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Abstract

Graphene membranes were manufactured for the purpose of developing efficient materials for the membrane 
technologies of water freshening. Investigation of the nature of their functional groups was carried out by means 
of IR spectroscopy. Graphene membranes were obtained using two methods: 1) vacuum filtration; 2) immersion 
precipitation. Graphene materials used in the study were graphene oxide (a commercial sample) and graphene (a 
laboratory sample obtained by means of stepwise carbonization of rice husks). The data of the FTIR spectra of 
diffuse reflection (DRIFT) from membranes manufactured using graphene point to the low defect content in its 
single-layer graphite structure, while membranes based on graphene oxide contain not only graphene layers but 
also amorphous carbon with sp3-hybridized atoms and oxygen-containing functional groups (mainly carboxylic 
and phenolic). The tests of the membranes were carried out with respect to the efficiency of filtration of salt-
containing solutions (NaCl, KCl, MgCl

2
, CaSO

4
 и MgSO

4
) and salt removal. Analysis of desalinated solutions by 

means of atomic absorption flame emission spectrophotometry showed that purification efficiency was 74–80 % 
for membranes obtained by means of vacuum filtration. 
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IntroductIon

At present, the problem of seawater freshening 
is escalating by the rapid increase in the Earth’s 
population (by more than 80 million persons per 
year), so by 2025, at least 2 milliard people will 
systematically suffer a sharp deficit of drinking 
water. The consumption of fresh water depending 

on residential site varies from 19 to 380 L per one 
person per day. It is also known that 70 % of 
water resources are salty waters of seas and 
oceans. Each kilogram of seawater contains 35 g 
of various salts on average; the major components 
are Na+, K+, Mg2+, Ca2+, Cl–, SO

4
2– ions [1, 2]. 

Under the conditions of limited fresh water 
resources and an increase in its consumption, it is 
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very relevant to improve the technologies of 
water freshening.

Freshening implies the removal of dissolved 
salts to the parameters corresponding to the 
standards of drinking and industrial water supply. 
The use of membranes for water freshening 
increases every year [3–6] due to the development 
of nanotechnologies and nanomaterials allowing 
the improvement of the structure and properties 
of water-permeable membranes [7, 8]. Among 
nanomaterials, special outlooks for seawater 
freshening are held by graphene. This is a two-
dimensional allotropic modification of carbon 
with hexagonal lattice one carbon atom thick; 
carbon atoms in sp2-hybrid state are connected 
with each other by σ- and p-bonds [9, 10]. 
Freshening membranes made of traditional 
materials, most frequently plastics, are usually made 
rather thick to achieve strength. The strength of 
graphene is several ten times higher than that of 
plastics, so eth membrane may be much thinner and 
let water pass much faster. Graphene is also able to 
retain larger molecules of pollutants including 
magnesium sulphate and dextrin [11]. The wide 
application of graphene is hindered by the high cost 
of its production and the absence of its manufacture 
on an industrial scale. To reduce the net cost of these 
membranes, graphene or graphene oxide are 
deposited in the form of a thin film onto a commercial 
membrane; in this case, the membrane provides 
filtration properties, and graphene is responsible for 
freshening characteristics of the membrane in 
general. The presence of surface functional groups in 
graphene oxide allows the manufacture of composite 
materials on its basis. As a result of the interaction, 
which includes the formation of hydrogen bonds and 
electrostatic attraction [12], graphene oxide on 
membrane surface gets bound mainly through 
carboxylic groups with amino or hydroxyl groups of 
the modifying component of the membrane [11, 12]. 
However, graphene fixation on the membrane 
surface is in the majority of cases provided by 
surface forces – hydrophobic interaction [11]. 

The removal of cations and anions from water 
occurs according to the mechanisms of ion exchange, 
chemisorption of physical adsorption with the 
formation of anion-cation pairs or through the 
formation of covalent, hydrogen, Van der Waals 
and electrostatic interactions with the functional 
groups of graphene. The sorption capacity of 
graphene membranes in seawater freshening is 
directly dependent on the type and concentration of 
functional groups on its surface. Because of this, the 

information on the nature of functional groups of 
graphene and its derivatives (graphene oxide and 
reduced graphene oxide) is important for predicting 
their sorption properties and the reasonableness of 
the use of graphene membrane to freshen waters of 
definite composition. 

Infrared (IR) spectroscopy is a rapid and non-
destroying method to obtain the data on the 
chemical structure of the material. Reliable 
identification of separate functional groups in the 
IR spectra is based on the specific frequency of 
vibrations characteristic of each chemical bond. 
Pure graphene is considered to have no 
characteristic absorption bands related to the 
graphene structure [13, 14], which is formed by 
carbon in sp2-hybridization, while materials based 
on graphene – graphene oxide and reduced 
graphene oxide – contain oxygenated groups and 
absorb in the region of IR radiation [13–22]. 
Graphene oxide contains mainly hydroxyl [17], 
phenol [18], carbonyl [17, 19], carboxyl [15, 19–
22], aryl [15, 20, 21], ether [15, 17], phosphorus-
containing and other functional groups depending 
on the method of synthesis. It is assumed that 
oxygenated functional groups are connected with 
sp3-hybrid carbon atoms and differ from each 
other in the positions with respect to the graphite 
plane, for example, hydroxyl and ether-epoxy 
groups are located above and behind it [17], while 
carbonyl and carboxyl groups are situated at the 
edges or inside the plane [21]. Hydrogen bonds 
may be formed between the graphene layers [19]. 
A detailed discussion of the assignment of 
absorption bands observed in carbon-containing 
materials was published in reviews [23, 24]. 

In the present work, we carried out a detailed 
investigation of the nature of functional groups 
on the surface of graphene and graphene 
membranes obtained on the basis of this material 
using two different methods. The investigation 
was carried out by means of IR diffuse reflectance 
spectroscopy. Functional groups were identified 
relying on published data. The efficiency of 
membranes in the removal of some salts (NaCl, 
KCl, MgCl

2
, CaSO

4
 and MgSO

4
) from aqueous 

solutions was evaluated. 

ExpErImEntal

Materials and methods

Commercial graphene oxide powder (GO) 
manufactured by XFNANO (Nanjing XFNANO 
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Materials Tech Co., Ltd., China) was used in the 
work. The GO powder has a side size of 1 mm with a 
thickness of 0.8–1.2 nm, its purity is more than 99 %. 

Graphene was obtained from rice husks using 
a four-stage method [25, 26], which included 
preliminary carbonization, desilication, activation 
with KOH, and exfoliation. According to the data 
of elemental analysis, the synthesized graphene 
powder contained carbon ~70 mass % and 
inorganic substances 0–30 mass % including K, 
Fe, Si. To remove the inorganic substances, the 
stage of purification and functionalization was 
then carried out. 

Graphene membranes were deposited on the 
commercial Vladipor microfiltration membranes 
of the MFAS-SPA type (CC STC Vladipor, Russia) 
based on cellulose acetate, 47 mm in diameter, 
with pore size 1.5–3 µm, total porosity 80–85 % 
(Table 1, sample No. 1, Fig. 1). 

Obtaining graphene membranes 

The conditions of membrane preparation and the 
general characteristics of membranes are listed in Table 1.

Membranes based on graphene materials were 
obtained using two methods: vacuum filtration 

TABLE 1

General characteristics of the obtained graphene membranes

Sample 
No.  

Title Characteristics Conditions of preparation

1 Commercial membrane Vladipor membrane MFAS-SPA type Initial material  

2 Membrane based on commer-
cial graphene oxide (GO)

Microporous membrane modified with 
graphene oxide (commercial)

Membrane was prepared by means of 
vacuum filtration

3 Membrane based on graphene Microporous membrane modified with 
graphene (prepared from rice husks)

Membrane was prepared by means  
of vacuum filtration. Graphene was 
obtained by the activation of rice husks 
with KОН at 850 °С

4 PVDF filter based on a mixture 
of graphene oxide and gra-
phene

Macroporous filter. The particles of 
the same size and fragile aggregates. 
Leaf-shaped particles

The filter was prepared by immersion 
precipitation (NIPS) using GO  
and graphene

Note. PVDF is polyvinylidene difluoride.

Fig. 1. DRIFT of membranes No. 1 (commercial membrane based on a mixture of acetates) and No. 2 (commercial membrane 
with deposited commercial graphene oxide).  
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and immersion precipitation (NIPS) [27]. In the 
former case, GO powder (see Table 1, sample 
No. 2, Fig. 1) or graphene (see Table 1, sample 
No. 3, Fig. 2) was dispersed in deionized water 
and treated with ultrasound for 2 h. Then 40 mL 
of the resulting suspension (0.01 mg/mL) was fil-
tered through the membrane (filtration area 
38 mm2) at a pressure of 0.8 bar and room tem-
perature, resulting in the formation of a thin GO 
or graphene layer on the surface of the mem-
brane. The resulting membranes based on gra-
phene materials were dried in vacuum (pressure 
0.95 bar) at 40 °C for 40 h. 

According to the second method, 0.5 g of poly-
vinylidene difluoride (PVDF) and 4 mL of 1-me-
thyl-2-pyrrolidone were placed in a heat-resistant 
glass beaker, heated to 50 °C, and mixed for 1 h 
to obtain a homogeneous solution of the polymer. 
Then 0.1 g of the mixture of graphene with GO 
(at the mass ratio of 1 : 1) was dispersed with the 
help of ultrasound in a small amount of 1-me-
thyl-2-pyrrolidone (2 mL). The duration of the 
ultrasonic treatment was 30 min. The resulting 
uniform dispersion was added to the homogene-
ous solution of PVDF. Then 0.1 g of polyvinyl 
pyrrolidone (PVP) was introduced into the dis-
persed suspension PVDF/GO/graphene and 
mixed carefully for 1 h till the homogeneous sus-
pension was formed. The suspension was treated 

with ultrasound for degassing. The homogeneous 
foundry solution was poured onto a glass plate 
(with the adjustment of thickness 400 mm) and 
immersed into a coagulation bath containing wa-
ter as a non-dissolving agent. The resulting mem-
brane (see Table 1, sample No. 4, Fig. 2) was kept 
in the coagulation bath for 24 h to provide com-
plete phase inversion. 

Investigation by means of IR spectroscopy

The nature of functional groups on the surface of 
membranes was studied by means of IR spectrosco-
py with the help of a Cary-660 FTIR spectrometer 
(Agilent Technologies, USA) in the diffuse reflection 
mode using a DiffusIRTM attachment (Pike Tech-
nology, USA) within wavenumber range 4500–
500 cm–1 with the resolution of 4 cm–1 and accumula-
tion of 256 scans (to improve the quality of spectra 
and the signal to noise ratio). The diffuse reflection 
infrared fourier transform (DRIFT) spectra are re-
sented in the coordinates: Kubelka-Munk function, 
F(R), – wavenumber, without baseline correction. 

Procedure to study water freshening  
with the help of membranes 

The tests of membranes for the efficiency of 
filtration of salt-containing solutions and salt re-
moval from the solutions were carried out using 

Fig. 2. DRIFT of membranes No. 3 (membrane with deposited graphene prepared from rice husks) and No. 4 (filter based 
on a mixture of polyvinylidene difluoride (PVDF), polyvinylpyrrolidone with graphene oxide and graphene).  
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the laboratory vacuum filtration apparatus at a 
pressure of 0.8 bar. For this purpose, the salts 
NaCl, KCl, MgCl

2
, CaSO

4
 and MgSO

4
 were dis-

solved in distilled water. Initial concentrations of 
the salts were, g/L: 27.3 (NaCl), 0.7 (KCl), 2.275 
(MgCl

2
), 1.225 (CaSO

4
), 2.275 (MgSO

4
). The com-

position of the solutions filtered through the 
membranes was studied with the help of atomic 
absorption flame ionization spectrophotometer 
AA-6200 (Shimadzu, Japan) at the Centre of 
Physicochemical Investigations and Analysis (Al-
maty, Kazakhstan) using the following discretiza-
tion modes: optical system – two-ray, monochro-
mator – Czerny-Turner, spectral range – 190–
900 nm, spectral region – 0.2, 0.7 nm (switched by 
hand), background corrector – deuterium, simul-
taneous switching on (one works, another warms). 

rEsults and dIscussIon

The salt-removing characteristics of the re-
sulting membranes were studied relying on their 
ability to remove salts (NaCl, KCl, MgCl

2
, CaSO

4
 

and MgSO
4
) from solutions. After the filtration of 

initial solutions through membrane samples No. 2 
and No. 3, salt concentrations decreased to 6.64 
(NaCl), 0.18 (KCl), 0.19 (MgCl

2
), 0.28 (CaSO

4
), 

0.46 g/L (MgSO
4
). Analysis of freshened solutions 

by means of atomic absorption flame ionization 
spectrophotometry showed that the efficiency of 
water purification with the help of membranes 
prepared by means of vacuum filtration was 74–
80 % with respect to the listed salts. In the case of 
the membrane obtained by means of immersion 
precipitation, this parameter does not exceed 50 %. 
Relying on these data, we may conclude that it is 
much more promising to prepare membranes by 
means of vacuum filtration (both for commercial 
GO and for graphene from rice husks). 

The appearance and DRIFT of membrane 
samples are shown in Fig. 1 and 2. For the con-
venience of analysis, the spectra are grouped tak-
ing into account the intensity of the observed ab-
sorption bands (a. b.).

The DRIFT spectrum of the initial membrane 
(No. 1) contains intense a. b. at 3400, 2948, 2885, 
1755, 1452, 1382, 1269, 1085–1110, 860–916, 
625 cm–1, which completely describe the vibra-
tions of separate carboxylate (R–СООН) groups 
[28]. For instance, the a. b. at 1755 cm–1 relates to 
the stretching vibrations of С=O in non-ionized 
carboxylic groups (–СООН), and the fraction of 
ionized –СОО– groups is very small in this case 

(a. b. at 1645 cm–1 [29]). The bands at 2885 and 
2948 cm–1, characteristic of symmetrical and 
asymmetrical stretching vibrations of С–Н bonds 
in СН

3
 fragments [30–32] of organic acids also 

point to the presence of carboxylate groups in the 
membrane material. Additional a. b. at 1452, 1382 
and 1085–1110 cm–1 in the spectrum of the mate-
rial relate to asymmetrical, symmetrical and ro-
tational bending vibrations of Н–С–Н in СН

3 

fragments of carboxylates, respectively. The 
bands at 3400 (broad) and 1385 cm–1 correspond 
to the stretching and bending vibrations of О–Н 
bonds in free –СООН groups of acetic acid, and 
a. b. at 915–885 cm–1 (broad) – in hydrogen-
bonded –СООН groups. The bands at 1265–1205 
and 1190–1075 cm–1 are due to the stretching and 
bending vibrations of С–О bonds in–СОО groups, 
respectively, a. b. at 665–590 cm–1 are due to the 
bending vibrations of С=О [28].

The DRIFT spectrum of the microporous 
membrane with deposited graphene oxide (see 
Fig. 1, sample No. 2) contains a. b. characteristic 
of the initial membrane (see Fig. 1, sample No. 1): 
3400, 2885, 2948, 1755, 1452–1050 and 625 cm–1, 
but their intensity decreases substantially, and 
band splitting in the region of 1452–1050 cm–1 
disappears. This may point to the interaction of 
graphene oxide deposited on the membrane sur-
face with its functional groups. However, we 
failed to improve the quality of DRIFT and clear-
ly detect the characteristic bands of graphene ox-
ide functional groups described in [13–22]. Among 
all a. b. listed in review [23], only the band at 1618 
cm–1 and asymmetry of the band with the centre 
at about 3400 cm–1 are observed in the spectrum 
of sample No. 2. According to [33], the band in the 
region of 1560–1600 cm–1 corresponds to the E1u 
mode in graphite structures; however, the spec-
trum of sample No. 2 does not contain the second 
a. b. in the region of 820–860 cm–1, related to the 
vibration mode A2u of graphite. The absorption 
band at 1618 cm–1 may also be related to the 
functional groups of graphene oxide, for example, 
with the stretching vibrations of –С=С bond in 
aromatic or polyaromatic structures (graphite or 
graphene layers [15, 20, 22], naphthalene, anthra-
cene [28]) or –С=О bonds in quinolone-like struc-
tures [28]. According to literature data, the men-
tioned functional groups manifest themselves in 
the regions of 1618–1620 [15, 20], 1620–1580 [28] 
and 1690–1655 cm–1 [24, 28]. The asymmetry of 
the band at 3400 cm–1 toward smaller wavenum-
bers may be due to the contribution from the 
stretching vibrations of O–H bonds within 
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carboxylic groups (3300–2500 cm–1 [17]) or phenol 
groups (3214 cm–1 [17, 18]) of graphene oxide 
used for membrane preparation; their bending 
vibrations could not be distinguished due to the 
poor resolution of bands in the region <1500 cm–1.

Sample No. 3 turned out to be the poorest for 
the analysis of its functional groups by means of 
IR spectroscopy. Its spectrum has the lowest in-
tensity and only two a. b. at 1638 and 1500 cm–1 
that could be analyzed. The observed manifesta-
tions agree with membrane composition. That 
membrane was prepared using graphene obtained 
by the activation of rice husks with KОН at a tem-
perature of 850 °C. In the opinion of the authors of 
[13, 14], pure graphene does not have characteris-
tic peaks corresponding to the graphene structure 
in IR spectroscopy. On the other hand, a. b. at 1638 
and 1500 cm–1 are likely to be due to the stretch-
ing vibration of –С=С bonds in aromatic [15, 20], 
polyaromatic [28] or graphite-like [33] structures. 
The high synthesis temperature is likely to lead to 
the low defect content in graphene. 

The DRIFT spectrum of membrane No. 4, ob-
tained by mixing graphene oxide and graphene 
with PVP, contains intense a. b. at 852, 890, 1025, 
1224, 1258, 1288, 1411, 1685, 2850, 2929, 2965 and 
3028 cm–1. As indicated above, the bands at 1685 
and 852–890 cm–1 are in the region of vibrational 
modes E1u and A2u of graphite-like structures 
[33]. The a. b. at 1224, 1258 and 1288 cm–1 may be 
due to defects in graphite-like structures. A broad 
band at 1220–1290 cm–1 was observed in the 
spectrum of N-containing carbon nanotubes [33] 
and nanofibres [34] and was related by the au-
thors to the distortions of the translation symme-
try of defect-bearing graphite-like structure. The 
couple of a. b. at 2850 and 2965 cm–1 is character-
istic of СН

3
 groups and corresponds to the sym-

metrical and asymmetrical (respectively) stretch-
ing vibrations of С–Н bonds in them. In this case, 
additional bands at 1411 and 1025 cm–1 in the 
spectrum of membrane No. 4 relate to bending 
and rotational vibrations of Н–С–Н in СН

3
 

groups, respectively. These bands point to the 
presence of carbon with sp3-hybridization in the 
composition of the membrane. The couple of a. b. 
at 2929 and 3028 cm–1 is characteristic of СН

2
- 

and =С–Н-groups in acyclic and aromatic com-
pounds, respectively. On the other hand, some 
bands in the spectrum of sample No. 4 may be 
related to the characteristic a. b. of С=О, С–О 
and О–Н bands from oxygen-containing groups 
of graphene oxide, for example, epoxide (852–
890, 1215–1230 and 1280 cm–1 – deformation, 

asymmetrical and symmetrical stretching vibra-
tions of С–О–С bonds, respectively [15]), carboxylic 
(1025 and 1411 cm–1 – stretching vibrations of С–О 
[15]) and alcohol and phenol groups (1405–1415 cm–1 – 
deformation vibrations of О–Н bonds, 1220 cm–1 – 
stretching vibrations of О–Н and ArO–H [19]). 

conclusIon

The effect of the method of synthesis of gra-
phene membranes (vacuum filtration and immer-
sion precipitation) and the type of graphene ma-
terial (graphene oxide and/or graphene) on the 
composition of functional groups of the surface 
and on the efficiency of the membrane in water 
freshening was studied. 

As a result of the investigation by means of IR 
spectroscopy, it was revealed that the spectra of 
graphene membranes obtained by vacuum filtra-
tion contain the bands indicating the interaction 
of graphene oxide through the functional groups 
with the surface of the membrane onto which it 
is deposited. It is highly probable that the bands 
observed in the IR spectra are due to the stretch-
ing vibration of –С=С bonds in polyaromatic, 
graphite-like or graphene-like structures of gra-
phene and its oxide. Graphene membranes ob-
tained by means of immersion precipitation have 
the bands characteristic of СН

2
- and =С–Н-groups 

in acyclic and aromatic compounds. For mem-
branes obtained using both methods and contain-
ing graphene oxide in their composition, the vibra-
tions of functional oxygen-containing groups 
(mainly carboxyl and phenol) are detected. 

The tests of graphene membranes for the ef-
ficiency of filtration of the solutions containing 
salts (NaCl, KCl, MgCl

2
, CaSO

4
 and MgSO

4
) fol-

lowed by the analysis of freshened solutions by 
means of atomic absorption flame emission spec-
trophotometry revealed the dependence of filtra-
tion rate and freshening efficiency on the method 
of membrane synthesis. It was revealed that the 
efficiency of freshening with the help of the 
membrane prepared by means of immersion pre-
cipitation is not more than 50 %, while the effi-
ciency of membranes obtained by means of vac-
uum filtration is 74–80 %. In addition, the use of 
vacuum filtration for the production of filtering 
membranes made of graphene oxide and gra-
phene ensures a high filtration rate, which points 
to the high potential of the use of this method for 
the development of efficient materials for the 
membrane technology of water freshening. 
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IR studies of the membranes were carried out 
within the State Assignment to the BIC SB RAS 
(Project No. АААА-А17-117041710086-6).
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