mg/L) R2 n KF R2

MHA1 30 14.925 1.151 0.999 0.958 1.037 0.976
40 28.571 0.312 0.998 0.933 1.129 0.945
50 45.455 0.198 0.996 0.958 1.462 0.914
60 35.714 0.475 0.999 1.130 2.985 0.956

MHA2 30 81.301 0.067 0.968 2.613 14.618 0.881
40 83.333 0.085 0.988 2.799 17.807 0.921
50 62.500 0.116 0.990 2.484 16.873 0.951
60 71.429 0.123 0.993 2.597 19.333 0.959

MHA3 30 15.385 0.603 0.991 4.606 23.594 0.865
40 19.608 0.544 0.990 4.621 26.080 0.890
50 24.390 0.458 0.992 4.255 26.278 0.924
60 55.556 0.271 0.994 4.617 30.040 0.915

Table 3. Comparison of Malachite Green Adsorption onto Several Adsorbents

Adsorbents Qmax (mg/g) Reference

PANI/CNT 15.45 (Zeng et al., 2013)
Fe3O4/ epoxy-triazinetrione 23.92 (Bakhshi Nejad and Mohammadi, 2020)
Chitosan/ZnO nanoparticles 11 (Muinde et al., 2020)

MWCNT-COOH 11.73 (Rajabi et al., 2016)
CoFe2O4@SiO2 75.50 (Amiri et al., 2017)

Rice husk bio-char 67.6 (Leng et al., 2015)
Peach-AC 73.53 (Qu et al., 2019)

MHA1 45.455 This study
MHA2 83.333 This study
MHA3 55.556 This study

Qe values using the PSO model also tend to be closer to the
experimental values. The PSO indicated a chemical process
and assumed that the rate of adsorption is dependent on the
square of the amount of adsorbate on the surface (Hoang et al.,
2020) .

The equilibrium adsorption isotherms were analyzed using

two models: the Langmuir and Freundlich isotherm models.
These models can be described by Equations 4 and 5, respec-
tively:

Ce
Qe

=
Ce
Qmax

+ 1
QmaxKL

(4)
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Table 4. Thermodynamics of Malachite Green Adsorption in 60 mg/L

Adsorbent
ΔH ΔS ΔG (kJ/mol)

(kJ/mol) (J/K.mol) 30◦C 40◦C 50◦C 60◦C

MHA1 11.301 0.039 -0.455 -0.843 -1.231 -1.619
MHA2 14.389 0.055 -2.353 -2.905 -3.458 -4.010
MHA3 17.457 0.066 -2.436 -3.093 -3.749 -4.406

Figure 6. pHpzc of MHA1, MHA2, and MHA3

logQe = logKF − 1
n
logCe (5)

In the Langmuir model, Ce represents the equilibrium con-
centration of MG (measured in mg/L), whileQe (measured in
mg/g) represents the corresponding equilibrium adsorption
capacity (mg/g);Qmax is the maximum adsorption capacity of
the adsorbent (measured in mg/g); and KL is the Langmuir
constant (measured in L/mg). For the Freundlich model KF is
the Freundlich constant, representing the adsorption capacity,
and n is the Freundlich exponent, indicating the favorability
and intensity of adsorption. By fitting experimental data into
these models, valuable insights into the adsorption behavior of
MG onto adsorbents can be gained. Examining the isotherm
is possibly helpful for determining the adsorption behavior
and maximum capacity for adsorption of MHA1, MHA2, and
MHA. The isotherm curves fit the Langmuir model with a
higher R2 value more closely, indicating that the malachite
green adsorption processes belong to monolayer adsorption
based on Table 2’s results (Jin et al., 2022) . Based on Langmuir
isotherm, theQmax values for MHA1, MHA2, and MHA3 are
45.455, 83.333, and 55.556 mg/g, respectively. Previous stud-
ies about the adsorption of malachite green are shown in Table
3.

The equilibrium adsorption process was investigated in

terms of thermodynamics by employing two important equa-
tions: Equation 6 and 7. Equation 7 relates the natural loga-
rithm of the ratio of the equilibrium adsorption capacity (Qe)
to the equilibrium concentration of malachite green (Ce) with
the thermodynamic parameters:

ln
Qe
Ce

=
ΔS
R

− ΔH
RT

(6)

ΔG◦ = ΔH −TΔS (7)

where Ce is the concentration of malachite green at equilibrium
(measured in mg/L);Qe (mg/g) represents the corresponding
adsorption capacity at equilibrium (measured in mg/g); ΔS
denotes the entropy change associated with the adsorption pro-
cess (measured in J/mol·K. ΔH represents the enthalpy change
(measured in kJ/mol).; R is the ideal gas constant (measured
in J/mol·K);T is the temperature of the system (measured in
Kelvin). In Equation 7, ΔG◦ represents the standard Gibbs
free energy change (measured in kJ/mol). These parameters
provide a deeper understanding of the energetics and potential
MHA to adsorption of malachite green.

The thermodynamic parameters are detailed in Table 4. Ac-
cording to the enthalpy values of 11.301, 14.389, and 17.457
kJ/mol, the adsorption of a malachite green molecule on MHA1,
MHA2, and MHA3 occurs endothermic. Enthalpy’s value is
below 40 kJ/mol, indicating that the mechanism is physisorp-
tion between malachite green and the active site of MHA (Yön-
ten et al., 2020) . The positive value of ΔS suggests that struc-
tural changes in malachite green and MHA are caused by an
increase in randomness at the solid-liquid (Sarkar et al., 2021) .
Negative Gibbs free energy (ΔG) demonstrates that the adsorp-
tion process occurs spontaneously. The increase of ΔG negativ-
ity with temperature suggests that "favorability" increases with
temperature (Ahmed et al., 2021) . Malachite green adsorp-
tion on MHA1, MHA2, and MHA3 occurs by physisorption,
endothermic, and spontaneous.

The value of pH can influence the MHA1, MHA2, and
MHA3 surface charge, the release of chemical groups on the
active adsorbent sites, the ionization degree of chemical con-
taminants, and the composition of the dye (Grover et al., 2022) .
pHpzc of MHA1, MHA2, and MHA3 was obtained at pH 5.82,
4.80, and 4.76, respectively (Figure 6). When the solution pH
is less than pHpzc, the positive charge on the MHA can be
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Figure 7. Proposed Adsorption Mechanism of Malachite Green onto MHA1, MHA2, and MHA3

Figure 8. Regeneration Cycles of MHA2

predominate. Meanwhile, When the solution pH is greater
than pHpzc, the negative charge dominates the MHA (Ah-
mad et al., 2023a) . In this investigation, the malachite green
adsorption process was conducted in pHpzc. Hope, the ph-
ysisorption from the adsorbent can be maximal to remove the
dye. Although malachite green and MHA may interact via
𝜋-𝜋 interaction, electrostatic attraction, van der Waals forces,
H-bonding, pore filling, pore locking, and/or mechanical adhe-
sion. Figure 7 illustrates the proposed mechanism of malachite
green’s adsorption onto MHA1, MHA2, and MHA3.

The regeneration of used adsorbents is an essential concern
from an economic and environmental standpoint (Tang et al.,
2023) . After adsorption, the used MHA was washed with water
and desorbed for 15 min using an ultrasonic device. This
study tests this property using 50 mg/L of malachite green
for MHA2. MHA2 was selected due to its high absorption
capacity. Malachite green’s adsorption characteristics change
significantly after up to four cycles (Figure 8). The malachite
green rejection efficiency could remain at 16.67%. This result

revealed that MHA2 may have additional applications in the
treatment of malachite green pollutants.

4. CONCLUSION

In this study, various ratios of magnetite humic acid (MHA)
were synthesized for the adsorption of malachite green. Vali-
dation of the successful material of the components was con-
ducted using SEM, XRD, FTIR, and VSM. The highest mala-
chite green adsorption capacities for MHA2 were 83.333 mg/g.
The highest adsorption capacity (Qmax) confirmed MHA’s ca-
pacity to adsorb malachite green. Although electrostatic attrac-
tion, H-bonding, 𝜋-𝜋 interaction, van der Waals forces, pore
filling, pore locking, and/or mechanical adhesion are possible
interactions between malachite green and MHA, physisorption
dominates the adsorption process. Malachite green and MHA
may interact via 𝜋-𝜋 interaction, electrostatic attraction, van
der Waals forces, H-bonding, pore filling, pore locking, and/or
mechanical adhesion; however, physisorption dominates the
adsorption process. From the reusability investigation, it can
be concluded that MHA can be reused multiple times for the
malachite green adsorption.
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