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Optimization of the preparation method of a mechanically strong carbon electrode

Nowadays, a strategy for the utilization of secondary resources to obtain valuable components is actual. It
will lead to the most rational use of natural resources and environmental protection. Electrochemical methods
are perfectly applicable to solve this problem. Electrochemical methods allow concentrating of the target
components without preliminary preparation of the raw material. Carbon materials (CM) based on plant and
carbon-mineral raw materials are an excellent option as a matrix for obtaining the electrodes, due to their
availability, low cost, high specific surface area, and the presence of different functional groups. The lack of
theoretical substantiation of the adsorption phenomena on carbon electrodes served as an incentive for the
study and development of a method for obtaining a mechanically strong electrode based on modified carbon
and polyethylene. The design and mechanical strength of carbon electrodes (CE) are of great importance for
the efficiency of purification and extraction of valuable components. In this article, we obtained carbon mate-
rial from walnut shells by hydrothermal carbonization with further steam-gas activation (the specific surface
area is 754.0 m?/g). The structural, physicochemical characteristics of the carbon material, binder, and carrier
material were studied by the following methods: scanning electron microscope (SEM), Brunauer-Emmett—
Teller (BET), thermogravimetric analysis and differential scanning calorymetry (TGA-DSC). The method of
hot-pressing is applied for obtaining the carbon electrodes. Using the method of full-factor experiment and
steepest ascent, the values of pressure and temperature during pressing and the ratio of carbon material: bind-
er was optimized: P = 226 atm; T = 90.8 °C; carbon material: binder ratio = 67.5:32.5 %, respectively.

Keywords: carbon electrode, full-factor experiment, adsorption, hydrothermal carbonization, carbon material,
thermal carbonization, walnut shell, hot-pressing method.

Introduction

Today, there is a huge trend of environmental and natural resources pollution. Therefore, the transition
to recycling strategy of secondary resources is substantial (desalination concentrates, microelectronic scrap,
spent oil shale, and industrial wastewater). Rare earth metals such as Pt, V, W, Ge, Mo, Se, Sn, Hf, Nb, La,
Ce, etc. are the first economic incentive for mastering separation and concentration methods [1]. The second
incentive is the industrial wastewaters of the chemical, metallurgical, and pharmaceutical industries and as a
consequence of this, the purification of water resources from the toxic metals (Cu, Zn, Cd, Co, Ni, Pb, Hg,
As and Cr), surfactants, dyes, organic pollutants, etc. All of these are key economic and environmental prob-
lems not only in Kazakhstan but throughout the world.

Hydrometallurgy is a preferred technology for selective extraction and concentration of elements from
both low-concentration and wastewater [2]. There are many hydrometallurgical methods that include differ-
ent effective approaches for separation: selective precipitation, cementation, adsorption, ion flotation, resin-
based sorption, liquid extraction, extraction chromatography, biosorption, and electrochemical methods
[3-5]. Despite the variety of methods, there are many problems concerning the necessity of high separation
and concentration, safety, low energy consumption, economy, negative environmental impact. All of these
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reduce the probability of commercialization [6, 7]. In particular, the disadvantages for liquid extraction are
non-regenerable acids, alkalis, organic solvents, etc; for ion exchange are interfering ligands and metal ions,
expenses to the regeneration of ion exchange resins [8]; for biosorption are storage, control of the microor-
ganisms living conditions [9]; for froth flotation are lower selectivity, high cost of flotation reagents and col-
lectors, a large number of tailings [10], etc.

Recently, electrochemical methods have made progress and found wide application in industrial facili-
ties, despite the high energy consumption, low conductivity, and mechanical strength of electrodes, occur
side reactions on the electrodes surface, and membrane pollution. For example, electrochemical methods are
used in the immobilization of target components on the surface of a solid electrode or in bulk,
electrosorption, intercalation, electrodeposition [11]. In comparison with other hydrometallurgical methods,
electrochemical methods have the following advantages [12]:

1) reversibility of the process by changing the polarity of the electrode, significantly reducing the con-
sumption of reagents, water, and materials;

2) excluding the secondary waste formation with heavy metals or organic pollutants;

3) adsorption under the influence of current or voltage provides better adsorption capacity, selectivity,
and kinetic control, expanding the ability to work in wide pH ranges using materials of simple composition;

4) simplicity and flexibility of using modular structures and combination with any methods of hydro-
metallurgy in order to increase selectivity and recovery efficiency;

5) simplicity of combination with renewable energy storage and conversion.

Electrochemical purification and separation methods are based on capacitive accumulation reactions
and redox reactions on the surface of electrodes. Consequently, it is necessary to pay great attention to the
development of new electrodes with a large specific surface area and a high capacity of the electric double
layer (EDL), a fast reaction to ions oxidation — recovery, electrochemical and chemical inertness, obtaining
simplicity, cheap and affordable raw materials to achieve mechanically resistant electrodes.

Carbon materials based on plant and carbon-mineral raw are great as initial material for obtaining elec-
trodes because of the availability and cheapness of raw materials, high specific surface area and the presence
of functional groups (-COOH, -COH, -OH, etc.). The functional groups contribute to the good hydrophilicity
of the surface, the ease of modification in order to improve the electrocatalytic and electro adsorption proper-
ties [13]. There are a huge number of modified carbon materials: activated carbons, graphene, carbon nano-
tubes, nanofibers, carbide-carbon materials, carbon aerogels, etc. [14].

Currently, there is an increase in types, modifications, and methods of carbon electrodes obtaining [15,
16]. These electrodes with mechanical strength possess stability of the stationary potential, good adhesion to
a solid substrate. Nevertheless, they have disadvantages: the use of liquid binders reduces the effective spe-
cific surface area of carbon electrodes; a percolation threshold decrease leads to blocking of carbon matrix
particles and a decrease in electrical conductivity; the presence of an organic binder in the carbon electrode
composition leads to an increase of a surface hydrophobicity; the introduction of liquid binder into the elec-
trode composition leads to a mixed stationary potential, which makes impossible evaluating the carbon mate-
rial contribution to the electrochemical reaction on the carbon electrode surface; an increase in the ohmic and
Kinetic characteristics of a carbon electrode, etc. [17].

The aim of this work is the optimization of the carbon electrode obtaining method by hot pressing, us-
ing the method of full-factor experiment and the steepest ascent.

Experimental

The study objects are carbon materials (CM) based on walnut shells obtained by the hydrothermal car-
bonization (HTC) at a temperature of 220-240 °C for 24 hours with further modification by the steam-gas
activation (SGA) at T = 800-850 °C for 1 hour [18].

The specific surface area of the sorption materials was determined by the Sorbtometer-M analyzer using
the Brunauer-Emmett-Teller (BET) single-point method (Table 1). In this work, the study of the CM by elec-
tron microscopy was carried out using a Quanta 3D 200i Dualsystem scanning electron microscope (FEI
Company, USA) at the Al-Farabi KazNU “National nanotechnology laboratory of open type”.

The selected binder is ultra-fine polyethylene powder (UFPEP), GUR®, USA. The phase transfor-
mations analysis of the binder was carried out on an analyzer “NETZSCH STA 449F3”, Germany.
Thermogravimetric (TG) and differential scanning calorimetry (DSC) curves were recorded in parallel with
increasing temperature.
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The mechanically strong carbon electrode was obtained by hot pressing. The optimal values of the pres-
sure, pressing temperature and the CM/binder ratio were found. The following intervals of the main inde-
pendent variables were selected to carry out a full-factor experiment (FFE). There are T =25-130 °C;
P = 150-250 atm.; content of UFPEP = 15-30 %. In this research, a planning matrix for 2-level 3-factor ex-
periment was used. It is described by 1st order polynomial. The mechanical bending strength of the carbon
electrode (bending angle) was measured as a dependent variable. The path-of-steepest-ascent method along
the response surface was applied to find the gradient direction of the parameters and reach the stationary re-
gion of the response surface. Statistical processing of the full-factor experiment matrix results was tested for
reproducibility (3 parallels, Cochran's test), the significance of the regression coefficients (Student's t-test),
and the adequacy of the regression equation to this planning matrix (Fisher's test) [19].

Results and Discussion

Two types of carbon materials were obtained. Sample #1 by HTC (T = 240°C, t =24h) and sample #2 by
HTC (T = 240°C, t =24 h) with SGA (T = 800-850 °C, t = 1h). The physicochemical properties of the ob-
tained samples are summarized in Table 1.

It was found that carbon materials, based on walnut shells obtained by the HTC with further steam-gas
activation, have the best indicators of the iodine number (82.2 %) and Sgpecitic = 754.0 m?/g. The results are
represented in Table 1. The iodine adsorption number of the samples is one of the main parameters which
characterized the pore surface area and, as a consequence, the sorption capacity of coal. Values of iodine ad-
sorption number confirm the numerical values of the materials’ specific pore surface area. The obtained
SEM images (Fig. 1) indicate the texture of the samples based on plant raw materials is described by a large
number of pores on the surface, especially in carbonizates after HTC with SGA.

Table 1
Physicochemical properties of carbon materials
e 0 pH of the aque- |lodine adsorption 2
Sample No. Humidity, % Ash content, % ous extract number, % Ssp, Mg
1 2.05 1.05 7.9 17.6 464.9
2 1.07 4.38 8.3 82.2 754.0

According to the results, a walnut shell obtained by the HTC method (T = 240 °C, t = 24 h) with further
SGA (T =850-900 °C, t = 1h) was selected as the carbon material for obtaining the carbon electrode (CE).

Figure 1. Scanning electron microscopy images of CM No. 1 (a) HTC and No. 2 (b) HTC + SGA.
Magnification x30000

The phase transformations analysis of the binder by the TGA-DSC method are presented in Figure 2. It
was found that ultra-fine polyethylene powder (UFPEP) is a homogeneous system with a destruction temper-
ature of 419.6 °C and a melting point of 125-135 °C [20].

FFE was used with three independent variables to optimize the CE obtaining method. There are temper-
ature, pressing pressure, and the CM/binder ratio. Based on preliminary experiments, the parameter values
were selected for the FFE matrix (Table 2).
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Figure 2. TG and DSC curves of the UFPEP sample
Table 2
Absolute values of the levels of the upper and lower factors
Value of factors
Factor characteristic P, atm. CM:UFPEP, % T, °C
X3 X X3
Upper level x; = +1 250 70: 30 130
Lower level x;=-1 150 85:15 25
1st order regression equation was obtained using the matrix of a 2-level 3-factor experiment (Table 3):
y =17.625 + 2x; + 5.125x; + 4.875%3 + 1.125X%,3 @
Table 3

Planning matrix and results of experiments in the study of the CE mechanical bending strength

ni):]gte);r Xo Xy Xz X3 X1 Xo | X2 X3 | X1 X3 | XaXoXs ?;i);g o’ Veale
| 1 11 v Vv VI VIl VIl IX X XI Xl
1 + - - - + + + — 5 0.0 6.75
2 + + - - - - + + 13 12.5 10.8
3 + - + - - + - + 15 0.0 14.8
4 + + + - + - — — 19 4.5 18.8
5 + - - + + - - + 13 12.5 14.3
6 + + - + - + — — 20 0.0 18.3
7 + - + + - - + — 30 0.0 26.8
8 + + + + + + + + 28 12.5 30.8

The reproducibility of the results and the adequacy of the simulation model to the experimental data on
mechanical strength have been assessed by Cochran's, Student's, and Fisher's tests, respectively (Table 4) [19].

Table 4

Assessment of the experimental results reproducibility and the adequacy of the computational model

No Experimental value | Table value[19]
1 Cochran’s test (G (p=0,1 at n=3 N=8) >Gy,)

0.298 | 0.57
2 Fisher’s test (Fexp<Fanie(f1 = 4, f, = 16))

1.590 | 3.80
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The given above mathematical model showed that the second (CM:UFPEP, %) and third (pressing tem-
perature) variables have the greatest influence on the electrode mechanical strength. The pressing pressure
value is 2.5 times less. According to Fisher's test, the adequacy of the regression equation is established. It
describes the response surface.

For the mathematical description of the extremum stationary region, the steepest ascent method was ap-
plied. The experimental and the corresponding calculated values of y; are presented in Table 6. The interval
of variation was determined by differentiating equation 1:

b, = 2.000;
bz = 5125,
b3 =4.875.
Table 5
The value of variables in the study of the CE mechanical bending strength
Factor P, atm. CM:UFPEP, % T, °C
Code designation X3 X, X3
Main level X;0=0 200.0 77.5:22.5 77.5
Variation interval AX; 13.0 5.0 6.65
Table 6
Plan and results of the experiment carried out by the steepest ascent method
Factors X1 X5 X3 Veae VYexp
Coefficient b; 2 5.125 4.875
Variation step 13 5.00 6.65
Starting point 200 22.50 77.50 20.0 18.3
Realized experience | 213 27.50 84.15 22.2 24.7
Realized experience Il 226 32.50 90.80 26.7 25.8
Realized experience 11 239 37.50 97.45 31.3 22.3
Realized experience IV 252 42.40 104.10 35.9 204
Realized experience V 265 47.50 110.75 40.4 20.2

Based on the coefficients values the gradient equation for this system is derived:
gradY = 2i + 5.125j + 4.875k 2
On the basis of this equation, the direction to the stationary region of the extremum is found by the
steepest ascent method. The largest value of the coefficient — b, = 5.125 was taken as the basic factor X,
The step for which was set 86X, = 5. Then the variation steps were calculated for the remaining factors (Ta-
ble 5):
2505 _
5.125-7.5
_ 4.875-525.5 _
5.125-7.5
In order to assess the direction to the stationary extremum region, Student's t-test and Fisher's test were
used for two independent samples (Table 7).

1

3 6.65.

Table 7

Assessment of the adequacy approximated and experimental dependent variable

# Experimental value | Table value [19]
1 Fisher’s test (Fexp<Funie(f1 =5, f, = 5))

454 | 5.05
2 Student's t-test (texp<tianie(N=10, P = 0,95)

2.19 | 2.23
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Based on the experiment results of the steepest ascent method, it was found that the third experiment
did not illustrate an increase of CE mechanical strength in comparison with the second experiment. The ex-
perimental Ye, = 22.3 and theoretical Y = 31.3 values have a significant difference; therefore, further
study in this direction does not make sense (Table 6).

Conclusion

In this paper, carbon materials based on walnut shells have been obtained by the hydrothermal carboni-
zation method and modification by the steam-gas activation method. Their physicochemical and structural
characteristics have been studied and optimized. The best value of Sgciric IS 754.0 mzlg and the iodine ad-
sorption number is 82.2 %. The function of the extremum stationary region was achieved using a full-factor
experiment and the steepest ascent method. The mathematical approach made possible to find the direction
of the function gradient and to reach the region of the stationary extremum under the following experimental
conditions:

P =226 atm.; T =90.8 °C ; UFPEP:CM = 32.5:67.5 %.

The steepest ascent method will allow optimizing the mechanical strength of the CE depending on 3 in-

dependent factors.
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MexanukajabIK 0epik KOMIPTEKTi 3J1eKTPOATHI JaiibIHAAY JNICiH OHTAIAHABIPY

Kasipri onemzae Taburu pecypcTapAbl YTHIMIBI NalalaHyFa jKOHE KOpIIaFaH OPTaHBl KOpFayFa OKeJleTiH
KYHIBl KOMIIOHEHTTEpJi aly MaKcaThIHIa KaiTalaMa pecypcTapibl JKOI0 CTPAaTeruschl OaiKambIll OTHIp.
MoceneHi miemry YOIH IIAKI3aTTHl aiblH-ala JaiblHAaMai-aK MaKCaTThl KOMITOHEHTTEpl ipiKTemm
IIOFBIPIIAH/IBIPYFa MYMKIH/IK OepeTiH 3JIeKTPOXUMISIIBIK 9/IiCTEp OTe MKAKCH KOJAAaHbUIa bl OCIMIIIK XKoHe
MHHepaJisl MIMKi3aTKa Heri3genreH kKemipTekti marepuanmap (KM) kon skeTimaimirine, ap3aHIbIFbIHA,
OeTiHiH JXOFapbl MEHIIIKTI ayJaHbIHA >KOHE SpTYpJi (YHKIMOHAIABI TONTApABIH OOJybIHA OailJIaHBICTHI
JNIEKTPOATAp/Bl OHIIpYre apHalFaH MaTpulla peTiHAe TaMamia Hycka Oonbinm  TaObuagsl.  Kewmip
JNEKTPOATAPBIHAAFBI a[cOopOIMsl KYOBUTBICTAPBIH TEOPUSUTBIK HETi3IeyAiH JKeTiCIeyitiri Moaupuka-
LSUTAaHFAaH KOMIPTEri MEH HOJIMATHIICH HETi31HIe MEXaHMKAJIBIK KYIITI 3JIEKTPOJ JKacay OMiCiH 3epTTeyre
JKOHE NTaMBITyFa TYPTKi Oomabl. Kemiprekri anekrpoarapasiy (KM) am3aitHel MEH MEXaHUKAIIBIK OEpiKTiri
Ta3apTyJIbIH, KYH/IbI KOMIOHEHTTEeP I ajlyAbIH THIMJIUIITI YIiH YJIKEeH MaHbI3Fa ne. Makanana aBTopiap rpek
JKaHFAFbIHBIH KaOBIFBIHAH T'HIPOTEPMANBABl KapOOHM3aIMs »aHe Oy rasmel OelceHnipiey omiciMeH
KOMIPTEKTi MaTepuan aiFaH, OHBIH Oerimiy aymamsl 754,0 M%/r Kkypamsl. KeMiprek MaTepHalBIHBIH,
GailaHbICTBIPYIIBIHBIH  JkoHe KM cyOCTpaThIHBIH MaTepUANbIHBIH KYPBUIBIMIBIK, (H3MKA-XHUMUSIIBIK
cunmarramanapsl keneci agictepmer 3eprrenni: COM, BOT, TI'T-JICK. KeMipTekTi a5eKTpoATapasl xacay
YILiH BICTBIK MPECTEY 91iCi KOMMAHBUIABL. TONBIK (aKTOPIBI SKCIEPUMEHT JKOHE TiK KOTEpLTy 9IiCiH KOJgaHa
OTBIPBII, KBICBIM MEH TeMIepaTypaHbIH MOHJIEP] KOHEe KOMIPTEeKTi MaTepHan: OailaHbICTBIPYIIBI KATHIHACH
oHTalmaHsIpsuAbl: P = 226 atm.; T = 90,8 °C ; xemipTekTi MaTepHan: GalnaHBICTHIPYIIEI KaTBIHACEI =
=67,5:32,5 %.

Kinm ce30ep: KOMIPTEKTI 3JEKTPOJ, TONBIK (AKTOPIBl OIKCIEPUMEHT, aJCOPOIUs, THIPOTCPMAIbIIbI
KapOOHU3AIIMs, KOMIPTEKTI MaTepHall, TePMab/Ibl KApOOHHU3AIHS, TPEK KAHFAFbI, BICTHIK IIPECTEY OJIICI.

C.K. AGaumowmsiH, [I.A. AOnyaxsiToBa, A.A. ATyabaposa, ['.JI. Typaean,
P.P. Tokmnaes, K.K. Kumu6aes, A.I1. Kyp6aros, M.K. Haypsiz6aes

OnTumu3anusi MeToa U3roToBJIEeHUS
MeXaHM4YeCKH MPOYHOI0 YIJIepoIHOr0 3J1eKTPoaa

B coBpemeHHOM Mupe HaOIIOAASTCs CTPATErus MO YTHIN3AINY BTOPUIHBIX PECYPCOB C LEbIO TOIyYEeHHS U3
HUX LEHHBIX KOMIIOHCHTOB, KOTOpasd NPUBCIACT K HanOoee palOHaJIbHOMY HCIIOJIB30BAHUIO MPHUPOAHBIX
pecypcoB W oxpaHe OKpyxkatomed cpenbl. Jus  perieHHss NpoONeMbl  OTIMYHO — HPHUMEHHUMBI
3NEeKTPOXUMHUIECKHE METOABI, KOTOPhIE TO3BOJIIOT CENEKTHBHO KOHIIEHTPHPOBAThH IIETEBBIE KOMIIOHEHTHI
0e3 mpeABapUTENBFHON MOATOTOBKH CHIPBA. YTiepoaHsle MaTepuainl (YM) Ha OCHOBE PacTUTENBHOTO H
MHHEPAJILHOTO CHIPbS SBIISIOTCS OTIIMYHBIM BAPHAHTOM B KaU€CTBE MATPHUIBI JAJISI U3TOTOBJICHHS SJIEKTPOJIOB,
BCJIC/ICTBUE JOCTYIHOCTH, JICIIEBU3HBI, BBHICOKOH YIEIBHON IUIOMIANN ITOBEPXHOCTH M HAJIM4Hs Pa3HBIX
¢GyHKIMOHANBHBIX Tpym. HenoctaTok TeopeTHyeckoro 0OOCHOBAaHHMS SIBICHMI aqcopOLMM Ha YroOJbHBIX
JJIEKTPOAAX IIOCTYKHJ CTHMYJIOM JUI M3y4YeHUs U Pa3pabOTKHU crocoba HM3rOTOBJICHUS MEXaHHUYECKU
HPOYHOTO IEKTPO/Ia HA OCHOBE MOAMGHIIMPOBAHHOIO YIJIEpoa U nonusTwieHa. KoHCTpyKuus 1 MexaHnue-
CKasl MPOYHOCTh YIJIEPOIHBIX AIEKTPOJ0B (YD) UMEIOT OrpoMHOE 3HaueHHe s 3(p(HEeKTHBHOCTU OUMCTKH,
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U3BJICUCHUS] IIGHHBIX KOMIIOHEHTOB. B cTaThe ommcaHo MOMydeHHE YTIIEPOAHOTO MaTepHana u3 CKOPIYIIbI
TPELIKOrO Opexa METOJOM TI'HIPOTEepManbHONH KapOOHHM3alMK C JajdbHEHIIed mapora3oBoW akTHUBaumueil, c
YIeTbHOM TIIOMAABI0 TOBEPXHOCTH 754,0 MY/r. CTpYKTYpHBIE, (H3HKO-XUMHYECKHE XaPAKTEPHCTHKH yIiIe-
POAHOTO MaTepHana, CBS3YIOLIEro W MaTepHana MOMIOKKHA YO u3ydeHsl ciexyromumu Merogamu: COM,
BOT, TT'A-ICK. Jns u3roToBICHUS YIIEPOIHBIX 3JICKTPOJOB IPUMEHEH METOA ropsdero mpeccopanus. C
MOMOII[BIO METOJa MOTHO(AKTOPHOTO HKCIICPHMEHTa M KPYTOTO BOCXOXJICHUSI ONTHMHU3HPOBAHBI 3HAYCHHS
JaBJICHHUS M TEMIIEPATyphl IIPU MPECCOBAHUU U COOTHOLICHUH YIJIEPOIHbIM MaTepuan : cssytomee: P = 226
atm.; T = 90,8 °C; cootHomenne YM : cszyromee = 67,5:32,5 % cooTBETCTBEHHO.

Knrouesvle cnosa: yruepomHblil dIEKTPOJ], HOMHO(PAKTOPHBIN AKCIIEPUMEHT, aICopOLHs, THAPOTePMAlbHAs
KapOOHM3aLNs, YIIIEPOIHBIH MaTepHall, TepMajibHas KapOOHH3aIHsl, CKOPIIyIa IPELKOro Opexa, MeTOA rops-
Yero MpeccoBaHUs.
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