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a b s t r a c t
In this study, removal of methylene blue from aqueous solution using natural magnetic sand was 
investigated. The natural magnetic sand was characterized using an X-ray diffraction, Fourier 
transformation infrared spectrometer, electron scanning microscopy, energy dispersive spectros-
copy, and nitrogen adsorption–desorption isotherms using Brunauer–Emmett–Teller isotherm 
models. The results revealed that natural magnetic sand composed mainly Fe and O atoms, which 
overlaps with Fe2O3 structure, having a low surface area. Batch adsorption experiments were con-
ducted to investigate the effects of pH, initial methylene blue concentration, contact time, and nat-
ural magnetic sand dosage. Ninety-nine percent of the methylene blue was removed from aqueous 
solution (250 mL) containing 50 mg/L of methylene blue at original pH of 6.5 using 40 g natural 
magnetic sand and 240 min mixing time. Pseudo-second-order was found to be the best defining 
kinetic model for the methylene blue adsorption onto natural magnetic sand. Monolayer methylene 
blue adsorption capacity of natural magnetic sand was found to be 1.01 mg/g using Langmuir iso-
therm which is best fitted with the equilibrium data. Adsorbed methylene blue onto natural mag-
netic sand was quantitatively desorbed using ethanol and 0.1 M HNO3 solution. This study showed 
that natural magnetic sand can be used as a natural, environmentally friendly, easy-to-access, and 
cheap adsorbent for methylene blue removal from aqueous solution.
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1. Introduction

The widespread use of dyes in various industries such 
as pharmaceuticals, paper printing, textiles, food, cosmet-
ics, and leather industries can cause an increase in water 
pollution [1,2]. Dyes impact dramatically on water quality 
such as clarity and solubility of oxygen, even if low con-
centrations (e.g., 1 ppm). Additionally, dyes can easily accu-
mulate in living organisms and can cause several health 
problems due to their toxicity, carcinogenic structure, and 
resistance to degradation in the nature [3,4]. Therefore, var-
ious methods such as filtration [5], coagulation/flocculation, 
oxidation, and Fenton processes [6], reverses osmosis [7], 

precipitation [8], membrane reactors [8], and adsorption 
[9–12] has been the subject of many researches to remove 
dyes from waste water. Among these techniques, adsorp-
tion is one of the most preferred in wastewater treatment 
due to advantages including ease of application, low cost, 
being an environmentally friendly process and it is effective 
even at low concentrations and applicable to a wide range 
of adsorbents [13,14]. Methylene blue (MB) is a cationic dye 
[9] which is frequently discharged to industrial wastewater 
(e.g., textile, paper, and cosmetic industries) [15]. Removal 
of MB have been tested on different types of adsorbents such 
as natural inorganic or biomaterials and waste materials 
[16–20], carbon adsorbents derived from natural materials 
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or wastes [21–25], and synthetically synthesized chelating 
resin adsorbents [26–31]. Sand, which is among the natural 
materials, has also been used in previous adsorption stud-
ies. The white sand was used to remove coomassie blue, 
malachite green, and saffron orange [32]. The Sahara Desert 
sand were used to remove methylene blue [33], silica, and 
quartz sand were used to remove neutral red dye [33]. Also, 
the usage of the sands as an adsorbent was reviewed in the 
literature [34].

Separation of the adsorbents from the suspension of 
adsorbent-waste water is important issue in the wastewater 
treatment. Generally, conventional methods like centrifu-
gation and filtration for the separation has some disadvan-
tages. For example, centrifugation requires extra energy 
consumption and filtration means application difficulty and 
time loss due to possible blockages, extra waste, and cost 
due to used filter material [27,35]. In order to eliminate these 
disadvantages, preparation of magnetic adsorbents have 
been extensively studied by many researchers for the sepa-
ration of adsorbent from the treated water owing to its mag-
netic properties [36]. Magnetic adsorbents are prepared by 
coating its surface by Fe3O4 [37]. But unfortunately, achiev-
ing this advantageous adsorbent by synthesizing requires 
use of various chemicals, thus the process increases cost of 
the adsorbent. The cost of the adsorption process depends 
mainly on the adsorbent cost and it is possible to reduce 
this cost by using cheap natural adsorbents. Therefore, 
cheap and locally available materials as adsorbents are very 
important.

Natural magnetic sand (NMS), also known as black 
sand or iron sand, is a natural material which formed by 
the fragmentation of volcanic rocks and transported to the 
sea by rivers [38]. NMS’s have been used in many studies. 
Ni et al used natural sand particles as well-designed solar 
absorbers and offered a cost-effective, scalable renewable, 
and efficient technology for treating undrinkable water 
[39]. Magnetic sand was used to prepare a magnetic photo 
catalyst and then it was used to remove dyes [40] and to 
oxidize aqueous phenol [41]. In another study, Rahmi et al. 
[42] used magnetic sand to prepare magnetic chitosan for 
removal of mercury. However, NMS has not been used for 
the methylene blue (MB) adsorption in the literature.

This study focused on adsorption of MB onto NMS 
surface from aqueous solution. The NMS was character-
ized with X-ray diffraction (XRD), Fourier transformation 
infrared spectrometer (FTIR), scanning electron microscopy 
(SEM), energy dispersive spectroscopy (EDS), and nitrogen 
adsorption–desorption isotherms using Brunauer–Emmett–
Teller (BET) isotherm models. The effect of parameters such 
as pH, initial dye concentrations, NMS amount, and contact 
time on the MB adsorption were examined. MB adsorption 
equilibrium and kinetics were analyzed using various iso-
therm and kinetic models. The desorption of MB from NMS 
surface was also studied.

2. Materials and methods

2.1. Adsorbate and adsorbent

MB stock solution (1,000 mg/L) was prepared by disso-
lution of required amount of solid MB (C₁₆H₁₈ClN₃S, Merck 
KGaA, Darmstadt, Germany) in deionized water. Standard 

and working solutions were prepared daily dilution of the 
MB stock solution. The NMS was obtained from Unye coast, 
Ordu, Turkey. Unye coast has the mixture of NMS and white 
sand thoroughly, therefore NMS was separated by using its 
magnetic characteristic. The separated NMS was washed 
with distilled water to purge the dust and other impurities. 
Then, NMS was dried at 105°C for 2 h. The dried NMS was 
kept in a polyethylene bottle and used in the studies.

2.2. Instruments

A UV-VIS spectrophotometer (PhotoLab 7600, Xylem 
Analytics Germany GmbH, Weilheim, Germany) at 
663 nm was used to determine MB concentrations remain-
ing in the solution. The suspension of NMS and MB solu-
tion was stirred using an overhead multi stirrer (Velp 
Scientifica FC6S, Italy) at 150 rpm. The MB solutions pH’s 
were measured using bench top pH meter (Hanna HI 221, 
(Hanna-Instruments, Guipúzcoa, Spain). FTIR spectra were 
carried out by the Bruker Vertex 70 v FTIR spectrophotom-
eter (Bruker, Germany) with ultra-wide range beam splitter 
and wide range DLaTGS detector and at a 0.4 cm−1 resolution. 
XRD patterns were obtained using an Panalytical Empyrean 
X-ray diffractometer (PANalytical, Almelo, Netherlands) 
with 4 kW (max 60 kV, max 100 mA) energy range and max-
imum usable range of –111 < 2θ < 168°. Surface morphology 
of NMS was investigated by SEM, Zeiss Sigma 300 (Zeiss, 
Weesp, Netherlands) with resolution value of 1.2 nm (15 kV) 
and 2.2 nm (1 kV). Surface elemental analysis of NMS was 
carried out with an EDS detector of another SEM, FEI Quanta 
FEG 250 (FEI, Hillsboro, Oregon, USA). The gold film coat-
ing was done to NMS in order to be conductive before the 
SEM. BET surface area, total pore volume, and average pore 
diameter of NMS were learned by using Micromeritics 3Flex 
(Micromeritics Instrument Corporation, Norcross, GA, USA).

2.3. Adsorption procedure

Batch adsorption of MB was studied by adding a pre-
determined amount of NMS into MB solution (250 mL) at 
known concentration for a certain period. In these experi-
ments, the pH was changed between 6.5 and 9.0, amount of 
NMS between 5 and 100 g, initial MB concentration between 
10 and 100 mg/L, contact time between 10 and 360 min. 
Then, the flasks were stirred at 150 rpm using an overhead 
multi stirrer for a certain period. At the end of adsorption, 
the NMS was separated from the suspension, thanks to 
the magnetic property of the NMS, by using a magnet. MB 
concentrations remaining in the solution were determined 
by UV-VIS spectrophotometer. The adsorption process is 
schematically shown in Fig. 1.

The adsorbed MB amount on per gram of NMS (qe) 
and the percentage removal of MB were calculated with 
following equations, respectively.
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where C0 and Ce are the initial and residual MB concentra-
tions in the solution (mg/L), respectively, V is the solution 
volume (L), and m is the amount of NMS (g) [43].

To determine the desorbed MB amount from NMS 
surface, 250 mL of MB solutions at 20 mg/L (pH 6.5) were 
stirred with 10 g of NMS for 4 h. After that, the NMS par-
ticles were separated from suspension and the MB concen-
trations in the solution phase were determined. In order to 
desorb retained MB molecules from NMS surface, various 
solvents were examined such as absolute ethanol (≥99.8%), 
0.1 M HNO3 and distilled water. For this, the MB loaded 
NMS particles were suspended in 250 mL of the solvents 
and the obtained suspensions were mixed for 4 h at room 
temperature and then NMS was separated magnetically. The 
desorption percentages of MB were calculated after measur-
ing of MB levels in the solvents with a spectrophotometer.

2.4. Equilibrium studies

In order to evaluate the equilibrium data of MB adsorp-
tion onto NMS, Langmuir [44], Freundlich [45] Temkin [46], 
and Dubinin–Radushkevich [47] isotherm models were used. 
The following equations are used.

Langmuir isotherm equation:

C
q K q

C
q

e

e L m

e

m

= +
1  (3)

Freundlich isotherm equation:

log log logq n C Ke e F= +  (4)

Temkin isotherm equation:
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D–R isotherm equation:
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where KL and KF are adsorption equilibrium constants for 
Langmuir and Freundlich, concerned binding site affinity 

and adsorption capacity, respectively. n is adsorption intenc-
ity, C0 and Ce are the initial and residual MB concentrations 
in the solution, qe is the adsorbed MB amount on per gram 
of NMS [2]. A is the equilibrium binding constant related to 
the maximum binding energy, b is the Temkin isotherm con-
stant, and B is a unitless constant based on the adsorption 
temperature. R is the gas constant, and T is the temperature 
in Kelvin [48]. qm is the D–R monolayer capacity, β is a con-
stant used to calculate free energy (E = 1 2β) of the adsorp-
tion, and e is known as Polanyi potential [37,49].

2.5. Kinetic studies

For the analysis of the kinetic MB adsorption onto 
NMS, pseudo-first-order [50], pseudo-second-order [51], 
Bhattacharya–Venkobachar’s [52], and Elovich [53] kinetic 
models were used and their equations are given below.

Pseudo-first-order equation:

ln( ) lnq q q k te t e− = − 1  (7)

Pseudo-second-order equation:
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Elovich equation:

q te =








 ( ) + 







 ( )1 1

β
αβ

β
ln ln  (11)

Fig. 1. Schematic representation of adsorption process of MB on NMS.
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where C0, Ct, and Ce are the MB concentrations (mg/L) in 
solution at beginning, at time t and at equilibrium respec-
tively; qt (mg/g) and qe (mg/g) are the MB concentration 
on NMS surface at time t and at equilibrium, respectively; 
k1 (1/min), k2 (g (mg/min)), and kB (1/min) are the pseu-
do-first-order, the pseudo-second-order, and Bhattacharya–
Venkobachar’s rate constants, respectively. The Elovich 
constant related with the extent of surface coverage is 
represented with β (g/mg) and initial adsorption rate is 
represented with α (mg/g/min) [54].

3. Results and discussions

3.1. Characterization of natural magnetic sand

The characterization of natural magnetic sand particles 
obtained from Unye beach was done using XRD analysis 
and the X-ray diffractogram patterns of NMS are shown 
in Fig. 2. The distinguished sharp peaks located at 18.42° 
(111), 30.24° (220), 35.54° (311), 43.21° (400), 53.64° (422), 
57.05° (511), 62.67° (440), and 74.17° (533) are associated 
with structure of magnetite (Fe3O4) according to PDF#88-
0315 [27] and JCPDF#96-900-5813 [55]. Furthermore, the 
peak values at 2θ obtained in this study is compatible with 
the literature [56]. According to Stoia et al. [57] the diffrac-
tion peak (511) can be considered as an indicator of the 
presence of magnetite.

Morphology of NMS was studied by SEM-EDS analysis 
using 1,000 magnification. SEM images of NMS is shown in 
Fig. 3. The surface chemical compositions of NMS obtained 
by EDS analysis was listed in Table 1. The main elements in 
the NMS surface were found to be 71.8% for Fe and 23.2% 
for O at the point 2 in Fig. 3. As seen in Fig. 3, there are 
some impurities on the surface of the NMS, for example; 
24.2% P was found at point 3 and 32.1% Na, and 26.1% Cl 
were detected in point 1. The heterogeneity is generally 
encountered in natural materials. In the literature, similar 
compositions for magnetic sand samples by EDS analysis 
was reported [38,58].

The FTIR technique was used to identify the func-
tional groups on the surface of NMS. The FTIR spectra was 

recorded in the range of 4,000 and 400 cm–1 (Fig. 4a), but 
the region from 700 to 400 cm–1 (Fig. 4b) was detailed due 
to the knowledge that the bands between these wavenum-
bers are mainly related to the formation of metal oxides [59]. 
The metal–oxygen (Fe–O) bonds in octahedral and tetrahe-
dral metal site were thought to cause stretching vibrations 
observed at 491 and 594 cm–1, respectively [60]. The band 
at wavenumber of 580 cm–1 was assigned the vibration of 
Fe–O bonds that a functional group in magnetite (Fe3O4) 
crystalline lattice structure [42,57,61]. In addition, the sharp 
band at 615 cm–1 can be related to the presence of magnetic 
characteristic stretching of Fe–O bonds in Fe3O4 [13,62].

BET surface area, total pore volume, and average pore 
diameter for NMS were determined as 1.7 m2/g, 3.10–3 cm3/g, 
and 7.7 nm, respectively. The results demonstrated the NMS 
has a small surface area and meso type pores (2 nm < pore 
diameter < 50 nm) [30,63].

3.2. Optimization of MB adsorption from aqueous solutions

3.2.1. Effect of solution pH

The pH of the solution is an important parameter for the 
adsorption since it affects the surface charge of the adsor-
bent and consequently the uptake of adsorbate [21]. Since 
MB is known as a cationic dye it is unable to exhibit effi-
cient adsorption behavior under acidic conditions [21,31,64]. 
Therefore, adsorption of MB was carried out at pH between 
6.5 and 9.0 using 10 g NMS for 250 mL of 50 mg/L MB solu-
tion by mixing 4 h. The adsorption percentage of MB was 
found to be 64, 65, and 69 at pH of 6.5, 7.0, and 9.0, respec-
tively. The adsorption of MB onto NMS slightly increased 
by increasing of the solution’s pH. Since this increase in 
removal percentage is not significant enough to require 
pH adjustment, following studies were carried out at the 
solution original pH of 6.5.

3.2.2. Effect of NMS dosage

Fig. 5 shows the change in the adsorbed amount of MB 
per gram of NMS and percent MB removal using MB 
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Fig. 2. XRD patterns of NMS.
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solutions (50 mg/L of MB, volume of MB solution; 250 mL) 
for 4 h contact time with amounts of NMS ranging from 5 to 
100 g. When the MB amount is constant, the higher adsor-
bent dose means a larger surface area and more binding 
sites, so the percentage of MB removal is increased with 
increasing NMS amount. On the other hand, the amount 
of MB adsorbed per NMS unit mass decreased with the 
increasing dose of adsorbent, which is due to the inverse 
proportion between qe and the amount of NMS [65]. In Fig. 
5, the adsorption percentage curve began to flatten when 
the NMS dose was 30 g, therefore the optimum dose was 
determined to be 30 g.

  
 

Fig. 3. SEM-EDS images and diagram of NMS.

Fig. 4. FTIR of NMS at the range of 4,000–400 cm–1 (a) and 700–400 cm–1 (b).

Table 1
Chemical composition of NMS according to EDS analysis

Element Composition (W %)

O 23.2
Mg 0.81
Al 1.43
Si 0.54
Ti 1.87
V 0.34
Fe 71.8
Total 100
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3.2.3. Effect of contact time

The effect of contact time between 10 and 360 min was 
studied at the initial MB concentration ranged from 10 to 
100 mg/L on the MB adsorption from 250 mL solution 
using 10 g NMS is shown in Fig. 6. The MB adsorption onto 
NMS increased with the contact time and achieved to the 
equilibrium at 240 min. There was no significant change 
in adsorption amount after 240 min for all studied MB 
concentrations.

The adsorption zones on the NMS surface were empty 
and easily accessible at the initial stage. But after reaching 
saturation of NMS’s surface with MB molecules at equilib-
rium, there is no available adsorption zones for the MB 
uptake [61,66].

3.2.4. Effect of initial MB concentration

The effect of initial MB concentration was studied at ini-
tial concentration of MB between 10 and 100 mg/L (50 mL) 
using 5 and 10 g of NMS. According to results depicted in 
Fig. 7, the adsorbed MB amount increased up to 40 mg/L of 
initial concentrations by 5 g of NMS and 60 mg/L of initial 
concentrations by 10 g of NMS. Then, the capacity of NMS 
was reached to saturation and no increase was observed in 
the MB adsorption.

3.3. MB adsorption equilibrium studies

The adsorption equilibrium data were applied to vari-
ous isotherm models to understand MB and NMS interac-
tion that describes the sorption mechanisms. The Langmuir, 
Freundlich, Temkin, Dubinin–Radushkevich, and experi-
mental isotherms are shown in Fig. 8. The most graphically 
compatible model is the Langmuir isotherm model. The 
constants of the isotherms and correlation coefficients are 
listed in Table 2. According to correlation coefficients, the 
most suitable isotherm model is Langmuir due to closeness 
to unity, thus the equilibrium phenomenon of MB adsorp-
tion can be well expressed with the Langmuir model [67,68]. 
Langmuir isotherm is an indicator of monolayer adsorption, 
which usually occurs at certain sites on the adsorbent surface 

and can accommodate only one molecule at a time [69–72]. 
Therefore, the predominant compatibility of adsorption to 
the Langmuir isotherm confirmed the presence of homoge-
neous surface on the NMS where the MB molecules were 
kept as monolayer.

MB adsorption capacities of various low cost adsor-
bents and NMS are given in Table 3. The MB adsorption 
capacities of listed adsorbents are ranged between 0.20 
and 2.24 mg/g. The MB adsorption capacity of NMS is a 
moderate (1.01 mg/g) by comparing with the other natural 
inorganic adsorbents. In some cases, although natural inor-
ganic adsorbents were treated with acids or bases, their MB 
adsorption capacities is still low, that is, acid or base treated 
modified zeolite [20,65]. NMS is an advantageous mate-
rial over others because it can be used in its natural form 
without pretreatment.

3.4. MB adsorption kinetics onto NMS

The MB adsorption kinetics onto NMS was appraised 
by four theoretical models including pseudo-first-order 
[50], pseudo-second-order [51] Bhattacharya–Venkobachar’s 
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Fig. 8. MB adsorption isotherms by 5g (a) and 10g (b) of NMS.

Table 2
Calculated parameters of isotherm models for MB adsorption on NMS

Isotherm models

Parameters R2 values

Amount of NMS (g) Amount of NMS (g)

5.00 10.0 5.00 10.0

Langmuir
qmax (mg/g) 1.01 0.95

0.99 0.99
KL (L/mg) 1.32 0.34

Freundlich
KF (mg/g) 0.57 0.32

0.71 0.95
n 6.50 3.48

Temkin
A (L g−1) 229 8.63

0.77 0.98
B 0.11 0.15

D–R
qm (mg/g) 2.32 1.63

0.98 0.88β (mol2/J) 0.82 0.72
E (kJ/mol) 0.78 0.83

Table 3
MB adsorption capacities of various low cost adsorbents reported in the literature

Adsorbent Adsorption  
capacity (mg/g)

Reference

Acid treated modified zeolite 2.11 [20]
Base treated modified zeolite 1.09 [20]
Chrome sludge 0.51 [73]
Acid-bound iron oxide magnetic nanoparticles 0.20 [73]
Glass wool 2.24 [74]
This study 1.01 –
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[52], and Elovich [53] models. The calculated parameters 
of the models and their correlation coefficient (R2) values 
for various MB concentrations are listed in Table 4. The 
correlation coefficient values of the kinetic models used to 
evaluate the relationship between experimental data and 
the model [55]. The pseudo-second-order kinetic model has 
the highest R2 value (≥0.97). When the qe values calculated 
from the pseudo-first and second-order kinetic models are 
compared, the qe values by the pseudo-second-order kinetic 
model and the qe,exp values are closer to each other. Thus, the 
pseudo-second-order model is more valid for the kinetic 
expression of adsorption data of MB on NMS [75].

3.5. Desorption of MB from NMS surface

The desorption of MB from NMS surface were found 
as 99.8% by 0.1 M HNO3 solution and 99.4% by absolute 
ethanol. The quantitative desorption of MB was obtained 
by 0.1 M HNO3 and absolute ethanol. Both of solvents 
are suitable for MB desorption from NMS surface. These 
results indicate that the NMS can be easily regenerated and 
reused for the MB adsorption. In the literature, the desorp-
tion efficiency as 32.5% for the retained MB molecules on 
the Citrus limetta peel as a low cost natural adsorbent was 
reported [76]. Feyzi et al. [37] reported quantitative desorp-
tion of retained malachite green onto Fe3O4@SiO2-CPTS 
magnetic nanoparticles. It is well-known that MB adsorp-
tion capacity of activated carbon is very high, but desorp-
tion of MB practically is not possible due to strong interac-
tion between MB molecules and surface functional groups 
of activated carbons. Ozer et al. [77] reported a desorption 
percentage of 57% for the adsorbed MB onto phosphoric 
acid activated carbon produced from hazelnut husks. 
The desorption of Red 31 from waste tire activated carbon 
was reported to be 30%–40% using ethanol [78].

The desorption of MB from NMS surface is quantita-
tive, suggesting that it can be used repeatedly. Although 
the adsorption capacity of NMS for MB is low compared to 
adsorbents such as activated carbon, the easily regeneration 
of used NMS reveals that NMS is an advantageous adsorbent 
especially for treatment of waste water including low level of 
MB pollution.

Additionally, after stirring in distilled water for 4 h, 
MB molecules was not desorbed to distilled water from 
NMS surface. The fact that MB molecules that are kept 
in contact with distilled water is not desorbed can be 
indicative for the MB molecules will not be released back 
into the water from NMS surface when the undesired 
contact exist.

4. Conclusions

In this study, NMS provided from Unye beach was used 
as adsorbent without any pre-operations, in raw form, in 
order to remove MB from aqueous solutions. The structure 
of the NMS was determined by FTIR, XRD, SEM, EDS, and 
BET analysis and found that NMS is a natural material with a 
major Fe and O content, overlaps with Fe2O3 structure, in the 
mesoporous pore type but have quite limited surface area. 
The MB adsorption by NMS was not significantly affected 
from pH of the aqueous phase. The equilibrium time was 
found to be 240 min for the MB adsorption. The adsorption of 
MB adsorption on NMS harmonized and better defined with 
pseudo second order kinetic and Langmuir isotherm models. 
Monolayer adsorption capacity of NMS for MB was found to 
be 1.01 mg/g from Langmuir isotherm. The adsorbed MB is 
easily desorbed from NMS surface using both ethanol and 
HNO3.

The advantages of NMS can be listed as follows, it is a 
cost free material because it occurs spontaneously in nature, 
is abundant and is easily accessible. It is an environmen-
tally friendly material because it can be used without any 
pretreatment means does not require chemical use. Its 
natural magnetic property provides the advantage of easy 
separation from aqueous solutions after treatment. As a 
result, NMS can be recommended for MB removal as a nat-
ural, environmentally friendly, easy to access and cost free 
adsorbent.
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