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DnnekmpoxumuiecKum MemooomM CUHMEIUPOSAHbL 00PA3YbL MHO20C/I0IIHO20 OKCUOA 2pa-
¢ena 6 anexkmporumax na ocrose HySOu Pezyromamel ougpgpepenyuansHoii ckanupyiouwiell Ka-
Jopumempun U MepmMozPasUMempuiecKoz0 aHaau3a nojay4yeHHvIX 00pazyoe GulAeaAIom IHO0-
mepmuueckutl nuk ¢ unmepeane ckanuposanun 00 100 °C, conpososicoarouyuiica nomepeit maccol
nopaoka 7%. Imom 3¢hpexm mosicem d0vimp 00ycno61en Oecopoyueii u ucnapenuem HeKomopo2o
Koiuuecmea yoepicusaemoi 600ut 6 oopazyax. /Ipy2oii snoomepmuueckuil NUK nOAGAAEHICA NPU
252 °C na kpueoii JITA u nomepio maccot 15%, M0)cno 00vACHUMD PA310MHCEHUEM TAOUTLHBIX
2UOPOKCUTIbHBIX, INOKCUOHBIX U KAPOOKCUNBHBIX KUCIO0POOCOOEpHCAuux QYHKUUOHATbHBIX
epynn. Tepmuueckan yxcponuayus npu 250 °C mHo20c10iiH020 oKcuda zpaghena npueooum K yoa-
JIEHUI0 KUCTI0P0O0CO0epHCaujux GYHKYUOHATbHBIX ZPYNN, 3HAUUMETbHOMY YEeTUYEHUI0 PA3Mepa
wacmuy (Ky = 1490 cm*z") u popmuposanuio uepseobpasnvix cmpykmyp c 60nvuium Koauue-
cmeom \-06paznvix nop ¢ pazmepom 1-10 mkm u moawunoii noauzpaghenosvlx niockocmelii 00
0,01 mxm. Yoenvnasn nosepxnocmov ROpOWIKA MEPMOBOCCIAHOBICHHOZ0 OKCUOA 2paghena cocmae-
nsaem 400-500 m°2*, ouanazon pacnpedenenus wacmuy 6 6ooe cocmasnsem 0,3-1400 mxm, mo-
oanvuwtii pazmep 211 mxm. Ilpu ynompazeyxoeom eo3zoeiicmeun Ha 600HYI0 OUCHEPCUIO OKCUOA
zpaghena pazmep uacmuy OUCHEPCHOU hazvl 3Hauumenvho ymenvuaemcs 00 0,2-400 mxm, ¢ mo-
oanvuvim pazmepom 143 mkm. Ilo UK cnekmpam mepmosoccmanosiennozo okcuoa zpaghena
ycmanosneno nanuyue Sp>-zubpuouzayuu C=C 6 cmpykmype zpagpena (nux npu 1627 cm™), snok-
cuzpynn -C-O-C- (nonoca mexncoy 1106 cm™ u 1005 cm™), kapéoxcunsnsix zpynn -COOH- (nonoca
npu 1384 cm™). IMux npu 2300 cm™ coomeemcmeyem nuxy noznowennvix monexyn CO,. Ilocne
IKCHOHUPOBAHUS MEPMOBOCCMANOBIEHHO20 OKCUOA 2paghena é pacmeopax, co0epicaujux Kamu-
onvt meou, na UK cnekmpax ¢ oonacmu 690 - 1130 em’™t naénooaromen nonocwl noziowieHus,
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KOMOopble MONCHO PACCMAMPUBAMb KAK KOJIEOAHUA ZDYRAUPOBOK, 00PA306ABUIUXCA HA HOBEPXHO-
cmu @ pesyibmame 63auMOO0€iiCIEUA KAMUOHO8 MeOU C AMOMAMU KUCOP0Oa 8 cocmage ynK-
uuonanvuvix zpynn. Hzomepmot aocopouyuu CU** na mepmosoccmanoenennom oxcuoe MHozo-
C0IIH020 Zpadhena umerom uo xapaxmepuulil 01s uzomepm kiacca Hy u xapaxkmepusyromces nps-
MOUHETHBIM KPYHOBOCX00AUUM HAYATbHBIM YUACHMKOM, YO CEUOCMENbCMEYen 0 DOIbUIOM
cpoocmee aocopoama K aocopoenmy u o0pa306anUN XUMUYCEKUX coeOuHenuil. Bepoamno, npo-
ucxooum ezaumooeiicmeue uonos CU** ¢ KapboKcUNbHBIMU YHKUUOHANLHBIMU 2PYRRAMU, YO
noomeepacoaemca HesHauumeabHvim nonudicenuem PH pacmeopa. Hzomepma annpoxcumupo-
6aHA NPAMOU JIUHUEIL, YMO NO360IAEH UCNOIb308AMb 014 ONUCAHUA NPOUECCA AOCOPOUUU MO-
dens Jlenemwopa. MaxkcumanvHas copoyUoORHAA CROCOOHOCHL MEPMOBOCCIAHOBIEHHO20 OKCUOA
MHO20CN0iiH020 2pagena k CUP cocmaguna = 25 mz 2, umo 3amemno eviwe, uem copoyuonnas
CHOCOOHOCHIb AKMUBUPOBAHHDIX Y2/1€POOHDIX B010KOH.

KaroueBble cioBa: okcuja rpadeHa, TEPMOBOCCTAHOBICHHbBIH OKCHI rpad)eHa, OKHCICHHBINH rpadur,
CopOII¥sl, KATHOH
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Samples of multilayer graphene oxide in electrolytes based on H,SO4 have been synthesized
by the electrochemical method. The results of differential scanning calorimetry and thermogravi-
metric analysis reveal an endothermic peak in the scanning interval up to 100 °C accompanied by
the weight loss of about 7%, which may be caused by desorption and evaporation of a certain
amount of retained water in the samples. Another endothermic peak appears at 252 °C on the DTA
curve and the weight loss of 15% that can be explained by decomposition of labile hydroxyl, epoxy,
and carboxyl oxygen-containing functional groups, including those between the layers of polygra-
phene planes. Thermal exfoliation of multilayer graphene oxide at 250 °C leads to removal of ox-
ygen-containing functional groups, a significant increase in the particle size (Kv = 1490 cm® g%),
and formation of worm-like structures with a large number of V-shaped pores with a size of 1-10 um
and thickness of polygraphene planes up to 0.01 um. A specific surface area of the heat-treated
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graphene oxide powder is 400-500 m?g™. The distribution range of thermally reduced multilayer
graphene oxide particles in water is 0.3-1400 um, and the modal size is 211 um. Under ultrasonic
action on an aqueous dispersion, the particle size of the dispersed phase reduces significantly to
0.2-400 pm, with the modal size of 143 um, which allows a more uniform distribution of carbon
material particles in the volume of water. FTIR spectroscopy of thermally reduced graphene oxide
reveals the presence of sp2-hybridization C = C in the structure of graphene (its peak at 1627 cm™), epoxy
groups -COC- (band between 1106 cm™ and 1005 cm™), and carboxyl groups -COOH- (the band at
1384 cm™). The peak at 2300 cm™ corresponds to the peak of absorbed CO, molecules. After expo-
sure of thermally reduced graphene oxide in the solutions containing copper cations, the absorption
bands are observed in the FTIR range of 690 - 1130 cm™, which can be considered as vibrations of
groups formed on the surface as a result of interaction of copper cations with oxygen atoms in the
composition of functional groups. The Cu?* adsorption isotherms on a thermally reduced multi-
layer oxide graphene have the form typical for isotherms of H; class, and are characterized by a
straight steeply ascending initial segment, which indicates a high affinity of the adsorbate to the
adsorbent with formation of chemical compounds. A likely explanation is that there is an interac-
tion of Cu?* ions with carboxyl functional groups, which is confirmed by a slight decrease in the
pH of the solution. The isotherm is approximated by a straight line, which allows us to use it to
describe the adsorption process of the Langmuir model. The maximum sorption capacity of ther-
mally reduced multilayer graphene oxide to Cu®* was 25 mg g™, which is noticeably higher than

the sorption capacity of activated carbon fibers.
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INTRODUCTION

Heavy metals are a common waste contami-
nant and their recovery is an important environmental
and technological challenge. [1]. The following meth-
ods are used to remove heavy metal ions, including ad-
sorption, coagulation, ion exchange, etc. Among these
methods, adsorption is considered the most practical
method and is widely used in various industries. Tradi-
tionally, carbon materials are used as sorbents in water
purification. Emergence of new forms of carbon nano-
materials, such as graphene, graphene oxide (GO) and
its precursors, initiated the study of sorbents based on
them [2], including removal of metal cations and vari-
ous petroleum products [3]. Compared to other carbon-
containing sorbents, graphene oxide is considered the
most promising material for adsorption of various
heavy metal ions [4] based on its large specific surface
area, hydrophilicity, and negative charge density [5].
The ability of graphene oxide to adsorb various parti-
cles is determined by its structure, nature, and concen-
tration of surface reactive groups. GO can effectively

ChemChemTech. 2022. V. 65.N 5

adsorb on the surface such heavy metal cations as: Pt
(V) [6], Pb (1) [7,8], Cu (1I) [9,10], Zn (I1) [11,12],
Cd (11) [13], Co (1) [14]. The adsorptive affinity of ex-
haust gas for many metal ions is high and varies with
the type of heavy metal cation. Here we observe the
following dependency: the higher the electronegativity
of heavy metal cations, the stronger the attraction of
ions to the negatively charged surface of GO. One of
the possible options for adsorption is the process of
complexation of heavy metals with the surface oxygen-
containing functional groups (for example, —OH and
—COOH). It should be noted that GO is a bifunctional
material, i.e. it can sorb both cations and anions [15].
By obtaining graphene oxides modified by organic
molecules, it is possible to achieve an increase in the
sorption properties and selectivity for certain types of
ions. [16, 17]. Graphene oxide is able to form stable
dispersions in water and polar organic solvents, due to
various oxygen-containing functional groups (car-
boxyl, hydroxyl, phenolic, epoxy, etc.) saturating free
bonds of carbon atoms that make up the structure of
graphene [18-20]. Carboxyl and hydroxyl groups
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found both on the edges and on the basal plane of the
GO oxide, lead to a negatively charged surface in a cer-
tain pH range, which can be explained by deprotoniza-
tion in the solution [21]. These groups are formed dur-
ing graphene oxidation in a strongly acidic medium;
therefore, in aqueous solutions they can participate in
ion exchange processes. In our previous works, we
showed a possibility for obtaining a multilayer gra-
phene oxide by electrochemical oxidation of graphite
in the sulfuric acid [22,23] and nitric acid [24] electro-
lytes. This method is less environmentally hazardous
compared to the traditional Hammers method [25].
The aim of this work is to study the process of
thermal reduction of the multilayer graphene oxide, its
structure and composition of surface compounds, as
well as to assess the sorption properties of the obtained
material by the Cu?* cations from aqueous solutions.

MATERIALS AND METHODS

The work used a fraction of 160-200 um of
natural graphite powder (GB/T 3518-95 Sunshine Re-
sources Holdings Limited Beijing, China). For the
electrolyte, we used the 83% H>SO4 obtained by suc-
cessive dilution of the concentrated H,SO. with
bidistilled water (high purity grade, AO «EKOS-1»).
A double-distilled water was obtained using the BE-2
double distiller (PF Livam).

Electrochemical measurements were carried
out using the IPC Pro MF potentiostat (NTF "Volta")
with a mercury sulfate reference electrode. Electro-
chemically oxidized graphite with a reported amount
of electricity of 700 mAh-hg? in the galvanostatic
mode was washed in bidistilled water (t = 15-18 °C)
for 15 min to remove the residual sulfuric acid com-
pounds. An aqueous dispersion of oxidized graphite
was filtered through a polypropylene filter cloth (art:
56306, SINTEKS). Thermal reduction and exfoliation
of oxidized graphite was carried out under static con-
ditions for 5-10 s at the temperature of 250 °C (muffle
furnace SNOL-1,6.2,5.1/9-14). The exfoliation coeffi-
cient of thermally reduced graphite oxide Ky (cm®1?)
was determined by the formula:

Ky = V/m,
where Vis the volume of thermally expanded graph-
ite, cm®; and m is the weight of a sample of oxidized
graphite, g.

The particle size distribution in aqueous sus-
pensions was studied using the Analysette-22 Nano-
Tech (Fritsch GmbH) laser particle size analyzer with
the measurement range of 0.01-2100 um. Investigation
of the surface and structure of nanostructured graphite
particles was carried out using a scanning electron mi-
croscope with a built-in energy dispersive analysis EX-
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plorer (Aspex Corporation). Simultaneous thermal anal-
ysis (Thermogravimetry and DSC) was carried out on
the STA 449 F3 Jupiter, NETZSCH with the heating
rate of 10 deg min. FTIR spectroscopy of nanostruc-
tured graphite particles was performed on the IRTracer-
100 (Shimadzu).

To prepare Cu?* solutions, bidistilled water
and state standard samples of Cu?* were used (OO0
TsSOVV 3K-1 MED'GSO 7998-93, lot 27/3K-1-
TsS0. 06.2020/07.2023). For accurate measurement of
GSO aliquots, pipet-dispensers were used, such as
Ekohim OP-500-5000 pl (1D470142), Ecohim OP-
100-1000 pl (IH461801), and a "termo scientific" pi-
pette, single-channel, Light DPOP-1-5-50 (TU 9443-
007-33189998-2007). To determine the sorption ca-
pacity of thermally reduced graphene oxide, a sample
of sorbent 0.0065 g was exposed in 10 ml of Cu?* so-
lution of various concentrations for 3 h until a constant
value of Cu?* concentration was reached.

Upon completion of the sorption process, the
solutions were filtered through an ashless filter for the
analysis "White Ribbon" d = 11.0 cm (TU 2642-001-
68085491-2011, LLC "MELIOR XXI"). Concentra-
tion of Cu?* in aqueous solutions was determined by
the stripping voltammetry on the TA-Lab voltammet-
ric analyzer (NPP Tom'analit). The equilibrium ad-
sorption capacity for copper ions was calculated by the
formula:

ge = (Co—C¢) V/m,
where Cy is the initial concentration of Cu?*, mg I'}; C,
is the equilibrium concentration of Cu?*, mg I'%; V is
the volume of the solution, I; and m is the sorbent
weight, g.

RESULTS AND DISCUSSION

The route of electrochemical synthesis of a
multilayer graphene oxide, including certain physical
and chemical properties are described in detail in [23].
The results of differential scanning calorimetry (DSC)
and thermogravimetric analysis (TG) (Fig. 1) reveal an
endothermic peak in the scanning range up to 100 °C,
accompanied by the weight loss of about 7%, and may
be due to desorption and evaporation of a certain
amount of retained water in the samples. The obtained
results are consistent with the TG data of oxidized
graphite obtained by the Hammers method [6] and dif-
fer by 2% in the weight loss. Another endothermic
peak appears at 252 °C on the DTA curve and the
weight loss of 15% can be explained by decomposition
of labile hydroxyl, epoxy and carboxyl oxygen-con-
taining functional groups, including those between the
layers of polygraphene planes. The subsequent weight
loss of graphite oxide is probably due to pyrolysis of
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residual oxygen-containing groups and carbon atoms
of polygraphene planes. It should be noted that com-
pared to the results presented in [26], the weight loss
of the oxidized graphite in the temperature range under
study is less by 10% (200 °C) and 25% (400 °C), which
may indicate a lower concentration of oxygen-contain-
ing functional groups in the electrochemically oxidized
graphite. Thermal exfoliation at 250 °C of multilayer
graphene oxide leads to the removal of oxygen-con-
taining functional groups [26, 27], a significant in-
crease in the particle size (Kv = 1490 cm® gt) and for-
mation of worm-like structures with a large number of
V-shaped pores (Fig. 2) with 1-10 um in size and thick-
ness of poly graphene planes up to 0.01 um. The spe-
cific surface area of the heat-treated graphene oxide
powder is 400-500 m?gt. The particle distribution range
of a thermally reduced multilayer graphene oxide in the
water is 0.3-1400 pm, modal size is 211 pum (Fig. 3a).
Under ultrasonic treatment of the water dispersion, the
particle size of the dispersed phase significantly de-
creases to 0.2-400 um, with the modal size of 143 um
(Fig. 3b), which allows a more uniform distribution of
carbon material particles in the volume of water. The

E.V. Yakovleva et al.

particle distribution range of the thermally reduced
multilayer graphene oxide in the water is 0.3-1400 um,
the modal size is 211 pum (Fig. 3a). Under ultrasonic in-
fluence on the water dispersion, the particle size of the
dispersed phase decreases significantly to 0.2-400 um,
with the modal size of 143 pum (Fig. 3b), which allows
a more uniform distribution of the carbon material par-
ticles in the volume of water.
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Fig. 1. TG-DTA of electrochemically oxidized graphite: 1 - dif-
ferential thermal curve, 2 - thermogravimetric curve
Puc. 1. TT-JATA »nexTpoXvuMIIecKy OKHCIeHHOTo Tpadura: 1- kpy-
Bast (U HepuHIMATILHO-TepMHUIECcKast, 2- KpUBasi TEPMOIPABUMET-

pudecKas

Fig. 2. Scanning electron microscopy of thermally reduced graphene oxide a) x500, b) x5000, ¢) x25000
Puc. 2. Ckannpyromast 3J1eKTpoHHass MEKPOCKOIIHSI TEpPMOBOCCTAHOBIEHHOTO OKcHa rpadeHa a) X500, b) x5000, ¢) 25000
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Fig. 3. Distribution of particles of thermally reduced graphene oxide by size in an aqueous suspension (a) with ultrasonic action (b)
Puc. 3. Pacnipeienenue 9acTHIl TEPMOBOCCTAaHOBIIEHHOTO OKCH/a Tpad)eHa 1o pa3MepaM B BOAHOH CYCIIEH3HH (a) C yIbTPa3BYKOBBIM
BozjeiictBueM (b)

The qualitative composition of surface func-
tional groups practically does not change during the

ChemChemTech. 2022. V. 65.N 5

thermal reduction (Fig. 4). There is a noticeable de-
crease in the peak intensity at 3417 cm™ and the band
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between 2800 cm™ and 3100 cm™ compared to the ini-
tial multilayer graphene oxide [22]. We also found the
presence of sp? hybridization of C=C in the graphene
structure (peak at 1627 cm™), epoxy groups -COC-
(band between 1106 cm™* and 1005 cm?), and carboxyl
groups -COOH- (band at 1384 cm™). The peak at
2300 cm™ corresponds to the peak of absorbed CO;
molecules.

W

Transmittance, %

1 L 1 L 1 L 1
1000 2000 3000 4000

Wavenumbers, ¢y
Fig. 4. FTIR spectroscopy of thermally reduced graphene oxide 1- orig-
inal; 2- modified with Cu?*
Puc. 4. UK-®ypbe ceKTpoCKOIUs TEPMOBOCCTAHOBICHHOTO OK-
cuna rpadena. 1- ucxomubif; 2- MoauduuMpoBanHbIil Cu?*

The developed porous structure, a large spe-
cific surface area, and the presence of acidic functional
groups create the prerequisites for the use of thermally
reduced oxide of a multilayer graphene for the sorption
of metal cations from aqueous solutions.

According to the obtained results, the adsorp-
tion isotherms of Cu?* on a thermally reduced multi-
layer graphene oxide (Fig. 5) have the form typical for
the isotherms of H2 class, and are characterized by a
straight steep rising initial segment, which indicates a
high affinity of adsorbate to adsorbent with the for-
mation of chemical compounds. Therefore, the interac-
tion of Cu?* ions with carboxyl functional groups is
likely to occur, which is confirmed by a slight decrease
in the pH of the solution. The isotherm is approxi-
mated by a straight line, which makes it possible to use
it to describe the adsorption process of the Langmuir
model. The maximum sorption capacity of a thermally re-
duced multilayer graphene oxide for Cu?* was ~25 mg g,
which is noticeably higher than the sorption capacity
of activated carbon fibers [8].

After exposure of thermally reduced graphene
oxide in the solutions containing copper cations, the
absorption bands are observed in the FTIR spectros-
copy (Fig. 4) in the region of 690-1130 cm™, which can
be considered as vibrations of groups formed on the
surface as a result of interaction of copper cations with
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oxygen atoms as part of functional groups. Carbon ma-
terial modified with copper cations can be used to ob-
tain composite electrochemical coatings according to
the methods described in [28, 29].

ge, Mr/t

150 200 250

0 50
Ce,Mmr/n
a
1/qe
0.041 |
*
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0.04 |
*
0.039
0 0.005 0.01 VCe

Fig. 5. Isotherms of Cu?* adsorption by thermally reduced oxide
of multilayer graphene. a - experimental, b - Langmuir
Puc. 5. U3orepmbl agcopduun Cu?* TepMOBOCCTAHOBIEHHBIM
OKCHJIOM MHOT'OCJIIOWHOTO rpadeHa. a - SKCepruMeHTalbHas,
b - Jleurmropa

CONCLUSIONS

The electrochemical method is used to synthe-
size the samples of a multilayer graphene oxide, which
under thermal reduction at the temperature of 250 °C
leads to formation of foam-like worm-like structures
with VV-shaped pores and a specific surface area of 400-
500 m?g™. The sorption capacity of a thermally reduced
multilayer graphene oxide to Cu?* was ~25 mg g*.
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