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Abstract: Adsorption is a popular technique and has been investigated with many different ma-
terials for removing synthetic dyes from textile wastewater. This study compares the methylene
blue (MB) adsorption capabilities of surface-modified superparamagnetic iron oxide nanoparti-
cles, (SPION) using polyvinyl alcohol (PVA) and chitosan (CS), combined with two carbon materi-
als, activated carbon (AC) and graphite (GR), respectively. After 9 days, depending on the initial
MB loading concentration (0.015 mg/mL, 0.02 mg/mL, and 0.025 mg/mL), the MB adsorption
capacities onto SPION/PVA/CS/AC and SPION/PVA/CS/GR were 7.6 ± 0.2–22.4 ± 0.05 and
6.9 ± 0.02–22.4 ± 0.05 mg/g, respectively. The cumulative release percentages of SPION/PVA/
CS/AC and SPION/PVA/CS/GR after 30 days were 63.24 ± 8.77%–22.10 ± 2.59% and
91.29 ± 12.35%–24.42 ± 1.40%, respectively. Additionally, both SPION/PVA/CS/AC and
SPION/PVA/CS/GR can both fit the Freundlich isotherm model. The adsorption and desorp-
tion kinetics can be fitted to the pseudo-second-order linear and zeroth-order models, respec-
tively. At 0.020 mg/mL MB initial loading, out of SPION/PVA/CS/AC, SPION/PVA/CS/GR,
and SPION/PVA/CS/GO, SPION/PVA/CS/AC is the most economical adsorbent. Compared to
SPION/PVA/AC, SPION/PVA/CS/AC is less economical. Since CS has antimicrobial properties,
antimicrobial activities should be investigated to conclude which adsorbent is more promising:
SPION/PVA/AC or SPION/PVA/CS/AC.

Keywords: adsorption; iron oxide nanoparticles; nanocomposites; isotherm; kinetics; carbon

1. Introduction

Water contamination is a significant issue on a worldwide scale. Among them, eutroph-
ication of waterbodies and falling-off in water quality are two environmental challenges
associated with wastewater discharge. Synthetic dyes, which are produced globally in
quantities of 7 × 107 tons annually, are one of the leading causes of water pollution globally
each year due to their non-biodegradable properties [1]. An average of 20% of the synthetic
textile dyes used each year are lost during production and processing, and these dyes end
up in the environment as a result of effluents from the treatment of leftover industrial
water [2]. These textile dyes have various types, such as acid, basic, azo, direct, disperse,
reactive, sulfur, and vat [2]. Textile dyes, especially methylene blue (MB), greatly reduce
the prerequisite for biochemical and chemical oxygen, the impairment of photosynthesis,
the suppression of plant development, access to the food chain, recalcitrance and bioaccu-
mulation, and their vulnerability to poisoning, mutagenicity, and malignancy [3,4]. One of
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the ways to prevent the amount of dye molecules lost to effluents is a synthetic dye made
to ensure that they are all bonded to the fiber [5].

There are several approaches to treating dye effluents, including adsorption, ion ex-
change, flocculation, decantation, advanced oxidation processes, biodegradation, chemical
precipitation, and other processes [6]. Among all of these techniques, adsorption has gained
popularity for being an attractive option since, depending on the system, it is efficient,
cost-effective, and simple to handle materials [7]. Sorption comes in two different varieties.
Physical sorption, which is reversible in nature and has low enthalpy values, is the term
used to describe the sorption phenomena when weak van der Waals forces dominate. In
contrast, when a sorbate and sorbent molecule form chemical bonds, this sorption process
is called chemisorption [2]. One study shows that the mechanism of adsorption on the
adsorbent during removal involves the following four steps: (1) Progressive transport:
moving solute from bulk solution to immobilized membrane by forward or axial disper-
sion or diffusion. (2) Membrane transfer: osmosis and cohesion of solute particles in a
fixed aqueous film. (3) Mass transfer: the binding of solute particles to the surface of the
adsorbent extra. And finally, (4) intraparticle diffusion: movement of the solute into the
adsorbent and intraparticle diffusion holes [8,9].

Out of all of these MB treatments, adsorption is the most common technique. To absorb
MB, nanotechnology was recently implemented. To ease the recovery of the adsorption
process, magnetic properties were used to modify the adsorbents [10]. To obtain magnetic
properties, superparamagnetic iron oxide nanoparticles (SPION) can be utilized. In short,
superparamagnetism is the phenomenon that nanoparticle magnetism may randomly
reverse direction under the effect of temperature if their size is small enough and the mea-
surement time for the nanoparticles’ magnetization is substantially longer than the Neel
relaxation time when no external field is present [11]. These nanocarriers are successfully
removed from the human body through the iron metabolism pathway and are non-toxic,
biodegradable, and biocompatible [12]. Out of all iron oxide nanoparticles (IONPs), in-
cluding magnetic (SPION or Fe3O4), maghemite (γ−Fe2O3), and hematite (α−Fe2O3), only
SPION exhibits superparamagnetism at the nanoscale [12–15]. Superparamagnetic NPs can
be applied to various fields by modifying the surface with various materials [11]. To avoid
aggregation and stabilize the NPs, SPION can be coated with a layer of organic compounds
(i.e., acids, polysaccharides, or polymers) [16]. Nevertheless, several investigations have
demonstrated that some undesired SPION aggregates may have lower stability, biocompat-
ibility, and effectiveness. As a result, the use of SPION in conjunction with other stabilizing
tools, such as carbon compounds, has been researched [6,10,17–31].

Specifically, to enhance the adsorption capacities, SPION is usually modified with
carbon-based materials. To remove MB from wastewater, SPION has various mate-
rial combinations. Without any modifications, SPION has an adsorption capacity of
45.43 mg/mL at pH = 12 and T = 298 K [20]. By changing to pH = 7 and adding poly-
mer and GO, the adsorption of SPION/PVA/CS/GO decreased slightly, to approximately
37 mg/mL [6]. In addition, there were some positive results with some of the products,
such as the combination product SPION@Carbon sheets, which increased to 95 mg/g at
very high temperatures, such as 400 ◦C, or SPION/EG modeled by Redlich–Peterson and
PSO, which exhibited an adsorption value of 75 mg/mL compared to pure SPION [21–24].
SPION@C using bergamia orange gave good results, with an adsorption of 141.3 mg/g [32].
SPION/GO had the highest ratio with 280.26 mg/g [25]. Since then, a number of material
combinations with SPION to improve and enhance some features as well as save costs have
also been implemented. From there, they are compared in all aspects and can be easily
applied in many fields.

As MB adsorbents in wastewater treatment, carbon-based materials should be inex-
pensive and abundant. Additionally, the synthesis process should be facile. Hence, out of
all of these carbon-based materials, two candidates stand out the most in terms of low cost,
high adsorption capacities, and easy synthesis: activated carbon (AC) and graphite (GR).
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In a variety of chemical and physical processes, the adsorption capacity of activated
carbon has been discovered to prevail over that of other materials for the removal of dyes
from aqueous solutions in terms of methodology, the ability to effectively adsorb a variety
of different types of adsorbates, and the cost-effective adsorbent design [33]. In situations
where particular hydraulic considerations must be made, they are advised for the general
removal of organic molecules from water. In order to use activated carbons in their most
common applications, sorbents with a lot of extremely small holes are needed [34]. The
quantity of adsorbed material on the macropore surface is small compared to that for
the micropores, which means that the existence of micropores significantly impacts their
sorption characteristics [35]. Therefore, in adsorption technologies, one of the most critical
steps is to characterize the activated carbons [35]. Due to its enormous surface area, high
level of surface reactivity, and widespread availability of material, activated carbon has
received a lot of support as a very effective adsorbent in wastewater treatment [36]. Both
organic and inorganic chemicals that are pollutant adsorption are subject to their utilization.
Activated carbon may be made from a variety of agricultural byproducts and wastes,
including bamboo, wood, coconut shells, and rice husks [36].

On the other hand, graphite has a large surface area and is also a low-cost and plenti-
ful material, making it an appealing alternative for water treatment applications [37–41].
Graphite is also the most stable carbon, which consists of graphene layers [42,43]. Within
each layer, the layer can produce weak van der Waals interactions because the delocalized
pi-orbital links the metallic and covalent bonding [42,43]. Hence, by inserting atoms or
molecules between the graphene layers, the adsorption process can be improved drasti-
cally [42,43]. Hence, modifying SPION with graphite is necessary to improve the adsorption
process of synthetic dyes from the textile wastewater industry, especially methylene blue,
which can cause mutation, cancer, and dermal disease [44–46].

In addition to carbon-based materials, polymers can be introduced into the adsorbents.
The benefits of introducing polymers include a potential reduction in agglomeration and
several other surface-related issues. Additionally, a good polymer mix can considerably
enhance SPION’s characteristics [47–49]. Hence, out of all of these polymers, chitosan (CS)
and polyvinyl alcohol (PVA) were used in the composite.

Extracted from cretaceous shells, chitosan is a non-toxic and biodegradable poly-
mer [50,51]. Additionally, many researchers have found antimicrobial activities of CS
against Helicobacter pylori, Staphylococcus aureus, and Escherichia coli [52,53]. Hence, CS
is regarded as a material that is ecologically benign and biocompatible, helps to lower
production costs, and works well as an adsorbent for the treatment of waste and water. As a
highly selective natural adsorbent with several functional groups, including amine (−NH2)
and hydroxyl (−OH) groups, it possesses sufficient active sites to collect contaminants and
strong chelating properties. Because the polymer matrix contains amine groups, it can
interact with contaminating ions in a solution through ion exchange or other complexation
events [51]. At low pH, chitosan can adsorb heavy metals (i.e., Cu2+, Cd2+, Pb2+, and
Cr6+) and dyes [54]. Chitosan also forms gels under acidic conditions (pH < 5.5), making
the hydroxyl and amine groups inaccessible to the metal bond [54]. In order to enhance
chemical stability in acidic environments, components should be added. Research was
conducted on the use of chitosan and Fe3O4 to remediate the chromium in wastewater.
The chromium removal effectiveness of the chitosan–magnetite nanocomposite reached
92.33% in the presence of magnetite nanoparticles, as opposed to roughly 29.4% for CS
alone. The obvious outcome of combining CS with SPION may have promise for wastew-
ater treatment, as one may infer [55]. In addition, chitosan has been demonstrated to
possess antibacterial properties against a number of bacterial species. Chitosan’s antibacte-
rial action is influenced by a number of variables, such as the molecular weight, level of
deacetylation, concentration, and the particular bacterial species that it is most effective
against. Higher molecular weight and deacetylation levels in chitosan have been proven in
studies to have stronger antibacterial activity. Additionally, chitosan’s antibacterial action
can be improved by boosting the concentration. Chitosan’s positively charged glucosamine
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groups interact with the negatively charged bacterial or fungal cell membranes to cause
internal components to flow out, which is how it exerts its antibacterial effect [52,56–58].
Although chitosan has been demonstrated to have antibacterial action, it is important to
note that it may or may not be useful in eliminating particular compounds from wastewater,
such as methylene blue. Chitosan’s capacity to remove methylene blue or kill bacteria in
wastewater is influenced by a number of variables, including the chitosan content, contact
duration, pH, and the unique properties of the wastewater [59].

On the other hand, polyvinyl alcohol (PVA) is a hydrophilic, inexpensive, water-
soluble, non-toxic, and biodegradable polymer [60,61]. As a linear polymer, polyvinyl
alcohol (PVA) can be cross-linked using various methods, such as irradiation, thermal
cycling, and chemical agents like glutaraldehyde, which can increase its mechanical strength
and stability in aqueous environments [62–65]. PVA can be strengthened by CS by means
of adding more active sites through the hydrogen bonds it forms with the amine groups.
The high water adsorption, which is viewed as a drawback when employing PVA as a
membrane or composite, is, however, caused by the presence of the hydroxyl group in the
structure. Several researchers have sought to use adjuvants to optimize membrane usage
in order to decrease the solubility of PVA [66]. PVA is added to the chitosan structure to
enhance the chemical stability in the acidic environment of the compound. In addition,
PVA and CS work well together to create a polymer that has enhanced mechanical qualities,
antibacterial activity, and moisture retention, making it a potential material for wound
healing applications [67]. PVA/CS blended films have been demonstrated to successfully
remove MB and inhibit bacteria in wastewater in the context of wastewater treatment.
In comparison to pure CS, it was discovered that mixing PVA with CS in any amount
greatly increased the swelling of the resulting films. Additionally, CS can gain additional
desired features when combined with PVA, such as enhanced mechanical properties,
biocompatibility, and biodegradability. This is mostly due to the ease with which a wide
range of synthetic and natural polymers may be combined, the abundance of possibilities
available, and the fact that it is effective in practical applications [68,69].

The novelty of this work is to determine the inexpensive, easy-to-recover, efficient,
and easy-to-synthesize adsorption capabilities of SPION-based adsorbents. In this work,
the simplicity of the synthesis method can be seen via the reaction conditions (i.e., room
temperature and pressure) and abundant materials (i.e., ferrous salt, ferric salt, activated
carbon, and graphite). The synthesis was simply mixing, stirring, and drying. Hence,
the current work evaluates the potential for MB adsorption and desorption onto SPION-
based composites employing polymer blends and carbon-based materials. Therefore, the
SPION/PVA/CS/AC and SPION/PVA/CS/GR were synthesized, and the MB adsorp-
tion/desorption capabilities were investigated and compared to the SPION/PVA/CS/GO,
SPION/PVA/GR, and SPION/PVA/AC, which were previously published [6,17,31].

2. Materials and Methods
2.1. Materials

All the materials were purchased within the same batch and from sources similar
to previous publications [6,31]. Additionally, activated carbon (AC) was purchased from
Shanghai Zhanyun Chemical Co., Ltd. (Shanghai, China). As received, all chemicals were
used without any further purification.

The synthesis of superparamagnetic iron oxide nanoparticles (SPION): similar to
published research, using a co-precipitation method without any modifications, SPION
was synthesized [6,48,70,71].

The synthesis of SPION/PVA/CS/AC and SPION/PVA/CS/GR: First, PVA/CS
were synthesized similarly to the literature [6]. Then, SPION and AC or SPION and GR
were introduced with the same mass, same mass ratio, and same techniques as in the
literature [6].
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2.2. Characterization

Similar to previous publications, the successful creation of the SPION/PVA/CS/AC
and SPION/PVA/CS/GR materials was characterized using Fourier transform infrared
spectroscopy (FTIR, Bruker Sensor 27, Ettlingen, Germany), field emission scanning electron
microscopy (FE-SEM, Hitachi SU8000, Tokyo, Japan), a vibrating sample magnetometer
(VSM), the Barrett–Joyner–Halenda (BJH) method, and X-ray diffraction (XRD) [6,31].

2.3. Determining the Adsorption and Desorption Capacity of Methylene Blue on
SPION/PVA/CS/AC and SPION/PVA/CS/GR

Similar to previous publications, the adsorption and desorption capacities of MB onto
the adsorbents (SPION/PVA/CS/AC and SPION/PVA/CS/GR) were carried out three
times [6].

2.4. Determining the Adsorption Kinetics, Adsorption Isotherm, and Desorption Kinetics

From the adsorption experiments, adsorption capacities (Qt), loading capacity (%LC),
entrapment efficiency (%EE), adsorption kinetics (pseudo-first order linear/non-linear,
pseudo-second order linear/non-linear, simplified Elovich), intraparticle diffusion, and
adsorption isotherms (Langmuir and Freundlich) were calculated. The desorption experi-
ments can be used to illustrate the desorption kinetics (Korsmeyer–Peppas, Higuchi, and
zeroth order). These mentioned parameters and various others can be calculated using
equations that were published previously [6,31,72].

3. Results and Discussion
3.1. Characterization of SPION/PVA/CS/AC and SPION/PVA/CS/GR
3.1.1. FE-SEM Analysis

FE-SEM (Hitachi SU8000, Tokyo, Japan) was used to characterize the IONPs, as shown
in Figure 1.
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Figure 1. (a) FE-SEM image of IONPs in 200 nm. (b) The normal size distribution of IONPs.

As shown in Figure 1, the morphology of the synthesized adsorbents can be observed.
The agglomeration was evident, similarly to a prior study. As shown in Figure 1b, similar
to previous publications, the average size of IONPs was 14.4 ± 4.8 nm [6,48,70,71]. After
the synthesis of IONPs, PVA/CS and AC or GR were introduced, and the adsorbents were
also characterized using FE-SEM, as shown in Figure 2.
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Figure 2. FE-SEM images of SPION/PVA/CS/AC (A) 500 nm and (B) 1 µm; SPION/PVA/CS/GR
(C) 500 nm and (D) 1 µm.

Figure 2A,C indicate that SPION has been aggregated, but there is no appearance of
polymer. The possibility could be SPION-coated PVA/CS, so further confirmation by XRD
and FTIR is needed. However, the sheets found could be either AC or GR, as it is difficult
to distinguish by observation alone, so they need to be characterized by FTIR and XRD.

3.1.2. XRD Analysis

To determine the classification of IONPs in the samples, XRD was used to determine
the crystal structure as well as the crystallite size of the materials. According to the results
shown in Figure 3, the peaks appeared at 2θ positions of 30.22◦, 35.58◦, 43.22◦, 53.68◦,
57.27◦, and 62.85◦, which are denoted as being correlated with the magnetite (based on the
corresponding hkl indices), similar to previous publications [6,17,31]. It can be concluded
that the IONPs presented in the materials were SPION, and the mixture of materials with
SPION can be proved to be a successful blend according to the similar peaks shown in the
diffractograms.
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3.1.3. FTIR Analysis

The functional groups presented in nanoparticles and the structure of the adsorbents
were determined by FTIR using the same method as in previous publications [6,17,31]. The
two samples of SPION/PVA/CS/AC and SPION/PVA/CS/GR were analyzed by FTIR
analysis, and the results are shown in Figure 4 and Table 1.
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Figure 4. FTIR spectra of SPION, PVA, CS, AC, GR, SPION/PVA/CS/AC, and SPION/PVA/CS/GR.

As shown in Figure 4 and Table 1, the peaks of SPION, PVA, CS, AC, and GR were
obtained by FTIR analysis. The intensity of O−H stretching vibration was noticeably high
due to the low concentration of the diluted sample in water. However, distinguishing
characteristics can be noticed among the components. For example, the vibration Fe−O of
SPION, C–H wagging and O−H bending modes of PVA, C−N stretching and C−H bond
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in the pyranose ring of CS, C=C stretching in the aromatic ring of AC, and C−O stretching
of the alkoxy group of GR.

Table 1. FTIR analysis of SPION, PVA, CS, AC, GR, SPION/PVA/CS/AC, and SPION/PVA/CS/GR.

Materials Peaks (cm−1) Functional Group Ref.

SPION

3419 O−H symmetric stretching [73,74]

1629 Carbonyl C=O stretching band [73,74]

587 Vibration Fe−O [73–75]

447 Vibration Fe−O [75,76]

PVA

3397 O−H symmetric stretching [77,78]

2944 CH2 asymmetric stretching [78–80]

1736 C=O stretching band [79–81]

1657 O−H bending mode of OH groups [80,82,83]

1440 CH2 bending [78–80,82]

1330 CH wagging [80]

1266 C−O−C stretching [84]

1145 C−O stretching [78,80,82,85]

1098 C−O stretching [78,80,82,85]

947 CH2 rocking [80]

853 C−C stretching [80,82]

CS

3425 O−H symmetric stretching and
−NH symmetrical vibration [78,86]

2923 C−H symmetric stretching [86–88]

1650 C=O stretching of amide I [86–89]

1423 C−H bending [88]

1382 CH2 in CH2OH group [90]

1323 C−N stretching of amide III [86]

1262 C−H bond in the pyranose ring [90]

1157 C−O−C asymmetric stretching
Saccharide structure of chitosan [86,88,91]

1077 C−O stretching [78,88,92]

1030 C−O stretching [86,88]

897 Saccharide structure of chitosan [78,91]

AC

3390 O−H stretching vibration [93,94]

2920 C−H stretching vibration [94]

2855 C−H stretching vibration [94]

1593 C=C stretching vibration in aromatic rings [95]

1396 C−H stretching vibration
C−O−H bending vibration [93]

1166 C−O−H stretching vibration [95]

807 C−C stretching vibration [95]
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Table 1. Cont.

Materials Peaks (cm−1) Functional Group Ref.

GR

3422 O−H stretching vibration [96–98]

2919 CH2 asymmetric stretching [96]

2856 CH2 symmetric stretching [96]

1632 C=C stretching vibration [96,98]

1165 C−O stretching vibration [99]

1116 C−O stretching vibration [99]

1065 C−O stretching of alkoxy group [96,98]

SPION/
PVA/CS/

AC

3414 O−H stretching vibration This research

2923 CH2 asymmetric vibration
C−H symmetric stretching This research

1614 C=O stretching band
O−H bending mode of OH groups This research

1384
C−H stretching vibration

C−O−H bending vibration
CH2 in CH2OH group

This research

1248 C−O−C stretching
C−H bond in the pyranose ring This research

1160

C−O stretching
C−O−C asymmetric stretching
Saccharide structure of chitosan

C−O−H stretching vibration

This research

1064 C−O stretching This research

569 Vibration Fe−O This research

SPION/
PVA/CS/

GR

3434 O−H stretching vibration This research

2924 CH2 asymmetric vibration
C−H symmetric stretching This research

2860 CH2 symmetric stretching This research

1629 C=O stretching band
C=C stretching vibration This research

1395 CH2 in CH2OH group
CH wagging This research

1162
C−O−C asymmetric stretching
Saccharide structure of chitosan

C−O stretching vibration
This research

1115 C−O stretching vibration This research

1058 C−O stretching of alkoxy group
C−O stretching This research

565 Vibration Fe−O This research

Figure 4 and Table 1 show that the spectra of SPION displayed peaks at approximately
3419 and 1629 cm−1, which are related to the O−H symmetric stretching and C=O stretching
bands of the carbonyl group accordingly. It is believed that there was Fe−O vibration at
587 and 447 cm−1.

The given spectra of PVA gave the band of adsorption as follows: O–H symmetric
stretching at 3397 cm−1, CH2 asymmetric stretching at 2944 cm−1, C=O stretching and
O–H bending modes at 1736 and 1657 cm−1, respectively, CH2 bending at 1440 cm−1, C−H
wagging at 1330 cm−1, and C−O−C stretching at 1266 cm−1. Moreover, C−O stretching
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vibration was also found at 1145 and 1098 cm−1, while CH2 rocking and C−C stretching
can be seen at 947 cm−1 and 853 cm−1, respectively.

According to the FTIR spectrum of CS, it can be observed that there was a noticeable
peak at 3425 cm−1, which corresponds to O−H symmetric stretching and –NH symmetric
vibration. It appears that the other peaks were assigned to C−H symmetric stretching at
2923 cm−1, C=O stretching of amide I at 1650 cm−1, C−H bending at 1423 cm−1, CH2 in
the CH2OH group at 1382 cm−1, and C−N stretching of amide III and the C−H bond in
the pyranose ring at 1323 and 1262 cm−1, respectively. The peak at 1157 cm−1 is expected
to be the C−O−C asymmetric stretching and saccharide structure of chitosan, both at
1157 and 897 cm−1. C−O stretching is also found at 1077 and 1030 cm−1.

The band of adsorption that is related to AC and gives the vibrations at different
wavelengths can be identified, such as O−H symmetric stretching at 3390 cm−1, C−H
stretching at 2920 and 2855 cm−1, C=C stretching of aromatic rings at 1593 cm−1, C−H
stretching and C−O−H bending at 1396 cm−1, C−O−H stretching at 1166 cm−1, and C−C
stretching at 807 cm−1.

The vibrational spectrum of GR gives the appearance of distinguished peaks, Firstly,
the O−H stretching band can be observed at 3422 cm−1, while CH2 asymmetric and
symmetric stretching were assigned at 2919 and 2856 cm−1, respectively. C=C stretching
vibration is seen at peak 1632 cm−1. C−O stretching vibration can be observed at both
1165 and 1116 cm−1 vibrational peaks. Lastly, the C−O stretching of the alkoxy group is
found at a wavelength of 1065 cm−1.

The FTIR spectra of both samples, SPION/PVA/CS/AC and SPION/PVA/CS/GR,
are summarized in Figure 4 and Table 1, with the presence of peaks that are denoted to be
the same as the components. To be more specific, with SPION/PVA/CS/AC, the O−H
stretching vibration can be found at 3414 cm−1, which is the same group in SPION, PVA, CS,
and AC. The noticeable peak at 2923 cm−1 is assigned to CH2 asymmetric and symmetric
vibrations as PVA, CS, and AC. The peak at 1614 cm−1 showed the C=O stretching band of
SPION or the O–H bending mode of PVA. At 1384 cm−1, C−H stretching and C−O−H
bending were the same as AC, while CH2 stretching of the CH2OH group is believed to be
similar to CS. C−O−C stretching and C−H in the pyranose of CS can be found at the peak
of 1248 cm−1. Next, the peak at 1160 cm−1 gives the characteristic C−O stretching of PVA,
C−O−C asymmetrical vibration of CS, and C−O−H stretching of AC. The distinguished
characteristic of SPION is also found at the peak of 569 cm−1, which is presented as the
vibration of Fe−O.

Similarly, with the sample of SPION/PVA/CS/GR, the outstanding peak of O−H
stretching was found at 3434 cm−1, which can also be found in other components. CH2
asymmetric and C−H symmetric stretching are found at 2924 cm−1, as were the peaks in
the spectra of PVA, CS, and GR. CH2 symmetry is presented by the peak at 2860 cm−1, as
in the GR spectrum. The peak at 1629 cm−1 shows the appearance of the C=O stretching
band (CS) and C=C stretching vibration (GR), while CH2 of the CH2OH group in CS and
C−H wagging in PVA can also be observed at 1395 cm−1. C−O−C asymmetric stretching
of the CS structure and C−O stretching of GR can be noticed at 1162 cm−1. Furthermore,
the vibration of Fe−O, which is remarkable in SPION, can be found at the peak of 565 cm−1

in the spectrum.
To sum up, the FTIR analysis gives proof that both of the samples were successfully

blended and synthesized with each of the components.

3.1.4. VSM Analysis

The magnetic characteristics of SPION, SPION/PVA/CS/AC, and SPION/PVA/CS/GR
were carried out by VSM analysis at room temperature, which can be obtained by the
S-shaped curves among the magnetic field without coercivity of remanence. As a result, in
Figure 5, VSM analysis proves that the IONPs were superparamagnetic [100].

The maximum saturation magnetization (Ms) for the three samples, SPION,
SPION/PVA/CS/GR, and SPION/PVA/CS/AC, were found to be 66.29 Ms, 12.96 Ms, and
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7.25 Ms, respectively. The decrease in magnetization could be explained by the layers of
polymers covering the SPION that lead to the shell coating of polymers [101].
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Figure 5. Magnetization properties of SPION, SPION/PVA/CS/AC, and SPION/PVA/CS/GR
using VSM.

According to the previous studies [102,103], SPION’s result matched the figure of the
superparamagnetism graph and the range of Ms given in Figure 5. This could conclude
that the SPION in this study was successfully synthesized. Moreover, it could be seen that
adding polymers could lower the magnetization of the magnetic material; however, it was
still in the paramagnetic range.

3.1.5. BJH Analysis

As shown in Figure 6, the adsorption-desorption isotherm illustrates the increase in
the volume of adsorbate uptake of the two materials.
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According to Figure 6, for SPION/PVA/CS/GR, the BJH result yields the type III
isotherm, indicating the materials have a low adsorption capacity [104]. On the other hand,
the mesoporous structure of SPION/PVA/CS/AC was indicated as type IV isotherm, which
indicates that the material has a pore size between 2 nm and 50 nm [104]. In addition, the
type IV isotherm shows that the maximum amount of adsorption occurs before saturation
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pressure and a hysteresis loop is related to the existence of intermediate porosity [104,105].
The pore diameter and volume of the two materials are summarized in Table 2 as follows:

Table 2. BJH and BET analysis of SPION/PVA/CS/AC and SPION/PVA/CS/GR.

SPION/PVA/CS/AC SPION/PVA/CS/GR

Surface area (m2/g) 563.891 8.059
Pore diameter (Å) 9.719 27.516

Pore volume (cm3/g) 0.251 0.017

As shown in Table 2, the surface areas of SPION/PVA/CS/AC and SPION/PVA/CS/GR
are measured to be 563.891 and 8.059 m2/g, respectively, using BJH and BET analysis.
Comparing these surface areas, SPION/PVA/CS/AC has a surface area 69.97% greater
than SPION/VA/CS/GR. Another factor is that the pore volume of SPION/PVA/CS/AC
is 0.251 cm3/g, while SPION/PVA/CS/GR’s pore has a volume of 0.017 cm3/g. This
shows that SPION/PVA/CS/AC is 14.76% greater than SPION/PVA/CS/GR. Lastly, the
mean diameter of both materials is also measured to be 9.719 Å of SPION/PVA/CS/AC
and 27.516 Å of SPION/PVA/CS/GR. This indicates that SPION/PVA/CS/GR is 2.83%
smaller than SPION/PVA/CS/AC.

3.2. Adsorption

Similar to previous publications, using UV-VIS spectroscopy, Qt, %LC, and %EE were
evaluated, as shown in Table 3 [6,17,31].

Table 3. The Qt, %LC, and %EE of SPION/PVA/CS/AC and SPION/PVA/CS/GR adsorbing
methylene blue after 310 h.

Material Initial MB
Concentration (mg/mL) Qt (mg/g) %LC (%) %EE (%)

SPION/PVA/CS/AC

0.015 7.6 ± 0.2 0.76 ± 0.02 30.3 ± 0.7

0.02 14.9 ± 0.1 1.5 ± 0.01 44.8 ± 0.4

0.025 22.4 ± 0.05 2.2 ± 0.005 53.7 ± 0.1

SPION/PVA/CS/GR

0.015 6.9 ± 0.02 0.69 ± 0.002 27.7 ± 0.09

0.02 14.5 ± 0.01 1.45 ± 0.001 43.4 ± 0.03

0.025 22.2 ± 0.004 2.22 ± 0.0004 53.3 ± 0.009

As shown in Table 3 and Figure 7a, the adsorption capacity of SPION/PVA/CS/AC
after 310 h was 7.6± 0.2 mg/g, 14.9± 0.1 mg/g, and 22.4± 0.05 mg/g at MB concentrations
of 0.015 mg/mL, 0.02 mg/mL, and 0.025 mg/mL, respectively.

Additionally, as shown in Figure 7c, the entrapment efficiency of the MB that was
adsorbed with SPION/PVA/CS/AC was 30.28%, 44.82%, and 53.70% in different concen-
trations of MB 0.015, 0.02, and 0.025 mg/mL, respectively, after 310 h at room temperature.

Compared to SPION/PVA/CS/GR, as shown in Figure 8, the MB trapping efficiency
at three different concentrations (0.015 mg/mL, 0.02 mg/mL, and 0.025 mg/mL) was
27.66%, 43.36%, and 53.30%, respectively. After 310 h of adsorption, it can be seen that the
two carbon materials’ trapping efficiencies were similar (about 2.62% at a concentration
of 0.015 mg/mL), and the difference between the two concentrations was quite noticeable
(about 15%), while the difference between 0.02 and 0.025 was about 9%.

According to the obtained result, it can be concluded that the concentration has a
noticeable effect of on adsorption capacity. It is shown that the higher initial MB concentra-
tion along with more abundant free adsorption sites are approachable, which leads to a
dramatic increase in adsorption capacity until reaching equilibrium state [106].
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From Table 3 and Figure 7, the highest adsorption capacities occurred at a MB concentra-
tion of 0.025 mg/mL. At this concentration, SPION/PVA/CS/AC and SPION/PVA/CS/GR
were similar to each other (53.7± 0.1 mg/g and 53.3± 0.009 mg/g, respectively). As shown
in Figure 8, after 143 h of adsorption, it can be observed that the adsorption amount of MB
was nearly reaching equilibrium at 6.991, 14.654, and 22.266 mg/g in three concentrations,
respectively. After 310 h, the loading capacities of the three concentrations were accordingly
7.6, 14.9, and 22.4 mg/g, which can be considered to be slowly increasing with the longer
time span.

As shown in Figure 8, the growth of %EE is very slight among the three concentrations.
To be more specific, the %EE for concentrations of 0.02 and 0.025 mg/mL increased by
approximately 0.01% from 115 h to 191 h and from 264 h to 310 h, while with 0.015 mg/mL,
the %EE was unchanged from 115 to 191 h; however, there was a hardly noticeable increase
in the %EE of the next time span, which was calculated to be only 0.02%.

According to Figure 8, it is clear that with SPION/PVA/CS/GR, the concentration
affected the loading capacity of MB, which at first increased slightly, then reached equilib-
rium until, 310 h later, desorption occurred, which led to a decrease in loading capacity
and entrapment efficiency.

After 96 h of adsorption, the increase in loading capacity of all three concentrations
was about 0.8%, while with the longer experimental time, this growth was more stable
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among these concentrations. The highest loading capacities were obtained after 284 h,
which were calculated as 0.697%, 1.448%, and 2.223% at the concentrations of 0.015, 0.02,
and 0.025 mg/mL, respectively. Subsequently, it appears that there was a decrease in the
loading capacity with a time of 310 h. It can be explained that after reaching the equilibrium
state from 116 to 284 h, the materials start to cause desorption, releasing MB.

The same pattern can be observed with entrapment efficiency, which is provided in
Figure 8, with the maximum of %EE obtained after 265 h. Specifically, the %EE of each
concentration was 27.949%, 43.543%, and 53.393%, respectively. The further experimental
time span led to a drop in %EE after the adsorption had reached equilibrium.

By using pseudo-first-order, pseudo-second-order, and simplified Elovich kinetic
models with different initial concentrations of MB, the rate of adsorption as well as the
loading amount at equilibrium were calculated as shown below.

From Tables 4 and 5, the linear pseudo-second order can be considered to be the
best-fit model of both SPION/PVA/CS/AC and SPION/PVA/CS/GR for adsorbing MB
at three initial concentrations of 0.015, 0.020, and 0.025 mg/mL. This is due to the high R2

values compared to the high χ2 in pseudo-first order non-linear and pseudo-second order
non-linear and low R2 values of simplified Elovich, as shown in Figure 9.

Table 4. Kinetic models of SPION/PVA/CS/AC adsorbing methylene blue after 310 h.

Initial MB Concentration (mg/mL)

0.015 0.020 0.025

Pseudo-first
order non-linear

Qe
mg MB (g particles)−1 13.3 22.3 29.01

k1
(g mg−1 day−1) 1 1 1

χ2 27.2 24.1 14.5

Pseudo-second
order non-linear

Qe
mg MB (g particles)−1 13.3 22.3 29.01

k2
(g mg−1 day−1) 171.8 56.2 915.9

χ2 27.2 24.1 14.5

Pseudo-second
order linear

Qe
mg MB (g particles)−1 22.5 15.1 7.8

k2
(g mg−1 day−1) 0.6 0.3 0.2

R2 0.999 0.999 0.996

Simplified
Elovich

α

(mg/(g day)) 2425.46 116,289.7 419,458.8

β

(mg/g) 2.277 1.354 0.950

R2 0.452 0.325 0.292

In accordance with pseudo-second-order kinetic models for both materials, the ad-
sorption process can be concluded to be chemisorption, in which MB adsorbed onto the
surface of the materials due to the valence forces between MB and each material [107,108].
Moreover, the values of ki and I were calculated, as shown in Table 6, showing that the
intraparticle diffusion process can be used to regulate the adsorption capacity of MB onto
SPION/PVA/CS/AC and SPION/PVA/CS/GR.
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Table 5. Kinetic models of SPION/PVA/CS/GR adsorbing methylene blue after 310 h.

Initial MB Concentration (mg/mL)

0.015 0.020 0.025

Pseudo-first
order non-linear

Qe
mg MB (g particles)−1 13.3 22.3 29.01

k1
(g mg−1 day−1) 1 1 1

χ2 28.9 25.5 14.8

Pseudo-second
order non-linear

Qe
mg MB (g particles)−1 13.3 22.3 29.01

k2
(g mg−1 day−1) 171.8 56.2 915.9

χ2 28.9 25.5 14.8

Pseudo-second
order linear

Qe
mg MB (g particles)−1 22.3 14.6 7.1

k2
(g mg−1 day−1) 0.8 0.7 0.6

R2 0.999 0.999 0.998

Simplified
Elovich

α

(mg/(g day)) 140,135.3 512,001.3 1,076,154.2

β

(mg/g) 3.100 1.506 0.9914

R2 0.235 0.303 0.287

Table 6. The intraparticle diffusion model of SPION/PVA/CS/AC and SPION/PVA/CS/GR adsorb-
ing methylene blue.

Materials Initial MB Concentration
(mg/mL) kI I R2

SPION/PVA/CS/AC

0.015 0.5 5.7 0.782

0.020 0.3 13.8 0.382

0.025 0.2 21.8 0.253

SPION/PVA/CS/GR

0.015 0.2 6.2 0.358

0.020 0.2 13.9 0.256

0.025 0.1 21.8 0.117

As illustrated in Table 6, the intraparticle diffusion pattern demonstrates that I 6= 0,
which indicates that this adsorption involves higher intraparticle diffusion. Similar to
SPON/PVA/CS/GO, SPION/PVA/CS/AC and SPION/PVA/CS/GR also adsorb MB by
means of hydrogen bonding between negatively and positively charged surfaces during
electrostatic interactions and via π–π* stacking with the aromatic ring of MB [6,109,110].

After determining the adsorption kinetics, Langmuir and Freundlich isotherm models
were also evaluated, as shown in Table 7.

As shown in Table 7, for the Langmuir model, with R2 values higher than 0.94, this
model can be considered to fit the adsorption experimental data of SPION/PVA/CS/AC
and SPION/PVA/CS/GR. This indicates that between adjacent adsorbed molecules, the lat-
eral interaction does not exist when a single surface site is occupied by a single molecule [72].
However, since the value of RL > 1, the adsorption can be considered unfavorable. However,
the negative KL value, which is the constant, has no physical meaning and is unaccept-
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able [17,111]. Therefore, the Langmuir model should not be considered to fit the experimen-
tal data. In contrast to the Langmuir model, with an R2 > 0.99, the Freundlich model could
be considered to be fitted to the adsorption experimental data of both adsorbents. For the
Freundlich model, which describes heterogeneous and multi-layer adsorption [72,112,113],
with nF < 1, the adsorption process can be considered favorable, with the bond energies
increasing with surface density [72,112,113]. Additionally, because 1/nF > 1, the adsorption
process can be considered to be cooperative adsorption, a non-favorable physical process,
and a poor adsorption characteristic [72,112,114].
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Table 7. Adsorption isotherm models’ constant and variables.

Model Constant SPION/PVA/CS/AC SPION/PVA/CS/GR

Langmuir

kL (L/mg) −12.06 −11.98
Q0 (mg/g) 1.06 0.68
Average RL 1.32 ± 0.09 1.32 ± 0.09

R2 0.94 0.96

Freundlich
kF (mg/g) 9.55 × 10−11 1.69 × 10−6

1
nF

(mg/L) 10.71 16.05
R2 0.99 0.99

3.3. Desorption

The coefficient of release based on initial loading with constant temperature, MB
concentration, and a pH of 3.8 is shown in Table 8.

Table 8. The percentage of release average of MB from SPION/PVA/CS/AC and
SPION/PVA/CS/GR after 30 days.

Materials Concentration (mg/mL) % Release Average

SPION/PVA/CS/AC
0.015 63.24 ± 8.77
0.02 27.17 ± 3.53

0.025 22.10 ± 2.59

SPION/PVA/CS/GR
0.015 91.29 ± 12.35
0.02 39.51 ± 4.37

0.025 24.42 ± 1.40

Based on Table 8, it can be determined that the highest release rate at 0.015 mg/mL
of loaded MB in both carbon materials is 63.24% and 91.29%, respectively. This shows
that for the two carbon materials, as the MB concentration increases, the cumulative
release percentage decreases. This indicates that SPION/PVA/CS/GR has a cumulative
release percentage of 140% higher than SPION/PVA/CS/AC at a MB concentration of
0.015 mg/mL. However, at an initial MB loading concentration of 0.025 mg/mL, the
cumulative release percentage of SPION/PVA/CS/AC is less than 2.32%, compared to
SPION/PVA/CS/GR. Then, Figure 10 and Table 9 were determined based on mechanism
examination and desorption kinetic analysis, combined with cumulative release percentage,
desorption kinetic model, and chi-square value.

Table 9. The Korsmeyer–Peppas, 0th order, and Higuchi calculation for the desorption of
SPION/PVA/CS/AC and SPION/PVA/CS/GR for methylene blue.

Korsmeyer–Peppas (KP) 0th Order Higuchi χ2

k n k K KP 0th order Higuchi

SPION/PVA/CS/AC

0.015 3.6 0.8 0.004 0.02 68.80 0.020 0.102

0.02 1.4 0.8 0.004 0.02 28.88 0.013 0.114

0.025 1.2 0.8 0.004 0.02 23.69 0.024 0.104

SPION/PVA/CS/GR

0.015 6.9 0.7 0.006 0.03 101.03 0.027 0.095

0.02 1.9 0.8 0.005 0.02 43.62 0.018 0.140

0.025 1.4 0.8 0.005 0.02 26.51 0.020 0.111
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According to Table 9, with the lowest χ2 values, the zeroth-order kinetics model
can be considered to be the best-fitted desorption model for SPION/PVA/CS/AC and
SPION/PVA/CS/GR. The rate is unaffected by changes in the concentration of the reactants.
This indicates that diffusion through the pores and fissures of the adsorbents regulates the
diffusion process. Anomaly diffusion, or non-Fickian diffusion, which combines diffusion
with case-II relaxation, is another option for the releasing process [6,31].

3.4. Comparison

According to the BJH results, SPION/PVA/CS/GO had a surface area of 5.8 m2/g,
a pore diameter of 10 Å, and a pore volume of 0.017 cm3/g [6]. In general, the sur-
face area of SPION/PVA/CS/AC is much larger than that of SPION/PVA/CS/GR and
SPION/PVS/CS/GO (approximately 98%), while the pore diameters of SPION/PVA/CS/AC
and SPION/PVA/CS/GO have similarities and are not too different from SPION/PVA/CS/GR.
In particular, SPION/PVA/CS/GO and SPION/PVA/CS/GR have the same pore volume
and are about 14.76% smaller than SPION/PVA/CS/AC.

As shown in the previous publication, the adsorption capacities of SPION/PVA/CS/GO
stood at 36.39 mg/g at a concentration of 0.025 mg/mL [6]. This indicates that the adsorp-
tion capacities of SPION/PVA/CS/AC and SPION/PVA/CS/GR were smaller than those
of SPION/PVA/CS/GO by 33.62% and 34.02%, respectively.

In contrast to the adsorption of SPION/PVA/CS/GO, both SPION/PVA/CS/AC and
SPION/PVA/CS/GR had superior cumulative release rates at all three different MB con-
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centrations. Different from AC and GR, the cumulative release rate of SPION/PVA/CS/GO
peaked at 8.94 ± 0.66, at a concentration of 0.02 mg/mL, but this result was still poor with
SPION/PVA/CS/AC (about 3.04%) and SPION/PVA/CS/GR (about 4.42%) at the same
concentration [6]. Hence, when taking the ratio of cost to cumulative release percentage,
SPION/PVA/CS/AC is still the most promising MB adsorbent at an initial MB loading
concentration of 0.025 mg/mL. Release kinetic models from the two materials in Table 9.
were used to confirm and ascertain this.

The price of the material, whether expensive or cheap, also contributes to the decision
of the material used to treat dyeing wastewater most effectively and at the least cost.
In this study, the costs of five materials are compared in Table 10: SPION/PVA/AC,
SPION/PVA/GR, SPION/PVA/CS/AC, SPION/PVA/CS/GR, and SPION/PVA/CS/GO.
The synthesis methods of SPION/PVA/AC, SPION/PVA/GR, and SPION/PVA/CS/GO
have been presented in previous research articles [6,17,31].

Table 10. Economics analysis between SPION/PVA/AC, SPION/PVA/GR, SPION/PVA/CS/AC,
SPION/PVA/CS/GR, and SPION/PVA/CS/GO adsorbing MB at initial MB concentration of
0.02 mg/mL and 298.15 K.

Adsorbents Costs (VND/g) Adsorption
Capacity (mg/g) %EE (%) %LC (%) Adsorption Capacity/Costs

(g/VND)

SPION/PVA/AC 681.89 21.75 57.22 2.53 31.90

SPION/PVA/GR 1376.63 19.87 42.30 1.99 14.43

SPION/PVA/CS/AC 1211.5 14.9 44.80 1.50 12.30

SPION/PVA/CS/GR 1761.5 14.5 43.40 1.45 8.23

SPION/PVA/CS/GO 22,551.5 28.768 86.30 2.88 1.28

As shown in Table 10, since SPION/PVA/AC, SPION/PVA/GR, SPION/PVA/CS/AC,
SPION/PVA/CS/GR, and SPION/PVA/CS/GO were researched by the same author and
the chemicals were purchased from the same batch and companies, the costs of each
adsorbent were calculated [6,17,31].

From Table 10, the economics analysis was evaluated to compare the MB adsorption ca-
pacity of SPION/PVA/AC, SPION/PVA/GR, SPION/PVA/CS/AC, SPION/PVA/CS/GR,
and SPION/PVA/CS/GO when adsorbing an initial MB concentration of 0.02 mg/mL at
298.15 K.

Among SPION/PVA/CS/AC, SPION/PVA/CS/GR, and SPION/PVA/CS/GO, all
three adsorbents were synthesized using the same techniques, same chemical batch, and
same chemical mass. Taking the ratio of adsorption amount (mg/g) and the cost of AC, GR,
and GO, SPION/PVA/CS/AC has the lowest ratio, indicating that SPION/PVA/CS/AC is
the most promising MB adsorbent when adsorbing MB at 0.020 mg/mL. However, when
the adsorbent consists of CS, the ratio of adsorption capacity and costs is reduced by 159.35%
and 17.36% compared to SPION/PVA/CS/AC, SPION/PVA/AC, and SPION/PVA/GR,
respectively. However, when comparing the desorption capacities, SPION/PVA/CS/AC
can desorb 34.17% more than SPION/PVA/GR. Therefore, between SPION/PVA/CS/AC
and SPION/PVA/GR, SPION/PVA/CS/AC can be considered to be a more well-rounded
adsorbent. When compared to SPION/PVA/CS/AC, SPION/PVA/AC has higher adsorp-
tion capacities, entrapment efficiency, loading capacity, and the ratio of adsorption capacity
to costs. This indicates that SPION/PVA/AC can be considered to be the most efficient
adsorbent. However, CS also has antimicrobial properties. Hence, antimicrobial activity
research should be investigated to conclude which adsorbent is better: SPION/PVA/AC or
SPION/PVA/CS/AC.
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4. Conclusions

Activated carbon (AC) and graphite (GR), in combination with superparamagnetic
iron oxide nanoparticles (SPION) coated with polyvinyl alcohol (PVA) and chitosan (CS)
polymers, may be employed as methylene blue (MB) adsorbents. The size of the syn-
thetic SPIONs was 14.4 ± 4.8 nm. Depending on the initial MB concentration of 0.015,
0.020, and 0.025 mg/mL on SPION/PVA/CS/AC, after 9 days, the entrapment effi-
ciency, loading capacity, and loading amounts had a range of 30.3 ± 0.7%–53.7 ± 0.1%,
0.76 ± 0.02%–2.2 ± 0.005%, and 7.6 ± 0.2–22.4 ± 0.05 mg/g, respectively. Similarly, with
SPION/PVA/CS/GR, the entrapment efficiency, loading capacity, and loading amounts
had a range of 27.7 ± 0.09%–53.3 ± 0.009%, 0.69 ± 0.002%–2.22 ± 0.0004%, and
6.9 ± 0.02–22.2 ± 0.004 mg/g, respectively.

At a pH of 3.8, after 30 days, the cumulative release percentages of AC and GR had
a range of 22.10 ± 2.59%–63.24 ± 8.77% and 24.42 ± 1.40%–91.29 ± 12.35%, respectively.
At 0.020 mg/mL MB initial loading, out of SPION/PVA/CS/AC, SPION/PVA/CS/GR,
and SPION/PVA/CS/Graphene Oxide, SPION/PVA/CS/AC is the most economical
adsorbent. Compared to SPION/PVA/AC, SPION/PVA/CS/AC is less economical. Since
CS has antimicrobial properties, antimicrobial activity research should be investigated to
conclude which adsorbent is more promising: SPION/PVA/AC or SPION/PVA/CS/AC.
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Abbreviations

m Mass of the Nanoparticles (g)
V sample volume (mL)
C0 initial concentration (mg/mL)
Ct concentration at time t (mg/mL)
Ce equilibrium aqueous-phase concentration adsorbate (mg/L)
Q0 theoretical adsorption capacity (mg/g)
Qe amount of MB absorbed per unit mass of nanoparticle at the equilibrium (mg/g)
Qt amount of MB absorbed per unit mass of nanoparticle at time t (mg/g)
Qm quantity of adsorbate adsorbed in a single monolayer (mg/g)
α Theoretical initial adsorption rate
β Theoretical desorption rate
Mt Released mass fraction at a time (t)
M∞ The Amount of MB at Equilibrium State
θ fractional surface coverage
X2 Chi-square value
nKP Korsmeyer-Peppas release exponent factor
kKP Korsmeyer-Peppas release rate constant
kH Higuchi release rate constant

KL
constant related to the free adsorption energy and the reciprocal of the concentration at
which half saturation of the adsorbent is reached

k0 Constant mass fraction at a time (t) release
k1 Pseudo-first-order rate constant (s−1)
k2 Pseudo-second-order rate constant (s−1)
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ka Respective rate constant for adsorption
kd Respective rate constant for desorption
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