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a b s t r a c t
Addition of a magnetically separable magnetite as an adsorbent to the activated sludge (AS) pro-
cess can provide significant advantages in the treatment of dye-containing textile wastewater. This 
study investigated the potential of magnetite/activated sludge (M/AS) as an adsorption/biodegrada-
tion hybrid process to treat Reactive Red 195 (RR195) containing simulated textile wastewater. RR195 
and chemical oxygen demand (COD) removal studies were performed separately with magnetite, 
activated sludge, and M/AS hybrid processes. The Freundlich isotherm was determined to be the best 
model with (R2  =  0.999) to describe the adsorption of the RR195 onto magnetite. Different concen-
trations of mixed liquor suspended solids (MLSS) of the activated sludge process and the magne-
tite were used simultaneously in the M/AS hybrid process. The M/AS hybrid process experiments 
showed that the RR195 removal efficiency increased with increasing MLSS and the magnetite con-
centrations. 4,000 mg/L was determined as the optimum MLSS concentration to remove the RR195 
from simulated textile wastewater by the M/AS hybrid process. While the RR195 removal efficiency 
was 76.10% by activated sludge containing 4,000 mg/L MLSS in 90 min, the RR195 removal efficiency 
increased to 99.5% with the simultaneous use of 2.5 g/L magnetite and activated sludge containing 
4,000  mg/L MLSS. The COD removal efficiency was determined as 94.32% by simultaneous using 
activated sludge containing 4,000 mg/L MLSS and 5 g/L magnetite. The magnetite particles can be 
separated from simulated textile wastewater and activated sludge biomass after M/AS hybrid pro-
cess treatment by applying a magnetic field. The results of the study have shown that the M/AS 
hybrid system is an effective process for the treatment of dye-containing textile wastewater.
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1. Introduction

The textile industry is one of the important industries 
threatening surface water resources worldwide as it pro-
duces wastewater containing high amounts of salts, auxiliary 
chemicals and synthetic dyes [1]. The most important pollut-
ants in textile wastewater are synthetic dyes. Approximately 
70% of the dyes used in the textile industry are azoic dyes. 

Azoic dyes are aromatic compounds with one or more –
N=N– groups [2–5]. Discharge of wastewater containing 
textile dyes into aquatic environments may cause aesthetic 
problems, deterioration of photosynthesis activities, reduc-
tion of gas transfers and toxic effects on aquatic organisms 
[6–9]. Therefore, it is vital to treat wastewater containing dyes 
with appropriate methods before they are discharged into 
aquatic environments. Several methods are used to treat the 
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dye-containing textile wastewaters, such as physical, chemi-
cal, biological or combination of different processes [10–13].

Biological wastewater treatment processes based on 
biodegradation and biosorption are known as eco-friendly 
and cost-effective methods [14]. The azoic dyes are gener-
ally stable to the aerobic biodegradation [4]. On the other 
hand, cleavage of the azo bonds occurs in an anaerobic/
anoxic biological process due to transferring the electrons 
from nicotinamide adenine dinucleotide hydrogen (NADH) 
to azo bonds [15]. However, colorless aromatic amines are 
formed as a result of the degradation of azo bonds under the 
anaerobic/anoxic process. Aromatic amines can be strongly 
carcinogenic and mutagenic to humans, animals, and 
plants [16]. In addition, some types of aromatic amines can 
be more cyto- and genotoxic than the original form of azo 
dyes. Aromatic amines are strongly resistant to anaerobic 
degradation. Therefore, an aerobic process is required after 
anaerobic treatment to remove the aromatic amines from 
textile wastewater [4]. Hence, the commonly used biologi-
cal method for treating azo dye-containing textile effluents 
is sequencing the anaerobic and aerobic process [17,18]. The 
fate of the aromatic amines in the aerobic processes varies 
according to the chemical structures of the aromatic amines. 
Removal efficiencies of different aromatic amines by aerobic 
process range from 37% to 100% [4,16,19,20]. Additionally, 
aromatic amines can inhibit the degradation potential of the 
aerobic biomass due to their toxic effects [21]. Some types of 
aromatic amines can be accumulated in the aerobic sludge. 
Land application for the disposal of aerobic sludge contain-
ing aromatic amines poses a potential risk to soil ecosystems 
[4,22] Treatment of azo dye containing textile wastewater by 
the sequencing anaerobic/aerobic system also poses a risk to 
environmental health due to residual aromatic amines in the 
textile effluents and aerobic sludge. On the other hand, bio-
degradable compounds which cause high chemical oxygen 
demand (COD) can be removed from textile wastewater by 
aerobic biological processes. While aerobic processes have 
a great potential to remove biodegradable compounds, dif-
ferent processes are required for the removal of dyes from 
textile wastewater. The adsorption process stands out among 
other processes due to its easy application in dye removal 
from textile wastewater and providing high-quality efflu-
ent [23]. However, the adsorption process alone is not suf-
ficient to remove organic pollutants other than dyes from 
textile wastewater. Therefore, it is a suitable method to use 
the adsorption process together with additional processes 
in the treatment of textile wastewater. The sequential use of 
an adsorption process and an aerobic biological process in 
the treatment of textile wastewater can provide high qual-
ity effluent. However, the operation of two separate reac-
tors in sequential processes causes increase in plant costs. In 
addition, these systems require high contact times to treat 
wastewater. The integrated use of adsorption and aerobic 
biological processes in a single reactor can provide advan-
tages such as protection of the biological system from toxic 
effects, synergistic pollutant removal, treatment of waste-
water in a shorter time, and lower investment and operat-
ing costs [24,25]. In addition, the industries with an aerobic 
biological system can be quickly and easily converted to the 
adsorption/aerobic biological integration process. Activated 

carbon in powder form (PAC) can be added to aerobic pro-
cesses to enhance the removal of recalcitrant pollutants such 
as textile dyes. PAC can be added directly to the aeration 
tank or the sludge recycle line of the biological treatment. 
The addition of the PAC to the activated sludge (AS) process 
is known as the powdered activated carbon treatment pro-
cess (PACT) [26]. The residence time of the activated carbon 
in the system is related to the sludge retention time (SRT). 
However, PAC cannot be separated from the AS before the 
sludge dewatering and digestion processes. Thus, the addi-
tion of the PAC to the AS increases the solid load of sludge 
dewatering and digestion processes. Also, PAC decreases the 
methane production in the sludge digester due to its inor-
ganic form. Therefore, separating the adsorbent from biolog-
ical sludge in an integrated system is a vital step. The inves-
tigation of iron oxide particles in the removal of pollutants 
from wastewater by adsorption has become quite common 
in recent years [27–30] magnetite (Fe3O4) stands out among 
the other iron oxide particles due to its unique properties 
such as large specific surface area, high magnetic saturation, 
and non-toxicity [31]. Also, magnetite nanoparticles have 
Fe+3 and Fe+2 cations in their crystal structure [32]. Magnetite 
nanoparticles can be easily separated from the bulk solution 
after the adsorption process by applying an external mag-
netic field [33]. The integrated application of the activated 
sludge process with an adsorbent that can be separated 
from a liquid–solid mixture such as magnetite should be 
investigated for its potential in textile wastewater treatment. 
There is currently no study on this subject in the literature.

This study aims to investigate the potential of the mag-
netite/activated sludge (M/AS) hybrid process for the treat-
ment of simulated textile wastewater containing Reactive 
Red 195 (RR195) and production auxiliary chemicals. 
The magnetite can be separated from M/AS process after 
treatment.

Studies on dye removal in the literature are generally not 
on the integration of an adsorbent with a biological process, 
but on the use of these processes separately. It is thought 
that the lack of the research on integrated adsorption/bio-
logical process in literature is due to separation problem 
of the adsorbent from the AS. On the other hand, the cur-
rent studies based on dye removal by magnetite and mag-
netite-based composite adsorbents were carried out with 
deionized water containing only dye molecules [34–36]. 
Also, biosorption-based dye removal studies with AS have 
generally been carried out with aqueous solutions that do 
not contain textile chemicals other than the dye molecules 
[37,38]. These studies reveal the specific interactions of an 
adsorbent and dye molecules with various mathematical 
expressions. However, textile production is a complex pro-
cess consisting of many stages. In these stages, different types 
of chemicals are used for fiber production and these chemi-
cals are transferred to the textile wastewater [39,40]. Presence 
of various auxiliary chemicals in wastewater can affect the 
dye removal capacities of the adsorbents due to competitive 
sorption between dye molecules and auxiliary chemicals. In 
this study, a realistic simulated textile wastewater containing 
textile production auxiliary chemicals was used. It is thought 
that the data obtained from this study can make important 
contributions to the literature.
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2. Material and methods

2.1. Production of magnetite

Magnetite was synthesized using the co-precipitation 
method under alkaline conditions. All chemicals used for 
the magnetite production were of analytical purity degree. 
FeCl3·6H2O (Merck, CAS: 10025-77-1, >99%) and FeSO4·7H2O 
(Merck, CAS: 7782-63-0, >99%) were used to produce the 
magnetite particles. The stoichiometric molar ratio of Fe3+:Fe2+ 
for magnetite formation is 2:1 [41]. 9.2  g FeCl3·6H2O and 
5.0 g FeSO4·7H2O were dissolved in 200 mL distilled water. 
0.5  mL Oleic Acid (C18H34O2, Merck, CAS: 112-80-1, >99%) 
was added to the mixture as a surface stabilizer. Finally, 
20 mL NH4OH (Supelco, CAS: 1336-21-6, 25%) solution was 
added dropwise to the formation of black iron oxide precip-
itate and the mixture was stirred at 80°C within 2 h under 
nitrogen atmosphere. The mixture was centrifuged and the 
solid phase was washed with distilled water and ethanol. The 
product was dried at 60°C for 24 h and stored in a nitrogen  
atmosphere.

2.2. Characterization of magnetite

The morphological investigation and the elemental 
analysis of the magnetite were performed by scanning 

electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDX) (FEI Quanta 650 Field Emission), respec-
tively. The Brunauer–Emmett–Teller (BET) method was 
used to determine the specific surface area of the magnetite 
(Quantachrome, Sorptometer 1042). The magnetic proper-
ties of the magnetite were determined by a superconduct-
ing quantum interference device magnetometer (Quantum 
Design, PPMS DynaCool-9). The associated functional groups 
of the magnetite were investigated by Fourier-transform 
infrared spectroscopy (FTIR) (Jasco, FT/IR-6700). The crys-
talline phases of the magnetite were identified by X-ray dif-
fraction (XRD) in the 2θ scan range of 10°–90° (PANalytical 
EMPYREAN XRD).

2.3. Composition of the simulated textile wastewater

A local textile industry was used as the basis to deter-
mine the content of simulated textile wastewater (STW). The 
auxiliary chemicals concentrations in the STW were deter-
mined by considering the usage dosage in the production 
stages and the dilution factor from production to wastewater 
generation in the facility. Also, inorganic nutrients and trace 
elements were added to the STW for the growth of activated 
sludge biomass [42]. The composition of the STW is given in 
Table 1.

Table 1
Composition of the simulated textile wastewater

Production chemical Description Concentration

Reactive Red 195 Dye 100 mg/L
Modified starch Sizing chemical 1,000 mg/L
Acetic acid pH adjuster 0.10 ml/L
10% NaOH Mercerization 0.60 ml/L
H2O2 Bleacher 0.18 ml/L
Stabilol ZM Stabilizer 0.60 ml/L
Cottonclarin TR Wetting chemical 0.40 ml/L
Sera Wet CAS Rapid wetting chemical 0.20 ml/L
Perlavin SRD Soaping chemical 0.50 ml/L
Locanite CNT Washing chemical 60 mg/L
Securon 1420 Ion trap 0.20 ml/L
Seragal MIP-O2 Dyeing chemical 125 mg/L
NaCl Dyeing promoter 3,000 mg/L
NaHCO3 Dyeing promoter, pH adjuster 1,500 mg/L
Colorfix NF2P Dye fixer 50 mg/L
Setasil KF-1920 Softener 50 mg/L
Belsoft 200 Softener 50 mg/L
Tubingal MAC Sanforizing chemical 125 mg/L
Chemical oxygen demand 1,945–2,320 mg·O2/L
pH 7.81

Inorganic nutrients (mg/L) Trace elements (µ/L)

NH4Cl 25 H3BO3 50 (NH4)6Mo7O24·4H2O 50
K2HPO4 20 ZnCl2 50 AlCl3 50
CaCl2 20 CuCl2 30 CoCl2·6H2O 50
MgSO4 15 MnSO4·H2O 50 NiCl2 50
FeSO4·7H2O 15



B. Balci et al. / Desalination and Water Treatment 286 (2023) 101–114104

2.4. Analytical methods

The RR195 concentration analysis was performed with 
a calibration curve prepared at a wavelength of 541  nm in 
a spectrophotometer (35 UV/VIS-Perkin Elmer). The COD 
analysis was carried out with the closed reflux titrimetric 
method [43]. All analyzes were carried out by approved 
methods.

2.5. Dye removal experiments

2.5.1. Adsorption of the RR195 from STW by magnetite

RR195 removal experiments were conducted with mag-
netite and M/AS separately. Batch adsorption experiments 
were carried out to remove RR195 from STW by magnetite. 
The experiments were performed with 200  mL STW and 
100  mg/L RR195. Eight different magnetite concentrations 
were investigated (0.312, 0.625, 1.25, 2.5, 3.75, 5.0, 7.5, and 
10 g/L) on the adsorption of RR195 from STW. The samples 
were withdrawn at certain time intervals, centrifuged for 
10  min at 4,000  rpm and the supernatant was used for the 
measurement of the dye concentration. The data obtained 
from the adsorption experiments were applied to different 
adsorption isotherms. The amount of the RR195 adsorbed 
by the adsorbent at different times (qt) was calculated from 
Eq. (1). All experiments were performed at pH 7 and 20°C.

q
C C V
mt

t�
�� �0 	 (1)

where C0 =  initial RR195 concentration, mg/L; Ct  =  residual 
RR195 concentration at certain time (t), mg/L; V  =  volume 
of the solution, L; m = amount of the magnetite, g.

2.5.2. RR195 removal studies from STW by M/AS

The activated sludge process was acclimated to STW 
before the M/AS experiments. RR195 was not added to STW 
in the adaptation process to prevent the adsorption of the dye 
molecules by activated sludge biomass. The acclimation of 
the activated sludge to STW was performed by sequencing 
batch reactor (SBR) process. The acclimation process was 
carried out with 3,000 mg/L mixed liquor suspended solids 
(MLSS), 24 h hydraulic retention time (HRT) and 15 d solid 
retention time (SRT) in an 8-L cylindrical tank. The oxygen 
was supplied by air diffusers. At the same time, the reactor 
contents were mixed with the supplied air. The adaptation 
phase was continued until a stable COD value was obtained 
in the effluent. The RR195 removal studies by M/AS were 
carried out in 500  mL flasks, including 200  mL STW con-
taining 100 mg/L RR195. The mixing and aeration of M/AS 
was conducted by orbital shaking at 300  rpm. The RR195 
removal studies were performed with three MLSS concen-
trations (2,000; 3,000 and 4,000  mg/L). Also, five magnetite 
concentrations (0.312, 0.625, 1.25, 2.50, and 3.75  g/L) were 
used for each MLSS concentration. Five RR195 concentra-
tions (50, 100, 150, 200, and 300 mg/L) were studied with the 
addition of different amounts of magnetite into activated 
sludge, including 4,000 mg/L MLSS. Also, the COD removal 
studies were carried out with three different MLSS concen-
trations (2,000; 3,000 and 4,000  mg/L) and five magnetite 

concentrations (1.25, 2.50, 3.75, and 5.0  g/L). The samples 
were withdrawn at certain time intervals and centrifuged 
at 3,000 rpm and the supernatant was analyzed. Active and 
inactive biomass were used for the RR195 removal from STW 
to understand whether the dye degraded. The inactivation 
of the biomass was carried out by immersing the biomass 
in a 5.0 g/L sodium azide (NaN3) solution for 24 h [44]. All 
M/AS experiments were conducted at 20°C and pH 7.0.

2.5.3. Statistical analysis

The statistical analysis of the data obtained from the 
experiments was performed by SPSS Statistics 21.0 with 
95% (p  ≤  0.05) confidence interval. All adsorption and 
M/AS experiments.

2.6. Adsorption isotherms and their validation methods

Applying adsorption data to different isotherm models 
is an important step to understand the adsorption mecha-
nism. Adsorption isotherms help to understand the distribu-
tion of adsorbate molecules to the surface of an adsorbent 
at equilibrium time. Also, some isotherm models allow pre-
dicting the maximum adsorption capacity of the adsorbent 
for adsorbate at equilibrium time [45,46]. The adsorption 
data were applied to several isotherm models (Langmuir, 
Freundlich, Dubinin–Radushkevich, Sips, Toth, Jovanovich, 
and Redlich–Peterson isotherms). Information about the 
maximum adsorption capacity of magnetite and the distri-
bution of RR195 molecules on the magnetite surface can be 
obtained by applying the data obtained from the adsorp-
tion experimental process to these isotherm models. The 
non-linear equations and the descriptions of the adsorption 
isotherms are given in Table 2. Non-linear regression analy-
sis was used to obtain the isotherm parameters. The nonlin-
ear regression method allows using the original form of the 
isotherm equation to estimate isotherm parameters [47,48]. 
Eight data points from the different amounts of magnetite 
were used for the non-linear regression analysis of adop-
tion isotherm parameters. The coefficient of determination 
(R2) [Eq. (2)], sum square error (ERRSQ) [Eq. (3)], Average 
Percentage Errors (APE %) [Eq. (4)], Chi-square test (χ2) 
[Eq. (5)], hybrid fractional error function (HYBRID) [Eq. (6)] 
and Marquardt’s percent standard deviation (MPSD) [Eq. (7)] 
error functions, indicate the difference between the experi-
mental data and the calculated values, and these were taken 
into account to determine the performance of the data-fit-
ting isotherm model. The best-fit isotherm selection was 
made according to the high value of the R2 coefficient and 
low values of ERRSQ, APE %, χ2, HYBRID and MPSD [49].
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where qe,exp is the amount of the dye molecules adsorbed 
per unit mass of magnetite (mg/g) at equilibrium time, 

qe,cal is the amount of the dye molecules adsorbed per unit 
mass of magnetite (mg/g) at equilibrium time predicted by 
isotherm model, N is the number of experimental data, and 
P is the number of the isotherm parameters [50].

3. Results and discussion

3.1. Characterization of the magnetite

3.1.1. Morphological and elemental analysis of the magnetite

The morphological and elemental analysis of the mag-
netite was carried out by SEM and EDX analyses, respec-
tively (Fig. 1). The SEM analysis of the magnetite (400,000x) 
showed that the magnetite particles have cubic structure and 
different congregate structures. magnetite particles tend to 
agglomerate due to their high surface energies and attractive 

Table 2
Applied adsorption isotherms

Isotherm Non-linear equation Description

Langmuir q
q K C
K Ce
L e

L e

�
�
max

1

Langmuir isotherm model describes monolayer surface adsorption. Adsorp-
tion and desorption of the adsorbate rates are relatively balanced in equilib-
rium [51]. qe is the adsorption capacity (mg/g) at the equilibrium, Ce is the 
adsorbate concentration in solution at the equilibrium time (mg/L), qmax is the 
maximum adsorption capacity (mg/g), and KL is the isotherm constant (L/mg) 
[Eq. (8)].

Freundlich q K Ce F e
n= 1/

Freundlich isotherm describes the adsorption of molecules onto heteroge-
neous surfaces. KF is the isotherm constant related to the adsorption capac-
ity (L/mg) and “n” indicates the energy distribution and the intensity of the 
surface [Eq. (9)]. A value of “n” greater than 1 indicates that adsorption is 
favorable [50,52].

Dubinin–Radushkevich
q q be D� �� �max exp �2

� � �
�

�
��

�

�
��RT

Ce
ln 1 1

The D-R isotherm model describes the adsorption mechanism onto heteroge-
neous surfaces by calculating the Gaussian energy distribution of adsorbate 
[53]. bD (mol2/kJ2) is the Dubinin–Radushkevich isotherm constant, and ε is 
the Polanyi potential [Eqs. (10) and (11)] [54].

Sips q
q K C
K Ce
S e

n

S e
n

S

S
�

�
max

/

/

1

11

The Sips isotherm is derived from the Langmuir and Freundlich isotherms, 
and it describes the adsorption mechanism on heterogeneous surfaces. KS is 
the constant of the model and nS is the model exponent [Eq. (12)] [55].

Toth q
q K C

K C
e

T e

T e

n n
T

T
�

� � ��
��

�
��

max
/

1
1

The Toth model was obtained by empirical modification of the Langmuir 
isotherm. This isotherm is quite successful in describing the adsorption of 
adsorbate on heterogeneous surfaces at high and low concentrations. KT is 
the isotherm constant (L/mg) and “nT” characterizes the surface heterogene-
ity [Eq. (13)]. If the “nT” value is 1, the equation is reduced to the Langmuir 
model [56,57].

Jovanovich q q K Ce J e� � �� ��
�

�
�max exp1

The Jovanovich isotherm [Eq. (14)] was obtained by modifying the Lang-
muir isotherm by adding adsorbent and adsorbate mechanical interactions. 
The model is successful in describing the monolayer adsorption processes. 
The model approaches Henry’s Law at low adsorbate concentrations. 
KJ (L/mg) is Jovanovich constant [55,58].

Redlich–Peterson q
K C
a Ce
r e

r e

�
�1 �

The Redlich–Peterson equation is an empirical hybrid isotherm of the Freun-
dlich and Langmuir isotherms. The model can describe the adsorption phe-
nomena on homogeneous and heterogeneous surfaces. Kr (L/g) and ar (L/mg) 
are the constants of the model. β is the exponent of the model and ranges 
between 0–1 [Eq. (14)]. When β close 1, the model close to the Langmuir 
model, if β = 0, the model leans towards the Freundlich model [59].
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dipole forces [60]. The obtained results from the EDX anal-
ysis confirmed the presence of iron and oxygen elements. 
The weight percent of the iron and the oxygen element of 
magnetite were determined as 63.93% and 23.96%, respec-
tively. The signal of the carbon element (12.11%) corresponds 
to oleic acid, which was used as a surface stabilizer.

3.1.2. BET analysis of the magnetite

The performance of an adsorbent in wastewater treat-
ment applications increases with increasing surface area 
of the adsorbent. Generally, the agglomeration of magne-
tite particles can cause decrease in the specific surface area. 
Surface stabilizers such as oleic acid can partially prevent 
surface area reduction due to agglomeration [61,62]. The spe-
cific surface area, total pore area, and total pore volume of 
the magnetite were determined as 55.873  m2/g, 5.010  m2/g, 
and 0.210  cm3/g, respectively by the BET analysis (Fig. 2). 
The BET isotherm curve of the magnetite displays Type IV 
isotherm. Type IV isotherm is generally related to uniform 
mesoporous structure adsorbents [63].

3.1.3. XRD pattern of the magnetite

The crystalline nature of the magnetite investigation 
was carried out by the XRD technique in the 2θ scan range 

of 10°–90° (Fig. 3). The XRD pattern matched well in peak 
position and intensity of the magnetite pattern (Card No: 
98-015-8741). The crystalline nature of magnetite is a cubic 
spinel structure [64]. The XRD analysis of the magnetite 
showed sharp and intensive peaks corresponding to cubic 
spinel crystal structure. The XRD analysis confirmed that 
the produced adsorbent was magnetite.

3.1.4. FTIR analysis

The FTIR analysis was carried out to investigate the 
associated functional groups of the magnetite (Fig. 4). In the 
FTIR analysis of the magnetite, the wide peak that appeared 
at 3,427 cm–1 can be related to –OH stretching vibration due 
to adsorption of water molecules onto the magnetite surface 
[63,65]. The peak which appeared at 557  cm–1 denotes the 
presence of Fe–O bonds stretching [63,66]. The peak detected 
at 2,950  cm–1 is related to stretching modes of CH2 from 
oleic acid [63]. The peak at 1,032 cm–1 belongs to CH3 bend-
ing from oleic acid. The signal that appeared at 1,616 cm–1 is 
related to carboxylate (COO–) stretching from oleic acid [67]. 
The presence of the CH2, CH3 and COO– showed that the 
surface of the magnetite was coated by oleic acid.

Fig. 1. Scanning electron microscopy and energy-dispersive 
X-ray spectroscopy analyses of the magnetite.

Fig. 2. Brunauer–Emmett–Teller analysis of the magnetite.

Fig. 3. X-ray diffraction analysis of the magnetite.



107B. Balci et al. / Desalination and Water Treatment 286 (2023) 101–114

3.1.5. Magnetic specifications of the magnetite

Magnetization value of magnetite particles is an import-
ant parameter which shows the efficiency of separating the 
adsorbent from the liquid phase. Generally, magnetic sat-
uration values of superparamagnetic iron oxide particles 
range from 30 to 50  emu/g. The particle size distribution, 
spaces between the particles and the crystalline structure 
of iron oxide affect the magnetic properties [68]. The mag-
netic curve of magnetite showed superparamagnetic behav-
ior (Fig. 5) [63]. The saturation magnetization value of the 
magnetite was determined as 35.72 emu/g.

3.2. Adsorption of RR195 from STW by the magnetite

The adsorption of 100 mg/L RR195 was performed with 
the magnetite concentrations ranging between 0.312–10.0 g/L 
at pH 7 and 20°C (Fig. 6). Determination of the equilibrium 
time is an essential step for the adsorption experiments. 
Accurately determining equilibrium time dramatically con-
tributes to the design of real-scale adsorption processes. It is 
necessary to determine the “qe” value, which is the amount of 
solute (mg) adsorbed in the unit weight (g) of the adsorbent 
at the equilibrium time. However, it is difficult to determine 
the real “qe” value due to the slow interaction between adsor-
bate and adsorbent after the initial rapid reaction in many 
adsorption processes. In such cases, the closest “qe” value is 
selected [69]. The equilibrium times for 0.312, 0.625, 1.25, and 
2.5 g/L of magnetite was determined as 75 min. On the other 
hand, the equilibrium times for 3.75, 5.0, 7.5, and 10.0  g/L 
of magnetite were determined as 30  min. The adsorption 
of RR195 by magnetite at concentrations above 2.5 g/L was 
rapid within the first 15 min, then became slow with increas-
ing contact time due to high binding sites of magnetite per 
RR195 molecules. High sorption sites per RR195 molecules 
may cause rapid diffusion intraparticle matrix of magnetite 
[70]. The adsorption capacities at equilibrium time for 0.312, 
2.5, and 10.0  g/L magnetite concentrations were calculated 
as 65.28, 31.16 and 9.77  mg/g, respectively. RR195 removal 
efficiencies from STW at equilibrium time for 0.312, 2.5, and 

10.0  g/L magnetite concentrations were found to be 20.4%, 
77.9% and 97.78%, respectively. As the adsorbent dosage 
increases, the number of the adsorbing active sites per unit 
solution volume increases. The presence of more actives site 
can increase the dye removal efficiency [71]. Determining 
the effective adsorbent dose is very important to achieve the 
desired dye removal efficiencies in real-scale applications. 
On the other hand, the effective adsorbent dose is directly 
related to the dye concentration in the wastewater. With 
the increase of the dye concentration in the wastewater, 
the required effective dose of adsorbent increases [72].

3.2.1. Adsorption isotherms

The calculated adsorption isotherm parameters are 
shown in Table 3. The highest maximum adsorption capacity 
(93.197 mg/g) of the magnetite for the RR195 was obtained 
from the Langmuir isotherm with a moderately high R2 
(0.985) value among the tested isotherms. However, high 
ERRSQ (63.146) and HYBRID (68.777) function values for 
the Langmuir isotherm showed that this isotherm is not 
appropriate for the description of the experimental data. 
The R2 value is not sufficient for selecting the isotherm in 

Fig. 4. Fourier-transform infrared spectroscopy analysis of the 
magnetite.

Fig. 5. Magnetic specification of the magnetite.
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the non-linear solution method. Along with high R2 values, 
high error function values can also be obtained from the 
non-linear method [73]. The lowest R2 and the highest APE %, 
ERRSQ and HYBRID values were calculated for the Dubinin–
Radushkevich isotherm. The Dubinin–Radushkevich model 
was found to be insufficient for describing the adsorption 
of the RR195 onto magnetite. The error function values of 
the Sips isotherm showed similarities with the Dubinin–
Radushkevich isotherm. The Jovanovich model predicted 
the maximum adsorption capacity as 68.998 mg/g, closer to 
the maximum experimental qe (65.28 mg/g) value with mod-
erate error function values. It can be seen from Table 2 that 
the adsorption data fitted well to the Freundlich and Redlich–
Peterson isotherms. Among the tested isotherms, the highest 
R2 value (0.999), lowest ERRSQ (2.76), χ2 (0.417), HYBRID (2.08) 
and MPSD (0.0485) values were obtained from the Freundlich 
isotherm. The adsorption data fitted to the Freundlich iso-
therm perfectly. When considering the assumption of the 
Freundlich isotherm, it is thought that the sorption sites of the 
magnetite are heterogeneous and have different adsorption 
energies. The RR195 molecules distributed non-uniformly 
to the sorption sites and were adsorbed onto magnetite sur-
face with multilayers. The “n” value was calculated as 1.785, 
indicating that the adsorption process is favorable [50,74].

3.3. RR195 removal from STW by M/AS process

100 mg/L RR195 removal studies from STW by the M/AS 
process were carried out simultaneously using three differ-
ent MLSS concentrations (2,000; 3,000 and 4,000 mg/L) with 
five different magnetite concentrations (0.312, 0.625, 1.25, 
2.50, and 3.75 g/L). Also, removal of five different RR195 con-
centrations (50, 100, 150, 200, and 300 mg/L) by 4,000 mg/L 
MLSS with different amounts of magnetite were studied. 
The percentage of volatile suspended solids of MLSS was 
determined between 84% and 87%. A stable COD effluent 
was obtained after approximately 28  d in the adaptation 
phase of the activated sludge process to the dye-free sim-
ulated textile wastewater. Acclimated activated sludge was 
operated for another 10  d. The M/AS process was carried 
out by preparing the desired MLSS concentrations from the 
acclimated AS.

3.3.1. Effect of MLSS and magnetite concentrations for the 
removal of RR195

The M/AS hybrid experiments were performed with 
100  mg/L RR195 concentration (Fig. 7). The difference 
between the RR195 removal efficiencies by inactivated 
biomass (sodium azide, 5  g/L) and the activated biomass 

Table 3
Calculated isotherm parameters

Isotherm Constants Error functions

Langmuir R2 ERRSQ APE % χ2 HYBRID MPSD

qmax 93.197
0.985 63.146 13.493 4.126 68.777 0.241KL 2.351

Freundlich
KF 5.541

0.999 2.76 2.54 0.417 2.08 0.0485
n 1.785

Dubinin–Radushkevich
qmax 69.774

0.932 294.6 29.472 18.941 315.695 1.508KDR 0.007

Redlich–Peterson

Kr 132.695
0.998 3.015 1.573 0.435 2.37 0.411ar 23.348

β 0.443

Toth

qmax 65.241
0.990 40.014 11.216 2.999 59.997 1.230KT 28.755

nT 1.045

Jovanovich

qmax 68.998
0.986 75.281 14.880 4.443 25.813 1.62KJ 0.028

Sips

qmax 61.215
0.934 224.016 19.832 8.86 177.234 2.82KS 0.021

nS 0.727
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was negligible. The mechanism of the RR195 removal with 
biomass is thought to be adsorption, with no biodegrada-
tion. The results of the study showed that the MLSS concen-
tration has a significant effect on the removal of RR195. It 
was determined that the RR195 removal efficiency increases 
with increasing MLSS concentration. The RR195 removal 
efficiencies within 90  min for 2,000; 3,000 and 4,000  mg/L 
MLSS without magnetite were determined as 42.5%, 57.7% 
and 76.1%, respectively. Many studies reported that the 
biosorption of Reactive textile dyes onto activated sludge 
increases by decreasing the pH of the medium [75–77]. 
Carboxyl, phosphate, and amine ionized groups make the 
surface charge of the activated sludge biomass negative. 
Reactive dyes are negatively charged due to their sulfonated 
groups. Therefore, electrostatic repulsive forces between 
reactive dyes and active biomass may adversely affect the 
biosorption process. When the pH value of the solution is 
adjusted to below the isoelectric point of the cell’s surface 
charge, the charge of the activated sludge becomes positive 
as a result of the amine groups protonation [78]. Positively 
charged amine groups are responsible for the adsorption 
of reactive dyes [79]. However, acidification of the textile 
wastewater is not possible for the activated sludge sys-
tems due to the inhibition of the microorganisms. The M/
AS experiments showed that the magnetite concentration 

has a significant effect on the removal of the RR195 from 
STW. The RR195 removal efficiencies within 60 min with the 
simultaneous use of 0.312, 1.25, and 3.75 g/L magnetite con-
centrations with 2,000 mg/L MLSS were found to be 46.70%, 
82.20%, and 99.50%, respectively. The experiments showed 
that at least 1.25 g/L magnetite concentration was necessary 
to achieve more than 90% dye removal within 90  min for 
the activated sludge process containing 2,000  mg/L MLSS. 
On the other hand, ⁓90% RR195 removal efficiency can be 
obtained within 30 min by adding magnetite with 3.75 g/L 
concentration into the activated sludge process containing 
2,000  mg/L MLSS. The RR195 removal efficiencies within 
60  min for 0.312  g/L magnetite/3,000  mg/L MLSS-AS, 
2.50 g/L magnetite/3,000 mg/L MLSS-AS, and 3.75 g/L mag-
netite/3,000 mg/L MLSS-AS were found to be 59.4%, 89.20%, 
and 99.50%, respectively. 99.50% RR195 removal efficiency 
was obtained in 90  min by 1.25  g/L magnetite/3,000  mg/L 
MLSS-AS. On the other hand, this efficiency was achieved 
in 45 min by 3.75 g/L magnetite/3,000 mg/L MLSS-AS. The 
highest RR195 removal efficiencies were obtained from the 
magnetite/4,000 mg/L MLSS-AS hybrid process. The exper-
iments showed that the RR195 removal from STW by M/
AS increases with increasing MLSS and magnetite concen-
tration concentrations. Higher RR195 removal efficiencies 
with higher biomass concentrations can be explained by 

Fig. 7. Effect of mixed liquor suspended solids and magnetite concentrations on the removal of Reactive Red 195 by 
magnetite/activated sludge.
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the increase of functional groups such as acidic polysac-
charides, carboxyl, phosphonate, amino, hydroxyl groups, 
which are possibly responsible for the dye biosorption 
with increasing MLSS concentration [78]. Also, achieving 
higher removal efficiencies with higher magnetite concen-
trations is due to the presence of the more active binding 
sites [71]. The M/AS experiments showed that the optimum 
MLSS concentration is 4,000 mg/L to achieve sufficient dye 
removal efficiencies in shorter contact times and with lower 
magnetite concentrations. The experiments showed that 
the biosorption of RR195 by biomass and adsorption of 
RR195 by magnetite occurred in the M/AS process.

3.3.2. Effect of RR195 concentration on the removal of the 
RR195

Five different RR195 concentrations (50, 100, 150, 200, 
and 300  mg/L) were studied with the addition of different 
concentrations of the magnetite (1.25, 2.50, and 3.75  g/L) 
into the activated sludge containing 4,000 mg/L MLSS con-
centration (Fig. 8). The addition of 1.25  g/L magnetite into 
the 4,000  mg/L MLSS-AS was found to be sufficient for 
the removal of 50  mg/L RR195 with 99% efficiency within 
45 min. 300 mg/L RR195 was removed with 77.8% efficiency 
within 90 min with 1.25 g/L magnetite/4,000 mg/L MLSS-AS. 
Removal efficiency of the 200 mg/L RR195 by 2.50 g/L mag-
netite/4,000  mg/L MLSS-AS within 120  min was calculated 

99.50%. All RR195 concentrations were removed over 99% 
efficiency within different contact times by 3.75 g/L magne-
tite/4,000 mg/L MLSS-AS hybrid system.

3.3.3. COD removal from STW by M/AS process

The COD removal experiments were performed with 
100  mg/L RR195 and different magnetite concentrations 
(1.25–5.0 g/L) in the activated sludge containing 2,000; 3,000 
and 4,000  mg/L MLSS concentrations (Fig. 9). The COD 
removal efficiencies of M/AS and AS process were calculated 
for 120, 240, 360 and 1,440 min. The COD concentration of the 
STW was 2,155 mg·O2/L. 85.25 mg·O2/L of the total COD con-
centration is due to 100 mg/L RR195. The COD removal effi-
ciencies increased with increasing magnetite concentration, 
time, and MLSS concentration. The COD removal efficiencies 
of 2,000; 3,000 and 4,000  mg/L MLSS-AS without magne-
tite within 2 h were found to be 73.45%, 78.58%, and 82.4%, 
respectively. The COD removal efficiencies for 4,000  mg/L 
MLSS-AS, 1.25 g/L magnetite/4,000 mg/L MLSS-AS, 5.0 g/L 
magnetite/4,000  mg/L MLSS-AS within 24  h were found to 
be 88.40%, 89.69%, and 94.32%, respectively. It was found 
that high amounts of magnetite and long contact times were 
required to remove the COD with >90% efficiency from STW. 
On the other hand, these requirements will change for textile 
wastewater containing lower COD values. After the M/AS 
treatment of STW, the magnetite particles were successfully 
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separated from the AS by application of external magnetic 
field (Fig. 10).

The studies on dye removal from wastewater generally 
focused on a single process such as adsorption or biologi-
cal treatment [80–83]. In addition to dye molecules that are 
resistant to aerobic biodegradation, there are also biodegrad-
able organic compounds in textile wastewater. While the 
adsorption process can be effective for the removal of dyes, 
it is not sufficient to reduce the COD concentration to the 
desired discharge levels. Aerobic biological processes such 
as AS generally show adequate performance in the miner-
alization of the biodegradable COD sources in textile waste-
water. On the other hand, the AS process alone does not have 
sufficient performance in the removal of dye molecules in 
textile wastewater. Dye removal studies by live or dead AS 
biomass reported that the removal mechanism was biosorp-
tion not biodegradation [63,78,84]. Integration of adsorp-
tion and AS processes in a single reactor for the treatment 
of textile wastewater can provide advantages of these two 
processes. The fact that such an integrated hybrid system 

can be applied to AS processes by adding adsorbent pro-
vides significant convenience in practice. However, it is very 
important for sludge management that the adsorbent can be 
separated from the AS process after treatment. Addition of 
magnetite particles as an adsorbent to AS processes can be 
a potential hybrid process in the treatment of textile waste-
water. However, no scientific research has been found on 
magnetic-adsorbent/AS integrated hybrid processes in the 
relevant literature. It is thought that this study is important 
in terms of filling the gap in the literature.

4. Conclusion

In the present study, the magnetite/activated sludge 
hybrid process (M/AS) was used for the removal of the 
RR195 from simulated textile wastewater. The Freundlich 
isotherm fits the experimental data obtained from the 
adsorption of RR195 by magnetite very well. The effect of 
MLSS and magnetite concentration on the removal of RR195 
were investigated in M/AS process. The optimum MLSS 
concentration for removing the RR195 from STW by M/AS 
was determined as 4,000  mg/L. The RR195 removal effi-
ciency within 90  min by 4,000  mg/L MLSS-AS and 2.5  g/L 
magnetite/4,000  mg/L MLSS-AS was found to be 76.10% 
and 99.50%, respectively. 94.32% COD removal efficiency 
was achieved by 5.0  g/L magnetite/4,000  mg/L MLSS-AS. 
The magnetite can be effectively separated from STW and 
biomass after M/AS treatment by an external magnetic field. 
M/AS is an eco-friendly adsorption/biodegradation hybrid 
process for the effective treatment of textile wastewater. The 
experiments have shown that the magnetite/AS hybrid pro-
cess has a high potential in the treatment of dye-containing 
textile wastewater. Biosorption of RR195 and degradation of 
organic compounds by activated sludge and adsorption of 
RR195 by magnetite occur simultaneously in M/AS. The data 
obtained from the present study can be helpful in the treat-
ment of textile wastewater by the adsorption/biodegradation 
hybrid process in real-scale applications. Magnetite can be 
easily separated from the AS by applying a magnetic field. 
Thus, inorganic load of biomass can be prevented during 
sludge treatment and disposal stages.
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Fig. 10. Separation of the magnetite particles.
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