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Abstract
A highly efficient eco-friendly nanoadsorbent i.e. γ-Fe2O3/MWCNTs/Cellulose was derived from waste tires and natural 
cellulose for malachite green removal from aqueous solutions through a chemical vapor deposition technique. The properties 
of the synthesized nanoadsorbent were identified using XRD, FESEM, EDX, TEM, EDS, DLS, FTIR, VSM, BET, XPS, 
and TGA. According to the results, the highest malachite green adsorption capacity was obtained by γ-Fe2O3/MWCNTs/
cellulose 47.61 mg/g. In addition, the amount of dye adsorption increased with decreasing flow rate and enhancing column 
length from 9 to 3 mL/min and 2 to 10 min, respectively. The pseudo-second-order and the Langmuir model were the best 
kinetic and isothermal models to describe the malachite green adsorption process (R2 > 99%). The thermodynamic results 
demonstrated that the adsorption process is exothermic and spontaneous. However, after 4 consecutive adsorption/desorption 
cycles, the removal efficiency was 87.35%. Therefore, γ-Fe2O3/MWCNTs/Cellulose can be considered as an outstanding 
adsorbent for malachite green removal.

Keywords  Multi-Walled Carbon Nanotubes (MWCNTs) · Waste tire · Malachite Green removal · Optimization process · 
Thermodynamic study

1  Introduction

Dyes are widely used in textiles, cosmetics, metal plating, 
and the pharmaceutical industry, and large amounts of dyed 
wastewater are produced and discharged in aqueous media. 
The discharge of effluents containing pigments into aquatic 
ecosystems not only damages beautiful natural landscapes 
but also prevents light from penetrating deep into the water 
and disrupts the process of photosynthesis, resulting in the 
destruction of aquatic ecosystems[1]. Dyes are considered 
a major environmental challenge due to their toxic, non-
biodegradable, and potentially carcinogenic nature[2]. 
Malachite green (MG) dye with the chemical formula 
(C52H54N4O) is a water-soluble cationic dye that belongs 

to the triphenylmethane group [3]. The presence of this dye 
in the food chain leads to carcinogenic effects and defects 
and chromosomal abnormalities in the fetus in humans. This 
dye readily decomposes and produces toxic by-products that 
lead to damage to the kidneys, liver, lungs, and bones [4, 
5]. Hence, it is very vital to remove these dyes from the 
water bodies. Researchers have focused to remove these dyes 
from water and wastewater. So far, various methods such as 
electrochemical methods, biological methods, adsorption 
technology, coagulation and flocculation, and photocatalytic 
processes have been used to remove dye compounds [6, 7]. 
Degradation processes are a technique for the removal of 
organic pollutants such as dye into environmental solutions 
[8]. However, only able to slowly and partially mineralize 
these compounds, and many toxic by-products may remain 
in the environment. Although some of these advanced tech-
niques are approximately expensive, but adsorption is a sim-
ple, cost-effective, and efficient technique for the adsorption 
of contaminants[9]. Adsorption method has been used as 
an efficient and effective method compared to other meth-
ods due to its cheapness, ease of performance control, non-
toxicity, lack of sludge formation, and recoverability [10]. 
In this regard, a birds-eye view to utilize the biopolymers 
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as a source for nanomaterials synthesis illustrates that cel-
lulose is the most abundant biodegradable polymer derived 
from renewable polysaccharide resources for this purpose. 
Also, cellulose is one of the most plentiful biomaterials on 
the earth, which is produced in about 1011 tons per year 
[11]. Cellulose has three hydroxyl groups (OH−) in each 
unit of hydroglucose and due to its very effective functional 
groups; it has an excellent performance in absorbing and 
removing environmental contaminants such as metal ions, 
inorganic anionic contaminants, heavy metals, and emerg-
ing pollutants and dyes [12–14]. Unlike these advantages, 
the low adsorption capacity of cellulose is the main restric-
tion for its large-scale application but this deficiency can 
be remarkably improved just by a slight modification [15]. 
However, dealing with the applied carbon-based materials 
for the synthesis of highly efficient adsorbents, carbon nano-
tubes (CNTs) are among the most well-known ones in vari-
ous industrial applications including gas sensors, capacitors, 
batteries, and biosensors because of their special physical 
and chemical properties, structural control, low density, and 
porosity [16–18]. Regarding this, many studies have intro-
duced CNT as a very suitable and promising adsorbent for 
the rapid removal of contaminants from water and wastewa-
ter [19], and also to improve the mechanical, thermal, and 
electrical properties of Cellulose [20]. CNTs can be strongly 
bound to cellulose due to non-covalent interactions [21], 
resulting in the improvement of tensile strength of cellulosic 
materials and the enhancement of its removal potential of 
contaminants [19].

In the present study to augment the conformity and 
the adaptability of synthesized nanoadsorbents with the 
environmental criteria, the applied Multi-Walled Carbon 
Nanotubes(MWCNTs) was creatively manufactured by 
waste tires utilization through the chemical vapor deposi-
tion (CVD) method. Due to the increasing demand for auto-
mobiles worldwide, the environmental problems caused 
by the disposal of waste tires have become more serious 
because these materials are not biodegradable. Waste tires 
are extremely wealthy with carbon element content (88%), 
different elastomers (e.g. natural rubber, butadiene, and 
styrene-butadiene rubber), and metal reinforcements (such 
as sulfur, zinc, carbon strengthener/filler) [22]. Therefore, 
the reuse of waste tires can play a key role in the reduc-
tion of hazardous components release and their associated 
concerns. Addressing literature [23], the pyrolysis of waste 
tires is a good way to recover up to 90% of the residual 
content of carbon at high temperatures. However, despite 
all profits, the separation and recycling of CNT/Cellulose 
catalysts is a noticeable challenge for their application in 
water and wastewater treatment. To overcome this prob-
lem, the use of magnetic nanoparticle-based adsorbents has 
been recently paid great attention to because of their special 
properties such as small size and easy separation through 

external magnetic fields [24]. In light of this fact, magh-
emite (γ-Fe2O3) is one of the most attractive iron oxides 
because of its chemical stability, biological compatibility, 
and heating ability which has been used in different applica-
tions such as pigments removal, photocatalytic analyses, and 
ferrofluid technology [25]. Therefore, the main objective of 
this study was the synthesis of a high efficient nanoadrorbent 
for significant removal of MG from aqueous solutions with 
the highest economic and environmental compatibility to 
provide a guideline for further investigations.

2 � Materials and methods

2.1 � Materials

Iron (II) Chloride Tetrahydrate (FeCl2.4H2O), Hexameth-
ylenetetramine ((CH2)6N4), Sodium Hydroxide (NaOH), 
Sodium Nitrate (NaNO3), Epichlorohydrin (C3D5ClO), Urea, 
Ammonia, Sulfocarbamide, Dimethyl Formid ((CH3)2NCH), 
and malachite green dye with the chemical formula 
(C52H54N4O12) were purchased from Sigma Aldrich, USA. 
Commercial cellulose materials, containing 93% cellulose, 
were purchased by Pasargad Scientific Industrial Manufac-
turing Company (KANGAROO) and used without further 
purification. The waste tire specimen used in this study were 
Bridgestone disposable tires. Ferrocene, which was used as 
a source of Fe catalyst, was purchased from Sigma-Aldrich, 
USA. Due to the chemical structure of Fe (C5H5)2, ferro-
cene has a dual function (it can act as a catalyst and carbon 
source) and therefore is effective in the production of CNT. 
During the research, deionized water was used to prepare 
the solutions.

2.2 � Preparation of γ‑Fe2O3 nanoparticles

To prepare γ-Fe2O3 nanoparticles, 21 g of iron (II) chloride 
tetrahydrate (FeCl2.4H2O), 25 g of hexamethylenetetramine 
((CH2)6N4), and 6 g of sodium nitrate (NaNO3) were dis-
solved in 500 ml of distilled water. To prepare γ-Fe2O3 nano-
particles, 21 g of iron (II) chloride tetrahydrate(FeCl2.4H2O), 
25 g of hexamethylenetetramine ((CH2)6N4) and 6 g of 
sodium nitrate (NaNO3) were dissolved in 500 ml of distilled 
water. Then, these materials were mixed to attain a black 
precipitate. The precipitate was a permanent oxygen pump 
for 7 h at 60 °C before it was filtered by filter paper. The 
residue on the filter paper was washed several times with 
ethanol and distilled water to eliminate organic impurities 
and anions and then dried for 48 h at 55 °C. Finally, the dried 
specimens were ground and γ-Fe2O3 magnetic nanopowder 
was obtained[26].
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2.3 � Preparation of environmentally friendly carbon 
nanotubes

In this study, an environmentally friendly method was used 
to synthesize carbon nanotubes. The waste tire specimen 
used in this study was Bridgestone disposable tires. In this 
study, Ferrocene is used as a source of Fe catalyst because 
of the chemical structure of Fe(C5H5)2. Ferrocene vaporized 
at a temperature above 400 °C. For this purpose, the waste 
tires were prepared and cut into tiny pieces and placed in a 
container and put in a furnace at 350 °C for 15 min in an 
inert nitrogen atmosphere with a flow rate of 3 L/min. The 
residue was manually crushed in a mortar and the result-
ing fine powder was used as carbon pre-production to syn-
thesize carbon nanotubes. 2 g of the remnant fine powder 
was blended with 50 mg of ferrocene (as a catalyst) in a 
plant container and placed in a horizontal quartz tube, and 
then the system was drained under a nitrogen stream for 
1 h. This process was started at ambient temperature and 
continuously enhanced at a rate of 30 °C/min, and it received 
the combustion temperature at 800 °C and placed on at this 
temperature for 30 min, then the chamber was turned off and 
allowed to cool down to the ambient temperature. At last, the 
tubes were opened and the resulting solids were collected. 
It should be noted that the synthesis of carbon nanotubes 
was used by chemical vapor deposition (CVD) due to its 
high performance and relatively low cost depending on the 
decomposition of hydrocarbons on the surface of catalysts 
of transition metals [27].

In the next step of preparing carbon nanotubes, the puri-
fication technique was carefully adjusted to reduce the dam-
age in the structure of the synthesized MWCNTs. Since the 
MWCNTs prepared by CVD techniques were attendant with 
different types of carbon particles, it was crucial to apply 
a strong oxidant to purify the raw MWCNTs. Thus, at this 
stage, the as-synthesized MWCNTs were refined with a 
blend of concentrated H2SO4 and HNO3 in a volume ratio 
of 3: 1. The amount of acid used was determined by the stoi-
chiometry of the reaction between these acids and iron. The 
crude MWCNTs nanoparticles were dissolved in a mixture 
of these acids and vigorously stirred at ambient tempera-
ture for 48 h. Then, they washed several times with distilled 
water until the pH reached about 7. Then, the nanoparticles 
were dried at 120 °C for 12 h.

2.4 � Preparation of magnetic nanoparticles MWCNTs

To synthesize MWCNTs magnetic nanoparticles, the first, 
20 g of FeCl2.4H2O, 26 g of (CH2)6N4, and 6 g of NaNO3 
were dissolved into 500 ml of distilled water. Then, 0.2 g of 
MWCNTs were added to them and the mixture was stirred 
for 2 h, and then the suspended was transferred into soni-
cated. In the next step, a solution of ammonia and water 

was added drop-wise into the mixed solution into sonicate. 
After the suspension was stable for 48 h, the products were 
separated and collected using an external magnet, and then 
washed several times with deionized water and ethanol. 
Finally, the resulting precipitate was dried in the oven at 
80 °C for 7 h [28].

2.5 � Magnetic γ‑Fe2O3/MWCNTs functionalized 
cellulose

In order to functionalize nanoparticles, the preparation pro-
cess is as follows: 6 wt% aqueous NaOH solution, 5.5 wt% 
sulfocarbamide, and 8.8 wt% urea are blended and the sus-
pension was pre-cooled in a refrigerated at -4 °C[29]. 3 g 
of crude cellulose were immediately dissolved in 100 ml of 
aqueous solution at 25 °C for 5 min to give a clear cellulose 
solution by 3 wt% concentration. Sulfocarbamide, NaOH, 
and urea in a suspension can form hydrates that can react 
with cellulose, thereby dissolving cellulose and forming a 
clear cellulose solution[30]. In the next step, the cellulose 
solution was centrifuged at room temperature for 15 min at 
8000 rpm to remove insoluble components and air bubbles. 
Then, 1 g of γ-Fe2O3 nanoparticles and 0.27 g of MWCNTs 
were added into the cellulose solution under a magnetic stir-
rer for 1 h. The resulting solution was poured into a coagu-
lation bath containing 10 wt% sodium chloride and stirred. 
Once the soluble cellulose is coagulated again, γ-Fe2O3 and 
MWCNT were trapped by strip cellulose. After 12 h, 3 ml 
of epichlorohydrin was added drop-wise into the mixture 
by stirring for 50 min. Then, the mixture was increased to 
80 °C by stirring for another 120 min to achieve γ-Fe2O3/
MWCNTs/cellulose [31]. Finally, the resulting nanoparticles 
were separated using an external magnet and washed with 
ethanol and distilled water, and then dried in the oven at 
70 °C for 8 h.

The stepwise preparation of γ-Fe2O3/MWCNTs/Cellulose 
is schematically depicted in Fig. 1. As can be seen, the syn-
thesis of this nanoadsorbent was carried out at five distinct 
stages as follows: 1) MCNTs synthesized from waste tire, 
2) MCNTs purification, 3) γ-Fe2O3 preparation, 4) γ-Fe2O3/
MWCNTs synthesis, and 5) γ-Fe2O3/MWCNTs/Cellulose 
synthesis. The applied process in each stage is described in 
detail in SI, Sects. 2–1 to 2–5. Furthermore, all explanations 
concerning the characterization, adsorption experiments in 
the batch and continuous systems, adsorption isotherms and 
kinetic models, and thermodynamic parameters are widely 
presented in SI, Sects. 2–6 to 2–11.

2.6 � Characterization of γ‑Fe2O3/MWCNTs/cellulose

A vibrating sample magnetometer (VSM) (Lake Shore 7403) 
was used to measure the magnetic properties of the nano-
composites. The crystalline structure of the nanoparticles 
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was measured using X-ray diffraction Rigaku MiniFlex 
600 (XRD) using Cu Ka radiation (l = 0.15418 nm). The 
structure and morphology of the resulting composite nano-
particles were determined using Field Emission Scanning 
Electron Microscopy (FESEM) (TE-SCAN, MIRA3 FESEM 
model). Elemental analysis was performed using an alternat-
ing EDS spectrometer (FESEM). The zeta potential of the 
samples was also measured using a 3000HS Zetasizer. Fou-
rier transforms infrared spectroscopy (Shimadzu, FTIR1650 
spectrophotometer, Japan) with KBr plates was used to show 
the chemical nature of the prepared composites in the range 
of 4000–400 (cm−1). Particle size distribution was recorded 
using the Dynamic Light Scattering (DLS) method using the 
Zetasizer 3000HS. The Brunauer–Emmett–Teller (BET) sur-
face area of the samples was determined by nitrogen uptake 
(N2) using a micrometer (Microtrac BEL Corp., Osaka, 
Japan). X-ray photoelectron spectroscopy (XPS) was per-
formed (XPS VG, Esca Microprobe 2000 quantum physical 
electron, using Al Ka radiation) for chemical analysis and 
strength of the samples. The thermographic analysis (TGA) 
was measured using a Perkin Elmer (USA) device at 50 to 
800 °C in atomic nitrogen.

2.7 � Adsorption experiments in Batch system

Adsorption tests were performed in a batch system at room 
temperature and in glass containers using a thermostat shaker 
at a stirring speed of 150 rpm. Batch adsorption factors such 
as pH, contact time, adsorbent dose, initial concentrations of 
MG, and temperature were appropriately optimized to enable 
improved removal of MG from aqueous solution. For this 
purpose, 10 mg of catalytic adsorbent was added to 100 ml 
of contaminant solution and stirred continuously for 10 min 
at pH 7 and temperature of 313 K. Thereafter, the specimen 
was filtered using a Whatman grade 1 filter paper, and then 
the remaining adsorbate amount was measured via a spectro-
photometer at 618 nm. The removal rate (R) and adsorption 
capacity qt and qe (mg/g) were calculated via the following 
equations [32]:

(1)R =
C0 − Ce,t

C0

× 100%

Fig. 1   Schematic diagram of the synthesis of γ-Fe2O3/MWCNTs/Cellulose
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In these equations, C0 is the initial concentration 
(mg/L), while Ce and Ct indicate the equilibrium (mg/L), 
and t time concentration of the pollutant, respectively. Qt 
and qe are respectively in terms of pollutant adsorption 
capacity in t (min) and equilibrium time. Also, V (L) is 
the volume of the adsorbent solution and m (mg) is the 
amount of adsorbent.

2.8 � Adsorption isotherm models

To further evaluate the adsorption capacity, which is one 
of the most important parameters in the study of absorp-
tion systems, adsorption equilibrium isotherms are exam-
ined. Therefore, first, the relationship between the equi-
librium concentration of MG after adsorption and the 
adsorption size on the adsorbent surface was investigated. 
Then, to understand the static adsorption behavior of MG 
pollutant by the γ-Fe2O3/MWCNTs/cellulose, Langmuir 
and Freundlich models were used. In this study, the Lang-
muir isotherm model is based on the assumption of mon-
olayer adsorption from a homogeneous surface, inverse 
the Freundlich isotherm, which is considered multilayer 
adsorption on a heterogeneous surface. Linear and non-
linear isotherm models are based on Eqs. (4 - 7) [33]:

Linear

Nonlinear

where qm (mg/g) is the maximum absorption capacity 
and KL (l/mg) is the Langmuir coefficient. KF is the Fre-
undlich equilibrium constant, which indicates the degree 
of adsorption capacity, and nF is the heterogeneity factor 
that determines the strength of adsorption.

(2)R =
C0 − Ce,t

C0

× 100%

(3)qt =
(C0 − Ct)V

m

(4)
Ce

qe
=

1

KLqm
+

Ce

qm

(5)lnqe = lnKF +
1

nF
lnCe

(6)qe =
qmkLCe

1 + kLCe

(7)
qe = kFC

1/

n
e

2.9 � Investigation of the adsorption kinetics model

To investigate the relative adsorption kinetics, different kinetic 
models have been used. In this study, linear and non-linear 
pseudo-first-order and pseudo-second-order models were used 
to fit the kinetic data by the relationships expressed in the fol-
lowing functions [34]:

Linear

Nonlinear

where k1 (min−1) is the rate constant of pseudo-first-order 
and k2 (g/mg/min) is the rate constant of pseudo-second-order. 
qe (mg/g) and qt are the amount of species adsorbed by the 
adsorbent at equilibrium and at time t (min), respectively.

The intraparticle diffusion model was used to assay the 
probability of intraparticle diffusion resistance that may impact 
the adsorption process (Eq. (12)).

where kp and I respectively are the intraparticle diffusion 
rate constant and its intercept. The I, kp, and R2 at different 
MG concentration values were measured from the linear plot 
of qt versus t1/2.

2.10 � Investigation of thermodynamic parameters

By examining the changes in the amount of adsorption in 
terms of temperature, we can be explained whether the reac-
tion is exothermic or endothermic. However, in addition to 
the optimum temperature, absorption constants, and equilib-
rium constants can be calculated from the slope of the curves. 
Therefore, thermodynamic parameters such as; entropy (ΔS°) 
enthalpy (ΔH°) and Gibbs free energy (ΔG°) were assessed to 
determine the nature of pollutants by the adsorbent using the 
following equations [35]:

(8)ln
(

qe − qt
)

= lnqe − K1

(9)
1

qt
=

1

K2q
2
t

+
1

qe

(10)qt = (qe − e−k1t)

(11)qt =
k2q

2

e
t

1 + k2qet

(12)qt = kpt
1∕2 + I

(13)ΔG◦ = ΔH◦ − TΔS

(14)ln
qe

Ce

=
ΔH◦

KT
+

ΔS◦

R
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where ΔHº (J/mol) is enthalpy changes and ΔSº (J/K.mol) 
is entropy changes, R is the gas constant (8.314 J/mol/K) and 
T is the temperature (K). The line diagram of Inqe/Ce versus 
1/T aided the measurement of ΔSº (J/K.mol) and ΔHº (J/
mol) as the slope and intercept, respectively.

2.11 � Experiments in the continuous system

The continuous experiments were performed in a glass col-
umn with an inner diameter of 3 cm, a height of 45 cm, 
and a volume of 150 mL. In this experiment, a peristaltic 
pump was used to maintain proper flow. The bottom of the 
glass column was covered with glass wool with a thickness 
of 0.06 cm to prevent the absorber from disappearing. The 
whole experiment was performed under optimal conditions. 
These experiments were performed with the optimal catalyst 
concentration and using an initial concentration of the solu-
tion containing a 5 mg/L of MG. In this study, the effects 
of process parameters such as flow rate (5, 10, and 15 mL/
min), and bed height (3, 5, and 7 cm) were also investigated. 
Finally, samples were extracted at different time intervals 
from the bottom of the column, and the final concentration 
of MG was determined using a spectrophotometer. The vol-
ume of treated water, Veff is measured via Eq. (15):

where Veff is the volume of treated water (ml), Q is the 
volumetric flow rate (ml/min), and ttotal is the total flow 
time (min). The total amount of adsorbed dye (qtotal (mg)) 
in the column studied is shown by the level under the plot 
of adsorbed dye concentration, which is determined using 
numerical integration in the following equation [36]:

In this equation, q is the total amount of dye absorbed 
(mg), Q is the flow rate of the solution (mL/min), A is the 
area under the breakthrough curve from C0 to Ct (mg/min/L) 
from time 0 to any time t, C0 is the influent dose (mg/L), and 
Ct is the effluent dose (mg/L) at time t (min). The total MG 

(15)Veff = Qttotal

(16)qtotal =
QA

1000
=

Q

1000∫
T

0

(C0 − Ct)dt

dye entered into the column was calculated using Eq. 17 
[37]:

Meanwhile, Rtotal (%), the total dye adsorption, and CTEC 
(min), the contact time of empty column, were calculated via 
Eqs. (18 and 19), respectively [38]:

where Q is the flow rate (mL/min), ttotal (min), and tb 
(min) demonstrates saturation point and the time at break-
through, respectively. Vb is the volume of treated water at 
breakthrough, and Vtotal is the total treated water.

The percentage of MG dye removal (mg) can be evalu-
ated as the ratio of the absorbed MG mass (qtotal) to the total 
mass of MG introduced into the column (mtotal). The total 
MG uptake in the equilibrium (mg/g) condition is calculated 
using the following equation:

where the qe is the total adsorption of MG in equilibrium 
(mg/g), q is the amount of adsorbed dye (mg/g), and m (g) 
is the mass of adsorbent.

3 � Results and discussion

3.1 � Characterization of γ‑Fe2O3/MWCNTs/Cellulose

3.1.1 � Morphology and structure of γ‑Fe2O3/MWCNTs/
Cellulose

The surface morphology of γ-Fe2O3/MWCNTs/Cellu-
lose was performed by FESEM analysis. As can be seen 
in Fig. 2a, the accumulated MWCNTs expanded a porous 

(17)mtotal =
C0Qttotal

1000

(18)Rtotal(%) =
qtotal

mtotal

× 100

(19)CTEC =
BEDVOLUME

Q

(20)qe =
q

m

Fig. 2   FESEM images of (a) 
MWCNTs, (b) γ-Fe2O3/MWC-
NTs, and (c) γ- Fe2O3/MWC-
NTs/Cellulose
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network with entanglement. The image (Fig. 2b) clearly 
shows coated MWCNTs with nodules of γ- Fe2O3 nano-
particles that tethered on their sidewalls. Also, the γ- Fe2O3 
has a homogeneous distribution on the tube. According to 
Fig. 2c, the γ- Fe2O3/MWCNTs/Cellulose magnetic nano-
particles have a non-uniform structure and indicate the 
presence of magnetic particles and MWCNTs attached to 
the cellulose surface. The addition of MWCNTs with their 
COOH functional groups to the blend is attended to lead 
to the constitution of hydrogen links between cellulose and 
MWCNTs [39]. The uneven and non-uniform surface of 
γ-Fe2O3/MWCNTs/Cellulose leads to an increase in adsorp-
tion active sites, which provides suitable conditions for the 
adsorption of MG onto the nanoparticle surface and thus, 
improves the adsorption rate [40].

The TEM electron microscopy images were used to study 
the structures of nanoparticles. As shown in Fig. 3a, the 
γ-Fe2O3 nanoparticles are spherical and have a diameter of 
about 70 nm. The surface of MWCNTs is uniform, and its 
average diameter is 52 nm (Fig. 3b). After cellulose coating 
and forming the γ-Fe2O3/MWCNTs/Cellulose nanoparti-
cles, many spherical-shaped particles and hollow nanotube 
structures are observed. It can be clearly observed empty 
spaces and mesoporous structures in the structure of syn-
thesized γ-Fe2O3/MWCNTs/Cellulose. For more detailed 
information, the EDS spectrum was examined to identify 
the elements present in the sample. As Fig. 3d indicates, the 

signals of C, O, Fe elements were detected in the sample, 
which confirms the presence of magnetic nanoparticles in 
MWCNTs/Cellulose. These particles have a distribution of 
120–170 nm with an average particle size of 44 nm, which 
is in close agreement with the obtained results by the TEM 
images (SI1).

and EDS spectrum of γ-Fe2O3/MWCNTs/Cellulose (d).

3.1.2 � X‑ray diffraction (XRD)

The crystalline structure of γ-Fe2O3/MWCNTs/Cellulose 
was analyzed using the XRD. As can be seen in Fig. 4, the 
diffraction peaks for the MWCNTs occurred at 2θ values 
of 26.53°, 35.5°, 50.94°, 63.25°, and 74.68°, respectively, 
typical for graphite carbon which correspond to the surface 
of crystals (002), (311), (102), (440), and (204) [41]. The 
diffraction peaks of 2θ at values of 30.42°, 35.5°, 43.82°, 
54.35°, 57.64°, and 63.25° are belonged to (220), (311), 
(400), (422), (511) and (440) crystal planes of γ-Fe2O3, 
respectively. The XRD results are consistent with the JCPDS 
file NO # 19–629 [42]. The crystal structure of γ-Fe2O3/
MWCNT composite can be confirmed by thin and sharp 
diffraction peaks. Therefore, it was revealed that γ-Fe2O3 
nanocrystals do not change the MWCNT phases. For the 
γ-Fe2O3/MWCNTs/Cellulose, three additional peaks at 2θ 
values of 14.63°, 25.75°, and 34.40° belonging to cellulose 

Fig. 3   TEM images of γ-Fe2O3 
(a), γ-Fe2O3/MWCNTs (b), γ- 
Fe2O3/MWCNTs/Cellulose (c)
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were observed, respectively, which correspond to the surface 
of crystals (101), (200), and (040) [43].

3.1.3 � Magnetic properties Measurement of nanoparticles 
(VSM)

The magnetic properties of the samples were measured 
by the VSM analysis (SI2). As can be seen, the saturation 
magnetization value of γ-Fe2O3 was obtained (48.76) emu.
g−1, which after coating with MWCNT and cellulose led to 
a clear decline in the saturation magnetization value. The 
saturation magnetization values of γ-Fe2O3/MWCNTs and 
γ-Fe2O3/MWCNTs/Cellulose were measured about (32.47) 
and (22.38) emu.g−1, respectively. The results of this analy-
sis illustrated that the synthesized γ-Fe2O3/MWCNTs/Cel-
lulose possessed an excellent super magnetism so that it can 
be separated from the solution using an external magnetic 
field. Therefore, the recovery of these magnetic nanoparti-
cles plays a significant role in evaluating the accessibility 
of this bioadsorbent for water and wastewater treatment in 
practical terms [44].

3.1.4 � Fourier Transforms Infrared Spectroscopy (FTIR)

The results of the FTIR spectrum for the functional group 
identification in synthesized γ-Fe2O3/MWCNTs/Cellulose in 
the range of 400–4000 cm−1 are shown in Fig. 5. The peak 
at 594 cm−1 is related to the vibrational tension of Fe–O in 
the Maghemite. Also, the absorption peaks in the range of 
1106 to 1600 cm−1 confirm the presence of C-O and C = C 
in the composition. In addition, the peak at 3700 cm−1 is 
due to the OH tensile vibrations. The absorption peak at 
1374 cm−1 corresponds to the tensile vibrations of O–H [19]. 
The absorption bands at 1628, 2922, and 1168 cm−1 were 
assigned to the tensile vibrations of C = C, C-H, and C-O 

at MWCNTs [45]. After functionalization with cellulose, 
additional peaks at about 1427 cm−1 corresponded to the 
symmetric and asymmetric tensile vibrations of C-H [46]. 
The absorption bands at 1168 and 1054 cm−1 related to the 
C-O symmetric tensile vibrations, and the C–O–C skeletal 
vibrations in the pyranoid ring [40].

3.1.5 � X‑ray Photoelectron Spectroscopy (XPS)

The XPS analysis was used to investigate the composite sur-
face conditions and to determine the atomic composition and 
bonding behavior of the material at the composite surface. 
Figure 6a indicates that the specimen contains C, O, and 
Fe, which are consistent with the results of the EDS data. 
The peaks of C1s at 289.3 eV are assigned to the carbon 
ester (O = C–O) (Fig. 6b). In addition, the Peaks at 287.5 eV 
and 286.6 eV arose of the bridging carbon (O–C–O) in the 
glucopyranose rings of the cellulose and C–O in the ester 
groups and cellulose [47]. The energy band peaks at 709.4 
and 724.5 are related to the binding energies of Fe 2p3/2 and 
Fe 2p1/2 (Fig. 6c), respectively, which is assigned to γ-Fe2O3 
[48]. In Fig. 6d, the binding energy of O1s is 533.1 eV, 
which corresponds to the typical binding energy of the C 
-O bond, which shows the dominant bond in the composi-
tion. While the peak at 530.9 and 536.6 eV is assigned to, 
C = O, and OH bonds [49, 50]. These XPS results showed 
that cellulose was bonded onto the carbon nanotubes through 
an esterification reaction [51].

3.1.6 � Absorption–desorption analysis N2

In this study, the N2 adsorption-adsorption isotherm was 
used to assess the porosity and surface area of the syn-
thesized nanoadsorbents in the relative pressure range of 
0.5–0.5 and 70 °C (Fig. 7 and Table 1). Figure 7a illus-
trates that all N2 Adsorption–desorption isotherms follow 

Fig. 4   XRD pattern of samples
Fig. 5   FTIR spectra of samples



2503Biomass Conversion and Biorefinery (2024) 14:2495–2513	

1 3

the type V of IUPAC classification, indicating the exist-
ence of mico and mesopore cavities in the structure of syn-
thesized samples with the mesoporosity domination [52]. 
According to Table 1, further modification from γ-Fe2O3 
to Fe2O3/MWCNTs/Cellulose illustrates a positive effect 
on the nanomaterial surface area as favorable properties 
for adsorption. Furthermore, the Barrett-Joyner-Halenda 

Fig. 6   a Complete XPS scan 
spectrum of γ-Fe2O3/MWCNTs/
Cellulose, b) C1s spectrum, 
c) Fe2p spectrum, and d) O1s 
spectrum

Fig. 7   a) N2 adsorption–desorp-
tion isotherms; and b): pore 
size distribution of γ-Fe2O3, 
γ-Fe2O3/MWCNT, and γ-Fe2O3/
MWCNT/Cellulose

Table 1   BET analysis of synthesized nanoparticles

Sample BET surface 
area (m2/g)

Pore 
volume 
(cm3/g)

Average 
pore size 
(nm)

γ-Fe2O3 42.11 0.423 11.02
γ-Fe2O3/MWCNTs 58.6 0.391 8.4
γ-Fe2O3/MWCNTs/Cellulose 132.27 0.388 7.83
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method was used to assay the pore volume distribution; 
the results are demonstrated in Fig. 7b. The average pore 
size was calculated at 11.02 nm, 8.4 and 7.83 nm for 
γ-Fe2O3, γ-Fe2O3/MWCNTs and γ-Fe2O3/MWCNTs/Cel-
lulose, respectively (Table 1). Thus, the MWCNT coated 
with γ-Fe2O3 increases the ion transfer reaction rate at the 
electrode and electrolyte levels, which leads to improv-
ing catalytic and electrochemical properties [53]. Upon 
inclusion of the cellulose into the γ-Fe2O3/MWCNTs, the 
surface area increases while the average pore size and pore 
volume decrease. Therefore, it can be stated that both the 
peak pore volume and the average pore size are reduced 
after surface modification [54].

3.1.7 � Thermal stability of the nanoparticles (TGA)

TGA analysis was utilized to distinguish the thermal analysis 
of nano-absorbent samples. As illustrated in Fig. 8, the ther-
mal stability of γ-Fe2O3, γ-Fe2O3/MWCNTs, and γ-Fe2O3/
MWCNTs/Cellulose nano-absorbents demonstrated some 
similar thermal behaviors, while there was no remarkable 
difference between the cure of γ-Fe2O3/MWCNTs and γ/
Fe2O3/MWCNTs/Cellulose. Based on the results, The ther-
mal stability curve for γ-Fe2O3 showed a dehydration weight 
loss of about 1.13% in the temperature range of 130–135 °C 
[55], and the major thermal decomposition phase of the 
γ-Fe2O3 was noticed in the temperature range 255–430 °C 
with a sharp weight loss of 82.35%. In the case of the 
γ-Fe2O3/MWCNTs/Cellulose, a dehydration weight loss 
(4.7%) was observed in the temperature range of 25–140 °C, 
then happened thermal stability up to 250 °C. The γ-Fe2O3/
MWCNTs/Cellulose appeared a gradual weight loss of 77% 
in the temperature range of 170–397 °C. Regarding the 
γ-Fe2O3/MWCNTs and γ-Fe2O3/MWCNTs/Cellulose, the 
main weight loss started from 255 °C can be expressed as 

the initiation of thermal degradation of cellulose contents 
and the main stage of decomposition of magnetic nanopar-
ticles. It determined that the γ-Fe2O3/MWCNTs/Cellulose 
was initiated to decompose at a lower temperature (170 °C) 
than that of the γ-Fe2O3 (255 °C), which is attributed to the 
catalytic properties and heat absorption by γ-Fe2O3 [56].

3.2 � The dye absorption performance in the batch 
system

3.2.1 � Effect of pH on the MG adsorption process

Due to the interactions of metal ions and the adsorbents sur-
face properties in an aqueous medium as well as, the separa-
tion of functional groups in adsorption sites, it is notable to 
investigate the effect of different pH of the solution (2–11) 
on MG adsorption using γ-Fe2O3/MWCNTs/Cellulose. The 
results showed that the highest adsorption effectiveness of 
MG occurred at pH 7 (SI 3a). It was found that the lowest 
adsorption capacity of MG was obtained equal to 47.33% at 
the pH = 2. The adsorption reduction in the acidic medium 
is due to the strong adsorption competition between the dye 
ions and the available highly positive H+ in the medium 
for the occupation of the active adsorption sites. There-
fore, the saturation of adsorbent by protons with a higher 
adsorption affinity significantly decreases its potential for 
MG adsorption. However, as the pH of the aqueous solution 
increases (pH > 7), the charge density at the surface gradu-
ally decreases[57]. Furthermore, the amount of MG dye 
adsorption increases by reducing the electrostatic repulsion 
between the charge of the positive dye molecule and the 
adsorbent surface. When the production of hydroxide func-
tional groups in acidic pHs in the media increases, leading 
to produce a charge of negative on the adsorbent surface 
(SI 3b), so weak interaction or even repulsive force will 
occur between the dye molecule and the adsorbent surface, 
causing a decrement in the absorption rate [58, 59]. Like-
wise, the surface charge and electrophoretic performance 
of the γ-Fe2O3/MWCNTs/Cellulose nanoabsorbents were 
acquired to consider by the zeta potential analysis. As shown 
in Fig. S3c, the pHpzc of the γ-Fe2O3/MWCNTs/Cellulose 
nanoabsorbents is 6. Therefore, the surface of the γ-Fe2O3/
MWCNTs/Cellulose is positively and negatively charged 
at pHPZC < 6 and pHPZC > 6, respectively. Thus, the amount 
of MG absorption increased by increasing the pH from 2 
(47.33%) to 7 (89.68%). While from pH 7 to pH 11, the 
absorption rate was almost constant.

3.2.2 � Effect of adsorbent dose on MG adsorption process

The amount of adsorbent dosage is an important factor that 
determines the amount of adsorbed adsorbate for the speci-
fied initial concentration. To investigate the dependence Fig. 8   Thermal stability curve of samples
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of the MG removal to the adsorbent concentration, the 
effect of different concentrations of the adsorbent in the 
range of 0.03–0.15 g/l was evaluated while keeping other 
parameters constant in the adsorption process. As can be 
seen in SI 4a, the removal of MG increases with increasing 
the amount of adsorbent. It was evident that the removal of 
MG enhanced with the increment of nanoadsorbent con-
centration up to a certain percentage removal and then 
achieves a constant amount (absorption saturation limit). 
This increase in adsorption is due to the availability of 
more adsorption sites and limiting nanoadsorbent surfaces 
at high adsorbent concentrations. However, any further 
addition of the nanoadsorbent concentration more than 
0.07 g/l does not cause much remarkable increase in the 
MG adsorption γ-Fe2O3/MWCNTs/Cellulose. This may 
be due to the saturation of adsorption sites as a result of 
excessive adsorbent particle accumulation [33]. Another 
reason is that, as the amount of adsorbent increases, the 
interaction between the adsorbent particles with the total 
surface area of the γ-Fe2O3/MWCNTs/Cellulose adsorbate 
decreases. The obtained results are consistent with several 
previous studies [60–62] who confirmed that the removal 
of the dye increased with increasing adsorbent increases.

3.2.3 � Effect of initial concentration of MG dye 
on the adsorption process

The initial concentration of the contaminant plays a key 
role in the absorption of the contaminant. Therefore, 
in this study, the initial MG concentration was varied 
(5–100 mg/L) while keeping the other factors constant (pH 
7, the adsorbent concentration of 0.07 g/L at 313 K). The 
results showed (SI 4b) that the adsorption efficiency of dye 
from an aqueous solution increases, with increasing con-
tact time. For different initial concentrations of MG, the 
adsorption intensity was quick at the beginning and slowed 
down as adsorption time enhanced. The removal efficiency 
reduced from 92.41 to 57.39% with an initial enhance-
ment of MG concentration from 5 mg/L to 100 mg/L. The 
increase in adsorption at low concentrations of pollutants 
is due to the fact that the dye molecule has a strong affin-
ity to the surface of the adsorbent. In this condition, the 
number of MG molecules accessible in the solution was 
low as compared to the accessible adsorption sites on the 
γ-Fe2O3/MWCNTs/Cellulose, therefore the MG molecules 
are adsorbed by particular active sites, resulting in a higher 
amount of removal of MG [63, 64]. In other words, this 
phenomenon is attributed to most empty adsorption sites 
which are accessible for adsorption at the initial step, over 
time, the remaining vacant surface sites are hard to be 
filled due to repulsive forces between the dye molecules 
on the absorbent solid phases [12].

3.2.4 � Effect of contact time on the MG adsorption process

Determination of the equilibrium time is one of the most 
important properties that indicate dye adsorption on nanoad-
sorbent. SI 4c shows the effect of dye adsorption time by 
nanoadsorbent. Results showed in SI 4c demonstrate the 
highest adsorption at 90 min and then equilibrium achieve-
ment. the highest adsorption attained at 90 min has been 
found to be 74.45%. With a further enhancement in time, 
the percent adsorption remained approximately the same. It 
seems that a time of 90 min can be the equilibrium point of 
dye adsorption MG with nanoadsorbent. Because at this time 
the highest amount of dye adsorption has been observed. 
Therefore, the dye adsorption equilibrium time is deter-
mined at 90 min.

3.2.5 � Effect of temperature on the MG adsorption process

The change in sample temperature affects the adsorption 
process by changing the solubility of the adsorbent and the 
molecular bonds. Therefore, the effect of temperature on 
MG dye adsorption using γ-Fe2O3/MWCNTs/Cellulose was 
investigated at different temperatures (298–323 K), and the 
results are shown in Fig. S4d. The results showed that the 
highest percentage of MG adsorption was obtained at the 
temperature of 313 K. Thus, increasing the temperature 
leads to the adsorption of MG by γ-Fe2O3/MWCNTs/Cel-
lulose nanoparticles. This result indicates that the process is 
an endothermic reaction, which decreased the viscosity of 
the solution. This process also leads to an enhancement in 
the external mass transfer and the diffusion of dye molecules 
into the pores of the adsorbent. In other words, increasing 
the temperature leads to the mobility of the dye molecule 
and increases the interactions between the absorption and 
the adsorbent or the creation of new active sites on the 
adsorbent.

3.2.6 � Investigation of equilibrium adsorption isotherm

The equilibrium adsorption isotherm was evaluated at dif-
ferent concentrations (5–100 mg/L) of MG under optimal 
conditions using γ-Fe2O3/MWCNTs/Cellulose magnetic 
nanosorbents at pH 7 for 150 min. To evaluate the interac-
tive behavior between MG and γ-Fe2O3/MWCNTs/Cellu-
lose, the Langmuir and Freundlich isotherm models were 
used to match correlation data in MG adsorption, and the 
results are shown in SI 5. As can be seen, the enhanced 
MG adsorption capacity was showed with enhancing 
adsorbent concentration 5–100 mg/l. The noticed pro-
portional enhance in adsorption capacity with adsorbent 
concentration rise could be ascribed to the enhanced sur-
face area of the adsorbent and the accessibility of adsorp-
tion sites. Table SI 1 presents the isotherm parameters of 
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the Langmuir and Freundlich models and the correlation 
coefficient (R2). Accordingly, the correlation coefficients 
(R2) for Langmuir and Freundlich models were obtained 
at 0.9835 and 0.95, respectively. The maximum adsorp-
tion capacity of MG in the adsorbent predicted by the 
Langmuir model was 47.61 mg/g. Furthermore, a con-
stant rate of 2.69 mg/g was obtained. In the Langmuir 
model, the surface is assumed to be homogenous and there 
is no interference between molecules adsorbed by the MG 
contaminant on the adsorbent nanoparticles. Thus, the 
MG adsorption on γ-Fe2O3/MWCNTs/Cellulose should 
be affected by a monolayer [65]. The Freundlich model 
assumes a multilayers adsorption with non-uniform dis-
tribution of adsorbents. The amount of n, which has been 
defined in the range of 1–10, illustrates the adsorption of 
MG contaminants on γ-Fe2O3/MWCNTs/Cellulose nano-
sorbents [35]. Also, the value obtained from the nF param-
eter, which is related to the adsorption intensity, indicates 
that the adsorption process has occurred physically and 
is favorable. As a result, the Langmuir model was better 
than the Freundlich model for explaining the adsorption 
isotherm of MG in the adsorbent. In this study, the nonlin-
ear regression method was also investigated and showed a 
significant difference between the nonlinear and the linear 
method (SI 5c, d) and according to Table S1, the correla-
tion coefficients R2 values were gained for the Langmuir 
and Freundlich isotherms as 0.95 and 0.94, respectively. 
It was observed that in the nonlinear isotherm, the Lang-
muir model is more suitable than the Freundlich model. 
According to the values of correlation coefficient (R2), the 
Langmuir model is suitable for investigating the removal 
of dyes by nanocomposites. Thus, it can be considered 
that the adsorption sites are homogeneously placed on the 
prepared nanocomposite and the adsorption process is uni-
formly performed. Also, based on the results of compar-
ing two models of linear and nonlinear regression, it was 
clearly found that linear regression is more suitable for 
determining isothermal parameters [66].

The Temkin isotherm considers Interactions between 
the adsorbent-adsorption. The expressed by equation is 
as follows:

where Ce is the concentration of adsorbate in solu-
tion at equilibrium (mg/L), qe is the amount of adsorbate 
adsorbed at equilibrium (mg/g); b is the Temkin constant 
(J/mol), B is a constant relevant to the heat of adsorp-
tion that is expressed by the expression B = RT/b, T is the 
absolute temperature (K), R is the gas constant (8.314 J/
mol K), and A is the Temkin isotherm constant (L/ g). 
From the plot of qe vs. lnCe, B and A can be determined 
from the slopes (B) and intercepts (BlnA) respectively. 

qe = BlnA + BlnCe

Isotherm constants for Temkin isotherm mentioned above 
were calculated from the linear isotherm figure for differ-
ent MG concentrations. SI 5 shows the Temkin isotherm 
for MG dye.

3.2.7 � Evaluation of adsorption kinetics

To investigate the adsorption rate and calculate the relevant 
constants, pseudo-first and pseudo-second kinetic models 
were used. For this purpose, curves related to the adsorp-
tion time of dye contaminants were performed by γ-Fe2O3/
MWCNTs/Cellulose magnetic adsorbents for 150 min. The 
related results are presented in SI 6 and Table S2. The non-
linear and pseudo-second-order kinetic models revealed 
the higher regression coefficients (R2) for all MG dye con-
centrations in this study, indicates a better fit of this model 
with the experimental isotherms. In light of these results 
can be concluded that the adsorption of MG using γ-Fe2O3/
MWCNTs/Cellulose is more affected by chemical adsorption 
behavior [67, 68].

3.2.8 � Investigation of adsorption thermodynamic

To further investigate the adsorption of MG using γ-Fe2O3/
MWCNTs/Cellulose magnetic nanoparticles, thermody-
namic parameters were examined and presented in Fig. S7 
and Table S3. △H° (kJ/mol) demonstrates the strength of 
binding interactions and considers the change of the equilib-
rium adsorption with the temperature at constant coverage. 
The value of △H° to determine the amount of MG adsorp-
tion onto γ-Fe2O3/MWCNTs/Cellulose was obtained from 
the slope of the plot of lnKd versus 1/T, as shown in SI 
7. The negative slope clearly confirms that the adsorption 
process is exothermic in nature [69]. Besides, the obtained 
negative Gibbs energy (ΔG°) at different temperatures 
(Table S3) indicates the spontaneous MG adsorption by the 
γ-Fe2O3/MWCNTs/Cellulose adsorbent. In other words, the 
decrement trend of ΔG° values with increasing tempera-
ture indicates more affinity of adsorption at higher temper-
atures. Furthermore, the obtained values for ΔG° can be 
used to understand more about the mechanism of the adsorp-
tion process as the ranges of zero to -20 kJ mol−1,—20 to 
-80 kJ mol−1, and -80 to -400 kJ mol−1 indicate the physical 
adsorbent, physical and chemical adsorption together, and 
chemical adsorption, respectively. Regarding this, the reac-
tion between MG molecules and γ-Fe2O3/MWCNTs/Cel-
lulose follows a chemical mechanism in most cases [12]. 
However, the positive value of entropy system (ΔS°) equal 
to 37.67 J mol k −1can be attributed to the increase in irregu-
larity, indicating the adsorbent collisions and MG molecules 
are in line with system irregularities [70].
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3.2.9 � Reusability

The recovery of synthesized nanoparticles is very impor-
tant to validate the economic stability of the nanoad-
sorbent as well as decrease residual waste. Excellent 
adsorption recovery alters the adsorption process into an 
economic process. Therefore, in this study, the reusabil-
ity of magnetic nanoparticles was evaluated via adsorp-
tion–desorption trials. Therefore, at each step of MG dye 
adsorption, the resulting nanoparticles were extracted from 
the treated solution using a magnetic field and washed 
with distilled water, NaOH and HCl (0.1 mm), and NaCl 
(0.1 mm), respectively. Hence, the MG desorption test 
was performed with four different wash treatments and the 
results showed that when NaOH was used as the eluent, 
the washing rate of MG achieves 87.35%. While the appli-
cation of acidic media demonstrated a low desorption rate 
of the adsorbent (Fig. 9a). Regarding this, it can be stated 
that in alkaline media, due to the reduction of electrostatic 
repulsion between the dye with a positive charge and the 
adsorbent surface with a negative charge, the amount of 
dye absorption was higher [71]. Therefore, the rehabilita-
tion of the Fe2O3/MWCNTs/Cellulose into alkaline media 
is possible. Thus, in the subsequent adsorption/desorp-
tion cycles of MG, NaOH solution (0.1 M) was used. The 
results showed that the performance of nanoparticles is 
almost constant and there is no significant decrease in MG 
adsorption up to 4 cycles Fig. 9b. After 4 recycles using 
the adsorbent, MG adsorption declined from 92.41% in 
the first stage to 81.38% in the fourth stage. The reduction 
of adsorption behavior may be ascribable to the proto-
nation of the adsorption sites and weakening of continu-
ously applied functional groups. The noticed negligible 
decrease in adsorption capacity may also be attributed 
to the agglomeration of dye ions in the stacked tubular 

structures hindering MG ions further availability to the 
binding sites. Therefore, the γ-Fe2O3/MWCNTs/Cellulose 
has good adsorption capacity and can be used in a practi-
cal, relatively stable, and inexpensive way in several cycles 
without a significant reducing performance.

However, FTIR results of γ-Fe2O3/MWCNTs/Cellulose 
nanoadsorbent were used after four recycles. FTIR analy-
sis of nano adsorbent was carried out before and after MG 
adsorption (Fig. 10). Based on Fig. 10, much difference 
was not depicted between the two FTIR patterns. Con-
sidering Fig. 10, the additional peaks of peak 2695 cm−1 
pertained to C–H vibrations, whereas peaks 3556 cm−1 
pertained to O–H stretching vibrations in the fourth reuse. 
As noticed much variation did not occur in the FTIR curve 
peaks before and after the adsorption process. This result 
respected that γ-Fe2O3/MWCNTs/Cellulose nano-adsor-
bent had excellent chemical stability and can safely be 
applied as a reusable adsorbent in most of the applications.

Fig. 9   a Adsorption of MG by 
γ-Fe2O3/MWCNTs/Cellulose 
using different elution solutions 
and b) Absorption/desorption 
cycle using NaOH as eluent

Fig. 10   FTIR spectra of γ-Fe2O3/MWCNTs/Cellulose before and 
after recycling test
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3.3 � Adsorption performance in a continuous system

3.3.1 � Effect of flow rate on the MG adsorption process

Breakthrough curves of MG dye adsorption on adsorbent 
γ-Fe2O3/MWCNTs/Cellulose at different flow rates (3, 5, 
7, 9 mL/min) were examined in the optimal parameters 
obtained in the batch system and at a bed height of 4 cm. 
The results showed that by increasing the flow rate from 3 
to 9 ml/min, the dye adsorption by the adsorbent reduced 
from 91.25 to 67.84% (SI 8a). The volume of water treated 
(Veff) also decreases as the flow rate enhances. The reason 
for removal efficiency decrease with increasing flow rate is 
due to the decrease in contact time between the adsorbent 
and the dye molecules which do not permit complete satu-
ration of the adsorbent active sites by dye molecules, and 
eventually lead to a reduction in the amount of dye molecule 
adsorbed. Therefore, it can be stated that the adsorption of 
dye molecules is dependent on the flow rate. However, at 
low flow rates from 9 to 3 ml/min, the availability of adsor-
bents and dyes increases, and the sorption of MG molecule 
enhances steadily and there is a delay in the saturation of the 
sorbent [37]. Therefore, the lower flow rates are preferred 
to achieve a greater MG adsorption efficiency. These results 
are in close agreement with the previous findings [4, 36].

3.3.2 � Effect of different bed heights on MG adsorption 
process

In this study, the effect of different bed heights (2, 4, 8, 
10 cm) towards MG absorption with a flow rate of 3 ml/
min, dye concentration (5 mg/L), adsorbent (0.07 g/L), and 
pH 7 was performed, and the results are shown in SI 8b. As 
observed, the reaction breakthrough curves in dye adsorp-
tion by γ-Fe2O3/MWCNTs/Cellulose indicated the highest 
adsorption at high bed height. The reason for this is that 
the enhancement of the bed height increases the time for 
breakthrough and exhaustion [65]. In other words, raising 

the bed height leads to an increase in the amount of adsor-
bent, thereby creating more active adsorption sites for MG 
dye adsorption, resulting in an availability of a long time of 
the interaction between the adsorbent and dye, which leads 
to increased dye adsorption [72].

The impact of parameters in the breakthrough curves for 
the adsorption of MG by the nanoadsorbent in Table S4 indi-
cated that with raising influent MG concentration, the speed 
of saturation and the breakthrough time decrease. However, 
by reducing MG concentration, later breakthrough curves 
form. Therefore, the highest treated volume was obtained at 
the lowest influent dye concentration. Also, the adsorption 
capacity is enhanced by raising the influent dye concentra-
tion. Therefore, it can be stated that in the higher concentra-
tion, the created gradient leads to a faster transport due to 
mass transfer coefficient or an enhanced diffusion coefficient 
[73]. Accordingly, the maximum adsorption capacity was 
obtained at a concentration of 5 mg/L, 10 cm of bed height, 
and 3 mL/min of flow rate (Table S5). With increasing the 
influent dye concentration from 5 to 100 mg/L, the adsorp-
tion and total dye absorbed increased from 4.54 to 27 mg/g 
and 1.8 to 76.5 mg, respectively. This increase may be due 
to the high influent dye concentration, which leads to an 
increase in the driving force for the transfer process to over-
come the resistance to mass transfer [73]. As the influent 
dye concentration enhanced from 5 to 100 mg/L, the exhaust 
time decreased from 120 to 85 min. The results of this study 
showed that higher initial influent concentrations lead to a 
higher driving force for mass transfer, therefore the adsor-
bent saturates more rapidly, which reduces the exhaust time 
and the length of the adsorption region [74].

3.4 � Comparison of MG adsorption with other 
studies

The MG dye adsorption capacity acquired by the γ-Fe2O3/
MWCNTs/Cellulose nanoabsorbent in this study was com-
pared with previous studies as indicated in Table 2. As can 

Table 2   Comparison of the 
adsorption capacity of the 
reported adsorbents in the MG 
dye sorption

1 Graphene Oxide, 2Langmuir, 3Pseudo-Second Order, 4Pseudo-First-Order kinetic.

Adsorbent Adsorbate qm (mg/g) pH t(min) Isotherm/kinetics Ref

NixZnx–XFe2O4 MG 67 6 120 L/PSO3 [75]
Halloysite nanotubes (HNTs) MG 99.6 9.5 30 L/PSO [76]
CuFe2O4 MG 22 7 30 L/PSO [77]
Magnetic Nickel Oxide MG 87.72 7 30 L/PSO [71]
bentonite (BT) MG 188.68 11 60 L/PFO4 [78]
Thiolated GO1 MG 40.5 7 60 L/PSO [79]
Aniline/indole copolymer MG 434 8 20 L/PSO [80]
GO MG 27.16 3 100 L/PSO [81]
rGO MG 13.52 3 100 L/PSO [81]
γ-Fe2O3/MWCNTs/Cellulose MG 47.61 7 90 L/PSO This study
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be observed, the γ-Fe2O3/MWCNTs/Cellulose demonstrated 
a good adsorption capacity compared to the adsorption 
capacities of different nanoabsorbents from other studies. It 
should be highlighted that although the adsorption capacity 
by the γ-Fe2O3/MWCNTs/Cellulose is rather low compared 
to some of the previous investigations, the applied precur-
sor to synthesis the γ-Fe2O3/MWCNTs/Cellulose in the 
present study is more eco-environmentally friendly in com-
parison with those from a practical application perspective. 
However, the higher adsorption capacity can be assigned to 
the high surface area and functional groups present in the 
γ-Fe2O3/MWCNTs/Cellulose, which provided great binding 
sites for MG dye adsorption. Therefore, the γ-Fe2O3/MWC-
NTs/Cellulose can be proposed as a promising adsorbent for 
the adsorption of MG dye from aqueous media, because it 
has a relatively good adsorption capacity and can be easily 
extracted from treated effluents using a magnetic field.

3.5 � Adsorption Mechanism of MG

Recently, adsorption has become one of the principal tech-
niques of dye removal and the investigation of adsorption 
mechanisms of dye pollutants by adsorption kinetics and 
adsorption thermodynamics has become the main focus of 
research. The kinetic for MG adsorption process by some 
nano-adsorbents is faster than other adsorbents, which 
makes them favorable for the adsorption of dye molecules 
[57]. The adsorption factors of MG by different adsorbents 
are shown in Table 2. As can be seen, the adsorption mech-
anisms by different adsorbents in MG dye adsorption are 
mostly consistent with the PSO kinetic model, which shows 
that the dye adsorption mechanism is performed by adsorp-
tion using chemical adsorption. The adsorption mechanisms 
by nano-absorbents were mostly in correspondence with the 
PSO kinetic model, demonstrating that the adsorption of MG 
via these sorbents occurs by chemical adsorption. Due to the 
heterogeneity of the nano-adsorbent surface, some adsorp-
tion isotherm corresponds to the Langmuir isotherm and 
some others to the Freundlich isotherm. Additionally, the 
majority of nano-adsorbents pursue the Langmuir isotherm 
model higher than the Freundlich model. When it comes to 
comparison, the appropriate isotherm model for other nano-
adsorbents is divided into those Freundlich and Langmuir. 
Table 2 indicates the proportion of each isotherm and kinetic 
model in all the nano-adsorbents studied. This clearly can 
represent that nano-adsorbents have a homogenous sur-
face and MG molecules are adsorbed as monolayers. also, 
another method of surveying the adsorption process is the 
surface attributes of nano-adsorbent and its compatibility 
with the structure of adsorbate (dyes) to make an efficient 
adsorption process. In the adsorption process, there are vari-
ous mechanisms such as hydrogen bonds, van der Waals and 
electrostatic interactions, non-covalent interactions, and ion 

exchange, on which adsorption–desorption depends. There-
fore, the predominant adsorption processes depend on the 
functional groups bonded on the surface of the adsorbent. 
One study focusing on ion exchange resins for reactive two 
dyes removal showed the importance of electrostatic interac-
tion and also surface functional groups [82]. MG dye con-
tains triphenylmethane in its structure, so it is a cationic dye. 
So, the surface charge of nanoadsorbent plays the main role 
in the process in different pH conditions. This dye has a dif-
ferent quantity of cationic groups (triphenylmethane) which 
varies the charges available on the surface in both acidic 
and basic solutions. This was studied that the pH value of 
7.0 contributed to the high adsorption which shows that the 
electrostatic interaction between the major groups in MG 
and the functional groups on the surface of nanoadsorbent 
is the dominant mechanism[83].

Results indicates that the rate first increased up to 7 and 
then decreased to 8, thus, working pH was found to be 7. 
The efficiency of adsorption of the nano-adsorbent initially 
improved with the initial upsurge in pH value due to the 
ionization of the hydrophilic adsorbent. The properties of 
FTIR indicate the presence of carboxyl, hydroxyl and amide 
groups, which are known as active sites in nanoadsorbent 
to adsorb MG ions from the aqueous solution. This favored 
the intermolecular interactions among the MG ions and 
nanoadsorbent[84].

4 � Conclusion

As a solutions-oriented strategy in battling with the increas-
ing trend of the waste tire in the world, the waste tire and cel-
lulosic precursor were applied to synthesize the highly stable 
and generable nanoabsorbent i.e. γ-Fe2O3/MWCNTs/Cellu-
lose. It was synthesized through a chemical vapor deposition 
method to remove MG from aqueous solutions in both batch 
and continuous. To identify the characteristics of prepared 
nanoabsorbent, a wide range of analyses including XRD, 
FESEM, EDX, TEM, EDS, DLS, FTIR, VSM, BET, XPS, 
and TGA were employed. The amount of dye adsorption 
increased with decreasing flow rate and enhancing column 
length from 9 to 3 mL/min and 2 to 10 min, respectively. The 
results of this study showed that the removal rate increased 
with increasing the concentration of γ-Fe2O3/MWCNTs/
Cellulose up to 0.07 g/L and then decreased with a fur-
ther increase of adsorption. Furthermore, in the continu-
ous system, the adsorption potential of γ-Fe2O3/MWCNTs/
Cellulose was increased by the decrement of flow rate and 
the increment of bed height. The pseudo-second-order and 
the Langmuir model were the best kinetic and isothermal 
models to describe the MG adsorption process (R2 > 99%). 
The thermodynamic results demonstrated that the adsorp-
tion process is exothermic and spontaneous. In light of the 
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reusability experiment, the MG adsorption efficiency was 
disclosed to no notable decrease even after four successive 
adsorption cycles as an important parameter from a practi-
cal perspective. The MG ions can merely be adsorbed onto 
the surface of the nanoadsorbent via physicochemical inter-
actions. In conclusion, the current study demonstrates that 
the γ-Fe2O3/MWCNTs/Cellulose synthesized from waste 
tire and cellulosic material can be proposed to manufacture 
an eco-environmentally friendly adsorbed in the context of 
water and wastewater treatment.
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