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Ilokazana 603m04CcHOCMb UCHONBL3IOBAHUA OMX0008 2ANbEAHUYECKUX NPOU3BOOCHE 01
CUHME3a MEPMOPACUIUPAIOMUXCA CoOeOuHeHull pagpuma. B kauecmee npumepa ov11 63am Inexmpo-
JIUmM HA OCHOB8Ee OMPADOMAHHOZ0 A30MHOKUCII020 PACMEOPA MPAGNeHU MEOHbIX Oemaell, cooep-
oHcawuil 6 coem cocmage KamuoHsl Pa3iuiHbIX MEMAajli06, mem CAMbIM Peuier IK0102UUeCKUll 60-
HpoC, C6A3AHHBLI C NPOOAEMOI yMUAUIAUUL PACMEOPO8, COOEPHCAUUX 6 C60EM COCHIAGe AHUOHbL
A30MHOU UMU CepHOll Kuciom. Memooom ROMEHUUOOUHAMUYECKUX KPUBBIX UCCAE008AHbL NPO-
yeccol, npomeKalouiue npu CUHmeE3e MePMOPACUUPAIOUUXCA COeOUHEHUTL padpuma Ha RAAMUHO-
60M u zpaghumoeom Inekmpooax 6 ucciuedyemom dnekmponume. Toku Ha nomeHYUOOUHAMUYECKUX
KPUBBIX 00 00CMUNCCHUA NOMEHUUANA 8blOENCHUS KUCA0PO0a 00YC1a61UBAIONCA NPOUECCOM OKUC-
JleHUs NOBEPXHOCMHO (YYHKYUOHAIbHBIX ZDYNN C NOCIEOYIOUWUM UHMEPKATUPOBAHUEM 2PAPUmMO6OIi
mampuuypl. Boiagneno, umo nomenyuan vloeneHuUA KUCA0P00a 8 IN1eKmpoaume Ha 0CHoOGe ompaoo-
MAHHO20 A30MHOKUCI020 PACMEOPA MPAGIeHUA MEOHbIX Oemaieil HeCKOAbKO Hudce, uem 6 58%
HNO3, u3-3a npucymcmeusn ¢ cocmase kamuonog memannog. Ce0000Hble KAMUOHBI MEMANI08 ONI-
mMAZUCAIOM HA Ce0: UACHb MOJIEKY]I 600bl, 00pa3ya 2UOPamHvle 000104KU, HPU IMOM KAMUOHBL MeOU
obpazyiom Komnaexcol, 20e monekyavt H,O sensnemcsa nuzanoamu, umo 3ampyonsem gvloeneHue Kuc-
aopooa. Ilpu 3nekmpoxumuyecKom cunmese mepmopacuiupalouiuxca coeOuHe Ul zpaghuma ovinu
HpUMEHEHbl NOMEHYUOCMAMUYECKUIL U 2aNb6AHOCMamuyecKuii pexcumsl. Boiopan unmepean no-
menuuanos 1,8 - 2,2 B 0na nposedenusn cunmesa 6 nomeHyuocmamuueckom pexcume. /lanvt pexo-
MeHOauuu no NPUMEHEHUIO 2A1b8AHOCIMAMUUECKO20 PENHCUMA C MOKOM AHOOHOIU obpadomku 60 -
140 mA (na 1 2 zpagpuma) 013 cunmesa mepmopaAcIUPAIOWUXCA COCOUHEHUTL Zpadhuma 6 npomulii-
nennvix oovemax. Ilonyuennviit maxkum oopazom mepmopacuiupennulii cpagum xapaxmepusyemcs
HacvlnHoli n1omuocmyio menee 2 2/om”,

KiroueBble ciioBa: YTJICPOAHBIC MAaTCpUualibl, TCPMOPACHIUPAOIIHUECA COCIUHCHUA Fpa(bI/ITa, aHO,Z[HHﬁ
CHHTEC3
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The possibility of using galvanic waste for the synthesis of graphite thermo expanded com-
pounds has been shown. An electrolyte on the basis of a spent nitrate solution of etching copper
parts containing cations of various metals in its composition was taken as an example, thereby
solving an environmental issue related to the problem of utilization of solutions containing nitric
or sulfuric anions in its composition. The processes occurring in the synthesis of thermally expand-
ing graphite compounds on platinum and graphite electrodes in the electrolyte under investigation
were studied by the method of potentiodynamic curves. The currents on the potentiodynamic curves
before reaching the oxygen evolution potential were due to the oxidation of the surface-functional
groups followed by intercalation of the graphite matrix. It was revealed that the potential for oxygen
evolution in the electrolyte based on the spent nitric acid solution of etching of copper parts is
slightly lower than in 58% HNOs due to the presence of metal cations in the composition. Free
metal cations attract a part of water molecules to form hydrate shells, while copper cations form
complexes where H,O molecules are ligands, which makes it difficult to release oxygen. In the
electrochemical synthesis of thermally expanding graphite compounds, potentiostatic and gal-
vanostatic modes were applied. A range of potentials of 1.8 - 2.2 V was chosen for performing the
synthesis in the potentiostatic mode. Recommendations are given for the application of the gal-
vanostatic mode with the current of anodic treatment of 60 - 140 mA (per 1 g of graphite) for the
synthesis of graphite thermo expanding compounds in industrial volumes. The thermo expanded
graphite obtained in this manner is characterized by a bulk density of less than 2 g/dm?.

Key words: carbon materials, thermoexpanding graphite compounds, anodic synthesis
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INTRODUCTION

With the development of modern science, var-
ious carbon materials and compounds on their basis are
becoming increasingly in demand. One of such mate-
rials is thermally expanded graphite (TEG), which is a
foam-like carbon structure formed by the rapid heating
of thermo expanding graphite compounds (TEGCs).

TEG has a number of unique properties: high
porosity, low bulk density, high specific surface area,
as well as chemo- and thermal stability. Due to these
properties, TEG has acquired a wide range of applica-
tions: as an adsorbent for water purification and water
treatment [1, 2], a component of numerous composites
of various functional purposes [3, 4] and in electrodes
of chemical current sources [5,6]. It is also used for the
production of sealing, lining, gasket materials and
products [7]. It can serve as a catalyst and a catalyst
carrier [8].

Nowadays, there are two methods of obtaining
TEGCs: chemical and electrochemical [9, 10]. The
simplest and most common one is a chemical method
of preparation, which consists in processing disperse
graphite with concentrated solutions of acids (H2SOs,
HNOs), with the addition of strong oxidizing agents
(CrOs3, KMnQy) [11]. An electrochemical method is
practically not used in industrial synthesis of TEGCs
because of high energy costs, complex equipment de-
sign and high cost of components. However, the elec-
trochemical method makes it possible to use less con-
centrated solutions of acids to produce TEGCs with a
high degree of thermal expansion, in comparison with
the chemical method, which in its turn reduces the con-
sumption of washing water and reagents [12]. When
electrochemical technology is used, the synthesis of
TEGCs proceeds in a controlled manner, without the
need for high purity electrolyte, which gives a radically
new opportunity to use waste solutions of galvanic
plants for the production of TEGCs containing anions
NOgs, HSO4. The use of such solutions will enable to
solve environmental issues related to the problem of
the utilization of galvanic waste products, and also sig-
nificantly reduce the cost of the product [13].

In the present work, the electrochemical inter-
calation of graphite in an electrolyte on the basis of a
spent nitric acid etching solution of copper parts con-
taining cations of various metals has been studied. The
advantages of different methods have been shown and
recommendations on the choice of a mode and a
method for the anodic synthesis of TEGCs have been
given.

EXPERIMENTAL PART

All studies were performed on the electronic
potentiostage "P-30S" of the company "Elis". Potenti-
ostatic, galvanostatic and potentiodynamic measure-
ments on dispersed carbon materials of the standard

GB/T 3521-95 (grain size 120-250 pm) were carried
out in a three-electrode cell with a moving piston-dia-
phragm to ensure contact with the platinum anode. Po-
tentiodynamic measurements on a platinum electrode
were carried out in a three-electrode cell with plane-
parallel electrodes. In all studies, VT1-0 grade titanium
was used as a cathode. The reference electrode was a
saturated silver chloride reference electrode (SCRE)
and all values of potentials are given relative to SCRE.
A more detailed description of the equipment and
methodology is presented in [14].

The electrolyte used was a nitric acid waste so-
lution that was used for pickling copper parts with EPO
"Signal”, containing 63% (by weight) HNOs (initial
concentration was 66%) and metal cations (Cu?* =
16.060; Fe?* = 0.067; Ni?* = 0.057; Zn** = 0.010 g/l).
The concentration of the solution was determined by
measuring the density [15], the constituent metal cati-
ons by means of the «Kvant-2a» atomic absorption
spectrometer.

Qualitative and quantitative analysis of sam-
ples for trace amounts of impurities was carried out us-
ing a «Shimadzu» «IRTracer-100» Fourier IR spec-
trometer.

Hydrolysis and washing of TEGCs were car-
ried out with a tenfold volume of distilled water, after
which the synthesized samples were filtered and dried
to the constant weight in the oven at the temperature of
50-60 °C.

The heat treatment of intercalated graphite was
carried out in a muffle furnace for 5 s at the tempera-
ture of 900 °C and for 10 min at 2500 °C. Bulk density
of TEG was measured according to the standard proce-
dure (OST 16-0689.031-74).

RESULTS AND THEIR DISCUSSION

In order to determine the electrode processes
that occur during the application of anodic polarization
and to identify potentials for potentiostatic synthesis of
thermally expanding graphite compounds, potentiody-
namic curves (PDCs) on platinum and on a graphite
electrode in the investigated electrolyte were recorded
(Fig. 1). The potential scan rate was v = 0.004 V/s.

The course of the curve on the platinum elec-
trode is due only to electrochemical processes that oc-
cur with components of the electrolyte, so on the curve 1
(Fig. 1) in the potential range 2.0-2.2 V we can see only
the oxygen evolution reaction, excluding the reaction
with the graphite electrode. On the graphite electrode
(Fig. 1, curve 2), the oxygen evolution process is fixed
at the same potentials as on platinum, with overlapping
on the intercalation process. The increase in current oc-
curs before the oxygen evolution potential is reached,
which can give evidence of the oxidation of the surface
functional groups (SFGs) and subsequent intercalation
of the graphite matrix. The reactions of these processes
were published earlier [16, 17].
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Fig. 1. Anodic potentiodynamic curves: 1 - platinum electrode
(Alcm?); 2 - disperse graphite electrode (A/g)
Puc. 1. AHOAHBIE TOTEHLIMOIMHAMHYECKUE KPUBBIE: 1 — MIaTuHO-
BBI 3JICKTPOJI; 2 - AUCTICPCHBIN rpa)UTOBBIN 3IEKTPOT

The peak on curve 2 is due to the formation of
graphite nitrate, because of the high content of nitric
acid in the spent nitrate solution of etching (more than
60%) [18]. Intensive oxygen evolution (CO, CO,) oc-
curs after reaching a potential of 2.2 V and can lead to
the annealing of the graphite matrix and an increase in
its defectiveness, which subsequently has negative ef-
fects on the ability of the thermo expansion of the ob-
tained TEGCs.

On the basis of the PDCs obtained, a potential
range of 1.8-2.2 V was chosen, in which it is advisable
to conduct potentiostatic synthesis in the electrolyte
under study, in agreement with previously published
results [19]. The upper potential threshold is limited to
the region of intense oxygen evolution, and at poten-
tials less than 1.8 V, the average current (ia) of the an-
odic treatment sharply decreases, which significantly
increases the synthesis time.

Next, we performed a series of syntheses in the
potentiostatic mode at potentials of 1.8-2.2 V with a
step of 0.1 V. Fig. 2a shows the characteristic potenti-
ostatic curves on graphite for various potentials of the
anodic processing. The sharp drop in the potentiostatic
curve at the initial period of time is due to the induction
period in which SFGs oxidation occurs, as well as the
preparation of the graphite matrix for intercalation.
This period is independent of the potential and is ap-
proximately 20 min for all the curves.

Today, there is no necessary equipment to ap-
ply potentiostatic synthesis to produce TEGCs on in-
dustrial scale [20]. In its turn, anodic treatment in gal-
vanostatic mode solves this problem and makes it pos-
sible to independently determine necessary currents,
which allows synthesizing with a faster report of a
given specific capacity.

Based on the results of potentiostatic synthesis
and literature data [21], currents of 60 - 140 mA/g with

80

a step of 20 mA/g were chosen to conduct a series of
syntheses of TEGCs in the galvanostatic mode. The
synthesis time, both in the potentiostatic and galvanos-
tatic modes was limited by reaching a specific capacity
of 200 mA-h/g and was controlled using an electronic
potentiostat to produce TEGCs with a high thermal ex-
pansion. The choice of this specific capacity is based
on previous studies in 58% HNOs [16].

In galvanostatic synthesis, the results similar to
the results in the potentiostatic treatment are observed.
The curves (Fig. 2b) show a sharp increase in the po-
tential with a yield to a small area, which also corre-
sponds to the induction period. The subsequent decay
for potentiostatic curves and the rise for galvanostatic
curves with their yield to the area are associated with
the beginning of the intercalation process.

i, MA/C
600 - g

500 -
400 1
300 -
200

100 -

0

(2]

130

£, min

0 30 100
b
Fig. 2. Anodic potentiostatic (a) and galvanostatic (,) curves on disperse
graphite in the electrolyte under study (Q =200 mA*h/g): a) 1-1.8V;
2-19V;3-20V;4-21V;5-22V,;b)1-60mA/g; 2-80 mA/g;
3-100 mA/g; 4 - 120 mA/g; 5 - 140 mA/g
Puc. 2. AHO/THBIE TIOTEHIIOCTATHYECKHE () ¥ TATbBAHOCTATHIECKHE
(6) KpHBBIE HA TUICTIEPCHOM TpadTe B UCCIIEAYEMOM SIIEKTPOIIATE
(Qy=200 MA-u/r):a) 1 - 1,8 B;2-1,9B;3-2,0B;4-2,1B;5-22B;
0) 1- 60 MA/T; 2 - 80 MA/T; 3 - 100 MA/T; 4 - 120 MA/T; 5 - 140 MA/T
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Table 1

Results of potentiostatic (PS) and galvanostatic (GS) synthe-
sis in the electrolyte under study (Q=200 mA*h/g)
Tabnuya 1. Pe3y1bTaThl NOTEHIHOCTATHYECKOTO H
rajbBaHOCTATHYECKOT0 CHHTE3a B HCCJIEAYeMOM JJIeK-
Tposute (Qyx =200 MA -4/r)

PS dteg y qldm3
E., V iav, MA/g tsyn, Min 250 °C | 900 °C
1.8 60 199 4.9 1.2
1.9 90 133 10.7 1.3
2.0 136 88 10.3 14
2.1 141 80 10.4 1.3
2.2 157 74 10.7 14
GS dteg y qldm3
Eqr, V i, mA/g tsyn, Min 250 °C | 900 °C
1.76 60 200 7.9 15
1.80 80 150 6.9 1.3
1.89 100 120 6.4 15
1.93 120 100 9.5 1.7
1.94 140 87 10.2 1.8

The results of the syntheses in potentiostatic
and galvanostatic modes, with the estimation of the
properties of the obtained TEGCs are summarized in
Table 1. The reproducibility of these results was con-
firmed by three parallel experiments, the measurement
error did not exceed 5%. As can be seen from Table 1
in the potentiostatic mode (Fig. 2a), with increasing
potential, the average current density of the area in-
creases, the anodic treatment time decreasing accord-
ingly. The average current for curve 3 corresponding
to a potential of 2.0 V approximately equals to 136 mA/g,
while in the galvanostatic mode (Fig. 2b) the potential
for comparable currents only slightly rises above 1.9 V.

To show the results obtained on the basis of the
data from Table 1, the dependence of the synthesis time
on the potential of the anodic treatment of graphite was
plotted in Fig. 3.

From Table 1, as well as in Fig. 3, it is seen
that at comparable potentials of the anodic treatment,
the 200 mA-h/g reporting rate in the galvanostatic
mode is slightly higher than in the potentiostatic mode.
At the same time, the quality of the TEGCs samples is
at the same level and the bulk density of thermally ex-
panded graphite varies within the limits of 1.3-1.8 g/dm? at
900 °C and 6.4-10.2 g/dm?® at 250 °C.

Samples obtained in the studied electrolyte
were subjected to qualitative and quantitative analysis
of trace amounts of impurities. According to the results
of the analysis of the composition of TEGCs, impuri-
ties in the form of metal ions contained in the solution
were not detected.

t. min
220
200
130
160
140
120
100 -

a0 - 4 1

60
40

1.7 18 19 2 21 22 EV
Fig. 3. The dependence of the synthesis time on the potential of
anodic treatment of graphite: 1 - potentiostatic synthesis; 2 - gal-
vanostatic synthesis
Puc. 3. 3aBucHMOCTD BpeMEHH CHHTE3a OT IMOTEHIUANIA aHOJHOH
00paboTku rpadura: 1 — MOTCHIIMOCTATHYCCKUN CHHTE3; 2 — rallb-
BaHOCTATUYECKHUI CUHTE3

Table 2
Results of PS and GS synthesis in 58% HNO3
(Q=200 mA-h/g)
Taonuya 2. Pe3yabTaThl NIOTEHIHOCTATHYECKOTO U

rajbBaHocTaTu4eckoro cuure3a B 58% HNO3
(Q=200 MmA-4/r)

PS Oreg , g/dM®
E., V iav, MA/Q tsyn, MinN 250°C | 900°C
1.8 65 192 5.9 12
1.9 88 135 9.7 1.2
2.0 145 82 11.7 1.3
2.1 152 79 11.6 1.4
2.2 154 75 12.8 15
GS Oeg , g/dm®
Eq,V | i, mAlg | tymmin | 250°C | 900 °C
1.65 60 200 7.4 1.4
1.79 80 150 6.4 1.3
1.92 100 120 6.5 14
1.91 120 100 10.1 1.8
1.95 140 87 11.5 1.9

For comparative characterization, a series of
syntheses was carried out under the same conditions
using 58% (by weight) HNO; of the CC qualification
as the electrolyte (Table 2). As can be seen from the
comparison of Tables 1 and 2, similar results were ob-
tained for bulk density. On the basis of the data ob-
tained, it can be argued that the use of spent nitrate acid
etching as an electrolyte makes it possible to obtain
TEGs that are not inferior in characteristics obtained in
pure HNO:s.

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 6 81



I.N. Frolov, S.L. Zabudkov, A.V. Yakovlev, M.I. Lopukhova

CONCLUSIONS To obtain TEG with a bulk density of 1-2 g/dm?,
ing waste as an electrolyte for the synthesis of TEGCs - 140 mA/g have been recommended, depending
(for example spent nitric acid solution of etching of  on the selected mode of the anodic treatment.
copper parts) has been shown. The reported study was funded by RFBR ac-

cording to the research project Ne 18-29-19048\18.
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