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Abstract

Threatening environmental resources such as water, air and soil, and thus indirectly threat-
ening biodiversity, through rapid, uncontrolled and non-ecological industrial production
systems must be prevented through appropriate purification methods. In this research, the
sorption of Reactive blue 19 anthraquinone dye from aqueous solution was carried out in a
batch system using nano zinc-manganese ferrite carbonate (ZnMn-Fe,O4—COj3) synthe-
sized by the co-precipitation method. Various factors affecting the sorption activity of the
material were examined, and the most suitable conditions were determined to be pH 2 and
ZnMn-Fe,04—COj3 concentration of 0.25 g/L, whereby an equilibrium sorption capacity of
1463.10 mg/g was achieved. The ZnMn-Fe;04;—CO3 removal efficiency was found to be
88.48% in effluent from a textile manufacturing industry. Utilizing FTIR, SEM, EDS, XRD,
TGA and BET methods, the material’s morphological and structural characteristics were
thoroughly investigated and reported. Regarding the kinetic and isotherm models that
were analyzed, the Langmuir and pseudo-second-order (PSO) models provided the best fit
to the aforementioned sorption system. Thermodynamic data confirmed the spontaneity
of the sorption reaction and the exothermic nature of the process. An extensive study of
ZnMn-Fe;04—CO; demonstrated its high efficiency in removing RB19 dye, as well as the
safety and simplicity of the synthesis, the cost-effectiveness of the sorption process, and the
possibility of regeneration and reuse over multiple cycles. These findings highlight the po-
tential of ZnMn-Fe,04—CO3 for advanced water and wastewater purification technologies
targeting anthraquinone dyes.

Keywords: nanosorbent; ferrites; wastewater; reactive blue 19; sorption; thermodynamics;
real water

1. Introduction

Many industries release unused dyes through wastewater, which has a negative
impact on the ecosystem and biodiversity [1]. Harmful compounds released during the
production and use of dyes contaminate abiotic factors of habitats (soil, water and air) and
contribute to the release of greenhouse gases [2]. The removal of synthetic dyes is becoming
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a more prominent research topic in the realms of material application and environmental
protection because of their severe toxic effects and the risk of accumulation [2]. Therefore,
it is important to find an adequate treatment method that is the most cost effective, easy to
handle, sustainable, reusable and does not produce toxic byproducts [3].

Reactive blue 19 (RB19) belongs to the class of anthraquinone dyes and is renowned
in textile manufacturing because of its vibrant color, affordability, and good solubility. It
can have carcinogenic and mutagenic effects on living organisms because of its ability
to incorporate part of its structure into a DNA molecule [4]. Numerous techniques for
eliminating dyes and organic molecules, including ozonation [5], photocatalysis [6-8],
mediated electrochemical oxidation [9], electrocoagulation [10], the Fenton process [11],
membrane separation [12], biological treatment [13] and sorption [14], are documented
in the literature. Although numerous techniques have been reported for RB19 removal,
including advanced oxidation, membrane separation, ozonation and the Fenton process,
these approaches often suffer from high operational costs, energy demand, or secondary
waste generation. In contrast, the sorption process offers a simpler and more cost-effective
route, with easier handling and regeneration potential. Considering its accessibility, ease
of use, reliability and notable removal efficiency, sorption is characterized as an extremely
competitive method [15]. Research on the removal of RB19 dye from water has been carried
out using the various types of sorbents, such as biochar [16], graphene oxide [17], silica
gel [18], magnetic nanocomposites [19], waste biosorbents [20], starch-based polymers [21],
ash [22], carbon nanotubes [23], layered double hydroxides [24], activated carbon [25],
biomass [26], biochar-caged zirconium ferrite [27], etc.

Ferrites are a class of materials that are ferrimagnetic. On the basis of their magnetic
features, ferrite nanoparticles can be characterized as soft or hard depending on their
coercivity. Owing to their structure, they are classified as ortho-ferrites, garnets, spinels,
or hexagonal ferrites [28]. MZ*Fe,3*Qy is a typical ferrite formula, where MZ+ represents a
divalent metal ion (Co?*, Ba2*, Sr%*, Mgz*, Cd?*, Bi?*, Cu?*, Ni?*, Zn%*, Mn%*, or FeZ*) [29].
Mixed ferrites are compounds that include at least two different types of divalent metal ions.
Their physical characteristics might differ according to their composition [30]. The most
prevalent type of ferrite is the spinel, where Fe>* ions and divalent metal ions are grouped
octahedrally or tetrahedrally, depending on the form of ferrite, and are connected to oxygen
ions [31]. The arrangement of metal ions and the type of synthesis procedure, including the
reaction conditions, pH value and temperature, affect the material characteristics [32]. Many
properties of ferrites, such as their ease of synthesis, resistance to high temperatures and
corrosion, ability to regenerate the material, cost-effectiveness, and catalytic, optical, and
magnetic features, ensure their application in the fields of medical treatment, electronics,
biosensors, catalysis, water purification and others [33].

There are scarce studies on the preparation of ferrites using carbonates. The synthesis
of the novel and effective nano zinc-manganese ferrite carbonate material (ZnMn-Fe,O4—
CO3) was carried out through a co-precipitation process. Ensuring the safe treatment of
textile wastewater and achieving successful material regeneration are the primary goals,
with a focus on process simplicity and financial viability in terms of a sustainable circular
economy. Experiments investigating the effects of temperature, pH, initial concentration of
RB19 dye, contact time and sorbent dose on the RB19 sorption performance of the material
were performed in a batch system. Analysis of the material’s structural features was per-
formed via X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS), thermogravimetric analysis (TGA), Brunauer-Emmett-Teller
(BET) and Fourier transform infrared spectroscopy (FTIR) techniques. To investigate the
mechanism of the sorption process, the experimental data were analyzed via pseudo-first-
order, pseudo-second-order and intraparticle diffusion kinetic models, as well as Langmuir,
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Freundlich, Brouers—Sotolongo and Sips isotherm models, with additional examination
of thermodynamic variables. The impact of real wastewater conditions on the sorption
process, as well as the regenerative ability of the material for further reuse, was investigated.

2. Materials and Methods
2.1. Reagents

The reagents used in the experiments were of ACS purity (>95%), and no additional
depuration was performed. Sigma—-Aldrich (St. Louis, MO, USA) supplied iron(III) chlo-
ride hexahydrate, zinc chloride, sodium carbonate, sodium hydroxide and manganese(II)
chloride tetrahydrate, while Merck (Darmstadt, Germany) supplied RB19 dye. All solution
preparations were performed with deionized water (18 MQ cm™1).

2.2. Synthesis

The co-precipitation process was used for the synthesis of the sorbent, during which
the pH of the solution was maintained at 10. Three solutions were made by individually
dissolving 2.0 g of iron(Ill) chloride hexahydrate, 0.25 g of zinc chloride, and 0.75 g
of manganese(Il) chloride tetrahydrate in 30 mL of deionized water. Then, all three
solutions were mixed together in an Erlenmeyer flask with the addition of a reflux
condenser, heated and stirred (80 °C and 400 rpm). Then, slow precipitation was started
by dropping 2.0 M NaOH and 1 M Na,COs, until a pH of 10 was reached. When the
precipitation was finished, stirring and heating were continued for the next two hours.
After that, the suspension was stirred for 12 h without heating, and then centrifuged
at 4000 rpm. Afterwards, the precipitate was repeatedly eluted with heated deionized
water and left to dry for 6 h at 80 °C. The obtained material from this synthesis process
was abbreviated as ZnMn-Fe,O4,—COs.

2.3. Characterization of the Material

UV-vis spectra were acquired using a Shimadzu 1800 UV-vis PC (Kyoto, Japan)
following filtration through a 0.45 um membrane filter (Agilent Technologies, Waldbronn,
Germany). Carbon tabs Leit-C were used to attach the samples for EDS and SEM to
stubs made of aluminum. SEM analysis was performed on a field-emission gun SEM
Hitachi SU8030 (Tokyo, Japan) with X-ray detection using a Thermo NORAN (Madison,
WI, USA) system 7 for EDS analysis. Thermogravimetric examination was conducted on
a TG analyzer (TA Instruments Q5000, New Castle, DE, USA). A Hartmann and Braun
spectrometer (Québec, QC, Canada) type Bomem MB 100 was employed for recording
Fourier transform infrared (FTIR) spectra in the frequency range of 4000-400 cm 1. The BET
surface area was ascertained via a Gemini 5 BET analyzer from Micrometrics (Norcross, GA,
USA). XRD was carried out on a Bruker D8 Advance diffractometer (Karlsruhe, Germany)
with the following setup: theta—theta geometry, reflecting mode, and Cu K-alpha radiation.
The results were collected from 2° to 80° 26, applying a 0.02° step size and a one-second
measurement interval for every step.

2.4. Batch Sorption Experiments and Determination of pHpzc

To carry out the batch experiments, working solutions were created by diluting a
1000 mg/L RB19 stock solution. The experiments were conducted three times for each
investigated parameter. During the analysis of individual variables, other conditions were
sustained at constant values. The effect of pH on RB19 sorption was tested in the pH range
of 2-7 at a temperature of 25 °C, a sorbent dose of 0.25 g/L and an RB19 concentration
of 300 mg/L. The pH was maintained at +0.1 pH units throughout the experiments. The
effect of contact time was analyzed from 0 to 300 min, and the subsequent parameters were
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applied: pH 2, sorbent dose of 0.25 g/L, 25 °C, and 300 mg/L of RB19. The influence of
temperature was tested at 10, 25 and 50 °C. The effect of sorbent dose was investigated in a
range of 0.1 to 0.5 g/L. The study was conducted at pH 2, a 300 mg/L starting concentration
of RB19, 200 rpm stirring speed and 25 °C. The effect of the initial RB19 concentration was
investigated in a range of 200700 g/L, while the temperature was maintained at 25 °C,
the sorbent dose was 0.25 g/L, and the pH was 2. A Julabo Refrigerated and heating
circulator F12-ED (Seelbach, Germany) was used to control the sample temperature during
the analytical process.

In the experiment with real wastewater from the textile industry, a temperature of
25 °C and a sorbent dosage of 0.25 g/L were the optimal parameters for conducting the
experiment. RB19 dye was added to deionized water and textile wastewater to a total
concentration of 300 mg/L. The pH value of the wastewater sample and the deionized
water sample was adjusted to 2.0, using 1 mol/L HCL

The point of zero charge (pHpzc) of ZnMn-Fe,0;,—CO3 was determined using the
drift technique in a 0.1 mol/L. NaNOj electrolyte solution. The initial pH value of the
electrolyte solution was varied between 2 and 9.

2.5. Reusability and Desorption Experiment

Five consecutive cycles of sorption and desorption of RB19 molecules were used to
examine the removal efficiency and reusability of ZnMn-Fe,0,—COj3. Each cycle of the
experiment was carried out under constant temperature conditions of 25 °C, with a ZnMn-
Fe;O4—COs3 sorbent concentration of 0.25 g /L, where the RB19 concentration was 300 mg/L,
and the total solution volume was 0.25 L. The mixing speed was set to 200 rpm, while
the duration of the sorption process was 180 min. The sorption process was followed by
centrifugation and further filtration with rinsing with deionized water. The concentration
of RB19 in the filtrate after the sorption process was determined by the UV-Vis method. To
desorb RB19 molecules and regenerate the ZnMn-Fe;O4—COj sorbent, 0.25 L of 1 mol/L
NaOH solution was used. After mixing the material in the provided solution for an hour,
the material was filtered to complete the desorption and regeneration process. The residual
RB19 concentration in the obtained filtrate was measured.

2.6. Sorption Isotherm, Kinetic and Thermodynamic Theoretical Background

Sorption isotherms indicate a correlation between the number of RB19 molecules
sorbed on the ferrite surface at equilibrium and the amount of material remaining in the
solution after reaching equilibrium. For equilibrium examination, isotherm models such as
the Langmuir (Equation (1)) [34], Freundlich (Equation (2)) [35], Sips (Equation (3)) [36],
Brouers-Sotolongo (Equation (4)) [37], and Temkin (Equation (5)) [38] were utilized.

KLCe

e = quKLCe (1)

Je = KFCé% 2)

_ 4m(Bsce)” 5

e = 13 Gy ©

de = qm(1 —e(—Kwcg)) (4)
Je = %ln(KTce) (5)

where c. (mg/L) represents the equilibrium concentration of adsorbate, g, (mg/g) denotes
the maximum sorption capacity, e (mg/g) denotes the sorption capacity at equilibrium,
Ky (L/mg) is a Langmuir constant associated with the sorption energy, n and a stand for
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the Freundlich and Brouers-Sotolongo exponents, Kr (mg/g) (L/mg)!/™ and Bs (L/mg)
correspond to the Freundlich sorption capacity constant and Sips constant of sorption
affinity, the Brouers—Sotolongo constant of the isotherm is denoted by Ky (L/mg), and b
(kJ/mol) and Kt (L/g) correspond, respectively, to the Temkin sorption constants attributed
to the heat and binding energy.

The characterization of the Langmuir isotherm is largely influenced by the parameter
Ry, which refers to the separation factor. Its value describes the favorability of the sorption
process, and it can be represented by Equation (6).

1

Ry = —+H—
L 1+ Kpey

(6)
where ¢; (mg/L) is the initial concentration of adsorbate.

The kinetic research for establishing the mechanism governing the sorption process
involves the use of pseudo-first-order (PFO) (Equation (7)) [39], pseudo-second-order (PSO)
(Equation (8)) [40] and the Chrastil model (Equation (9)) [41] (nonlinear forms) and the
intraparticle diffusion model (IPD) (Equation (10)) [42] (linear form). The models stated
above are explained by the following equations:

qt = fe,cal (1 - eiklt) (7)
kog? .t
gi= et ®
1+ que,calt
n
qt = Je,cal (1 - e_kCAot) (9)
g = Kigt? + C (10)

where the sorption capacity at a certain time t (min) and at the equilibrium state time
are denoted by g; and g .1 (Mmg/g), respectively; k. (L/g min), ky (1/min) and k; (g/mg
min), respectively, correspond to the sorption rate constants in the Chrastil model and the
sorption rate constants for the PFO and PSO models; Ag (g/L) represents the amount of
sorbent; 1 is a constant representing heterogeneous structural diffusion resistance; Kip;
and Kipp (mg/g min?/ 2) represent the equilibrium IPD coefficient; and C; and C; (mg/g)
are constants connected to the external mass transfer.

Thermodynamic analysis, which provides a more thorough description of the na-
ture of sorption, was conducted by determining the enthalpy (AH®) (kJ/mol), entropy
(AS°) (J/mol), and free Gibbs energy changes (AG®) (k] /mol) via the following formulas
(Equations (11)—(13)):

AG® = —RTInK (11)
AH°  AS°

K = — %0 + = (12)

AG® = AH® — TAS® (13)

where R (8.314 ] /mol K) is the gas constant, T (K) is the temperature, and K is the Langmuir

constant Ky, converted using the molecular weight of RB19 and the standard concentration.

The van’t Hoff plot (InK vs. 1/T) was used to determine the values AG®, AH® and AS°.

The capacity of ferrite sorption g; (mg/g) at time ¢, the RB19 removal efficiency RE

(%), and the mean relative deviation MRD (%) were estimated via the following formulas
(Equations (14)-(16)):

gr= =Y (149

m
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Co — Ct

Co

RE = -100% (15)

E;i? ‘qt,exp - Qt,cal‘
Geexp 't

MRD = -100% (16)

where 7 is number of data points.

3. Results and Discussion

3.1. ZnMn-Fe,O4—~COj3 Characterization
3.1.1. Spectral FTIR Analysis

The FTIR spectra before and after RB19 sorption by ZnMn-Fe,O4-CO3 are shown
in Figure lab. FTIR sorption band analysis (400-4000 cm~!) verified the presence of
distinctive groups originating from the spinel ferrite structure. The pronounced charac-
teristic bands in the region around 3483 and 1617 cm~! for the pre-sorption spectrum
and 3463 and 1600 cm ! for the post-sorption spectrum are attributed to stretching and
bending vibrations of the hydroxyl group and water molecules embedded in the ferrite
structure or present in the free state [43]. In the FTIR spectrum of ZnMn-Fe;O4—CO3
before RB19 sorption, the broad band at 1487 cm~! and the sharp band at 863 cm ™! can be
assigned to the carbonate ion. The valence stretching vibrations of M-O ions situated in
the tetrahedral and octahedral surroundings are characterized by a high-intensity band
at 611 cm~! and a medium-intensity band at 507 cm !, respectively [44]. After sorption,
three more peaks at wavelengths of 1222, 1123 and 1038 cm~! were observed. These peaks
are roughly identical in intensity and are thought to be the result of asymmetric-type
stretching vibrations of S=O that originate from the SOz group of the RB19 molecule [45].
By comparing the spectra before and after RB19 sorption, it is evident that the sorption of
RB19 molecules by ZnMn-Fe;O4—COj3 has resulted in a modest drop in the peak intensity
and a minor movement of the bands towards lower wavenumbers.

(a)

£8he—
L191
€98

3]
=]
<

% Transmittance

T T T T T e e
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
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T
600 400

Figure 1. FTIR spectra (a) before and (b) after sorption processes.
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3.1.2. Thermogravimetric Analysis

Thermogravimetric analysis was performed over the temperature range from 25 °C
to 600 °C, and the results are shown in Figure 2. An overall percentage of mass loss of
11.36% was determined. A mass loss of approximately 4.7% was observed at temperatures
up to 100 °C, which is the consequence of the evaporation of unbound or bound water
molecules on the material’s surface [46]. The mass of ZnMn-Fe,O;—COj3 drops by around
3.9% when the temperature is raised from 100 °C to 250 °C. This might be owing to the loss
of internal water molecules, the breakdown of the ferrite structure, and the probable forma-
tion of metal oxides [47]. Decomposition of the carbonate structure starts at temperatures
between 250 and 350 °C. At the end of the carbonate decomposition, a cation-deficient
ferrite with cation vacancies (nonstoichiometric ferrite) is formed. Further heating forms a
ferrite a stoichiometric structure. This change in stoichiometry is accompanied by a mass

loss of 0.9%.
102 0.25
l
100 ‘
0.20
11.36%
- 4594%
Lo1s &
—~ 96 3
S =
: e
= =)
=) K
(3]
= o4 .
Lo1o 2
6]
[m)]
92 -
L 0.05
90 -
|
88 T T T T T T T T T T T T T T T T T T T T T T T 0.00
0 100 200 300 400 500 600

Temperature (°C)

Figure 2. Thermogravimetric diagram of ZnMn-Fe,O4—~CO3.

3.1.3. XRD Analysis

The crystal composition and structure of the ZnMn-Fe,0;-CO3 sample were ex-
amined using XRD analysis before and after RB19 sorption, and the outcomes have
been displayed in Figure 3a,b. The XRD analysis of ZnMn-Fe,O4—COj3 reveals distinct,
expressive, and sharp peaks, indicating very high crystallinity, and the width of the
peaks verifies that the ZnMn-Fe,04—COj particles are of nanoscale diameter. The struc-
ture of ZnMn-Fe;04—CO3 is confirmed by the agreement between the acquired XRD
results and the number 01-088-4373 in the JCPDS (ICDD/PDF) database. Moreover, the
diffraction data confirmed (Fe0.279MnO.494Zn0_227)(Mno_lnge0.097Fe1_721)04 as the domi-
nant crystalline compound. The characteristic peak (311) shows that the nanoparticles
have a spinel structure having the Fd-3m space group. Additional components of the
sample prior to sorption showed a negligible amount of ZnO (01-070-2551), NaCl (01-
076-3452), and MnCQO3 (01-084-6999), which is probably the result of ions being lost
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Counts

during the synthesis process. After the sorption procedure of RB19, no peaks of other
phases were visible in the XRD patterns, probably because of the leaching of Zn and Mn
at low pH values. Additionally, the XRD spectra confirm that the ZnMn-Fe,O4—COs
structure remains stable after the treatment.

1ZnMn-Fe,0,~CO,

101-088-4373 (Fen 279Mn0494zn0 227)(Mn0152Feo 097F31 721 )04 1500 101-088-4373 (Fen 279Mn0 494zn0 227)(Mno 152Fen 097Fe1 721 )04

101-070-2551 ZnO
1 01-076-3452 NaCl
01-084-6999 MnCO,

1ZnMn-Fe,0,~CO,

(311) 1300

(311)

(220) o] 1

o]
(440)
/ \ ] @20 I \

Counts

(333)
(440)
022) (400 o] / @33)
‘( o (531) 304 m k) 400 422)
i ¥\ \ 200 W Ly, | Ns31)
, ]
0
® ' P ' © s T ' o » ' % ' & © @ '
26 (degree) 26 (degree)

Figure 3. XRD spectra (a) before and (b) after sorption of RB19.

3.1.4. BET

The assessment of the total specific surface area, volume and pore diameter of the
ZnMn-Fe;O4—CO3 was carried out using the Brunauer—Emmett-Teller (BET) method
of nitrogen adsorption and desorption. Ferrite adsorption and desorption isotherm
curves followed an analogous pattern, and the isotherm’s form referring to the IUPAC
classification is the most comparable to type IV Langmuir isotherm with an H1 hysteresis
loop. According to the BET method, the specific surface area was 73.47 m?/g. Barrett—
Joyner—-Halenda (BJH) total pore volume and average size of pores for adsorption were
0.12 cm3/g and 5.98 nm, respectively, whereas BJH diameter cumulative surface area
for adsorption was 78.03 m?/g. The ferrite sample’s BET tests demonstrated its meso-
porous structure and high specific surface, which allowed for a considerable number of
accessible sorption sites. The pore size is large enough to allow ions to diffuse rapidly,
reducing diffusion resistance. Also, mesopores prevent pore blocking and allow ions to
penetrate deeply into the material, ensuring that the bulk of the sorbent participates in
the process rather than just the surface.

3.1.5. SEM and EDS

Figure 4a,b show the outcomes of the SEM and EDS testing, respectively. The SEM
picture displays uniform and nanometer-sized particles in a homogenous layout. The
estimated particle diameter was around 23 nm (SEM measurement statistics) which
validated the nanomaterial characteristics of the produced material. SEM micrographs
taken before and after the RB19 sorption process reveal that the ZnMn-Fe;O;—CO3
sample’s particles were unaltered. This proves that the synthesis method was adequate
for producing a stable sorbent with a consistent composition. Investigating the element
content and its percentage in ZnMn-Fe,O;—CO3 was done at seven various points. In
the EDS diagram, the peaks proving the presence of Mn, Zn and Fe are clearly expressed
and exhibit the existence of ZnMn-Fe,O4—CO3. Since manganese was added in an
amount exceeding the stoichiometric ratio in the obtained ferrite, an impurity in the
form of MnCOj3 was formed (detected by XRD analysis), and EDS showed an excess
of manganese. After the sorption of RB19, the occurrence of S in the EDS spectrum is
noticeable, which can be related to the sorption of RB19 molecules onto the ZnMn-Fe,O4—
COs surface through the sulfo group.
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Figure 4. SEM and EDS outcomes for ZnMn-Fe,;O4-COj (a) before and (b) after sorption process.
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3.2. Sorption Study
3.2.1. Effect of ZnMn-Fe;O04—CO3 Dosage

Figure 5a depicts the outcomes of an examination of ZnMn-Fe,04—CO3 dosage on
RB19 uptake. Varying the sorbent dose from 0.1 g/L to 0.25 g/L led to a slight increase
in sorption capacity from 1188.20 to 1194.65 mg/g and then a sharp decrease in sorption
capacity to 600.0 mg/g at a sorbent dose of 0.5 g/L. The reason behind this outcome is
that at sorbent dose of 0.5 g/L, many sorption sites remain unoccupied, which reduces
the sorption capacity. Nevertheless, the removal efficiency changed from 39.6% to 100.0%.
The explanation for this is that a higher ZnMn-Fe,04—CO3 dose resulted in greater RB19
removal because more sorption sites became available, which amplified the efficiency of
RB19 removal. Ultimately, the findings of this research revealed 0.25 g/L as the most
suitable ZnMn-Fe,O4—COj3 dosage.
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Figure 5. Graphical representation of (a) effect of sorbent dosage (b) initial concentration of RB19 and
contact time effect on ZnMn-Fe;0,—COj3 sorption and (c) effect of pH value on RB19 uptake onto
ZnMn—Fez O4—CO3 .

3.2.2. Effect of Contact Time

In order to investigate the way contact time affects the sorption properties, the removal
of RB19 by ZnMn-Fe,0,—CO3 was examined (Figure 5b). Three distinct stages of the
sorption process can be identified based on the examination of the contact time at 0, 1,
5, 10, 20, 40, 60, 90, 120, 180, 240, and 300 min. In the first 20 min, sorption takes place
very quickly, which is understandable considering that at the beginning of the process, the
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largest number of active sites is unoccupied. Furthermore, in the second stage from 20 to
90 min, the difference in chemical potentials between the two phases decreases, and the
sorption capacity has a stable, moderate but slight growth until the moment of reaching
equilibrium [48,49]. The third stage after 90 min can be explained by the establishment
of equilibrium, and further, there are no significant variations in the values of sorption
capacities because all active sorption sites have already been filled.

3.2.3. Effect of Initial RB19 Concentration

Defining the most optimal value of the initial RB19 concentration was done in the
range of 200-700 mg/L. The presentation of the obtained findings in Figure 5b illustrates
that the equilibrium sorption capacity increases proportionally (from 798.6 to 1463.1 mg/g)
as the concentration of RB19 gets higher. Thus, the concentration gradient’s pushing power
increases as well, exceeding the obstacle to RB19 mass transfer, which leads to enhanced
mutual interaction [50].

3.2.4. Effect of pH Value

The effect of pH on the amount of sorbed RB19 is reflected in its influence on the
structure and ionization of surface characteristic groups of ZnMn-Fe,0;—CO3 and RB19
molecules. Figure 5c illustrates the correlation between the sorption capacity of ZnMn-
Fe,0,4—COs3 and the exposure period to RB19 dye. ZnMn-Fe,0,—COs3 exhibited the highest
sorption capacity of 1194.6 mg/g in the solution with the lowest pH value of 2. Further,
the sorption capacity gradually and moderately decreased with increasing solution pH,
reaching a minimum of 76.1 mg/g at pH 7. This occurrence can be associated with the
pHpzc, which in the case of ZnMn-Fe,O4—CO;3; was estimated to be 7.8. Active ferrite
groups are positively charged in an acidic environment (pH lower than pHpzc), whereas
RB19 molecules possess a negative charge. Apart from ZnMn-Fe,O;—COj3 deprotonating at
rising pH values, a competition for binding to ferrite active sites is also present between the
hydroxyl ions and the negatively charged sulfonic groups of RB19. The sorption capacity of
ZnMn-Fe;O4—COj3 decreases even further, beyond pHpzc where its negative charge drives
it to behave as a cation exchanger.

3.2.5. Kinetic Study

The study of the sorption kinetics of RB19 on ZnMn-Fe;O4—COj3 by interpreting
the kinetic parameters was performed using PFO, PSO, Chrastil model and IPD model.
Table 1 provides a summary of all kinetic parameters. By analyzing the key parameters
obtained using the PFO and PSO, coefficients of determination (R?) and mean relative
deviation, which are the best indicators of good agreement of experimental data with the
corresponding model, it can be concluded that the PSO kinetic model has higher values
of R? (0.984-0.989) and lower values for MRD (2.7-4.34). This indicates a better fit of
the PSO model to the experimental data and further indicates that chemical sorption is
the leading process that regulates the reaction rate. On the other hand, the PFO model
could not demonstrate a satisfactory match since it gave larger values for MRD (6.32-8.85)
and lower values for R? (0.944-0.966), making it inappropriate for kinetics prediction in
the present case. The Chrastil kinetic model gave the minimum MRD values (1.04-1.64)
for all applied initial concentrations, and in addition, the highest values for R? (0.997-
0.999). Resistance of diffusion related to a Chrastil coefficient n (0.37-0.455) has been
demonstrated to substantially restrict the sorption process. By comparative analysis of
experimentally obtained sorption capacities with applied kinetic models, good agreement
was achieved by PSO with approximately similar values, and the closest values were
achieved by Chrastil’s model.
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Table 1. Parameters of all applied kinetic models for RB19 sorption onto ZnMn-Fe;O4—-COs.
Parameters 200.0 300.0 400.0 500.0 600.0 700.0
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
Jeexp 798.60 1194.65 1412.50 1446.02 1454.49 1463.10
Pseudo-first order
de,cal 761.07 1127.05 1307.80 1335.85 1374.88 1392.18
kq 0.163 0.083 0.073 0.084 0.067 0.077
R? 0.950 0.956 0.946 0.944 0.958 0.966
MRD 6.99 7.20 8.85 8.69 7.25 6.32
Pseudo-second order
Te,cal 823.02 121035 141826  1441.88 149349  1501.73
ky x 1074 3.15 1.04 0.74 0.84 0.65 0.75
R? 0.982 0.987 0.984 0.984 0.984 0.989
MRD 4.34 2.89 3.85 3.81 2.77 2.35
Chrastil model
Je,cal 800.30 1177.08 1394.21 1424.15 1441.70 1444.07
ke 0.216 0.105 0.075 0.079 0.09 0.114
n 0.407 0.415 0.387 0.37 043 0.455
R? 0.999 0.999 0.998 0.998 0.997 0.998
MRD 1.04 1.38 1.40 1.64 1.60 1.53
Intraparticle diffusion model
Kip1 149.84 178.47 199.38 215.05 205.36 22212
Cy 59.47 50.47 54.43 59.45 4947 41.23
R? 0.951 0.967 0.970 0.971 0.980 0.990
Kip 10.67 28.71 46.85 47.27 47.53 36.81
Cy 698.38 835.19 817.98 852.25 881.11 1011.96
R? 0.973 0.945 0.929 0.967 0.912 0.952

The applied IPD model provides data on the sorption mechanism, taking into account
the fact that mass transfer during the sorption process can be controlled by one step or a
combination of steps. The sequence of consecutive phases implies the transport of sorbate
particles from the fluid to the surface of the boundary layer, which includes sorbent particles
(film diffusion), the transfer of particles over the surface of the sorbent (surface diffusion),
and intraparticle diffusion into the pores (particle diffusion) and the connection of sorbate
molecules with the active sites of the sorbent [51,52]. IPD studies several processes through
the various phases of sorption in order to further investigate the mechanism through the
reaction rate [53]. The IPD curve depicts two linear segments at a concentration of 200 mg/L
(caused by fast sorption) and three linear segments for all other tested concentrations on the
graph showing the dependency of g on t'/2. The first, most pronounced phase corresponds
to surface diffusion, which occurs quickly due to the large concentration gradient. The
next phase is somewhat slower, and refers to the diffusion of RB19 molecules into the
sorbent and lasts until 120 min, while after that the third phase occurs and involves the
establishment of equilibrium of the sorption reaction. Comparison of Kjp; and Kjp; values
shows that Kip; has values higher than Kjp,, which supports the fact that the second step of
sorption, i.e., interparticle diffusion, is the step that controls the speed rate of the sorption
reaction. The values of the constant C, which is related to mass transfer, indicate a greater
thickness of the boundary layer in the second phase than in the first phase of the sorption
process (C; > Cq). IPD is not the sole mechanism governing the sorption process in this case,
as indicated by the fact that the IPD curve does not pass through the origin. An additional
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graphical representation describing the PFO, PSO, Chrastil, and IPD models is provided in
the Supplementary data (Figure S1).

3.2.6. Equilibrium Study

Isotherm models clarify the nature of the sorbent and provide insight into the sorbent
composition, surface properties, and the interface mechanism among the sorbent and
sorbate molecules at the point of equilibrium, while determining the sorption capacity
according to the applied model [54-56]. Nonlinear forms of models, including Langmuir,
Freundlich, Sips, Temkin, and Brouers-Sotolongo have been used. To validate the exper-
imental data, the model that best fits and provides the most accurate description of the
sorption process was evaluated. Figure 6a displays the curves corresponding to the studied
models, while Table 2 summarizes the variables and constants of the related models. It can
be concluded from the R? and MRD parameters that the Langmuir model has the lowest
MRD value of all tested isotherm models and the highest R? (nearest to 1). This confirms
the best agreement of the Langmuir isotherm with the given sorption process of RB19
molecules using ZnMn-Fe,O4—CO3. This isotherm model reveals the energy equality of the
specified sorption sites, as well as the homogeneity of the sorbent surface, which is in line
with the findings of BET study [57]. In the initial concentration range of 200-700 mg/L, the
Langmuir isotherm model yields an Ry, value between 14.2-10~% and 4.06-10~*, suggesting
a favorable sorption at higher RB19 starting concentrations. The R?> and MRD results for
the Freundlich model indicate that this model is not relevant for this sorption system. Fur-
thermore, the Sips model, which combines the Freundlich and Langmuir models, indicates
agreement with the associated features of the Freundlich model at low initial concentra-
tions of sorbate. At high starting concentrations, it resembles the Langmuir model. Since
the value of the Sips heterogeneity parameter is close to 1 (15 = 0.987), the homogeneous
character of the sorbent surface can be assumed. Conversely, the Brouers-Sotolongo expo-
nent «, which is a measure of energy heterogeneity, gives a value less than 1, indicating
the heterogeneous sorbent’s surface nature. Comparing the g. values computed using
isothermal models with the g, value derived by experimental treatment, it appears that the
Langmuir model has the closest agreement. Therefore, without dismissing the potential for
heterogenous surface characteristics, a thorough examination of the sorption system for the
sorption of RB19 molecules from solution could conclude that its sorption occurs likely but
not solely on a homogeneous surface in a monolayer.
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Figure 6. (a) Nonlinear isotherms for sorption of RB19 by ZnMn-Fe,0;—-COj3, (b) The linear plot
applied for establishing AH® and AS°.
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Table 2. Summarized isotherm and thermodynamic parameters for RB19 sorption onto ZnMn-Fe,O4—CO3.

Isotherm Parameters

feexp 1463.10

Langmuir gm 144792 K 3.51 0.996 0.69
Freundlich Ky  1029.11 n 14.94 0.792 6.26
Sips gm 144848  PBg 3.53 ns 0.987 0.995 0.72
Brouers-Sotolongo Gm 1444.03 Kw 1.48 o 0.582 R2 0.993 MRD 0.81
Temkin b 8448 K¢  1.82x10° 0.828 5.60
Thermodynamic Parameters

Temperature of 283 K 1488.51 16.1266 —37.96 AH®  —78.60
Temperature of 208 K gm 144792 InK 14.6047 AG® —3620 AS° —142.8 ’
Temperature of 323 K 1297.66 11.9873 —32.21 R? 0.996

3.2.7. Thermodynamic Study

The crucial factors to comprehending the thermodynamics of the sorption process
of RB19 onto ZnMn-Fe;O4—CO; are shown in Table 2, providing deeper insight into en-
ergy fluctuations and their indirect influences on process efficiency. Figure 6b presents
the corresponding graphical depiction. The sorption reaction is spontaneous, meaning
that the energy inside the system is what drives its development, reflected by the neg-
ative values of the free Gibbs energy. Since the AG® values become less negative with
increasing temperature, the sorption process is more favorable at lower temperatures. This
is further supported by the decrease in the g, value, which is associated with weaker
sorbent—sorbate interaction at higher temperature. The negative entropy value suggests
reduced disorder as the mobility of molecules on the sorbent surface becomes restricted
after sorption [58,59]. The exothermic nature of the sorption process is confirmed by the
enthalpy value of —78.60 k] /mol. This magnitude lies close to the upper boundary of
the physisorption/chemisorption range (40-80 kJ/mol), implying that the mechanism
is predominantly chemisorption, but may also involve strong electrostatic interactions,
as discussed in Section 3.3. The confirmation of the thermodynamic analysis is further
supported by the high value of the determination coefficient (R? = 0.996).

3.3. Sorption Mechanism

A thorough explanation of the interaction mechanism between ZnMn-Fe;O4—CO3 and
RB19 can be provided by considering thermodynamics, isotherms, and kinetics analyses
as well as the influence of the pHpzc value on the sorption efficiency. The results showed
that under acidic conditions, electrostatic attractive forces occur between the positively
charged active sites of ZnMn-Fe,O4—CO3 and the negatively charged sulfonic group of
the RB19 molecule, which ensured the initial attraction to the material surface, after which
short range Van der Waals forces also contribute to the sorption process. In addition to
the physical interactions that take place, the sorption process adheres to the PSO kinetic
model confirming chemical sorption as one of the factors controlling the reaction rate. The
equilibrium study demonstrates that the Langmuir isotherm, in the particular case, appro-
priately characterizes the sorption system and indicates the predominant homogeneity of
the sorption surface and the specificity of the active sites, which is also confirmed by the
BET analysis. A large surface area and mesoporosity provide numerous accessible sites for
physisorption, while sufficiently wide mesopores enable rapid ion diffusion and prevent
pore blocking, ensuring that the bulk of the sorbent actively participates in the process. In
terms of thermodynamic parameters, the sorption reaction showed an exothermic nature,
and the enthalpy value also indicated chemisorption. These integrated facts established that
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chemisorption with the inevitable influence of electrostatic interactions, and the possible
presence of physisorption, are most likely the mechanisms leading to this sorption process.

3.4. Comparison of Sorbents Properties

Table 3 provides an overview of materials that can sorb RB19 molecules with a broad
range of maximum starting RB19 concentration. The following list includes materials
with various compositions and origins that demonstrate diversity in sorption efficiency.
Comparative results indicate that the applied ZnMn-Fe,O4-CO3 material was effective in
the removal of RB19 dye, whereas the other materials exhibited lower sorption capacity.
The only material that surpasses the sorption capacity of ZnMn—Fe,O4—COj3 is Poly (N,N'-
methylene-bis (1-3-vinylimidazolium)) with an exceptional value of 2605 mg/g. Most
high-capacity sorbents achieve maximal performance only under acidic conditions. This
limits direct application to real textile effluents, which are typically alkaline, and requires
acidification prior to treatment. In contrast, Chitosan film and G-ZnO-Cs show activity
closer to neutral pH, but with lower capacities. Materials with very high capacities often
require relatively low dosages, whereas biochar and composite sorbents demand higher
dosages, which may increase operational cost and sludge generation. Activated carbon
and biochar derived from agricultural waste (coconut shell, Ulva reticula) are inexpensive
and widely available, but their sorption capacities are significantly lower. The time re-
quired to establish equilibrium reveals notable differences among sorbents. Fast sorption
was achieved with Chitin hydrogels and activated carbon, while chitosan-based materials
required much longer times. ZnMn-Fe,O4—COj5 reached equilibrium in 90 min, represent-
ing a compromise between capacity and sorption rate. Overall, sorbents with extremely
high capacities often exhibit moderate to long equilibrium time. Advanced polymeric or
nanocomposite sorbents show high performance but involve higher synthesis cost and
complex preparation routes. These comparisons highlight that ZnMn-Fe,O4—COj3 occupies
a significant place among materials capable of successfully removing RB19 molecules, with
the added advantage of regeneration potential.

Table 3. Comparative overview of different materials for RB19 sorption.

. . Maximal Sorption Sorbent Equilibrium Initial RB.19
Sorption Material . p h . Concentration Reference
Capacity [mg/g] Dosage [g/L] Time [min]
[mg/L]

/_. i _

Poly (NN -methylene-bis(1 2605.00 20 0.137 60 100.0 [60]
3-vinylimidazolium))
ZnMn-Fe,04—CO3 1463.10 2.0 0.25 90 700.0 [this study]
Chitin nonfiber-
/nanowhisker-based 1331.00 1.0 0.5 20 1000.0 [61]
hydrogels

Chitosan film 822.40 6.8 0.007 150 800 [62]
Activated carbon 488.46 / / 25 300 [63]

Magnetic chitosan/benzoin
Schiff’s base/fly ash 303.2 4.0 1.0 180 300 [64]
G-ZnO-Cs 219.6 5.0 1.0 90 100.0 [65]
Ulva reticula derived biochar 204.5 2.0 2.0 60 500.0 [14]

N1 (3-
trimethoxysilylpropyl)die- 178.8 2.0 1.5 About 100 300.0 [66]
thylenetriamine

Biochar derived from 57.06 2.0 1.0 120 15.0 [67]

coconut shell
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3.5. Real Water Sample Removal of RB19

A comparative analysis of four experiments on the removal of RB19 molecules using
ZnMn-Fe,04—COj3 in deionized water and under real wastewater from the textile industry
conditions was performed, and the results of the RE versus sorption time are shown in
Figure 7. Table S1 in the Supplementary lists the wastewater matrix’s chemical content
and its concentrations. The wastewater from the textile industry had a pH of 7.72, an RB19
initial concentration of 18.23 mg/L, a brown color, total dissolved solids of 376 mg/L,
dissolved oxygen of 7.11 mg/L and BODs of 6.08 mg/L. In the deionized water experiment,
the highest removal efficiency of RB19 was 99.55% (concentration of RB19 was 300 mg/L,
pH 2), but in the wastewater treatment (RB19 dye was added to textile wastewater to
a total concentration of 300 mg/L, pH 2), it was 88.48%. The presence of different ions
and molecules of inorganic and organic origin, which compete with RB19 molecules for
binding at the sorption sites, is the reason for the 11% reduction in removal efficiency in
the wastewater sorption system. In particular, nitrate (79.5 mg/L) and nitrite (3.6 mg/L)
concentrations exceed the WHO reference values, and these oxyanions may compete with
RB19 for sorption onto ZnMn-Fe,O4—COj3. Such competitive interactions could further
reduce the overall dye removal efficiency. The sorption systems equilibrium and kinetics
were comparable, which further opens the possibility of broader use for the purification of
wastewater that has been contaminated by the textile industry. Dye removal from textile
wastewater (RB19 dye was added to a total concentration of 300 mg/L) at a native pH (7.72)
resulted in a removal efficiency of about 6%. Finally, the removal of RB19 from wastewater
in which no additional RB19 was added (the concentration was 18.23 mg/L) at native
pH of 7.72 using ZnMn-Fe,0;—COj; resulted in complete sorption. Based on this finding
and the effect of pH value, it can be concluded that effective water purification using
ZnMn-Fe;04—~CO3 can be achieved only within the acidic pH range up to 4, particularly
when treating wastewater containing high dye concentrations.
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40 - —®— Deionized water, pH 2.0
—e— Wastewater added RB19, pH 2.0
—A— Wastewater without added RB19, pH 7.72
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Figure 7. Removal efficiency comparison for deionized water and real wastewater.
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3.6. Regeneration Study of ZnMn—Fe;O4—~COj3

From an environmental protection perspective, a significant segment of quality of
materials used in wastewater treatment processes is reflected in their ability to regenerate
after a sorption cycle followed by desorption of pollutants under appropriate conditions.
Following each cycle, a decline in removal efficiency was noted. After the first cycle,
the overall removal efficiency was 99.55%, and after the second and third cycles, it was
93.42% and 90.76%, respectively. After the fourth cycle, the acquired RE was 89.21%,
ending with the fifth cycle, after which the obtained RE was 86.98%. After five completed
sorption—desorption cycles, the overall sorption efficiency dropped by around 12.60%.
The desorption and regeneration of the material in basic conditions are explained by
the rejection of the negatively charged ZnMn-Fe,04—COj3 and the anionic dye RB19. The
irreversible occupancy of the sorption sites and material shedding are the most likely causes
of the ZnMn-Fe,04—CO3 declining sorption capability with each cycle. The observed mass
loss was less than 7%, which can be attributed to physical loss during handling. Also,
this mass loss could be partially due to leaching of Zn and Mn from impurities in the
material detected by XRD in the form of ZnO and MnCOj3; which are soluble at pH 2.0
at which the sorption was performed (Figure 3). Ferrite is insoluble at pH 2.0 and in
1.0 M NaOH (Figure S2 in the Supplementary data). This percentage of mass loss is not
considered significant in terms of sorbent stability and efficiency. XRD analysis after five
completed sorption—desorption cycles confirmed the stability of the ZnMn-Fe,O4—CO3
structure (Figure S2 in the Supplementary data), except for the dissolution of impurities
present in the form of ZnO and MnCOj; (Figure 3a). No diffraction peaks corresponding to
ZnO and MnCO3 were observed in the XRD spectra after five cycles. All facts considered,
ZnMn-Fe;O4—CO; fulfills reproducibility requirements and maintains good efficiency
even after several cycles, which might result in a considerable reduction in raw material
consumption, energy costs, and environmental contamination.

4. Conclusions

Nano ZnMn-Fe,;04—COj3 sorbent was produced to purify water contaminated by
anthraquinone dye RB19. ZnMn-Fe,04—CO3 was thoroughly characterized, and its charac-
teristics were described using FTIR, XRD, TGA, BET, SEM and EDS techniques. Sorption
bands from the FTIR spectrum confirm the presence of the corresponding groups char-
acteristic of ZnMn-Fe,O4—-CO;3, as well as the confirmation of the successful sorption of
RB19 molecules. XRD examination verified that the material sample consisted of the cubic
Fd-3m group of crystals. The BET technique identified a type IV Langmuir isotherm with
an H1 hysteresis loop, a mesoporous structure, and a specific surface area of 73.45 m?/g.
The particle size determined by the SEM examination was about 23 nm, while the EDS
analysis confirms the corresponding elemental composition of the material both before
and after sorption. The optimal parameters of the sorption process were achieved at pH
2, RB19 concentration of 300 mg/L and ZnMn-Fe,04~CO3 dose of 0.25 g/L. Thermody-
namic study showed that the given sorption system had an exothermic character, and the
assumed type of sorption was chemisorption. According to the information gathered on
the material’s regenerative properties, thermal stability, and very high maximum sorption
capacity, as well as the ease of use and affordability of the procedure, ZnMn-Fe;O4—COs3,
can be effectively employed in wastewater treatment procedures, possibly even in big
plants. The proposed sorption system using ZnMn-Fe,O4-COj3 material complies with the
regenerative model of the circular economy, which is reflected in the reduction in waste,
the improvement of resource efficiency, and the reuse of raw materials, with an emphasis
on ecosystem restoration and environmental protection.

https:/ /doi.org/10.3390/app16157709


https://doi.org/10.3390/app16157709

Appl. Sci. 2026, 16, 7709

18 of 21

References

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app16157709/s1, Table S1: Physicochemical properties of wastewater; Figure
S1: Graphical representation of g; vs. t for pseudo-first-order, pseudo-second-order and Chrastil model,
and plot of g¢ vs. t'/2 for the intraparticle diffusion model for initial dye concentrations from 200.0 mg/L
to 700.0 mg/L; Figure S2. XRD spectra after five completed sorption-desorption cycles.

Author Contributions: Conceptualization, M.M.K.; methodology, M.M.K.; software, K.N.F,, SM.N.,
M.D.R.V, N.D.VG, S.AR. and MM .K; validation, M.M.K.; formal analysis, KN.E, SM.N., N.D.V.G,,
M.DR.YV, S.AR. and MM .K;; investigation, KN.F,, MM.K,, SM.N.,, M.D.R.V,, N.D.V.G. and S.A.R.;
data curation, KN.F, SM.N., M.D.R.V,, N.D.V.G, S.A.R. and M.M.K.; writing—original draft prepa-
ration, M.M.K. and K.N.F;; writing—review and editing, M.M.K., N.D.V.G. and S.M.N,; visualization,
M.M.K;; supervision, M.M.K. and A.L.B.; project administration, M.M.K. and A.L.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science, Technological Development and
Innovations of the Republic of Serbia (Agreement No 451-03-33/2026-03 /200124 and Agreement No
451-03-34/2026-03/200124).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors are grateful for the technical support of Andrew Hurt, from Faculty
of Engineering and Science, University of Greenwich, London, UK, for his support in SEM, EDX, XRD
and BET analyses. Also, Kristina Filipovi¢ gratefully acknowledges the dedicated mentorship and
assistance of Milo$ Kosti¢, whose guidance throughout this study made an important contribution to
her doctoral thesis.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ZnMn-Fe;04—CO3  nano zinc-manganese ferrite carbonate

XRD X-ray diffraction

SEM Scanning electron microscopy
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BET Brunauer-Emmett-Teller

FTIR Fourier transform infrared spectroscopy
pHpzc Point of zero charge

PFO Pseudo-first order

PSO Pseudo-second order

IPD Intraparticle diffusion model

MRD Mean relative deviation

1. Konicki, W,; Sibera, D.; Mijowska, E.; Lendzion-Bielusi, Z.; Narkiewicz, U. Equilibrium and kinetic studies on acid dye Acid Red
88 adsorption by magnetic ZnFe, O, spinel ferrite nanoparticles. J. Colloid. Interface Sci. 2013, 398, 152-160. [CrossRef]

2. Hoque, M.B,; Oyshi, T.H.; Hannan, A.; Haque, P.; Rahman, M.; Shahid, A.; Sheikh, S. Unraveling the ecological footprint of textile
dyes: A growing environmental concern. Pollut. Study 2024, 5, 3014. [CrossRef]

3. Dehghani, M.H.; Salari, M.; Karri, R.R.; Hamidi, F.; Bahadori, R. Process modeling of municipal solid waste compost ash for

reactive red 198 dye adsorption from wastewater using data driven approaches. Sci. Rep. 2021, 11, 11613. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/app16157709


https://www.mdpi.com/article/10.3390/app16157709/s1
https://www.mdpi.com/article/10.3390/app16157709/s1
https://doi.org/10.1016/j.jcis.2013.02.021
https://doi.org/10.54517/ps.v5i2.3014
https://doi.org/10.1038/s41598-021-90914-z
https://www.ncbi.nlm.nih.gov/pubmed/34078966
https://doi.org/10.3390/app16157709

Appl. Sci. 2026, 16, 7709 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Jiang, X.; Sun, Y.; Liu, L.; Wang, S.; Tian, X. Adsorption of C.I. reactive blue 19 from aqueous solutions by porous particles of the
grafted chitosan. Chem. Eng. . 2014, 235, 151-157. [CrossRef]

Tehrani-Bagha, A.R.; Mahmoodi, N.M.; Menger, EM. Degradation of a persistent organic dye from colored textile wastewater by
ozonation. Desalination 2010, 260, 34-38. [CrossRef]

Ghazalian, E.; Ghasemi, N.; Amani-Ghadim, A.R. Effect of gadollunium doping on visible light photocatalytic performance of
Ag3POy: Evaluation of activity in degradation of an anthraquinone dye and mechanism study. J. Mol. Catal. A Chem. 2017, 426,
257-270. [CrossRef]

Liu, X.; Lin, L.; Xu, W.; Xu, M.; Zhuang, H.; Chen, Y.; Pan, X.; Li, Q. Ingenious fabrication of Ni-doped Mg, Al-layered double
hydroxide/g-C3N4 composite material for efficient photocatalytic degradation of tetracycline. Res. Chem. Intermed. 2025, 51,
6353-6369. [CrossRef]

Liu, X.; Cheng, Z.; Lin, L.; Xu, W.; Chen, S.; Zhuang, H. Fabrication of ternary Bi,S3/BiVOy/g-C3N4 composite material for
enhanced photocatalytic degradation of antibiotics. Diam. Relat. Mater. 2024, 148, 111376. [CrossRef]

Liu, J.; Zhang, X,; Li, ].; Feng, Y.; Feng, L.; Han, S.; Pan, T.; Zhang, T.; Wu, S.; Ke, Z.; et al. Study on the performance efficiency,
mechanism, power consumption and biochemical properties of E/Ce (IV)/PMS on the enhanced removal of RB19. Environ. Res.
2023, 232, 116271. [CrossRef] [PubMed]

Najari, S.; Delnavaz, M.; Bahrami, D. Application of electrocoagulation process for the treatment of reactive blue 19 synthetic
wastewater: Evaluation of different operation conditions and financial analysis. Chem. Phys. Lett. 2023, 832, 140897. [CrossRef]
Khan, H.; Hussain, S.; Din, M.A.U.; Arshad, M.; Wahab, E; Hassan, U.; Khan, A. Multiple design and modelling approaches for the
optimisation of carbon felt electro-Fenton treatment of dye laden wastewater. Chemosphere 2023, 338, 139510. [CrossRef] [PubMed]
Zhang, H.; Wang, T.; Fan, L.; Liu, X,; Dong, Y.; Chen, M.; Wang, Y.; Zhang, Q.; Zou, Y. Quaternization cross-linking of
hyperbranched polyethylene-graft-poly (diethylaminoethyl methacrylate) as antimicrobial separation layer of molecular sieving
membrane. |. Membr. Sci. 2024, 692, 122313. [CrossRef]

Reyes, K.R.E.; Tsai, PW.; Tayo, L.L.; Hsueh, C.C.; Chen, B.Y. Biodegradation of anthraquinone dyes: Interactive assessment
upon biodecolorization, biosorption and biotoxicity using dual-chamber microbial fuel cells (MFCs). Process Biochem. 2021,
101, 111-127. [CrossRef]

Shanehsaz, M.; Seidi, S.; Ghorbani, Y.; Shoja, SSM.R.; Rouhani, S. Polypyrrole-coated magnetic nanoparticles as an efficient
adsorbent for RB19 synthetic textile dye: Removal and kinetic study. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2015, 149, 481-486.
[CrossRef] [PubMed]

Robati, D.; Mirza, B.; Rajabi, M.; Moradi, O.; Tyagi, I.; Agarwal, S.; Gupta, V.K. Removal of hazardous dyes-BR 12 and methyl
orange using graphene oxide as an adsorbent from aqueous phase. Chem. Eng. ]. 2016, 284, 687—-697. [CrossRef]

Rajagopalan, V.S.; Rajendran, Y.; Lakshumiah, A.; Ravindiran, G. Batch, thermodynamic, and regeneration studies of Reactive
Blue 19 using Ulva reticulata (biochar). Desalin. Water Treat. 2022, 267, 231-239. [CrossRef]

Mohamadi, M.B.; Ejazi, H.; Azadbakht, F. Using composite chitosan-graphene oxide to eliminate reactive blue 19 from water
solutions: The study of adsorption kinetics and reaction thermodynamics. Desalin. Water Treat. 2019, 155, 341-349. [CrossRef]
Banaei, A.; Ebrahimi, S.; Vojoudi, H.; Karimi, S.; Badiei, A.; Pourbasheer, E. Adsorption equilibrium and thermodynamics of an-
ionic reactive dyes from aqueous solutions by using a new modified silica gel with 2,2'-(pentane-1,5-diylbis (oxy)) dibenzaldehyde.
Chem. Eng. Res. Des. 2017, 123, 50-62. [CrossRef]

Abbasi, M. Synthesis and characterization of magnetic nanocomposite of chitosan/SiO, /carbon nanotubes and its application for
dyes removal. J. Clean. Prod. 2017, 145, 105-113. [CrossRef]

Velinov, N.; Radovi¢ Vuéié, M.; Petrovi¢, M.; Najdanovi¢, S.; Kosti¢, M.; Mitrovi¢, J.; Boji¢, A. The influence of various solvents’
polarity in the synthesis of wood biowaste sorbent: Evaluation of dye sorption. Biomass Convers. Biorefin. 2023, 13, 8139-8150.
[CrossRef] [PubMed]

Delval, F,; Crini, G.; Bertini, S.; Filiatre, C.; Torri, G. Preparation, characterization and sorption properties of crosslinked
starch-based exchangers. Carbohydr. Polym. 2005, 60, 67-75. [CrossRef]

Hasan, M.; Ahmad, A.L.; Hameed, B.H. Adsorption of reactive dye onto cross-linked chitosan/oil palm ash composite beads.
Chem. Eng. J. 2008, 136, 164-172. [CrossRef]

Karimifard, S.; Moghaddam, M.R.A. Enhancing the adsorption performance of carbon nanotubes with a multistep functionaliza-
tion method: Optimization of Reactive Blue 19 removal through response surface methodology. Process Saf. Environ. Prot. 2016,
99, 20-29. [CrossRef]

Elkhattabi, E.H.; Lakraimi, M.; Badreddine, M.; Legrouri, A.; Cherkaoui, O.; Berraho, M. Removal of Remazol Blue 19 from
wastewater by zinc-aluminium~—chloride-layered double hydroxides. Appl. Water Sci. 2013, 3, 431-438. [CrossRef]

Sonal, S.; Prakash, P.; Mishra, B.K.; Nayak, G.C. Synthesis, characterization and sorption studies of a zirconium (iv) impregnated
highly functionalized mesoporous activated carbons. RSC Adv. 2020, 10, 13783-13798. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/app16157709


https://doi.org/10.1016/j.cej.2013.09.001
https://doi.org/10.1016/j.desal.2010.05.004
https://doi.org/10.1016/j.molcata.2016.11.026
https://doi.org/10.1007/s11164-025-05722-1
https://doi.org/10.1016/j.diamond.2024.111376
https://doi.org/10.1016/j.envres.2023.116271
https://www.ncbi.nlm.nih.gov/pubmed/37286124
https://doi.org/10.1016/j.cplett.2023.140897
https://doi.org/10.1016/j.chemosphere.2023.139510
https://www.ncbi.nlm.nih.gov/pubmed/37454991
https://doi.org/10.1016/j.memsci.2023.122313
https://doi.org/10.1016/j.procbio.2020.11.006
https://doi.org/10.1016/j.saa.2015.04.114
https://www.ncbi.nlm.nih.gov/pubmed/25978015
https://doi.org/10.1016/j.cej.2015.08.131
https://doi.org/10.5004/dwt.2022.28667
https://doi.org/10.5004/dwt.2019.23816
https://doi.org/10.1016/j.cherd.2017.04.032
https://doi.org/10.1016/j.jclepro.2017.01.046
https://doi.org/10.1038/s41598-023-41494-7
https://www.ncbi.nlm.nih.gov/pubmed/37709800
https://doi.org/10.1016/j.carbpol.2004.11.025
https://doi.org/10.1016/j.cej.2007.03.038
https://doi.org/10.1016/j.psep.2015.10.007
https://doi.org/10.1007/s13201-013-0092-3
https://doi.org/10.1039/c9ra10103a
https://www.ncbi.nlm.nih.gov/pubmed/35493016
https://doi.org/10.3390/app16157709

Appl. Sci. 2026, 16, 7709 20 of 21

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.

42.
43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

El-Agawany, N.I; Abdel-Razik, S.A.; Abdel-Kareem, M.S.; Kaamoush, M.I. Environmental performance of two marine algae Ulva
fasciata and Pterocladia capillacea in the biological treatment of four reactive dyes from aqueous solutions based on fresh and dried
biomass. Appl. Water Sci. 2023, 13, 82. [CrossRef]

Perveen, S.; Nadeem, R.; Ali, S.; Jamil, Y. Biochar caged zirconium ferrite nanocomposites for the adsorptive removal of Reactive
Blue 19 dye in a batch and column reactors and conditions optimizaton. Z. Phys. Chem. 2021, 235, 1721-1745. [CrossRef]
Jadhav, V.V; Shirsat, S.D.; Tumberphale, U.B.; Mane, R.S. Properties of ferrites. In Spinel Ferrite Nanostructures for Energy Storage
Devices, 1st ed.; Mane, R.S., Jadhav, V., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; Volume 3, pp. 35-50.

Bao, N.; Shen, L.; Wang, Y.; Padhan, P.; Gupta, A. A facile thermolysis route to monodisperse ferrite nanocrystals. . Am. Chem.
Soc. 2007, 129, 12374-12375. [CrossRef] [PubMed]

Abidin, M.Z.U.; Ikram, M.; Moeen, S.; Nazir, G.; Kanoun, M.B.; Goumri-Said, S. A comprehensive review on the synthesis of
ferrite nanomaterials via bottom-up and top-down approaches advantages, disadvantages, characterizations and computational
insights. Coord. Chem. Rev. 2024, 520, 216158. [CrossRef]

Bielan, Z.; Dudziak, S.; Kubiak, A.; Kowalska, E. Application of spinel and hexagonal ferrites in heterogeneous photocatalysis.
Appl. Sci. 2021, 11, 10160. [CrossRef]

Dutta, S.K.; Akhter, M.; Ahmed, J.; Amin, M.K,; Dhar, PK. Synthesis and catalytic activity of spinel ferrites: A brief review.
Biointerface Res. Appl. Chem. 2021, 12, 4399-4416. [CrossRef]

Dastjerdi, O.D.; Shokrollahi, H.; Mirshekari, S. A review of synthesis, characterization, and magnetic properties of soft spinel
ferrites. Inorg. Chem. Commun. 2023, 153, 110797. [CrossRef]

Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361-1403. [CrossRef]
Freundlich, H. Uber die adsorption in Losungen. Z. Phys. Chem. 1906, 57, 385-470. [CrossRef]

Sips, R. On the structure of a catalyst surface. J. Chem. Phys. 1948, 16, 490-495. [CrossRef]

Brouers, F; Sotolongo, O.; Marquez, E; Pirard, ].P. Microporous and heterogeneous surface adsorption isotherms arising from
Levy distributions. Physical A 2005, 349, 271-282. [CrossRef]

Temkin, M.].; Pyzhev, V. Recent modifications to Langmuir isotherms. Acta Phys.-Chim. Sin. 1940, 12, 217-222.

Lagergren, S. Zur Theorie der sogenannten Adsorption geloster Stoffe. Kungl. Sven. Vetenskapsakad. Handl. 1898, 24, 1-39.

Ho, Y.S.; McKay, G. Kinetic models for the sorption of dye from aqueous solution by wood. Process Saf. Environ. Prot. 1998, 76,
183-191. [CrossRef]

Chrastil, . Adsorption of direct dyes on cotton: Kinetics of dyeing from finite baths based on new information. Text. Res. J. 1990,
60, 413-416. [CrossRef]

Weber, W.J., Jr.; Morris, ].C. Kinetics of adsorption on carbon from solution. J. Sanit. Eng. Div. 1963, 89, 31-59. [CrossRef]
Sharifi, I.; Shokrollahi, H. Nanostructural, magnetic and Mossbauer studies of nanosized Coj_xZnyFe,O, synthesized by
co-precipitation. J. Magn. Magn. Mater. 2012, 324, 2397-2403. [CrossRef]

Waldron, R.D. Infrared spectra of ferrites. Phys. Rev. 1955, 99, 1727. [CrossRef]

Pavia, D.L.; Lampman, G.M.; Kriz, G.S.; Vyvyan, J.R. Introduction to Spectroscopy, 5th ed.; Cengage Learning: Stamford, CT, USA,
2015; pp. 81-84.

Zafar, K.; Aadil, M.; Shahi, M.N.; Sabeeh, H.; Nazar, M.F.; Igbal, M.; Yousuf, M.A. Physical, structural and dielectric parameters
evaluation of new Mgl,xCoXNinez,yQ; nano-ferrites synthesized via wet chemical approach. AAAFM Energy Mater. 2020, 1,
36—44. [CrossRef]

Mourid, E.H.; Lakraimi, M.; Benaziz, L.; Elkhattabi, E.H.; Legrouri, A. Wastewater treatment test by removal of the sulfamethoxa-
zole antibiotic by a calcined layered double hydroxide. Appl. Clay Sci. 2019, 168, 87-95. [CrossRef]

Masuku, M.; Ouma, L.; Pholosi, A. Microwave assisted synthesis of oleic acid modified magnetite nanoparticles for benzene
adsorption. Environ. Nanotechnol. Monit. Manag. 2021, 15, 100429. [CrossRef]

Staron, P.; Kuciakowski, J.; Chwastowski, J. Biocomposite of hydrochar and Lindnera jadinii with magnetic properties for
adsorptive removal of cadmium ions. J. Environ. Chem. Eng. 2023, 11, 110270. [CrossRef]

Masuku, M.; Nure, ].E; Atagana, H.I;; Hlongwa, N.; Nkambule, T.T. Advancing the development of nanocomposite adsorbent
through zinc-doped nickel ferrite-pinecone biochar for removal of chromium (VI) from wastewater. Sci. Total Environ. 2024, 908,
168136. [CrossRef] [PubMed]

Kammerer, J.; Carle, R.; Kammerer, D.R. Adsorption and ion exchange: Basic principles and their application in food processing.
J. Agric. Food Chem. 2011, 59, 22—42. [CrossRef] [PubMed]

Soto, M.L.; Moure, A.; Dominguez, H.; Parajé, ].C. Recovery, concentration and purification of phenolic compounds by adsorption:
A review. J. Food Eng. 2011, 105, 1-27. [CrossRef]

Singh, M.; Dosanjh, H.S.; Singh, H. Surface modified spinel cobalt ferrite nanoparticles for cationic dye removal: Kinetics and
thermodynamics studies. |. Water Process Eng. 2016, 11, 152-161. [CrossRef]

https:/ /doi.org/10.3390/app16157709


https://doi.org/10.1007/s13201-023-01893-7
https://doi.org/10.1515/zpch-2020-1749
https://doi.org/10.1021/ja074458d
https://www.ncbi.nlm.nih.gov/pubmed/17880220
https://doi.org/10.1016/j.ccr.2024.216158
https://doi.org/10.3390/app112110160
https://doi.org/10.33263/briac124.43994416
https://doi.org/10.1016/j.inoche.2023.110797
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1063/1.1746922
https://doi.org/10.1016/j.physa.2004.10.032
https://doi.org/10.1205/095758298529326
https://doi.org/10.1177/004051759006000706
https://doi.org/10.1061/jsedai.0000430
https://doi.org/10.1016/j.jmmm.2012.03.008
https://doi.org/10.1103/physrev.99.1727
https://doi.org/10.24911/aaafm/energy/23-1567670091
https://doi.org/10.1016/j.clay.2018.11.005
https://doi.org/10.1016/j.enmm.2021.100429
https://doi.org/10.1016/j.jece.2023.110270
https://doi.org/10.1016/j.scitotenv.2023.168136
https://www.ncbi.nlm.nih.gov/pubmed/37923274
https://doi.org/10.1021/jf1032203
https://www.ncbi.nlm.nih.gov/pubmed/21138248
https://doi.org/10.1016/j.jfoodeng.2011.02.010
https://doi.org/10.1016/j.jwpe.2016.05.006
https://doi.org/10.3390/app16157709

Appl. Sci. 2026, 16, 7709 21 of 21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Rai, P; Gautam, R.K.; Banerjee, S.; Rawat, V.; Chattopadhyaya, M.C. Synthesis and characterization of a novel SnFe,O,@ activated
carbon magnetic nanocomposite and its effectiveness in the removal of crystal violet from aqueous solution. J. Environ. Chem.
Eng. 2015, 3, 2281-2291. [CrossRef]

Osagie, C.; Othmani, A.; Ghosh, S.; Malloum, A.; Esfahani, Z.K.; Ahmadi, S. Dyes adsorption from aqueous media through the
nanotechnology: A review. J. Mater. Res. Technol. 2021, 14, 2195-2218. [CrossRef]

Ai, L.; Li, M; Li, L. Adsorption of methylene blue from aqueous solution with activated carbon/cobalt ferrite/alginate composite
beads: Kinetics, isotherms, and thermodynamics. . Chem. Eng. Data 2011, 56, 3475-3483. [CrossRef]

Tatarchuk, T.; Myslin, M.; Mironyuk, I.; Bououdina, M.; Pedziwiatr, A.T.; Gargula, R.; Bogacz, B.F; Kurzydlo, P. Synthesis,
morphology, crystallite size and adsorption properties of nanostructured Mg-Zn ferrites with enhanced porous structure. J.
Alloys Compd. 2020, 819, 152945. [CrossRef]

Igbal, M.].; Ashiq, M.N. Adsorption of dyes from aqueous solutions on activated charcoal. |. Hazard. Mater. 2007, 139, 57-66.
[CrossRef] [PubMed]

Vlaev, L.; Turmanova, S.; Dimitrova, A. Kinetics and thermodynamics of water adsorption onto rice husks ash filled polypropene
composites during soaking. J. Polym. Res. 2009, 16, 151-164. [CrossRef]

Lin, J.; Su, T; Chen, J.; Xue, T.; Yang, S.; Guo, P;; Lin, H.; Wang, H.; Hong, Y.; Su, Y,; et al. Efficient adsorption removal of anionic
dyes by an imidazolium-based mesoporous poly (ionic liquid) including the continuous column adsorption-desorption process.
Chemosphere 2021, 272, 129640. [CrossRef] [PubMed]

Liu, L.; Wang, R; Yu, J.; Hu, L.; Wang, Z.; Fan, Y. Adsorption of Reactive Blue 19 from aqueous solution by chitin nanofiber-
/nanowhisker-based hydrogels. RSC Adv. 2018, 8, 15804-15812. [CrossRef] [PubMed]

Nga, N.K.; Chinh, H.D.; Hong, P.T.T.; Huy, T.Q. Facile Preparation of Chitosan Films for High Performance Removal of Reactive
Blue 19 Dye from Aqueous Solution. J. Polym. Environ. 2017, 25, 146-155. [CrossRef]

Xue, Y,; Du, C.; Wu, Z.; Zhang, L. Relationship of cellulose and lignin contents in biomass to the structure and RB-19 adsorption
behavior of activated carbon. New J. Chem. 2018, 42, 16493-16502. [CrossRef]

Alia, K.; Reghioua, A.; Atia, D.; Mbuvi, HM.; Moussaoui, Y.; Jawad, A.H. Magnetic chitosan-benzoin Schiff’s base/fly ash for
reactive blue 19 dye removal: Characterization and parametric optimization. Inorg. Chem. Commun. 2024, 169, 112988. [CrossRef]
Doondani, P; Panda, D.; Gomase, V.; Peta, K.R.; Jugade, R. Novel Chitosan-ZnO nanocomposites derived from Nymphaeaceae
fronds for highly efficient removal of Reactive Blue 19, Reactive Orange 16, and Congo Red dyes. Environ. Res. 2024, 247, 118228.
[CrossRef] [PubMed]

Teixeira, R.A.; Lima, E.C.; Benetti, A.D.; Naushad, M.; Thue, P.S.; Mello, B.L.; Dos Reis, G.S.; Rabiee, N.; Franco, D.; Seliem, M.K.
Employ a Clay@ TMSPDETA hybrid material as an adsorbent to remove textile dyes from wastewater effluents. Environ. Sci.
Pollut. Res. 2023, 30, 86010-86024. [CrossRef] [PubMed]

Muralikrishnan, R.; Jodhi, C. Biodecolorization of reactive dyes using biochar derived from coconut shell: Batch, isotherm, kinetic
and desorption studies. ChemistrySelect 2020, 5, 7734-7742. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/app16157709


https://doi.org/10.1016/j.jece.2015.08.017
https://doi.org/10.1016/j.jmrt.2021.07.085
https://doi.org/10.1021/je200536h
https://doi.org/10.1016/j.jallcom.2019.152945
https://doi.org/10.1016/j.jhazmat.2006.06.007
https://www.ncbi.nlm.nih.gov/pubmed/16849033
https://doi.org/10.1007/s10965-008-9213-3
https://doi.org/10.1016/j.chemosphere.2021.129640
https://www.ncbi.nlm.nih.gov/pubmed/33465618
https://doi.org/10.1039/c8ra01563e
https://www.ncbi.nlm.nih.gov/pubmed/35539497
https://doi.org/10.1007/s10924-016-0792-5
https://doi.org/10.1039/c8nj03007c
https://doi.org/10.1016/j.inoche.2024.112988
https://doi.org/10.1016/j.envres.2024.118228
https://www.ncbi.nlm.nih.gov/pubmed/38246296
https://doi.org/10.1007/s11356-023-28568-9
https://www.ncbi.nlm.nih.gov/pubmed/37395882
https://doi.org/10.1002/slct.202001454
https://doi.org/10.3390/app16157709

	Introduction 
	Materials and Methods 
	Reagents 
	Synthesis 
	Characterization of the Material 
	Batch Sorption Experiments and Determination of pHPZC 
	Reusability and Desorption Experiment 
	Sorption Isotherm, Kinetic and Thermodynamic Theoretical Background 

	Results and Discussion 
	ZnMn–Fe2O4–CO3 Characterization 
	Spectral FTIR Analysis 
	Thermogravimetric Analysis 
	XRD Analysis 
	BET 
	SEM and EDS 

	Sorption Study 
	Effect of ZnMn–Fe2O4–CO3 Dosage 
	Effect of Contact Time 
	Effect of Initial RB19 Concentration 
	Effect of pH Value 
	Kinetic Study 
	Equilibrium Study 
	Thermodynamic Study 

	Sorption Mechanism 
	Comparison of Sorbents Properties 
	Real Water Sample Removal of RB19 
	Regeneration Study of ZnMn–Fe2O4–CO3 

	Conclusions 
	References

