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Sorption properties of a magnetically sensitive composite based on

few-layer graphene towards methylene blue
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A method for modifying few-layer graphene particles obtained under self-propagating high-temperature synthesis

with magnetic particles by synthesizing magnetite by chemical condensation has been developed. The efficiency

of such a composite as a sorbent for water purification from methylene blue was studied. It has been established

that the obtained magnetic composite, although inferior in sorption efficiency to the original particles of few-layer

graphene, is highly sensitive to the effects of an external magnetic field, which makes it easy to remove it from

water along with the sorbed pollutant.
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Introduction

Graphene derivatives are known to have outstanding

adsorptive properties with respect to organic dyes such

as methylene blue [1], rhodamine G [2] that are dis-

charged by cosmetic manufacturers and textile factories

into waste water, various toxins [3] and viral infec-

tions [4]. Popularity of graphene nanostructures as

sorbents is attributed to their properties: high specific

surface area (to 2600m2/g) [5], and high content of

oxygen-containing functional groups on the surface (to
30mass%) [6].

However, despite a high potential of graphene nanostruc-

tures (GNS), they haven’t been transferred into practice

yet for a number of reasons. Due to the imperfection of

GNS synthesis techniques, both using bottom-up and top-

down approaches, large amounts of high quality GNS with

reasonable cost cannot be achieved to date [7]. Moreover,

as long as biosafety of GNS is still debatable, there is a

problem of full GNS removal from the water volume after

decontamination.

Due to the problem of graphene particle separation from

an adsorbate solution, many researchers put a question

of adsorbent particle separation from a pollutant solution

to improve the adsorption and water treatment process

efficiency. One of the methods used to solve this task is

the synthesis of magnetic particles (shell) with graphene

structures (nucleus) [8–13].

The key idea of this approach is in the increase of

mixture separation efficiency due to magnetic separation.

Several requirements are imposed to a composite material

based on magnetic particles: particles shall have homo-

geneity, chemical stability, stability in water, as well as

maintain magnetic properties in a medium where sorption

will be performed in future. Studies [14] described the

purpose of magnetic sorbents under a common name

”
ferrocarbon“ for medical use. Porous microgranules

2−5µm in size with iron particle inclusions were made

from carbon. Due to the inclusions, such sorbents

lost their sorption capacity by approx. 5−7%, however,

acquired mobility in magnetic field, which rendered a

transportation function to these sorbents. Medical de-

livery to an affected area may be performed using a

magnetic liquid drop, for example, biologically compatible

magnetic water-based liquid with ascorbic acid as a stabi-

lizer [15].

This work describes the study of methylene blue sorp-

tion properties of a magnetic composite material based

on few-layer graphene (FLG) fabricated in the self-

propagating high-temperature synthesis conditions from

cellulose [16]. This technique makes it possible to produce

large amounts of FLG free of the Stone-Wales defects [17],
in the powder form. Previous studies established that

FLG produced using this technique may be successfully

used as a sorbent to remove industrial dyes from wa-

ter [18].

1. Experimental

1.1. Feedstock

Initial FLG was prepared in the self-propagating high-

temperature synthesis conditions from cellulose (AR grade,
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India) and ammonia nitrate (AR grade, Russia) at the ratio

of 3:7. The synthesis technique was detailed in [16].
The synthesis of a FLG-based magnetic composite ma-

terial used iron (III) chloride hexahydrate and iron (II)
sulfate heptahydrate (AR grade, Russia) and NH4OH (AR
grade, Russia). The synthesis also used deionized water

(0.5µS/cm).

1.2. FLG-based magnetic composite material
synthesis

The composite material sample was prepared in water

medium using the ULAB overhead stirrer at 70◦C. For this,

2 g of iron(III) chloride hexahydrate was dissolved in 20ml

of water, then 1 g of iron (II) sulfate heptahydrate and 1 g of

FLG were added with vigorous stirring.

Magnetic composite material was formed in the ammonia

medium (5ml) where metal cations (shell) interacted elec-

trostatically with FLG (nucleus) and agglomerated particles.

For complete performance of the synthesis, the mixture was

held for 5min, then rinsed with water 5 times and separated

using a magnet. Magnetic particle formation on the FLG

surface takes place as follows

2FeCl3 + FeSO4 + 8NH4OH + FLG

→ FLG@Fe3O4 + 6NH4Cl + (NH4)2SO4 + H2O. (1)

Theoretical product yield is equal to 2.63 g, and practical

yield is 2.00 g, which is associated with incomplete reactivity

of initial components and multiple rinsing of the obtained

product. Mass fractions of components (FLG and Fe3O4)
in the final composite material were 1 to 1.

1.3. Characterization of the synthesized
FLG-based magnetic composite material

Surface morphology of the magnetic composite ma-

terial was studied using the Mira-3M (TESCAN) scan-

ning electron microscope. Sample preparation included

application of the magnetic composite powder to the

Mira-3M (TESCAN, Czech Republic) double-sided car-

bon conductive tape. IR spectra of the magnetic com-

posite material were recorded using the Infralum FT-

08 (Lumex-Marketing, Russia) spectrometer. Specific

surface area of the sample was also measured with

indication of pore volume by the BET low-temperature

nitrogen sorption using the Sorbi-MS (Meta, Russia) me-

ter.

1.4. Study of sorption properties of the
FLG-based magnetic composite material

Adsorption activity of the composite material with re-

spect to the organic dye, methylene blue, was studied

depending on four conditions: adsorbent weight, time,

sorption and medium acidity. Thus, the initial solution

with dye concentration of 1 g/l provided solutions with

the desired concentration by dilution of the initial solvent.

Sorption was performed in 250ml flat-bottom flask, dye

solution volume was 100ml. Adsorbent was added to

a solution with known concentration and held in the

specified conditions. Magnetic composite material was

removed from the dye solution at the end the experiment

using a magnet with precipitation on the flask bottom —
the process took max. 20 s. Equilibrium concentration

of the methylene blue solution was determined by the

absorbance at a maximum wavelength of 660 nm using the

UF-1800 ECOVIEW (Shanghai Mapada Instruments Co.,

Ltd., China) spectrophotometer. Specific sorption capacity

qe was calculated using equation (2):

qe =
C0 −Ce

m
V, (2)

where C0 is the pre-sorption concentration of methylene

blue solution, [mg/l]; Ce is the post-sorption concentration

of methylene blue solution, [mg/l]; m is the weight of

magnetic composite material, [g]; V is the solution vol-

ume, [l].

The sorption time effect on the specific sorption capacity

qe was studied using the methylene blue solution, concen-

tration 100mg/l, volume 100ml and sorbent weight equal to

50mg. The solutions were held on the S-3.02 20M (ELMI,

Latvia) autoshaker within the time range from 10min

to 180min.

To study the sorption temperature effect, solutions were

prepared within the concentration range from 10mg/l to

200mg/l, with volume 100ml and sorbent weight equal to

50mg at 20 and 60◦C. The mixtures were held in a water

thermostat during 3 h.

The medium acidity effect on the specific sorption

capacity qe was studied using the methylene blue solution,

concentration 100mg/l, volume 100ml and sorbent weight

equal to 50mg. Medium acidity was adjusted by dropwise

addition of 0.1M NaOH and HCl solutions.

Sorption data is also analyzed by means of isothermal

simulation. Correlation between the concentration of dye

adsorbed by the adsorbent surface and the concentration of

liquid-phase dye in equilibrium is evaluated by linearized

Langmuir and Freundlich isotherms [19].

The Langmuir equation is used to evaluate the maximum

adsorption capacity:

Ce

qe
=

1

KLqmax

+
Ce

qmax

, (3)

where qe is the equilibrium adsorption capacity, [mg/l]; Ce is

the equilibrium concentration of dye (methylene blue) in the

solution, [mg/l]; qmax is the maximum adsorption capacity

of adsorbent, [mg/l]; KL is the Langmuir isotherm constant

associated with the free adsorption energy.

The Freundlich isotherm is based on the multimolecular

capability to adsorb organic molecules on heterogeneous

solid surfaces. Linear form of Freundlich’s equilibrium
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Figure 1. Image of the FLG-based magnetic composite material

exposed to a magnetic field.

adsorption equation is written as:

ln qe =
1

n
lnCe + lnKF , (4)

where qe is the number of organic molecules adsorbed

in equilibrium, [mg/l]; 1/n is the constant related to the

adsorption intensity; Ce is the equilibrium concentration

of organic molecules, [mg/l]; KF is the Freundlich constant

related to the maximum adsorption capacity or adsorbate.

2. Findings and discussion

Figure 1 shows the image of the FLG-based magnetic

composite material exposed to a magnetic field.

As shown in the figure, the FLG-based magnetic compos-

ite material actively responds to the external magnetic field.

10 µm 10 µm

a b

Figure 2. Electron images of the initial FLG (a) and FLG-based magnetic composite material (b).

Characteristics of FLG sample surface

Sample
Specific surface area, Pore volume,

m2/g cm3/g

Initial FLG 661±17 0.397± 0.05

Magnetic composite material 403±10 0.341± 0.05

Note that the whole volume of FLG is successfully extracted

using the external magnetic field, and no precipitation was

observed in the solution which indicated a strong interaction

between FLG particles and iron magnetic particles.

Figure 2 shows electron images of the initial FLG and

FLG-based magnetic composite material. A FLG powder

particle is an aggregate consisting of several smaller FLG

slices. The magnetic composite material is in turn composed

of the same FLG aggregates on the surface of which there

are Fe3O4 clusters with various sizes.

Specific surface areas and pore volumes of the initial FLG

and FLG-based magnetic composite material. The obtained

results show that the specific surface area and porosity

of the magnetic composite material are lower compared

with the initial FLG, which may be associated with the

fact that a part of the surface and pores are occupied by

magnetosensitive iron particles.

Figure 3 shows the differential pore diameter distribution

of the initial FLG and FLG-based magnetic composite

material. The figure shows that the mean pore sizes of the

magnetic composite material are larger than those of the

initial FLG. Iron ion adsorption during the magnetic com-

posite material synthesis presumably takes place primarily

in pores with a diameter up to 25 nm.

Figure 4 shows IR spectra of the initial FLG and

FLG-based magnetic composite material. A wide band

at 630 cm−1 may be assigned to the Fe−O vibrations

in Fe3O4. Appearance of high-frequency bands in the

magnetic composite material compared with the refer-

ence spectrum of Fe3O4 is explained by the presence

and ordering of cation vacancies in the oxide structure.
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Figure 3. Differential pore diameter distribution: 1 — initial FLG;

2 — magnetic composite material.

Shift of peak 638−639 to 616 cm−1 may be caused by

the change of iron ion environment symmetry resulting

from phase transitions in the γ-Fe2O3 clusters in α-

Fe2O3. The magnetic composite material also main-

tained the peaks at 3400 and 1600 cm−1corresponding

to stretching of hydrogen-related hydroxyl groups. There

is also a peak on the magnetic composite material and
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Figure 4. IR spectra: 1 — initial FLG, 2 — magnetic composite, 3 — Fe3O4.

FLG at 2225 cm−1 that defines the presence of nitrile

group −CN, and a peak at 2974 cm−1
−C−H also ap-

pears.

Figure 5 shows the dependences of sorption capacity

of the initial FLG and FLG-based magnetic composite

material depending on the concentration of methylene

blue. The results provided in the figure show that

with the increase in the concentration of methylene

blue, the magnetic composite material attains the sat-

uration faster than the initial FLG because a part of

the surface is occupied by magnetite particles, while

the FLG keeps its sorption capacity in these condi-

tions.

Figure 6 shows the dependences of sorption capacity

of the initial FLG and FLG-based magnetic composite

material on the concentration of methylene blue in the

solution at various temperatures. The figure shows

that, as the temperature increases from 20 to 60◦C,

the sorption capacity of the magnetic composite material

increases by 60%, thus, the sorption process is endother-

mic.

Figure 7 shows the methylene blue adsorption on the

magnetic composite material depending of the solution pH.

As shown in the figure, the solution acidity affects

considerably the dye (methylene blue) absorption. In-

crease in pH from 2 to 11 leads to a maximum twofold

Technical Physics, 2025, Vol. 70, No. 2



248
”
Nanocarbon and Diamond“ International Conference (N&D’2024)

0 50 100 150 200 250

q
, 
m
g
/g

e

0

100

200

300

450

C, mg/l

50

150

250

350

400
1

2

Figure 5. Dependence of the sorption capacity on the concentra-

tion of methylene blue in solution: 1 — initial FLG; 2 — magnetic

composite material.
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Figure 6. Dependence of sorption capacity of the initial FLG and

FLG-based magnetic composite material on the concentration of

methylene blue in the solution at various temperatures.

increase in the sorption capacity. Such difference is

caused by the presence of oxygen-containing functional

groups — carboxyl and hydroxyl groups on the FLG

surface (Figure 4). This makes adsorption possible due

to the electrostatic interaction, and these groups are

ionized additionally as the solution pH increases, which

additionally promotes adsorption according to this mecha-

nism.

Figure 8 shows the sorption capacity measurements

of the FLG-based magnetic composite material depend-

ing on the sorption time. The study of the sorption

time effect on the sorption capacity of the prepared

composite material showed that saturation occurs after

approx. 90min with the maximum value reached at approx.

110mg/g.

Figure 9 shows the Langmuir and Freundlich sorption

isotherms. Note that the Freundlich isotherm describes the

sorption process in the best way (correlation coefficient
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Figure 7. pH effect on the sorption capacity of magnetic

composite material.

0 50 100 150 200

q
, 
m
g
/g

e

0

40

80

120

t, min

20

60

100

Figure 8. Sorption time effect on the sorption capacity of

magnetic composite material.

0.971), which suggests a heterogeneous type of the sorbent

surface.

Conclusion

The study showed that a FLG-based magnetic compos-

ite material may be synthesized in the self-propagating

high-temperature synthesis conditions. Despite the fact

that this magnetic composite material has a lower sorp-

tion efficiency with respect to methylene blue than the

initial FLG, this composite material, due to its high

sensitivity to external magnetic field, can be removed

from a water volume much easier (during max. 20 s)
using a magnet without any additional filtration. Fur-

ther studies shall improve the ratio between FLG and

magnetic iron particles to increase the sorption proper-

ties of the final composite material, and investigate the

composite material efficiency with respect to other pollu-

tants.
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