Supporting Information
Complete removal of heavy metals with simultaneous efficient treatment of etching terminal wastewater using scaled-up microbial electrolysis cells
Liping Huanga,*, Huilin Wana, Shiping Songa, Deqiang Liub, Gianluca Li Pumac,*
a Key Laboratory of Industrial Ecology and Environmental Engineering, Ministry of Education (MOE), School of Environmental Science and Technology, Dalian University of Technology, Dalian 116024, China
b Weihai Inspection and Research Institute of Products Quality, Standard and Metrology, Weihai 264209, China
c Environmental Nanocatalysis & Photoreaction Engineering, Department of Chemical Engineering, Loughborough University, Loughborough LE11 3TU, United Kingdom

Corresponding authors:
lipinghuang@dlut.edu.cn (L. Huang)
g.lipuma@lboro.ac.uk (G. Li-Puma)


Figures: 9
Tables: 4
Pages: 16



1

S2 Materials and methods
S2.1 Reactor construction
[image: ]
Figure S1 (A) Schematic isometric view of cylindrical single-chamber MEC reactors of (left) the 40 L (along with the appendixes), and (right) the 1 L. (B) Photos of the 1 L (above) and the 40 L (below) reactors.

S2.2 Bacterial community analysis
Electrodes samples were fragmented using sterile scissors, with cells extracted by rinsing three times with sterile water, and concentrated by centrifugation for 10 min at 10280 × g. The extracted DNA from sample was amplified using PCR reactions and universal 16S rRNA primers (Illumina Miseq) [1]. After the PCR amplifification, the amplicons were recovered using a gelose extraction kit (Cat: SK8131, Sangon Biotech (Shanghai) Co. Ltd., China) and rinsed with Tris-HCl solution. After amplification and quantification, the amplicons were sequenced using an Illumina Miseq following standard procedures. The data were optimized through removal of low-quality sequences, unrecognized reverse primers, and any ambiguous base calls, with a length < 200 bp. High quality sequences were aligned, grouped into OTUs (97% similarity) using the uclust algorithm, and a representative sequence from each OUT was classified phylogenetically assigned to a taxonomic identity (phylum, class, and genus level) using the RDP Naḯve Bayesian rRNA classifier at a confidence threshold of 90%. Rarefaction curves, Shannon and Simpson diversity indices, and species richness estimates of Chao1 were generated for each sample using QIIME software (v1.3.0). All analyses described were conducted in triplicates, and the means were reported.

S2.3 Calculation




where rH2 (mmol/d) and ΔGH2 (–237.1 kJ/mol) represent the H2 production rate and the molar Gibbs free energy for hydrogen combustion of the produced hydrogen in the MECs; ∆V is the difference of potential established between the counter and the working electrodes (V); I represents average current (A); 1/1000 (kW/W), 1000 (W/kW), 24 (h/d) and 3600 (s/h) are the transfer coefficients.
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Figure S2 HPLC-ESI-MS mass spectra (A and C) and chromatograms (B and D) at retention times of (A and B) 16.76 min or (C and D) 14.70 min for real etching terminal wastewater. 
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Figure S3 Electrode potential and circuital current of 1 L (A) or 40 L (B) reactors fed with nutrient or progressive increase of real etching terminal wastewater (shown as ratios of wastewater and nutrient as 1 : 1, 3 : 1, 7 : 1, 18 : 1, or full wastewater) as a function of acclimation time.
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Figure S4 Comparison of luminescence inhibition rates for low and low strength influents of etching terminal wastewater before and after treated by 1 L or 40 L MECs under closed circuital (CCC) or open circuital (OCC) conditions.  
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Figure S5 Heavy metal removal (A), COD removal and H2 production (B), effluent pH and conductivity (C), and electrode potential and circuital current (D) in 1 L reactor fed with high strength etching terminal wastewater and at an HRT of 5 d.
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Figure S6 SEM observation on the cathodes (A, C, E and G) and the anodes (B, D, F and H) of 1 L (A ‒ D) or 40 L (E ‒ H) MECs fed with low (A, B, E and F) or high (C, D, G and H) strengths etching terminal wastewater.
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Figure S7 Rarefaction curves of bacterial communities on the bioanode and the biocathode of the 1 L or 40 L reactors fed with low or high strengths etching terminal wastewater. The OTUs were defined by a distance limit of 0.03.
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Figure S8 Weighted Fast UniFrac (A) principle coordinates analysis and (B) cluster of the bacterial communities on the basis of phylogenetic lineages at phylum level that samples contain.



[image: ]
Figure S9 Comparison of relative abundance of bacterial reads retrieved from the cathodes and the anodes of 1 L or 40 L MECs fed with low or high strengths etching terminal wastewater (thus abbreviated as 1LCat, 1LAno, 1HCat, 1HAno, 40LCat, 40LAno, 40HCat and 40HAno, respectively) and classified at (A) the phylum level and (B) the class level distribution of the most dominant phylum of Proteobacteria. Phyla and classes that represent less than 1.0% of the total bacterial community composition were classified as “others”.

Table S1 Summary of literature about practical wastewater treatment using microbial electrolysis cell technologies
	Source of wastewater
	Reactor architecture
	Working volume (L)
	Anode
	Cathode
	applied voltage (V, vs. SHE)
	Circuital current (mAa or A/m3 b)
	pH
	Solution conductivity (mS/cm)
	Hydraulic retention time (h)
	Gas production (m3/m3/d)
	Influent (mg/L)
	Removal efficiency (%)
	Coulombic efficiency (%)
	Products
	Reference

	Simulated acid wastewater
	Dual-
chamber
	0.04 (biocathode)
	Graphite fiber
	Graphite fiber
	0.7
	10 ‒ 51b
	3.0
	---
	48 (batch)
	---
	Zn(II): 15 ‒ 40;
SO42-: 200
	Zn(II): 25 ‒ 100%;
Sulfate reduction: 2.3 ‒ 37 mg/L/d
	2.3 ‒ 16
	ZnS
	[2]

	Landfill leachate
	Dual-
chamber
	0.32
(bioanode)
	Graphite rod
	Graphite fiber
	0.05
	0.76b
	7.6
	---
	17.8
	---
	COD: 2594
	2
	1.8
	---
	[3]

	Simulated mixed heavy metals
	Single-
chamber
	1.0
(bioanode; biocathode)
	Granular carbon
	Granular carbon
	1.4 ‒ 1.5
	0.1 ‒ 0.2b
	7.0
	2.0
	4.2 ‒ 6.7
	---
	Al(III): 2.7;
Cu(II): 0.6;
Fe(II):11;
Pb(II): 0.7;
Zn(II): 27
	Al(III): 100;
Cu(II): 100;
Fe(II): 100;
Zn(II): 87 ‒ 100
	---
	---
	[4]

	Simulated smelting wastewater
	Dual-
chamber
	0.2
	Carbon brush
	graphite rod
	0.55 ‒ 0.95
	2.0a
	4.6  ‒ 5.1
	---
	20 (batch)
	---
	Pb(II): 115;
Zn(II): 150;
Cd(II) < 1;
Cu(II) < 1
	Pb(II): 98.5 (0.75 V);
Zn(II): 98.7 (1.2 V)
	---
	Pb and its  oxide;
Zn and its oxide
	[5]

	Winery wastewater
	Single-
chamber
	910
(bioanode)
	Graphite felt brush 
	Stainless steel mesh
	0.9
	0.1 ‒ 0.3b 
	6.4
	0.40 ‒ 2.3
	24
	H2: 0.28;
CH4: 0.24
	760
	62
	---
	---
	[6]

	Domestic wastewater
	Dual-
chamber
	88
	Carbon felt
	Stainless steel wire wool 
	0.6 ‒ 1.1
	0.04 ‒ 0.27b
	7.0
	---
	24
	H2: 0.015
	0 ‒ 4500
	COD: 34
	55
	---
	[7]

	Domestic wastewater
	Single-
chamber
	3
	Carbon felt
	Stainless steel 
	1.0
	
	7.0 ‒ 7.2
	0.49 ‒ 0.50
	4 ‒ 24
	CH4: 0.001 ‒ 0.006
	65 ‒ 78
	19 ‒ 50
	70
	---
	[8]

	Municipal wastewater
	Single-
chamber
	10
	Carbon felt
	Carbon paper/Ni
	0.9
	186.3a
	7.0
	---
	10
	1.0 ‒ 2.6
	270
	60 ‒ 76
	23
	---
	[9]

	Domestic wastewater
	Single-
chamber
	7
	Graphite felt
	Ni-based electrode
	0.7
	[bookmark: OLE_LINK34]0.2b
	7.2
	1.4
	48 (batch)
	H2: 0.017
	476
	74
	---
	---
	[10]

	
	
	
	
	
	
	
	
	
	7 - 42
	---
	70 ‒ 400
	69
	---
	
	

	[bookmark: OLE_LINK33]Urine wastewater
	Dual-
chamber
	5
	Titanium plates
	Titanium plates
	0.5 ‒ 0.7
	1.7b
	9.4
	28.1
	6 - 9
	---
	4500
	25
	65
	---
	[11]

	Domestic wastewater
	Dual-
chamber
	88
	Carbon felt
	Stainless steel
	0.6 ‒ 1.1
	---
	7.0
	1.8
	24
	H2: 0.07
	147 ‒ 1976
	30 - 60
	41
	---
	[12]

	Urban wastewater
	Dual-
chamber
	130
	Graphite felt
	Stainless steelol 
	1.0
	0.27b
	---
	---
	48
	H2: 0.032
	500
	25
	40
	---
	[bookmark: OLE_LINK1][13]

	Domestic wastewater
	Dual-
chamber
	60
	Graphite plates
	Stainless steel mesh
	0.4
	0.72b
	6.5
	---
	30
	---
	636c
	67
	11
	---
	[14]

	[bookmark: OLE_LINK11]Domestic wastewater
	Single-
chamber
	4
	[bookmark: OLE_LINK6]Carbon felt
	Carbon paper/Ni
	0.6 ‒ 1.0
	0.04 ‒ 0.22b
	6.9 ‒ 7.4
	0.6
	[bookmark: OLE_LINK12]4, 7 or 10
	H2: 0.05;
CH4: 0.02 
	96 ‒ 135
	70
	9 ‒ 31
	---
	[bookmark: OLE_LINK10][15]

	Cornstalk wastewater
	Dual-
chamber
	1.8
	Carbon nanotubes
	Carbon fiber felt
	0.6 - 1.2
	---
	7.0
	---
	16
	H2: 0.004
	BOD/COD: 0.16
	60 ‒ 80
	---
	---
	[bookmark: OLE_LINK8][16]

	Domestic wastewater
	Dual-
chamber
	72
	Carbon felt
	Stainless steel
	0.9
	1.08 ‒ 1.36b
	---
	---
	0.36 ‒ 432
	H2: 0.016
	4535
	55
	0 ‒ 131
	---
	[17]

	Domestic wastewater
	Single-
chamber
	175
	[bookmark: OLE_LINK15]Graphite felt
	Stainless steel
	0.9
	0.29b
	[bookmark: OLE_LINK16]8.0
	0.4 ‒ 0.8
	5
	H2: 0.003
	2594
	64
	28
	---
	[18]

	Urban wastewater
	Dual-
chamber
	150
	Graphite felt
	Graphite felt
	1.0
	0.2b
	7.8
	0.8
	24
	---
	---
	80
	3 ‒ 10
	---
	[19]

	Domestic wastewater
	Single-
chamber
	20
	Granular carbon
	Carbon cloth
/Pt/MnO2
	---
	0.16 ‒ 0.2b
	---
	----
	5, 10 or 20
	---
	100 ‒ 1000
	66 ‒ 80
	---
	0.3
	[20]

	Greywater
	Dual-
chamber
	0.4
(anode)
	Carbon fiber
	Stainless steel
	0.2
	0.65b
	7.4
	0.05
	24
	---
	COD: 445 ‒ 485
	COD: 32
	---
	---
	[21]

	Municipal wastewater
	Dual-
chamber
	168
(anode)
	Reticulated vitreous carbon
	Reticulated vitreous carbon
	2.5
	0.06b
	7.3 ‒ 9.3
	---
	4.5 ‒ 984
	---
	---
	85 ‒ 95
	---
	Struvite;
purified water
	[22]

	Coal gasification wastewater
	Single-
chamber
	1.4
	Carbon fiber
	Stainless steel
	0.7
	1.0 ‒ 1.2b
	7.0
	---
	24 ‒ 48
	---
	500
	60
	0.7 ‒ 1.5
	---
	[23]




Table S2 CV data and EIS parameters obtained from Nyquist plots on the biotic or abiotic cathodes and anodes of 1 L or 40 L reactors fed with low or high strengths etching terminal wastewater (Eonset: reduction or oxidation onset potentials; Ep: reduction or oxidation peak potentials; Ip: reduction or oxidation peak currents; Rdif: diffusional resistance; Rs: solution and electrode resistance; Rct: charge transfer resistance).
	MEC
	Influent
	　
	Cu
	
	Ni
	
	Zn
	
	Organics oxidation 
	
	Rs
(Ω)
	Rct
(Ω)
	Rdif
(Ω)

	
	
	　
	Eonset (V)
	Ep 
(V)
	Ip 
(mA)
	
	Eonset (V)
	Ep 
(V)
	Ip 
(mA)
	
	Eonset (V)
	Ep 
(V)
	Ip 
(mA)
	
	Eonset (V)
	Ep 
(V)
	Ip 
(mA)
	
	
	
	

	1 L
	Low strength
	Cathode
	0.380 
	‒0.120 
	‒0.555 
	
	‒0.180 
	‒0.300 
	‒0.718 
	
	‒0.660 
	‒0.860 
	‒0.933 
	
	0.280
	0.880
	0.522
	
	39.4
	51.4
	1685

	
	
	Anode
	0.340 
	‒0.040 
	‒0.509 
	
	‒0.200 
	‒0.260 
	‒0.637 
	
	‒0.680 
	‒0.880 
	‒0.880 
	
	0.300
	0.520
	0.580
	
	35.2
	60.2
	1677

	
	High strength
	Cathode
	0.404 
	0.164 
	‒1.832 
	
	‒0.056 
	‒0.226 
	‒2.013 
	
	‒0.636 
	‒0.806 
	‒2.056 
	
	0.224
	0.434
	2.177
	
	34.2
	30.0
	1366

	
	
	Anode
	0.393 
	0.143 
	‒1.773 
	
	‒0.067 
	‒0.237 
	‒1.863 
	
	‒0.647 
	‒0.817 
	‒1.920 
	
	0.273
	0.433
	1.830
	
	31.9
	40.1
	1453

	
	Low strength
	Abiotic
	0.331 
	0.130 
	‒0.353 
	
	‒0.129 
	‒0.330 
	‒0.421 
	
	‒0.670 
	‒0.888 
	‒0.487 
	
	0.233
	0.412
	0.346
	
	51.0
	64.1
	1726

	
	High strength
	
	0.350
	0.110
	‒1.496
	
	‒0.080
	‒0.260
	‒1.795
	
	‒0.660
	‒0.860
	‒1.821
	
	0.280
	0.410
	1.623
	
	43.7
	55.4
	1446

	40 L
	Low strength
	Cathode
	0.360
	‒0.020
	‒0.558
	
	‒0.160
	‒0.280
	‒0.563
	
	‒0.660
	‒0.840
	‒0.616
	
	0.360
	0.620
	0.379
	
	51.7
	57.6
	1718

	
	
	Anode
	0.340
	‒0.040
	‒0.484
	
	‒0.200
	‒0.380
	‒0.510
	
	‒0.680
	‒0.860
	‒0.599
	
	0.220
	0.500
	0.310
	
	47.9
	65.3
	1722

	
	High strength
	Cathode
	0.370
	‒0.100
	‒1.523
	
	‒0.250
	‒0.430
	‒1.725
	
	‒0.650
	‒0.820
	‒1.880
	
	0.320
	0.530
	1.625
	
	41.3
	34.3
	1425

	
	
	Anode
	0.360
	‒0.160
	‒1.256
	
	‒0.240
	‒0.380
	‒1.038
	
	‒0.670
	‒0.850
	‒1.180
	
	0.290
	0.550
	1.180
	
	38.5
	39.4
	1480

	
	Low strength
	Abiotic
	0.331 
	0.130 
	‒0.353 
	
	‒0.129 
	‒0.330 
	‒0.421 
	
	‒0.670 
	‒0.888 
	‒0.487 
	
	0.233
	0.412
	0.346
	
	62.1
	67.2
	1751

	
	High strength
	
	0.350
	0.110
	‒1.496
	
	‒0.080
	‒0.260
	‒1.795
	
	‒0.660
	‒0.860
	‒1.821
	
	0.280
	0.410
	1.623
	
	47.5
	56.9
	1470









Table S3 Comparison of binding energy and composite of different valences of heavy metals on the anodes and the cathodes of 1 L or 40 L reactors fed with high strength etching terminal wastewater
	
	Binding energy (eV)
	
	Composite (%)

	
	Cu(0) 2p3/2
	Cu(II) 2p3/2
	Cu(II) 2p3/2,sat
	Cu(0) 2p1/2
	Cu(II) 2p1/2
	Cu(II) 2p1/2,sat
	
	Cu(0)
	Cu(II)

	1 L ‒ cathode
	929.7
	931.9
	---
	949.9
	951.9
	---
	
	75
	25

	1 L ‒ anode
	---
	931.3
	936.7
	---
	951.8
	956.4
	
	0
	100

	40 L ‒ cathode
	929.0
	931.9
	---
	950.8
	952.1
	---
	
	60
	40

	40 L ‒ anode
	---
	929.0
	932.7
	---
	949.6
	953.3
	
	0
	100

	
	Binding energy (eV)
	
	Composite (%)

	
	Ni(0) 2p3/2
	Ni(II) 2p3/2
	Ni(II) 2p3/2,sat
	Ni(0) 2p1/2
	Ni(II) 2p1/2
	Ni(II) 2p1/2,sat
	
	Ni(0)
	Ni(II)

	1 L ‒ cathode
	853.6
	854.8
	857.0
	872.8
	876.4
	---
	
	74
	26

	1 L ‒ anode
	---
	853.2
	859.4
	---
	873.0
	878.3
	
	0
	100

	40 L ‒ cathode
	853.2
	855.2
	860.3
	871.7
	874.1
	880.3
	
	60
	40

	40 L ‒ anode
	---
	853.8
	860.0
	---
	871.6
	876.4
	
	0
	100

	
	Binding energy (eV)
	
	Composite (%)

	
	Zn(0) 2p3/2
	Zn(II) 2p3/2
	Zn(0) 2p1/2
	Zn(II) 2p1/2
	
	
	
	Zn(0)
	Zn(II)

	1 L ‒ cathode
	1019.0
	1021.5
	1043.6
	1045.2
	
	
	
	52
	48

	1 L ‒ anode
	---
	1020.9
	---
	1044.0
	
	
	
	0
	100

	40 L ‒ cathode
	1019.9
	1021.1
	1042.3
	1044.0
	
	
	
	47
	53

	40 L ‒ anode
	---
	1019.5
	---
	1043.1
	
	
	
	0
	100

	
	Binding energy (eV)
	
	Composite (%)

	
	Cr(VI) 2p3/2
	Cr(III) 2p3/2
	Cr(VI) 2p3/2,sat
	Cr(VI) 2p1/2
	Cr(III) 2p1/2
	Cr(VI) 2p1/2,sat
	
	Cr(III)
	Cr(VI)

	1 L ‒ cathode
	568.9
	---
	574.8
	585.1
	---
	588.0
	
	100
	0

	1 L ‒ anode
	574.8
	576.7
	---
	583.9
	---
	585.9
	
	51
	49

	40 L ‒ cathode
	568.7
	---
	574.3
	584.1
	---
	587.4
	
	100
	0

	40 L ‒ anode
	574.8
	576.8
	---
	584.5
	---
	585.9
	
	58
	42







Table S4 Operational taxonomic units (OTUs), and species richness and diversity estimates of the anodes and the cathodes of 1 L or 40 L reactors fed with low or high strengths etching terminal wastewater
	Sample
	Number
	OTUs
	ACE
	Shannon
	Chao
	Simpson
	Shannoneven
	Coverage

	1HAno
	25957
	317
	331
	4.12
	332
	0.04
	0.71
	0.999

	1HCat
	21780
	395
	477
	4.13
	503
	0.05
	0.69
	0.996

	1LAno
	24520
	341
	385
	3.84
	393
	0.06
	0.66
	0.998

	1LCat
	24910
	421
	462
	4.22
	471
	0.05
	0.70
	0.997

	40HAno
	24937
	298
	310
	3.94
	310
	0.05
	0.69
	0.999

	40HCat
	59764
	638
	640
	4.73
	641
	0.03
	0.73
	1.000

	40LAno
	62378
	340
	364
	3.63
	366
	0.09
	0.62
	0.999

	40LCat
	20285
	274
	302
	3.95
	310
	0.04
	0.70
	0.998

	Total
	264531
	3024
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