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Electrochemical method of lead (11) ions removal
from wastewater using granular graphite electrodes

The article presents an electrochemical method of wastewater treatment from Pb (1) ions with the help of
granular graphite electrodes. The cathode was made of graphite particles and the anode was made of rod
graphite. Features of wastewater treatment from heavy metals by using developed surface granular graphite
electrodes were revealed. Electrochemical research was carried out in a flow mode in a two-chamber
electrolyzer. Effect of different electrochemical parameters (current density, electrolyte flow rate, initial con-
centration of lead (II) ions in solution, size of graphite granules, and concentration of additional cations in so-
lution) to the reduction process of Pb (I1) on lump graphite was studied. Results reveal that the removal value
of Pb (11) hit a peak at 150A/m? current density and gradually decreased at a higher value. The efficiency of
electrolysis in the flow mode was demonstrated. It was found that the initial concentration of lead ions in the
electrode process was insignificant, while the concentration of additional cations had a significant effect. Us-
ing very small particles of granular graphite electrodes caused an agglomeration. At an optimal condition,
(i=150 A/m?; V=150 ml/h; [Pb*"] = 200 mg/l; s= 0.05 cm®) treatment value of wastewater from Pb (11) ions
reached 97.6+0.3 %.

Keywords: lead (I1) ions, granular graphite electrodes, wastewater, heavy metals, flow mode, current output,
removal degree, current density.

Introduction

Rapid industrialization in the XXI century has led to problems such as heavy metal contaminated
wastewater. Chemical industries are generating a large amount of wastewater contaminated with cadmium,
zinc, lead and copper. These heavy metals, which have a density of more than 5g/ cm?, are known to be toxic
[1]. Wastewater pollutants can be classified by measure and chemical-physical properties. It is necessary to
choose a suitable treatment method for each type of wastewater pollution. Wastewater treatment methods can
be classified as chemical, mechanical, physico-mechanical and biological ones. They can be used together as
a combined treating method [2]. Efficient methods of heavy metal removal from aqueous solutions include
ion exchange, membrane filtration, coagulation, flotation, reverse osmosis, chemical precipitation, evapora-
tion, solvent extraction, biosorption, adsorption, oxidation, electrochemical treatment, and others. Adsorp-
tion/ion exchange has been the most suitable method among these methods for heavy metal removal for great
removal performance, cost-effectiveness and simplicity [3].

Our previous work represented a wastewater treatment by the ion exchange adsorption method. The re-
search object was a model of wastewater containing Zn*", Pb** and Cd** ions. A phosphorus-acidic cationite
KRF-10P was used as a sorbent. Size of cationite, duration of interaction, and solution temperature were tak-
en as affecting parameters and optimal condition was established. At an optimal condition, removal value of
Zn*, Pb®*, Cd** reached 96.1 %, 89 % and 91 %, respectively [4].

Industrial wastewaters produced while oil and gas production contain high concentrations of cadmium
and lead ions. José E.D.V. Segundo and Aércio C.O. Feitoza developed an electrochemical reactor with a
perforated steel cathode and expanded mesh three-dimensional DSA anode. Removal percentages were 96 %
and 94 % for Pb*" and Cd*, respectively [5]. Lead (I1) ion adsorption of pristine graphite (6.13 % carbon,
93.87 % carbon) and oxidized graphite (15.97 % oxygen, 84.03 % carbon) was compared. The adsorption
capacity of oxidized graphite was more than 70 %, while bare graphite showed only 41 % of adsorption ca-
pacity. This study results showed that graphite oxide was a suitable material for the Pb?" absorption [6]. A
hybrid biopolymer was used to extract Pb (I1) ions from water. The hybrid biopolymer prepared by a simple
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one-step galvanostatic polymerization consisted of poly(3,4-ethylenedioxythiophene)/ polystyrene sulfonate
(PEDOT/PPS) and the biopolymer lignin (LG). The electrochemical results showed that the neutral solution
of lead ions could be absorbed by applying a negative potential. LG can double the adsorption capacity of
PEDOT/PSS from 245mg g™* to 452 mg g™ [7].

Research on a new electrochemical way of lead (1) ions removal from industrial wastewater showed
that iron and aluminum electrodes had a high level of lead, zinc and copper removal. At an initial concentra-
tion of 50 mg/l, and at optimal conditions, results showed 98.9 % of lead removal. But these electrodes have
a short lifetime [8].

The electrochemical way of Pb (I1) removal from wastewater by using iron and aluminum electrodes at
low voltage was studied. The removal procedure included three processes i.e., chemical reduction, electro-
chemical reduction and electrocoagulation. The result showed that the removal value was directly propor-
tional to the voltage and affected by the distance between electrodes and solution acidity. At pH value of 6,
an applied voltage of 6V, and electrode distance of 2 cm, removal value of lead (1) was more than 90 % [9].
Electroplating effluents contain a high concentration of lead (II) ions. Researchers developed the removal
method of lead (I1) by electrocoagulation using iron as a sacrificial electrode. Removal experiment results
showed that pH was an important parameter. Anode consumption increased with a decrease in pH while en-
ergy consumption increased with an increase in pH of the solution. As a result of the 90 min removal pro-
cess, the removal value of Pb (1) reached 91.3 % [10].

The Taguchi method is a good technique for improving removal process performance, yield and
productivity. It reduces manufacturing costs due to excessive variability in the process. Taguchi method con-
tains several steps such as determining the quality characteristics (current efficiency, energy consumption),
identification of the noise factors and test conditions, control parameters and their alternative levels, design-
ing and conducting the matrix experiment, analyzing data, and determining the optimum levels [11]. A 3D
reticulated vitreous carbon (RVC) cathode is used to remove lead (I1) ions from aqueous solutions under
acidic pH conditions. RVC cathode is coupled with a Zn anode. A batch electrochemical cell removed about
95 % of Pb (I1) with a cell performance of 73 % [12]. Nanotechnology is also used for wastewater treatment.
Yao Xing Lui and Jun Mei Yan used a stainless-steel net electrode coated with single-wall carbon nanotubes
(SWCNTs@SSN). The mechanism of the electrochemical lead (1) removal method involved that Pb (1)
ions were reduced and deposited on the surface of the SWCNTs@SSN cathode. An experiment was carried
out under several parameters such as electrolysis time, pH value, applied voltage and initial lead concentra-
tion. After 90 min electrolysis, with an initial Pb (I1) concentration of 150 mg/l, removal value reached up to
95 %. After electrolysis with the same conditions a good result was shown for other heavy metals [13].

As a result of literature review, it is obvious that electrochemical methods promise a high lead (1) re-
moval degree. Granular graphite electrode (GGE) using electrochemical method is acceptable for many rea-
sons. GGE has a high value of Pb (1) removal, the electrolysis method is simple, and it is cheap.

The purpose of the research is to study electrochemical methods of wastewater treatment from heavy
metals using lump electrodes as a cathode in a flow mode, the influence of different electrochemical parame-
ters to the removal degree (RD) and current output (CO) of metals. We examine an opportunity of using a
lump electrode, composites metallic or graphite electrodes with large, developed surface, to avoid pointed
out demerits. This treatment method is chemical-free and environmentally friendly, therefore, it could be a
perspective direction and application of lumpy electrodes can intensify the process.

Experimental

This work presents the results of the electrolysis of solution with an initial lead concentration of
200 mg/l on granular graphite electrodes. The necessary methods were chosen for carrying out the research.
The research was conducted under direct current. A granular graphite electrode was taken as a cathode; a rod
graphite electrode was taken as an anode. Pb(NOs), was used to produce a model solution containing
200 mg/l of Pb?" ions. Solution was acidified with 0.2 M of HNOj; acid. Electrolysis was carried out in a flow
mode in a two-chamber electrolyzer (Figure 1). Solution containing lead (I1) ions was passed at a certain rate
through the granular electrode layer. Current density (i), electrolyte flow rate (V), initial concentration of
Pb (11) in a solution (C), size of graphite granule (s) and concentration of additional cations in the solution
were taken as the main parameters of electrolysis during the study to determine the features of removal de-
gree (RD) and current output (CO) of Pb* ions in the solution. The duration of electrolysis (t) and thickness
of granular graphite layer (I) was constant. An analyzer CTA-1 voltammeter was used for determining a low
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concentration of Pb (I1) ions with very high accuracy. The process of determining the concentration of
Pb (1) ions is shown in Figure 2.
The average mean of Pb (I1) removal was determined by formula 1.

n
Formula 2 was used to determine a standard deviation:
X — X
Ax:—z| X : )
n

1 — Pb (Il) containing wastewater sample; 2 — water flow controller;

3 — current input (-); 4 — current input (+); 5— anode rod graphite; ~ Figure 2. Determining Pb (11) concentration
6 — copper wire; 7 — granular graphite particles; with a CTA-1 voltammeter
8 — cathode plate graphite; 9 — purified solution

Figure 1. Model of electrolyzer

Results and Discussion

The studies were based on the purification of wastewater from lead (1) ions by their electrolytic reduc-
tion on granular graphite cathode to an elemental state, according to the reaction:

Pb?* + 2e” — Pb’ E=-0.126 V. (3)
Discharge of water takes place at the anode:
2H,0 —4e” — O, + 4H" (4)

Experiments were carried out between 50 and 250 A/m? current densities. It was observed that removal
degrees grew steadily until the graphite electrode reached diffusion-limited current density (DLCD). Hydro-
gen emission occurred parallel to the lead removal at a high current density, consequently, removal of Pb (1)
ions began to decrease (Fig. 3). The maximum degree of metal removal from the solution was achieved when
the entire volume of the electrode operated at the limiting diffusion current mode. The decrease in the degree
of lead extraction can be explained by the intensification of the competitive process of hydrogen evolution at
high current densities.

The influence of electrolyte flow rate on lead (I1) removal degree was determined. The range of electro-
lyte flow rate was between 50-350 ml/h. It was established that removal of lead (1) ions reached a maximum
value at 150 ml/h electrolyte flow rate and decreased inversely proportional to the flow rate of electrolyte.
When electrolyte flows at a high velocity, the reduction reaction of lead becomes less effective (Table 1).
This phenomenon can be explained that at even higher flow rates, lead (I1) ions cannot be properly reduced
at the granular electrodes, and this leads to a decrease in the degree of metal extraction from the solution.
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Figure 3. Effect of current density on Pb (I1) ions removal degree

Table 1
Effect of electrolyte flow on Pb (I1) ions removal degree
(i = 150 A/m?; [Pb*] =200 mg/l; s=0.2cm? t=0.5h; I =1 cm)
V, ml/h 50 100 150 250 350
a, % 89.2+1.5 91.7+1.3 92.8+1.5 86+1.0 80.5+1.2
CO, % 50.2+0.4 51.4+0.4 52.24+0.4 48.240.2 45.2+0.2

The removal value remains the same at a higher initial concentration of lead (I1) ions. The rise of the in-
itial concentration of Pb (Il) ions causes saturation of solution and interferes with smooth polarization. It
leads a process to occur in circumferential areas and the degree of Pb (I1) ions removal gradually decreases.
Current output gradually increases directly proportional to the initial Pb (1) concentration (Fig. 4).
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Figure 4. Effect of initial lead (11) ions concentration on Pb (11) removal degree
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The influence of the electrode material on the electrolysis process is also considered. The maximum de-
gree of extraction is observed on the graphite electrode (92.8 %), whereas on the lead electrode, this figure
reached just under 68 %, as the copper electrode accounted for only 44 %. As a comparison, the experiment
also was carried out without granular electrodes, which means only on a graphite substrate. It turned out that
the degree of lead extraction didn’t exceed even 15 %.

It was observed that change in graphite granule size affected the removal value of lead ions. Smaller
granule size resulted in a higher removal degree and a higher current output while larger electrode granules
resulted in a lower removal degree and less current output (Table 2). However, results of research carried out
with the help of 1mm? granular graphite electrode showed that removal degree decreased steadily. It was
found that small granules (< 0.01 cm®) agglomerated and became less effective because of the small reacting
area.

Table 2
Effect of graphite granular electrode size on Pb (11) ions removal degree
(i =150 A/m?; V = 150 ml/h; [Pb?] =200 mg/l; t=0.5 h; | = 1 cm)
s, cm’ 0.25 0.2 0.15 0.1 0.05
a, % 89.940.7 92.8+0.8 94.4+0.8 96.7+0.6 97.6+0.3
CO, % 50.4+0.4 52.2+0.4 5340.2 54.2+0,19 54.9+0.1

The influence of additional cations concentration in the solution on the Pb (11) ions removal degree and
current output was determined during the electrolysis including copper ions. Lead (Il) ions removal value
and current output reduce gradually when copper concentration is increased in the solution (Table 3). This
phenomenon can be explained by the reduction of copper ions parallel to the lead ions on the cathode.

Table 3
Effect of additional cations concentration on Pb (11) ions removal degree
(i =150 A/m?; V=150 ml/h; [Pb*] = 200 mg/l; s = 0.05 cm®; t = 0.5 h; | = 1 cm)
[Cu®] 50 100 150 200 250
a, % 90.6+0.9 88+0.7 85.2+0.8 79.7+0.8 74.3+0.7
CO, % 51+0.25 49.4+0.2 47.8+0.2 44.8+0.22 41.8+0.2

At an optimal condition, (i = 150 A/m% V = 150 ml/h; [Pb*] = 200 mg/l; s = 0.05 cm®) removal value
and current output of Pb (II) reached 97.6+0.3 % and 54.9+0.1 %, respectively. It should be noted that if the
solution is passed through several such kinds of electrolyzers, the removal value of Pb (II) ions will be high-
er. Deposited lead can be extracted from the electrode by burning the graphite.

Conclusions

As a result of research, the influence of main factors affecting Pb (I1) removal value was determined. It
was observed that Pb (I1) ions removal degree reached the maximum at 150 A/m? and decreased gradually
because of hydrogen emission parallel to the lead (I1) removal at higher current densities. At a high electro-
Iyte flow rate, the reduction reaction of lead becomes less effective. A higher initial concentration of Pb (1)
ions results in higher current output and lower removal value. The removal value and current output are in-
versely proportional to the size of cathode graphite particles, however, particles smaller than 0.01cm?® be-
come less effective because of particle agglomeration. Additional cations decreased the removal value and
current output of Pb (Il) ions. As a result of the research work the optimal conditions of electrolysis are es-
tablished, at which (i = 150 A/m% V = 150 ml/h; [Pb?*] = 200 mg/I; s = 0.05 cm?) Pb (I1) ions removal de-
gree from wastewater accounted for 97.6+0.3 %.

The results of electrochemical research with the use of granular electrodes showed an opportunity of us-
ing electrochemical methods for wastewater treatment to intensify the electrode processes and to solve some
ecological problems of the chemical and metallurgical industry. We consider that using granular electrodes is
a new direction in the electrochemical branch on the solution of ecological problems.
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P.H. Hypninnaesa, A.H. Xsutbic6aesa, A.X. Ackapos, A. baemos

TyuipmikTi rpaguT 3JIeKTPOATAPBIHBIH KeMeriMeH akada cyabl KopracoiH (1)
HOHJIAPbIHAH TA32JIay/AbIH 3JIEKTPOXUMUSIIBIK Jici

Axaba cymapabl KYpaMBIHIarbl aybslp MeTalgaplJaH Tasajayla dJIeKTPOXMMHSIIBIK OMIC e3re oJicTepre
KaparaHaa PIHTeHCI/lBTiHiFi, TYPAKTBUIBIFbI )XOHE KYPBUIFbI KOHCTPYKIUSACHIHBIH Kapal'[ai;lbIMllbI.]'l])IFbI CHUSAKTBI
OipimiamMa KacHeTTepiMeH epekiueneHeai. Makanana TYHipLIKTI rpaduT 3IEKTPOATApBHIH KOJJAHY apKbLIbI
akaba cymapael Pb (II) noHmapeiHaH Ta3apTyAbIH SJIEKTPOXUMHSIBIK ofici ychHBULABL. Kartom perinae
TYHIpIIiKTi TpaduT KeciHAijepi, ajl aHOA PETiHAE CTEepXKEHII TpaduT IEKTPOAbl KOMAaHBUIABL. Akaba
CyJapAbl ayblp MeTangap HOHIAphIHAH JaMblFaH OCTTIK aymaHipl TYHIPIIIKTI TpaduT 3IeKTpoATapia
SNIEKTPOJI3 TOCITIMEH Ta3apTy epeKIIeNiri KepceTimi. ONEeKTPOXUMMSUIBIK 3epTTey €Ki KaMepalsl
JJIEKTPONU3Ep/Ie AFBIHABI peXUMAE >Kyprisimmi. TydHipmrikri smextpoarapia koprachlH (II) MOHBIHBIH
TOTBIKCBI3/IaHy YPAICIHE HEri3ri HJICKTPOXUMUSUIBIK IapaMeTpiepiH (TOK TBHIFBI3ABIFBL, DJIEKTPOIHUT
aFbIHBIHBIH  OKbUIAaMABIFBL, epiTinaizeri Pb (II) wuoHbIHBIH OacTamkbl KOHLEHTpAUUsChl, rpaduT
TYHIpIIIKTePiHiH MeJIIepi )oHe epiTiHAIAeri KOChIMIIAa KaTHOHAAPABIH KOHIICHTPALMSCHI) dcepi 3epTTeI .
3eprTey HoTIKECiHIE, akaba cynapabiH KoprachiH (II) nonmapeiHaH TazanaHy gopekeci TYHipiikTi rpadur
snekTponbiaaa 150 A/M® TOK THIFBI3NBIFBIHAA CH JKOFApl MOHIE HE OONATHIHIBIFEI  AHBIKTAIIBL
DNEeKTPONM3Al aFBIHABI PEKUMIE SKYPTi3yAiH THIMAUII KepceTunmi. DIEKTPOATHIK YpHiCKe KOPFachIH
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WOHIApBIHBIH ~ 0acTamnkbl KOHLEHTPALMSACBIHBIH ocepi eneyci3 Oosica, KOCBIMIIA — KaTHOHIAP.bIH
KOHICHTPALUSCHL eJieylli ocep eTeTiHAIri aHbIKTangbl. TyHipuIikTi rpaduT 27meKTpOATapHIHBIH ©Te Maiiga
YHTaKTaphlH TMaiilaiaHFaHAa, OJlapFa arioMepanus KYObUIBICHI TOH €KEHAIr KepCeTuiai. DIeKTPOIHM3IiH
OHTAIBI JXaFJaimapeHaa (i = 150 a/M?; V = 150 mu/car; [Pb2+] =200 mr/n; s = 0,05 CM3) akaba cymapIblH
Pb (II) nonpapeinan Tazanany gapexeci 97.6+0.3 % kypamb.

Kinm cesoepi: xoprace (II) monmapsl, TyHipIIikTi rpauT JIEKTPOATApH], akaba cymap, ayslp MeTannap,
aFBIH/IBI PEKUM, TOK OOWBIHIIA IIBIFBIM, Ta3alaHy JOPEkKeci, TOK THIFbI3BIFHI.

P.H. Hypaumnaesa, A.H. XKeusic6aeBa, A.X. Ackapos, A. baemios

DJIeKTPOXUMHYECKHUI C1OC00 OUYNCTKH CTOYHBIX BOJ OT MOHOB cBuHIA (IT)
¢ IPUMEHEHHEM KYCKOBBIX I'PA(PUTOBBIX 3JIEKTPOA0B

DNeKTPOXUMUYECKHI METO/ OYHCTKU CTOYHBIX BOJ OT TSDKENIBIX METAJUIOB OTIMYACTCS OT IPYTHX METO/OB
PSZIOM CBOMCTB, TAKHX KaK MHTCHCHBHOCTB, CTAOMJIBHOCTD M IPOCTaTa KOHCTPYKIMH YCTpOWCTBa. B crarhe
HPEUTONKEH IEKTPOXUMUIECKHUHI CII0CO0 OYHMCTKH CTOYHBIX BOJ OoT MoHOB Pb (II) ¢ momompro KycKOBEIX
rpadUTOBBIX ITEKTPOIOB. B KadecTBe KaToma MCIOIB30BAIKCH KYCKH TPaHyJIMPOBAaHHOTO rpadura, B Kade-
CTBE aHOJOB — CTEPXKHEBBIC IPA(UTOBBIC NEKTPOABL. MeTOOM DIEKTPOIH3a MOoKa3aHa OCOOCHHOCTh OYH-
CTKH CTOYHBIX BOJI OT HOHOB TSDKEJIBIX METAJIOB Ha KYCKOBBIX TPa)MTOBBIX JIEKTPO/AX C Pa3BUTOH MOBEpPX-
HOCTBIO. DJIEKTPOXMMHYECKUE MCCIEIOBAHUS POBOAMINCH B JBYXKaMEPHOM 3JICKTPOJIM3EpPE B MPOTOUHOM
pexume. V3yueHO BIUSHHE OCHOBHBIX 3JICKTPOXMMUYECKHX MapaMeTpoB (TUIOTHOCTH TOKa, Pacxoja 3JeK-
TPOJINTA, Ha4aJbHOH KOHLIEHTPALMK HOHOB CBHMHIIA B PacTBOPE, pa3Mepa IpaHys IpaduTa U KOHLEHTPALUK
JIOTIOJIHUTEIbHBIX KATHOHOB B PACTBOPE) HA BOCCTAHOBUTEIIBHBII POIIECC HOHOB CBHHIIA HA KYCKOBBIX 3JICK-
Tponax. B pesymbraTe mcciemoBaHHs yCTaHOBIICHO, YTO CTENCHb OYHUCTKU CTOYHBIX BOJ OT MOHOB CBHHIA
MMeeT MaKCHMAIbHOE 3HAYEHHE [IPH IUTOTHOCTH Toka 150 A/M? Ha KyckoBoM rpaduToBOM d1extpoe. Iloka-
3aHa 3()(EeKTUBHOCTH JIEKTPOJIM3a B IPOTOYHOM PEXHMME. Y CTAaHOBJICHO, YTO HayaJbHAs KOHIIEHTPALHs HO-
HOB CBHHI[A BIIMSIET HA AJICKTPOJIHBIN MPOLECC HE3HAUUTENIFHO, B TO )K€ BPEMsI CyLIECTBEHHOE BIIMSHHE OKa-
3bIBAET KOHIIEHTPALHS IOMOJHUTEIBHBIX KATHOHOB. IIpH MCIIOIB30BaHMN OYEHb MEJIKUX KYCKOBBIX Tpaduto-
BBIX 3JIEKTPOJOB OBLIIO OKA3aHO, YTO IJI1 HUX XapaKTepHO sBJICHUE arjomMepanud. [Ipy onTHMaIbHbBIX yciio-
BHSIX anekTpormmza (i = 150 A/M?% V = 150 mur/a; [Pb*] = 200 mr/m; s = 0,05 cm®) cTeneHs 04HCTKH CTOYHBIX
Box oT noHOB Pb (1) cocraBuma 97.6+0.3 %.

Kniouesvie crosa: nonsl ceunna (II), kyckoBbie TpadUTOBBIC IIEKTPOJIBI, CTOUHBIC BOJBI, TSKEIBIC METAJUIBI,
MIPOTOYHBIN PEXKHUM, BBIXOJI IO TOKY, CTE€NIEHb OYUCTKHU, INIOTHOCTH TOKA.
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