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This study focused on treatment of municipal solid waste landfill leachate on boron-doped diamond 

(BDD) and Pt nanoparticles modified BDD (Pt NPs/BDD) by electrochemical oxidation process. The 

BDD anode was synthesized using MWCVD technique and Pt nanoparticles were electrodeposited on 

prepared BDD electrodes. The properties of prepared BDD and Pt NPs/BDD anodes were analyzed by 

SEM, XRD, Raman and electrochemical analyses. The SEM and XRD characterizations showed that 

the homogeneous and dense diamond crystals covered the both electrode surfaces and for Pt NPs/BDD 

electrodes, Pt nanoparticles in fcc crystal phase scattered over the BDD surface. Raman analysis 

indicated to presence of non-diamond carbon impurities in BDD structure and higher degree of lattice 

imperfections because of the incorporated Pt particles in Pt NPs/BDD structures. The electrochemical 

oxidation measurements showed that chemical oxygen demand (COD) was decreased about 67.8 %, 

69.0 % and 71.8 % on BDD, and decreased about 76.4 %, 84.3 % and 91.9 % on Pt NPs/BDD for 

current densities of 15, 50 and 100 mA cm-2, respectively, after 5.5 hours treatment.  Results show that 

Pt NPs/BDD had the most efficiency to remove COD by electrochemical oxidation process. Scattered 

Pt nanoparticles on BDD could promote the electrochemical oxidation rate of organic pollutants 

through the enhancement of the physically adsorbed hydroxyl radicals and chemisorbed oxygen in 

metal lattice. Thus, there were more oxidation states on the active surface of Pt NPs/BDD electrodes 

and more adsorbed hydroxyl radicals interacted with BDD surface. Therefore, Pt NPs/BDD in this 

study provided the synergetic effect of BDD and Pt advantages to electrochemical oxidation of COD.  
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1. INTRODUCTION 

Landfill leachates derived from municipal landfill wastes are extremely contaminated that the 

changes in physical, chemical, and biological properties can lead to non-avoidable heavily toxicity in 

soil, agricultural products,and sources of water and water supply systems due to leachate’s migration 
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through refuse and reverse osmosis process[1]. Moreover, municipal landfill wastes can release the 

pollutants through biogas, incineration plants, waste composting, and transfer systems [2]. 

Landfill leachates generally contain hazardous organic and inorganic contaminants, 

xenobiotics, ammonia nitrogen pollutants, toxic complex substances and various heavy metals [2, 3]. 

On the other hand, development in industrial activities, growth of population, and change in lifestyle 

are the main reasons for exponential generation of landfill leachates over the years [3, 4]. Therefore, 

prevailing waste management strategies, pollution control and treatments are the big challenges in 

world-wide[5, 6]. Accordingly, design and study of treatment systems to obtain the appropriate 

removal of pollutants is necessary[7]. In last decades, Biodegradation, chemical oxidation, 

photocatalysis, coagulation–flocculation, ion exchange, chemical precipitation, stripping, ozonation, 

membrane processes, activated carbon adsorption, electro-Fenton, and electrochemical oxidation are 

the more applicant techniques to treatment of landfill leachates [8-12]. Among them, electrochemical 

oxidation as treatment methods could remarkably remove concentrations of leachate organic 

contaminants such as biochemical oxygen demand (BOD) and COD. 

BDD as interest anode can weakly interact and form strongest oxidants such as physisorbed 

hydroxyl radicals which lead to decomposition or oxidation of organic matter into easily available 

forms to plants. Therefore, BDD is a noteworthy non-active anode to performance of treatment of 

wastewater containing leachate contaminants [13]. Therefore, this study presented treatment of 

municipal solid waste landfill leachate BDD and Pt NPs/BDD by electrochemical oxidation process. 

 

 

 

2. EXPERIMENT  

2.1. Synthesis of BDD and Pt NPs/BDD electrodes 

Prior the experiment, fused silica glass(Shenyang Ebetter Optics Co., Ltd., China) as substrate 

was polished with slurry polishing powder (5-10 µm, Zhengzhou Best Synthetic Diamond Co. Ltd., 

China) and was ultrasonically cleaned in acetone(99%,Xilong Scientific Co., Ltd., China) for 5 

minutes and ethanol (99%,Shandong S-Sailing Chemical Co., Ltd., China) for 10 minutes, 

respectively. in order to hydrogenation of substrate in the plasma to develop the diamond seeding 

efficiency, the cleaned and dried fused silica glass transferred to stainless-steel vacuum chamber (CY-

PECVD-T01, Zhengzhou CY Scientific Instrument Co., Ltd., China) at room temperature with 1200 

W for 1 hour and hydrogen flow 60 sccm and pressure 65 Pa.  

The BDD electrode was grown in microwave plasma assisted chemical vapor deposition 

system (MWCVD, SEKI Technotron AX5400S, Japan) from a 3 % CH4 solution in H2 with flow rate 

of 350 sccm and pressure of 10−4 pa at 450 °C under excited plasma (3 GHz) and power of 1300 W for 

1 hour. The doping of boron was conducted from the diborane in the gas phase (4000 ppm) which was 

injected into the MWCVD chamber. 

Electrochemical deposition of Pt nanoparticles on prepared BDD electrode was carried out in 

three-electrode electrochemical cell contained 3 M Ag/AgCl as reference electrode, Pt as counter 

electrode and BDD electrode as working electrodes in 2 M Chloroplatinic Acid Hexahydrate (99%, 
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Shanghai Theorem Chemical Technology Co., Ltd., China) electrolyte. All electrochemical 

measurement and deposition were conducted on potentiostat/galvanostat Methrom Autolab (PGSTAT 

30, Utrecht, The Netherlands). 

 

2.2. Characterization and measurements  

The scanning electron microscopy (SEM, Zeiss Supra-40) was applied to study the morphology 

of surface of prepared electrodes. X‐ray diffraction (XRD, Philips PW3040/60/PANalyticalX'Pert Pro-

MPD Powder Diffractometer with Cu Kα radiation (λ = 0.154 nm) was used for characterizations of 

crystal structures of prepared electrodes. Raman analysis was carried out in a confocal microRaman 

system (LabRAM ARAMIS, Horiba JobinYvon, France). Cyclic voltammetry (CV) analysis was 

conducted on electrochemical system in 0.5 M H2SO4 (98%, Huaqiang Chemical Group Stock Co. 

Ltd., China) solution and 0.1 M tetrabutylammonium perchlorate (TBAP, 99%, Shanghai Smart 

Chemicals Co., Ltd., China) in 0.1 M dimethyl sulfoxide (DMSO, ≥99.90%, Haihang Industry Co., 

Ltd., China) with volume ratio of 1:1 as a base electrolyte.  

The used leachate concentrates were obtained from a municipal landfill located in Guangzhou 

city, China. The leachate concentrates had been treated in nitrification processwith air micro-bubble 

aeration tank in sequencing batch reactor. The amount of air entering the reactor was automatically 

adjusted to a stable set-point at 0.9 O2 mg l-1, and denitrification process with acetic acid (90%, Xilong 

Scientific Co., Ltd., China) by a membrane dosing pump, and treated biochemical system under 

ultrafiltration and nanofiltration membranes(LX-300K, Synder Filtration, Vacaville, CA), respectively. 

Physical and chemical properties were analyzed according to standard methods for the examination of 

water and wastewater (APHA)[14]: pH, conductivity (by a portable multiparameter HL-HQ40d multi, 

HACH, Germany); nitrogen compounds, total phosphorus, COD using a spectrophotometer (Hach / Dr 

Lange Modell: XION 500, LPG385, GmbH, Germany); 5-day biochemical oxygen demand (BOD5) 

using the manometricrespirometry method (OxiTop® system,WTW, Weilheim, Germany)[15]. Colour 

measurements were performed according to the Pt-Co standard method [14]. The properties of used 

landfill leachate are shown in Table 1. The electrochemical oxidation experiments was conducted on 

cylindrically Plexiglas batch reactor under galvanostatic condition for treatment of 200 ml landfill 

leachate which filtered using a PTFE (2-6 µm, Qingdao Yuan Dong Flon New Materials Co. Ltd., 

China) and pumped into the reactor and continuously recirculated for 7 hours at a flow rate of of 5.5 

Lh-1. The prepared electrodes (BDD and Pt NPs/BDD) as anodes and a 316 AISI stainless steel as 

cathode with areas of 30 cm2 were placed vertically parallel to each other. The inter-electrode gap was 

kept constant 3 cm. electrochemical oxidation was carried out under galvanostatic condition powered 

by DC power supply (Testronix 34d, 0-15V and 0-10A) and current-voltage monitoring. The 

electrolyte was magnetically stirred during the experiment. 
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Table 1. Physical and chemical properties of used leachate in this study (mean ± standard deviation 

(SD)) 

 

Property Mean value ± SD (mg l-1) 

COD 4002.11±13.12 

 BOD5 198.98±22.14 

Nitrogencompounds 750.10±21.25 

Colour 247.44±44.21 

phosphorus 74.81±11.27 

pH 6.01±0.01 

conductivity 12.4±0.1 mS cm-1 

 

 

3. RESULTS AND DISCUSSION 

3.1. Structural characterization 

The SEM images of the BDD and Pt NPs/BDD electrodes are shown in Figure 1. As observed, 

the homogeneous and dense diamond crystals covered the electrodes surface. The surface is without 

forming cracks or pinholes. The average of diamond grains are about 236 nm for both BDD electrodes. 

Moreover, there are parallel oriented ridges and grooves for both of electrodes which might refer to 

twin characteristics because of the nucleation in boron doping process [16]. For Pt NPs/BDD 

electrodes, Pt nanoparticles are scattered over the BDD surface which is assigned to a higher aspect 

ratio and porosity of Pt NPs/BDD surface toward BDD electrode surface. 

 

 

 
 

Figure 1. SEM images of the (a) BDD and (b) Pt NPs/BDD electrodes. 
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XRD patterns of the BDD and Pt NPs/BDD electrodes are displayed in Figure 2. Two intense 

peaks are observed at 2θ = 43.31° and 75.69° which are attributed to formation of the (111) and (220) 

planes of diamond, respectively in both electrodes according to diamondJCPDS Card No.06-0675[17]. 

For Pt NPs/BDD electrode two peaks at  2θ = 39.69° and 46.47° are associated with (111) and (200) 

planes of Pt, respectively which evidence to formation of Pt in face-centered cubic (fcc) crystal phase 

according to Pt JCPDS Card No.04-0802[18]. Accordingly, Pt nanoparticles have been activated on 

the BDD electrode surface through electrodeposition method. 

 

 
 

Figure 2. XRD patterns of the (a) BDD and (b) Pt NPs/BDD electrodes. 

 

 

Figure 3 shows the Raman spectra of BDD and Pt NPs/BDD electrodes. The spectrum of BDD 

(Figure 3a) electrode presents a sharp peak at 1334.3 cm-1 as diamond line with a FWHM of 7.1 cm-1 

which attributed to scattering from non-diamond carbon impurities such as defective sp3hybridized 

graphitic carbon or surface impurities of amorphous carbon structure with mixture of sp2 and sp3 

hybridization [19]. As observed, there is a peak at 1588.1 cm-1 which is also assigned to scattering 

from defective graphitic carbon networks.  

The spectrum of Pt NPs/BDD film (Figure 3b) exhibits a sharp peak at 1337.1 cm-1because 

phonon contributed to first-order Raman scattering. Raman peak position is shifted 6 cm-1 toward 

higher frequency because of the intrinsic stress which formed by considerable difference in thermal 

expansion coefficients of diamond and Pt particles [20, 21]. The position and intensity of first-order 

diamond Raman peak depend on the internal stress, quality and crystallite size of film [22]. The 

positive shift of the Raman diamond line from the phase-pure diamond (1332.5 cm-1)could be evidence 

of presence of relative residual stress in Pt NPs/BDD film [22, 23]. Moreover, the full width at half 

maximum (FWHM) of the peak is obtained 8.9 cm-1 which is higher value than the calculated value of 

high-quality single crystal diamond (2.1 to 3 cm-1) [24]. The larger FWHM of Pt NPs/BDD film for the 

diamond line shows a higher degree of lattice imperfections because of the incorporated Pt particles. 

Furthermore, the observed low intense peak at 1589 cm-1 in spectra of Pt NPs/BDD is related to 
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scattering of nondiamond impurity which might be attributed to  formed no diamond impurities in the 

metal/diamond interface [25]. 

 

 

 
 

Figure 3. Raman spectra of the (a) BDD and (b) Pt NPs/BDD electrodes. 

 

3.2. Electrochemical characterization 

The recorded CVs of BDD and Pt NPs/BDD in 0.5 M H2SO4 solution pH 2 at potential range -

1.2 V to 2.2 V at scan rate 10 mVs-1 is shown in Figure 4. As seen, the recorded background current of 

CVs are very close to zero in a wide range of applied potential. This lower current of Pt NPs/BDD can 

promote the degradation efficiency of organic pollutants because of a greater decrease of energy 

consumption in resistance of electrolyte and electrode interface [26]. The current oxygen evolution 

reaction is observed at high potential (>2 V). High evolution overpotential of oxygen can warrant the 

electrochemical oxidation of the main part of organic wastes with high current efficiency because of 

minimizing side reactions [27]. Furthermore, the high overpotential of oxygen evolution can be 

beneficial for the electrochemical incineration of organic species due to electro-generation and 

accumulation of oxidants such as hydroxyl radicals on electrodes[28]. Therefore, electrochemical 

characterization of Pt NPs/BDD electrode illustrates that it can be favorable material for leachate 

treatment. 

The electrochemical response of COD was investigated by using BDD and Pt NPs/BDD 

electrodes in 0.1 M DMSO/TBAP solution through the record of CVs based on the reduction processes 

of molecular oxygen at electrodes surface under potential range -1.0 V to 0.5 Vat scan rate of 20 mVs-

1(Figure 5). It has been approved that in aprotic solvents the reduction of molecular oxygen to 

superoxide ion (O2
−) occurs under reversible one-electron process according to the following 

reaction[29]: 

O2 + e ⇆O2
− (1) 
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As seen from Figure 5 for BDD electrode in DMSO, the reduction of O2 to O2
−took place at a 

potential of −0.57 V, and the consequential re-oxidation of O2
− to O2 occurred at a potential of 0.02V. 

It is observed that the recorded redox current at Pt NPs/BDD electrode in DMSO/TBAP solution are 

higher peak currents than at BDD electrode. For Pt NPs/BDD electrode, the cathodic reduction peak is 

also observed at −0.57 V, while the subsequent anodic re-oxidation peak is appeared at −0.14 V. 

Another peak at 0.17 V is also observed in anodic process which implied to electro-oxidation of 

superoxide anion at Pt NPs/BDD electrode is complex and that the superoxide anion products are 

strongly adsorbed on the surface of Pt NPs/BDD electrode is quasi-reversible. Therefore, the electrode 

surface properties and morphology can effect on complex mechanism of redox reaction between the 

oxygen to superoxide ion through effect on thermodynamics and kinetics of reactions [30]. 

 

 

 
 

Figure 4. The recorded CVs of BDD and Pt NPs/BDDin 0.5 M H2SO4 solution pH 2 at potential range 

-1.2 V to 2.2 V at scan rate 20 mVs-1 

 

 

 
 

Figure 5. The recorded CVs of BDD and Pt NPs/BDDin 0.1 M DMSO/TBAP solution pH 3 at 

potential range -1.0 V to 0.5 V at scan rate 20 mVs-1 
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3.3. Study the electrochemical oxidation of COD 

The direct electron transfer from organic compounds to the anode and generation of effective 

oxidant at the BDD based electrodecan be in charge of the improved degradation of organic matters in 

an aquatic solution. The ability to generate the oxidants depends on the applied current density and the 

properties of anode material which indicated under low current density the system reaches abalance 

situation later [31-33]. In other words, under applied higher current densities, time of the reaction also 

shortens and energy consumption increases[31-34].Therefore, the following experiments were 

investigated using current densities of 15, 50 and 100 mA cm-2 similarto the previous reports[35-40]. 

The electrochemical oxidation of COD on BDD and Pt NPs/BDD was studied under different 

current densities of 15, 50 and 100 mA cm-2 at pH 6 and flow velocity of 5.5 L h-1. Figure 6 shows that 

the removal of COD is performed with a higher rate within the 3.5 first hours and it continues with a 

slower rate in the last 2 hours for all applied current densities. The prepared BDD and Pt NPs/BDD 

have high efficiency at the initial hours of the treatment due to more superficial activated sites on 

electrodes. In the last hours of the treatment, the absorbent sites on electrodes are saturated by 

pollutants. Figure 6a shows the COD has decreased about 67.8 %, 69.0 % and 71.8 % on BDD in 

current densities of 15, 50 and 100 mA cm-2, respectively, after 5.5 hours of electrochemical oxidation 

treatment. For sample Pt NPs/BDD in Figure 6b, the COD is decreased about 76.4 %, 84.3 % and 91.9 

% for current densities of 15, 50 and 100 mA cm-2, respectively, after 5.5 hours treatment. For both 

electrodes, removal of COD is increased with increasing the applied current density. For higher 

applied current density (100 mA cm-2), the electron transfer rate is significantly increased and 

enhances the direct electrochemical oxidation of organic compounds [41]. 

 

 

 
 

Figure 6. The electrochemical oxidation of COD on (a) BDD and (b) Pt NPs/BDD under different 

current densities of 15, 50 and 100 mA cm-2 at pH 6 and flow velocity of 5.5 Lh-1. 

 

 

In addition, the concentration of hydroxyl radicals has also been increased due to enhancement 

of water discharge rate which can be useful for indirect electrochemical oxidation of organic pollutants 

[42]. Results show that Pt NPs/BDD has the most efficiency to remove COD by electrochemical 
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oxidation process. Pt nanoparticles on BDD could promote the electrochemical oxidation rate of 

organic pollutants through the enhancement of the physically adsorbed hydroxyl radicals and 

chemisorbed oxygen in metal lattice [43]. Therefore, there are more oxidation states on the active 

surface of Pt NPs/BDD electrode and more adsorbed hydroxyl radicals interact with the BDD 

surfaces[42, 43]. Studies showed that the chemical structure of BDD makes it desirable for remove the 

colour and organic pollutants because of cleavage in different parts of dye [44, 45]. It suggested that 

the boron doping level in diamond influences on ratio of sp2/sp3 which could be effective to 

degradation of organic compounds [2]. Studies on Pt anodes shows this anode is appropriate to 100 % 

oxidation of colour through breaking azo bands of dye [46]. It have been reported that Pt electrode 

favours to oxidation of large variety of different bio-refractory organic substances such that during 

removal process, aromatic molecules are adsorbed on Pt electrode and lead to formation of aromatic 

intermediates, subsequently the ring of aromatic intermediates are opened [46, 47]. Therefore, Pt 

NPs/BDD in this study provides the synergetic effect of BDD and Pt advantages to electrochemical 

oxidation of COD.  In accordance to SEM images, Pt NPs/BDD electrode, scattered Pt nanoparticles 

on Pt NPs/BDD electrode surface show the higher aspect ratio and more porous structure than BDD 

electrode which be beneficial to more physically adsorbed and chemisorbed active species to treatment 

[48-50]. Therefore, the following study was conducted on Pt NPs/BDD electrode. 

Energy consuming (EC) and instantaneous current efficiency (ICE) are important parameters 

for electrochemical oxidation treatment of leachate that determine the efficiency and cost of the 

process. EC (kWh·m-3
) and ICE (%) are estimated using the equation (2) and (3), respectively [51]: 

𝐸𝐶 =  
𝑈𝐼𝑡

60𝑉
 (2) 

ICE =  
(𝐶𝑂𝐷0−𝐶𝑂𝐷𝑡)𝐹𝑉

8𝐼𝑡
     (3) 

Where U (V), I (A), t (minute) and V (l) are the mean applied voltage, current, the time of 

treatment and the volume of electrolyte, respectively. In equation (3), COD0 (gl-1) and CODt (gl-1) are 

the chemical oxygen demands before electrochemical oxidation treatment and at time t, respectively. F 

(96487 Cmol−1) is the Faraday constant. Figure 7 shows the calculated ICE values for different current 

densities. It illustrates that  ICE value is 88.02% after one hour of treatment, then it gradually decrease 

to 64.98% after 5.5 hours treatment under 15 mA cm-2 of current density which can be associated with 

the adsorption of the organic substances on the electrode surface that it prevents the direct electron 

transfer between the electrode surface and organic species [51]. The similar results of decreasing of 

ICE are observed for both of current densities of 50 and 100 mA·cm-2. 

Figure 8 displays the Ec and ICE values after 5.5 hours electrochemical oxidation under 

different current densities of 15, 50 and 100 mA cm-2 at pH 6 and flow velocity of 5.5 L h-1. As seen, 

Ec value for 5.5 hours treatment under current density of 50 mA·cm-2 (215.4 kWh m-3) is remarkably 

lower than the obtained value under 100 mA·cm-2 (424.7 kWh m-3). Beyond that the obtained ICE 

value at under 100 mA·cm-2 is 18.5 % which is the lowest value between the applied current densities 

after 5.5 hours treatment. Therefore, the highest Ec and lowest ICE values are obtained under 

maximum current density that might be attributed to the increment of side reactions [52]. Furthermore, 

results indicate that the appropriate current density is 50 mA cm-2. 
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Figure 7. Obtained ICE values for landfill leachate treatment by electrochemical oxidation under 

different current densities of 15, 50 and 100 mA cm-2 at pH 6 and flow velocity of 5.5 L h-1 

 

 

 

 

Figure 8. Obtained (a) EC and (b) ICE values for landfill leachate treatment after 5.5 

hourselectrochemical oxidation under different current densities of 15, 50 and 100 mA cm-2 at 

pH 6 and flow velocity of 5.5 L h-1 

 

 

 

4. CONCULUTION 

In this paper, the treatment of municipal solid waste landfill leachate was studied using BDD 

and Pt NPs/BDD as anodes through the electrochemical oxidation process. The BDD anode was 

synthesized using MWCVD technique and then Pt nanoparticles were electrodeposited on prepared 

BDD electrodes. The structural and electrochemical properties of prepared BDD and Pt NPs/BDD 

anodes were analyzed. The SEM and XRD analyses showed that the homogeneous and dense diamond 

crystals covered the both electrodes surfaces and for Pt NPs/BDD electrodes, Pt nanoparticles in fcc 

crystal phase scattered over the BDD surface. Raman analysis indicated the presence of non-diamond 

carbon impurities and higher degree of lattice imperfections because of the incorporated Pt particles in 
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BDD and Pt NPs/BDD structures, respectively. The electrochemical oxidation of COD showed that 

COD was decreased about 67.8 %, 69.0 % and 71.8 % on BDD, and decreased about 76.4 %, 84.3 % 

and 91.9 % on Pt NPs/BDD for current densities of 15, 50 and 100 mA cm-2, respectively, after 

5.5 hours treatment. Results show that Pt NPs/BDD revealed the most efficiency to treatment of COD 

by electrochemical oxidation process. Pt nanoparticles on BDD could develop the electrochemical 

oxidation rate of organic pollutants through the enhancement of the physically adsorbed hydroxyl 

radicals and chemisorbed oxygen in metal lattice. Therefore, Pt NPs/BDD electrodes have more 

oxidation states on theactive surface and more adsorbed hydroxyl radicals which interact with the 

BDD surface. Pt NPs/BDD in this study provides the synergetic effect of BDD and Pt advantages to 

electrochemical oxidation of COD.  
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