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Efficient In Situ Utilization of Caustic for Sequential
Recovery and Separation of Sn, Fe, and Cu in Microbial
Fuel Cells
Liping Huang,*[a] Zheqian Lin,[a] Xie Quan,[a] Qingliang Zhao,*[b] Wulin Yang,[c] and
Bruce E. Logan[c]

A novel strategy to sequentially recover and separate Sn(II),

Fe(II) and Cu(II) from a synthetic wastewater from printed circuit

board (PrCB) manufacturing in a single microbial fuel cell

(MFCSn)-MFCFe-MFCCu process was achieved, where in-situ pro-

duced caustic was primarily utilized for Sn precipitation (MFCSn)

and then secondly used for Fe deposition (MFCFe) and anaerobic

Cu(II) reduction in the final MFCCu. An external resistance of

1000 W in the MFCSn and MFCFe, and a 10 W resistor in the

MFCCu achieved predominant recovery of Sn (MFCSn: 80.8�
0.8 %), Fe (MFCFe: 59.1�0.8 %), and Cu (MFCCu: 68.2�1.8 %) in

the three MFCs, with separation factors of 32.1�1.6 for Sn

(MFCSn) and 7.5�1.8 for Fe (MFCFe), and complete recovery of

Cu (MFCCu, 42-mesh cathodes). The metal concentrations in the

final effluent were below national discharge limits (Sn, 2.0 mg/L;

Fe, 5.0 mg/L; Cu, 0.2 mg/L). The metal recoveries ranged from

2.6 (Sn, MFCSn)–12.0 (Cu, MFCCu), and the separation factors

were 8.4 (Sn, MFCSn)–1 (Cu, MFCCu) times those of the open

circuit controls. Cathodes with 120-mesh size of stainless steel

mesh produced lower metal recoveries [33.7 % (Sn, MFCSn) and

27.0 % (Fe, MFCFe) decrease] and separation factors than MFCs

with 42-mesh cathodes. This study provides a viable approach

for efficiently recovering and separating Sn, Fe and Cu from

stripping solutions produced in PrCB manufacturing, with

simultaneous power production.

1. Introduction

Tin (Sn), iron (Fe) and copper (Cu) are using present in stripping

solutions that are a by-product of printed circuit boards (PrCBs)

manufacturing.[1,2] With the large demand for electronic equip-

ment, the world market for PrCBs reached an estimated $58.6

billion in value in 2015, with Asia accounting for 91 % of this

production, according to the report from the Institute of

Printed Circuits (http://www.ipc.org). As a result, a large volume

of stripping solution was generated from PrCB manufacturing

processes that included imaging, plating, and etching. The

three most abundant metals in these stripping solutions had

large ranges of concentrations of 0.002–53 g/L (Sn), 0.7–40 g/L

(Cu) and 2.7–25 g/L (Fe), which were similar to or higher than

metal concentrations in the original ores.[1–7] Thus, efficient

approaches for recovering and separating these metals are

needed.

Solvent extraction, chemical precipitation and flocculation,

and electrochemical deposition have been typically employed

to recover Sn, Cu and Fe from stripping solutions generated

from PrCB manufacturing.[1,2,8–10] However, the entire treatment

process required pH adjustments by the addition of caustic

(0.1–1.0 M), and the operational costs associated with continu-

ous chemical addition or electricity consumption were high.

Moreover, the process generated large amounts of sludge that

required disposal, and this sludge is normally classified as

hazardous due to the high concentration of heavy metals. Cost-

effective and environmental friendly approaches for recovery

and separation of these metals is therefore desirable.

A microbial fuel cell (MFC) is an emerging technology that

has garnered tremendous attention for its ability to simulta-

neously treat wastewater and produce electrical power.[11–17]

Compared to aqueous catholyte in MFCs using single or mixed

metals as final electron acceptors, including Cu(II), Cr(VI), V(V),

Cd(II), W(VI) and Mo(VI),[18–26] air-cathode MFCs are more

promising systems due to higher power production and

coulombic efficiency (CE) as well as more sustainability of

oxygen as a oxidizer at the cathode.[11,13,14,27] The use of a passive

air-cathode requires less energy input for oxygen reduction at

the cathodes that use dissolved oxygen, due to the high energy

demands needed for air sparging.[11,13,14,27] Inexpensive air-

cathodes have been developed for MFC applications due to the

use of activated carbon as the catalyst and a stainless steel

mesh current collector.[28–30] When separators or membranes are

used in MFCs with oxygen reduction at the cathode, caustic

can be generated at the cathode (reaction 1).[31–32] This caustic

can be in-situ or ex-situ utilized for either removal of

phosphorus as struvite from swine wastewater,[33]or recovery of
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individual metals such as Cu(II), Fe(III), Zn(II), Cd(II), Co(II),[34–37]

and mixed W(VI) and Mo(VI).[38,39] However, the use of caustic

has barely been examined for effective treatment of waste-

waters from PrCB manufacturing with the requirement of

simultaneous recovery and separation of Sn(II), Fe(II) and Cu(II)

in a single process.

The production of caustic can be generated in-situ for Sn,

Fe and Cu recovery and separation in MFCs, as shown by the

reactions [Eqs. (1)–(8)]:

O2 þ 2H2Oþ 4en ¼ 4OH� Eq¼þ 0:401 V ð1Þ

Sn2þ þ 2H2O ¼ SnðOHÞ�2 þ 2Hþ

Ksp¼ 1:4� 10n28
ð2Þ

2Sn2þ þ O2 þ 4Hþ ¼ 2Sn4þ þ 2H2O ð3Þ

Sn4þ þ 4H2O ¼ SnðOHÞ�4þ4Hþ

Ksp ¼ 1:0� 10n56
ð4Þ

4Fe2þ þ 4Hþ þ O2 ¼ 4Fe3þ þ 2H2O ð5Þ

Fe3þ þ 3OHn ¼ FeðOHÞ�3
Ksp ¼ 2:8� 10n39

ð6Þ

Cu2þ þ 2OHn ¼ CuðOHÞ�2
Ksp ¼ 2:2� 10�20

ð7Þ

Cu2þ þ 2en ¼ CuðsÞ
Eq ¼ þ0:340 VSHE

ð8Þ

Sn and Fe can be produced from crystallization of inorganics in

stripping solutions from PrCB manufacturing.[1,3,9] Crystal precip-

itation occurs when concentrations of Sn(IV), Fe(III) or Cu(II) and

caustic exceed the solubility limit for Sn(OH)4 (1.0 � 10�56),

Fe(OH)3 (2.8 � 10�39) or Cu(OH)2 (2.2 � 10�20) (Eqs. 2, 4, 6 and 7).

Thus, this gravimetric separation of metal precipitates from

catholytes is highly dependent on pH and oxygen (Eqs. 3, 5 and

7),[2] resulting in the precipitated Sn(OH)4 near pH = 0.79,

Fe(OH)3 at pH = 3.06 and Cu(OH)2 = 5.68. This pH increase could

be achieved in air-cathode MFCs due to caustic generation at

the cathode,[31–32] with the most easily precipitated Sn(IV) in one

MFC unit, followed by Fe(III) precipitation in the second one.

For Cu recovery, considering that Cu(0) is more valuable than

Cu(OH)2, and that anaerobic conditions favor Cu(II) reduction

on the cathode (Eq. 8),[19,21–23] the third MFC can be anaerobi-

cally maintained for copper reduction to Cu(0), and thus copper

serves as the electron acceptor instead of oxygen.

In this study, a series of three MFC units were examined for

metals removal, with the first two having air-cathodes for Sn

and Fe precipitation, and the last one using anaerobic

conditions for Cu(0) reduction. To optimize metal removal,

recoveries were explored under different external resistances

and the mesh sizes of stainless steel current collectors were

varied in the air-cathodes. The performance of the MFCs was

evaluated using linear sweep voltammetry (LSV) and electro-

chemical impedance spectroscopy (EIS). The metal deposits on

the cathodes and the precipitates at the bottoms of MFCs were

analyzed by scanning electronic microscopy (SEM), energy

dispersive X-ray spectrometry (EDS), and X-ray photoelectron

spectroscopy (XPS). System parameters including current,

electrode potential, effluent pH and solution conductivity,

recovery of Sn, Fe and Cu, coulombic efficiency (CE), and

separation factors were used to assess system performance.

The results of this study demonstrated a viable approach for

efficient recovery and separation of Sn, Fe and Cu from

synthetic stripping solutions from PrCB manufacturing with

simultaneous electrical power production.

2. Results and Discussion

2.1. System Performance at an External Resistance of Either
1000 or 10 W

A 1000 W resistor in the circuit was found to produce better

separation of Sn and Fe in the first two MFCs with CEs of 47.0�
0.5 %–51.3�0.6 % (24 h cycle) (Table 1), whereas using a 10 W

in both reactors resulted in metals removal in the first reactor

that was too fast to achieve separation of Sn and Fe, and thus

both Sn and Fe were removed in the same MFC with higher

CEs of 52.8�0.4 %–58.7�0.3 % (5 h cycle) (Figure 1 and

Table 1). With the 1000 W resistor, the metal precipitation rate

of Sn was 16.2 mg/L h in the MFCSn, along with Fe in the MFCFe

(3.0 mg/L h), and then Cu in the third MFCCu (3.4 mg/L h) for

treatment cycles of 24 h (Figure 1A and Figure S1A). With a

10 W resistor in all three MFCs, the Sn removal rate was too

Table 1. Separation factors (e) and coulombic efficiencies (CE) in the MFCSn-MFCFe-MFCCu system.

Experimental condition MFCSn MFCFe MFCCu

The same 1000 W e 32.1�1.6 7.5�1.8 +1
CE [%] 51.3�0.6 47.0�0.5 37.7�0.6

The same 10 W e 2.6�0.1 1.5�0.4 +1
CE [%] 58.7�0.3 52.8�0.4 41.9�0.6

MFCSn and MFCFe: 1000 W MFCCu: 10 W aerobic-aerobic-anaerobic e 32.1�1.6 7.5�1.8 +1
CE [%] 51.3�0.6 47.0�0.5 43.1�0.0

anaerobic-anaerobic-aerobic control e 2.2�0.1 0.9�0.1 +1
CE [%] 7.3�0.3 4.2�0.4 56.4�1.5

120-mesh cathodes in MFCSn and MFCFe e 11.6�3.7 1.1�0.2 +1
CE [%] 34.3�1.6 32.6�0.5 31.0�0.4

OCC e 4.1�0.0 0.5�0.1 0.5�0.2
CE [%] – – –

1659ChemElectroChem 2018, 5, 1658 – 1669 www.chemelectrochem.org � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Articles

Wiley VCH Freitag, 15.06.2018
1813 / 112359 [S. 1659/1669] 1

https://doi.org/10.1002/celc.201800431


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

high in the MFCSn (53.8 mg/L h), along with higher Fe removal

(17.8 mg/L h, MFCFe) followed by 48.4 mg/L h of Cu in the MFCCu

for treatment cycles of 5 h (Figure 1D and Figure S1B). These

conditions resulted in separation factors of 32.1�1.6 (Sn,

MFCSn) and 7.5�1.8 (Fe, MFCFe) at 1000 W, which were

significantly higher than 2.6�0.1 (Sn, MFCSn) and 1.5�0.4 (Fe,

MFCFe) at 10 W, despite the same complete Cu recovery at

1000 W or 10 W.

Conductivities of all effluents similarly decreased at 1000 W

(Figure 1B and Figure S1B) and 10 W (Figure 1E and Figure S1E).

However, effluent pH values in all MFCs sequentially increased

more at 1000 W (Figure 1B and Figure S1B) than at 10 W

(Figure 1E and Figure S1E), mainly due to more produced OH–

at a much longer operation time in the 1000 W. Higher currents

were generated with 10 W (Figure 1F and Figure S1F) than

1000 W (Figure 1C and Figure S1C), similar to previous reports

on air-cathode MFCs without metals recovery,[40–41] which

resulted in faster metal precipitation. Therefore, a 1000 W in the

MFCSn and the MFCFe, and a 10 W in the MFCCu were used for

subsequent investigations.

Figure 1. Sn, Fe and Cu recovery in the MFCSn-MFCFe-MFCCu as well as the residual metals in the final effluents (A, D), influent and effluent pHs (B, E), and
electrode potentials and current (C, F) at a same 1000 W (A–C) (operation time MFCSn: 4 h, MFCFe: 8 h, MFCCu: 12 h) or 10 W (D–F) (MFCSn: 1 h, MFCFe: 1.5 h,
MFCCu: 2.5 h).
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2.2. System Performance with MFCSn and MFCFe at 1000 W,
and MFCCu at 10 W

The removal of the metals reached predominant recoveries of

Sn (80.8�0.8 %) in the MFCSn and primarily Fe (59.1�0.8 %) in

the MFCFe at a total operation period of 12 h (Figure 2A). Using

10 W in MFCCu allowed for nearly complete copper recovery at

3.5 h (68.2�1.8 %, 11.7 mg/L h) with a slight increase in CEs

compared to other reactors (Figure 2B and Table 1). This copper

recovery rate of 11.7 mg/L h at 10 W was 3.44 times as that at

1000 W in the same MFCCu (Figure 1A). Moreover, using a low

resistance of 10 W in MFCCu also resulted in further Sn and Fe

removal, with final effluent concentrations (Sn: 1.4 mg/L; Fe:

4.6 mg/L) below the national discharge limits (2.0 mg/L for Sn,

and 5.0 mg/L for Fe) (Figure 2A). In addition, these metal

recoveries were 2.57 times (Sn) in MFCSn, 4.43 times (Fe) in

MFCFe, and 12.0 times (Cu) in MFCCu, compared to those in the

OCC reactors (Figure 2B), reflecting the importance of current

generation (CG) for these metal recoveries.

Over each cycle, the pH of the catholyte increased and

solution conductivity decreased over time (Figure 2C). The

slight increase in effluent pHs (Figure 2D) and decrease in

solution conductivities (Figure 2F) for the OCC controls was

mainly ascribed to the passive osmosis pressures, resulted from

the differences of pH and solution conductivities between the

anolyte and the catholyte. The smaller changes for effluent pHs

Figure 2. Time course of Sn, Fe and Cu recovery in the MFCSn-MFCFe-MFCCu (A), influent and effluent pHs and solution conductivities (C), and electrode
potentials and current densities (E) (MFCSn: 1000 W, MFCFe: 1000 W, MFCCu: 10 W). Comparison of Sn, Fe and Cu recovery in the MFCSn, MFCFe and MFCCu as well
as the residual metals in the final effluents (B), and influent and effluent pHs (D) and solution conductivities (F) under current generation (CG) or open circuit
condition (OCC) (operation time: MFCSn: 4 h, MFCFe: 8 h, MFCCu: 3.5 h).
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(Figure 2D) and solution conductivities (Figure 2F) for the OCC

controls were in good agreement with the less metal recovery

compared to the reactors with current (Figure 2B). Current in

the closed circuit MFCs decreased over time (Figure 2E), mainly

due to the decrease in metal ions in aqueous solution and the

subsequent decrease in solution conductivity (Figure 2C),

whereas the decreased cathode electrode potential (Figure 2E)

was ascribed to the increased pH (Figure 2C and 2D), and

subsequent less H+ ion involvement in the oxygen reduction

reaction. Cathode electrode potentials are generally thermody-

namically controlled by the reduction reactions on the

cathodes, whereas rates of reduction reactions on the cathodes

are dynamically influenced by circuit current, which is further a

function of the solution conductivity and electrode resist-

ance.[42–44]

2.3. Effect of Oxygen

Large differences in Sn and Fe recoveries by the MFCSn and

MFCFe cathodes were obtained with the two different sizes of

stainless steel mesh, but these different conditions did not

impact Cu recovery in the third MFCCu. Cathodes with 120-mesh

had metal recoveries of 54�5% (Sn) in MFCSn and 43�4% (Fe)

in MFCFe, 34 % (Sn in MFCSn) and 27 % (Fe in MFCFe) decreases

relative to those with 42-mesh cathodes (Figure 3A). Cathodes

made from 120-mesh had higher charge transfer and diffusion

resistances than the larger mesh size of 42-mesh.[28] The higher

diffusion resistance of the 120-mesh accounted for a lower

oxygen permeability with an oxygen transfer coefficient of 1.7 �

10�3 cm/s than the 2.2 � 10�3 cm/s of the 42-mesh cathodes,[28]

and thus less oxygen was available for subsequent Sn and Fe

precipitation.

Separation factors in the effluents of MFCSn and MFCFe with

120-mesh cathodes decreased to 11.6�3.7 (Sn, MFCSn) and

1.1�0.2 (Fe, MFCFe) (Table 1). Effluent pH (Figure 3B) and

current (Figure 3C) with 120-mesh cathodes followed the same

trend of less increase than those with 42-mesh cathodes.

Appreciably higher cathode potentials were observed in the

MFCSn and MFCFe with 42-mesh than 120-mesh cathodes,

compared to all the similar anode potentials (Figure 3D),

providing evidence that the cathode performance was the

reason for the differences in Sn and Fe recovery. In addition,

cathode potentials in the MFCSn were always higher than those

in the MFCFe with either 42-mesh or 120-mesh cathodes. This

result was mainly ascribed to the more acidic pH in the influent

of MFCSn (Figure 3B), which was more favorable for oxygen

reduction and thus the higher cathode electrode potentials in

Figure 3. Comparison of Sn, Fe and Cu recovery in the MFCSn-MFCFe-MFCCu as well as the residual metals in the final effluents (A), effluent pHs (B), current (C),
and electrode potentials (D) with the MFCSn and MFCFe cathodes of 42 (42-mesh) or 120 (120-mesh) mesh sizes of stainless steel mesh (MFCSn: 1000 W, MFCFe:
1000 W, MFCCu: 10 W; MFCSn operation time: 4 h, MFCFe: 8 h, MFCCu: 3.5 h).
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the MFCSn than those in the MFCFe (Figure 3D), similar to the

situation and our explanation for results in Figure 2C, 2D and

2E. The cathode potentials of MFCCu were approaching those of

the negative anode potentials, due to the very small external

resistance of 10 W and the low circuit current (Figure 3C), which

resulted in low power.

The controls with the anaerobic cathodes in the MFCSn and

MFCFe reactors, and an air-cathode of MFCCu, all showed

decreased metal recoveries (Sn: 20.5�1.1 % in MFCSn; Fe: 19.4�
2.4 % in MFCFe; Cu: 29.2�6.9 % in MFCCu) (Figure S2A) compared

to the treatment reactors. These lower metal recoveries were

consistent with less increase in effluent pH (Figure S2B), lower

currents (Figure S2C), and more negative cathode potentials of

the MFCSn and MFCFe (Figure S2D). The combination of Cu(II)

reduction and oxygen reduction resulted in higher currents

(Figure S2C), implying the contribution of the binary electron

sinks of oxygen and Cu(II) present in the catholyte of the MFCCu

to higher currents, consistent with previous reports in the co-

presence of oxygen and either pentachlorophenol, Cu(II) or

Co(II).[19,35,45–47] The presence of multiple electron acceptors in

the catholyte of MFCs provides more electron sinks for cathodic

electrons and resulted in higher currents.[19,47]

2.4. SEM-EDS and XPS Analysis

After five cycles with a total operation time of 17.5 h, the

precipitates at the bottoms of cathode chambers and on the

cathode electrode surfaces of the three MFCs after vacuum

drying were quantified by weight, and then analyzed using

SEM coupled with EDS. Most of the Sn was recovered from the

bottom precipitates (82�5%), with the remainder (18�3%) on

the cathodes (MFCSn). For Fe in the MFCFe, 89�4% was

precipitated at the bottom and 11�2% on the cathode, but for

the Cu in the MFCCu less Cu was recovered from the bottom

precipitates (15�3%) compared to 85�5% on the electrode.

The predominant precipitates at the bottoms rather than on

the electrodes of MFCSn and MFCFe illustrates the advantage of

this gravimetric separation for recovery of mixed Sn, Fe and Cu

solutions. The greater recovery of copper on the electrode

implies the occurrence of more Cu(II) reduction directly on the

anaerobic cathodes.

Larger, irregular-shaped aggregates were observed in the

MFCSn (Figure 4A and 4D) than those in MFCFe and MFCCu

(Figure 4B, 4C, 4E and 4F). The spherical particles at the bottom

and on the cathode of MFCCu (Figure 4C and 4F) was consistent

with those in the individual Cu(II)-reduced MFCs.[19,21] The

different morphologies of the precipitates from the bottoms

(Figure 4A–C) and on the cathodes (Figure 4D–F) may be due

to the different cathodic reactions and the subsequent gravity

settling processes.[48] EDS analysis of the composition of the

agglomerates indicated the similarity of main element compo-

sites of the precipitates at the reactor bottom and on the

cathodes of each MFCs, but in different ratios (Figure 4G and

4J, 4H and 4K, and 4I and 4L).

The predominant components of the precipitates on the

bottom of the reactors and on the cathodes of the three MFCs

were examined using XPS spectra (Figure 5) and binding

energies for the Sn, Fe and Cu (Table 2). Sn(IV) was present in all

reactors based on the characteristic 3d5/2 at 487.1�0.2 eV and

3d3/2 at 495.5�0.2 eV (Table 2), for Sn(IV) in SnO2.[2] The

existence of Sn(IV) instead of Sn(II) illustrates the occurrence of

reactions Eq. 3 followed by Eq. 4, rather than Eq. 2. The primary

Sn at the bottom (Figure 5A) was similar to that on the cathode

(Figure 5B) of the same MFCSn. There were also Fe and Cu

precipitates at the bottom [Fe(III): 91.1�1.4 %, Fe(II): 8.9�1.4 %;

Cu(II): 100 %] which were similar to those on the cathode [Fe(III):

90.1�2.8 %, Fe(II): 9.9�2.8 %; Cu(II): 100 %] of the same MFCSn

(Figure S3 and Table 2). The mixed Fe(II) and Fe(III) was

consistent with the reported initially formed FeO, and further

into Fe2O3 in the air-cathode MFCs.[36]

Larger differences were observed in the predominant Fe in

the MFCFe (Figure 5C and 5D) and Cu in the MFCCu (Figure 5E

and 5F). There was more Fe(II) (27.7�1.7 %) on the cathode

and more Fe(III) (80.7�2.0 %) at the bottom of the MFCFe

(Table 2). For copper, there was Cu(II) (100 %) at the bottom and

more Cu(0) (60.4�1.1 %) on the cathode of the MFCCu.

These results demonstrated that Sn(II) was oxidized more

readily than Fe(II) in the presence of oxygen (Eqs. 3 and 5),

consistent with their thermodynamic calculations.[5] In addition,

the cathodic reductive character explains the existence of more

reduced precipitates [Fe(II) and Cu(0)] above. Non-predominant

precipitates of Sn(IV), Cu(II) (90.1�2.8 %) and Cu(0) (9.9�2.8 %)

were obtained from the cathode, compared to only Sn(IV) and

Cu(II) in the bottom precipitates of the same MFCFe (Table 2 and

Figure S4). The similar non-predominant precipitates in the

bottom precipitates and on the cathode of the MFCCu [Sn(IV):

100 %, Fe(III): 81.9�1.6 %–82.5�1.4 %, Fe(II): 17.5�1.4 %–

18.1�1.6 %] (Table 2 and Figure S5) imply a negligible impact

of the anaerobic reductive cathode on these metals.

2.5. Long-Term Stability of MFCSn-MFCFe-MFCCu

To assess the stability of the metal deposited cathodes in the

three MFCs, the cathodes with previous metal precipitates were

used in multiple batch cycles for mixed Sn, Fe and Cu recovery,

which were periodically analyzed by EIS and LSV (Figure 6 and

Figure S6). A similar trend of deterioration was observed in the

three reactors over the 20 cycles, where there was a decrease in

the rates of 13.5 % (Sn)–77.3 % (Fe or Cu) in MFCSn (Figure 6A),

17.4 % (Sn)–59.7 % (Cu) in MFCFe (Figure 6B), and 13.5 % (Sn)–

38.1 % (Cu) in MFCCu (Figure 6C) compared to cycle 1. These

results show the instability of the metal deposited cathodes

over repeated cycles. The general trends in current with LSVs

were consistent with the performances of those MFCs, as

accumulated metals on the cathodes adversely affected current

densities and voltages needed to initiate substantial currents

(Figure S6). These negative effects could be attributed to an

excessive accumulation of metals on the electrodes, which was

further shown as follows.

The EIS spectra were fitted to equivalent circuits (Figure S7)

to identify the components of the internal resistances in these

MFCs after the 2nd, 10th and 20th cycle. Solution resistances
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(Rs) were all similar for all the cathodes of MFCs and only

slightly increased over repeated cycles (Table S1). The diffu-

sional resistance (Rd) in all three cathodes was significantly

higher than the Rs and the Rct, and increased with different

extents over time (Table S1), likely due to mass transfer

limitations with the formation of the metal precipitates on the

electrode. This increased resistance has also be shown in other

studies with W and Mo deposited on stainless steel sheet

Figure 4. SEM observation (A–F) and EDS analysis (G–L) for the precipitates either at the bottoms (A–C, G–I) or on the cathodes (D–F, J–L) of MFCSn (A, D, G, J),
MFCFe (B, E, H, K), and MFCCu (C, F, I, L) (5 fed-batch cycles operation).
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cathodes in bioelectrochemical systems,[26] Cd deposits on

carbon rods or titanium sheets in cathodes of microbial

electrolysis cells,[23] and even inorganic precipitates on Pt-free

cathodes of MFCs.[49]

2.6. Overall Analysis

The results presented in this study demonstrated the critical

role of external resistance and oxygen transfer due to the

stainless-steel mesh sizes in air-cathode MFCs for efficient in-

situ utilization of caustic generated for recovery and separation

of Sn, Fe and Cu. Thus, this three-MFC configuration could

provide a useful approach for metals recovery from stripping

solutions used for PrCB manufacturing, along with simulta-

neous electricity generation. A high resistance (1000 W) in all

MFCs (MFCSn-MFCFe-MFCCu) was favorable for Sn and Fe

separation, but unsuitable for metal precipitation rates. By

using a low 10 W, there was accelerated metal precipitation but

insufficient Sn and Fe separation. The optimum conditions were

using a high resistance (1000 W) in the MFCSn and MFCFe, and a

low resistance (10 W) in the MFCCu. This mixture of resistances

in the reactors not only achieved higher separation factors but

also accelerated the copper recovery rates, with the residual

metals in the final effluent below the national discharge limits

of 2.0 mg/L for Sn, 5.0 mg/L for Fe, and 0.2 mg/L for Cu.

Stainless steel mesh with small opening size of 120-mesh in the

air-cathodes diminished metal recovery, compared to results

with the 42-mesh cathodes. In terms of metal recovery and

separation, the importance of external resistance and cathode

oxygen permeability, as shown in this study, have been largely

overlooked in previous studies.[21–26] Thus, this current study

provides better strategies to improve the performance of MFCs

as an efficient technology for metal recovery and separation

from stripping solutions from PrCB manufacturing.

In previous studies, most of the metals removed have been

reductively deposited rather than chemically precipitated on

the cathode.[19,21–26,38�39,47�55] The separation of Sn, Fe and Cu

Figure 5. XPS analysis for main components in precipitates either at the bottoms (A, C, E) or on the cathodes (B, D, F) of MFCSn (A, B), MFCFe (C, D) or MFCCu (E,
F) (5 fed-batch cycles operation).
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metals on the electrodes of MFCs represents a challenge for the

practical applications of this technology. However, here the

metal deposits were mostly in the precipitates for the Sn and

Fe metals (82�5% in MFCSn; 89�4% in MFCFe). This sedimenta-

tion would facilitate collection of the metals, and thus lower

the cost of subsequent metal collection, compared to metals

on the electrodes.

Metal deposits on the cathodes can reduce the activity of

the electrodes over time, requiring removal of the deposits

from the electrodes periodically. This accumulation of metals

could represent a challenge for the practical application of this

technology. However, the in-situ utilization of these deposits for

electrocatalytic or photocatalytic processes may become an

attractive strategy for reuse, since Sn, Cu and Fe exhibits

excellent electrocatalytic and photocatalytic properties.[56–57]

While the present study used a synthetic wastewater to mimic

PrCB wastewaters, and the use of actual wastewaters from PrCB

manufacturing should be evaluated as well. Practical implemen-

tation of this technology will also depend on the long-term

operation of this system and other characteristics of the

wastewaters, as well as the cost of the system relative to

conventional treatment processes. The costs of the materials

used in MFCs continues to decrease,[30,42,52] but at this point in

time it is likely that this technology is not yet ready for

commercial applications as larger-scale studies would be

required for evaluating the process prior to commercial and

full-scale applications.

3. Conclusions

Air cathodes with in-situ produced caustic were used for the

first time to sequentially recover and separate Sn, Fe and Cu in

a three-MFC system (MFCSn-MFCFe-MFCCu system). The best

performance was obtained with a high resistance (1000 W) in

MFCSn and MFCFe, and a low resistance (10 W) in the MFCCu. For

these conditions, there was faster metal recovery and higher

metal separation factors, with the residual metals in the final

effluent below the national discharge limit. Cathodes with 120-

mesh size of stainless steel mesh diminished metal recovery

and separation factor, compared to those 42-mesh size

cathodes. These results show this MFCSn-MFCFe-MFCCu system

can be used for efficient Sn, Fe and Cu recovery and separation

with simultaneous electricity generation. Since Sn, Fe and Cu

are extensively detected in the stripping solutions of PrCB

manufacturing, this study provides a viable environmentally

benign approach for efficient remediation of stripping solutions

contaminated sites with simultaneous production of renewable

electricity.

Experimental Section

MFC Construction

Dual-chamber MFCs each 4 cm long and with 3 cm diameter
chambers were used in all experiments, and every three MFC units
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were sequentially used to complete one cycle for recovery and
separation of mixed Sn(II), Fe(II) and Cu(II). A membrane separator
was needed as a barrier to maintain the pH difference between the
bioanode and the cathode of each MFC unit, where the bioanode
was preferably operated at near neutral pH, and the cathode was
sequentially fed with mixed metals effluent from the cathode of
the previous MFC unit. An anion exchange membrane (AEM) can
selectively transport anions from one side of the membrane to the
other, similar to the preferable cation exchange membrane (CEM)
for cation ion migration.[14,58–59] Despite the fact that bipolar
membranes can achieve less cross-over for anions and cations, they
have high voltage losses and thus could not be used as effectively
for energy-efficient metal recovery.[19,60] Conversely, the use of non-
ion selective separators can minimize pH imbalances, but then all
chemicals could cross between the chambers.[61] As a compromise,
and considering the acidic mixed anion metals, and durability and
cost of ion exchange membrane,[59,61–64] an AEM (Ultrex AMI-7001,
Membranes International, Glen Rock, NJ) rather than CEM was used
here to separate the two chambers of each MFC unit. Porous
graphite felt (1.0 � 1.0 � 1.0 cm, Sanye Co., Beijing, China) was used
for the anodes of all MFC units. Air-cathodes used in two of the
MFCs were made of activated carbon (AC) by sandwiching a
catalyst layer of AC (Norit SX plus, Norit Americas Inc., TX) and PTFE
(polytetrafluoroethylene) (Sigma Aldrich, USA) between stainless
steel mesh (type 304 SS, McMaster-Carr, OH) and a hydrophobic
PVDF (polyvinylidene fluoride) membrane diffusion layer (0.45 mm,
MILLIPORE, USA).[29–30] Briefly, the AC catalyst layer was prepared by
mixing active carbon and a 60 % PTFE (polytetrafluoroethylene)
emulsion (Sigma Aldrich, USA) in ethanol at a mass ratio of AC/
PTFE = 6 : 1 (6 g AC to 0.67 mL PTFE solution) with stirring on a hot
plate at 60 8C. The mixture was continuously stirred at 60 8C to form
a gel. The gel was pressed under 1 � 107 Pa for 2 s at 60 8C and
folded for a second pressing, which was repeated for a total of
three times. The prepared AC layer had a thickness of 780�60 mm.
The AC catalyst layer was then placed between a precut stainless-
steel mesh and hydrophobic PVDF membrane and rinsed with
ethanol, pressed at 3 � 107 Pa for at least 15 s at 60 8C (Model 4388,

CARVER, INC., USA), and dried in a fume hood for 24 h. This
cathode was then assembled in the cathode chambers of MFCs
with the stainless-steel mesh side to the catholyte and the PVDF
side to the air. Two mesh sizes of stainless steel mesh of 42 � 42
(42-mesh) and 120 � 120 (120-mesh) (type 304 SS, McMaster-Carr,
OH) were used. Mesh characteristics of openings per linear inch,
wire diameter, opening size and fractional open area were specified
by the manufactures.[28] The cathode of the third MFC unit was a
carbon rod, and this MFC was anaerobically operated to reduce
Cu(II) to Cu(0).[21–23] The working volume of the anodic and cathodic
chambers of each MFC was 25 mL.

MFC Operation

Anodes were fully pre-acclimated by used MFCs for one month at a
fixed external resistance of 1000 W.[21–25] The anolyte (pH = 5.8)
contained 1.0 g/L sodium acetate dissolved in a phosphate buffer
solution (5 mM NaH2PO4) that was amended with 12.5 mL/L
minerals and 5 mL/L vitamins.[24–26,35] A synthetic PrCB waste
stripping solution composed of Sn(II) of 80 mg/L, Fe(II) of 40 mg/L
and Cu(II) of 60 mg/L was used as initial catholyte influent. The
influent pH of the catholyte was set at 2.0, consistent with the
acidic condition of the stripping solution from PrCB manufactur-
ing.[2–4] Initial solution conductivities were adjusted to be 4.0 mS/
cm using KCl. The amount of the KCl addition was much lower and
not enough for its observation on the electrode (Figure 4). This
catholyte influent was fed into the air-cathodes of the first MFC.
The effluent from the first MFC was then sequentially fed into the
second air-cathodes of MFC unit. The effluent of the second MFC
was bubbled with ultra-pure N2 for 10 min before filled into the
third anaerobic MFC unit. Since Sn(II) is easily oxidized to Sn(IV),
which is appreciably easily precipitated than Fe(II) and Fe(III)
precipitation, and followed by Cu(II) (Eqs. 4, 6 and 7), the first MFC
unit with a shorter operation time was more apt for Sn(IV)
precipitates (MFCSn), followed by Fe(II) and Fe(III) precipitates in the
second one (MFCFe). The third anaerobic MFC was used for Cu(II)
reduction on the cathode (MFCCu).[19,21–23]

Figure 6. Metal recovery (A–C) and Nyquist plots of EIS spectra (D–F) of MFCSn (A, D), MFCFe (B, E), and MFCCu (C, F) as a function of operational cycle. Symbols
in (D)–(F) represent experimental data, and lines represent data fit with the equivalent circuit.
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MFCs were initially all operated at the same external resistance
(1000 W or 10 W). The more optimal resistance was then identified
for each MFC, and then these optimum resistances were used in all
subsequent experiments. Air-cathodes using 42-mesh or 120-mesh
stainless steel assembled in the MFCSn and MFCFe were compared
for the impact on system performance as mesh size impacts the
amount of oxygen transfer into the catholyte.[28]

Control experiments under open circuit conditions (OCC) were
performed to evaluate the impact of current generation (CG) on
the system performance. Another set of controls were operated
with all completely anaerobic MFCSn and MFCFe, coupled with an
air-cathode MFCCu, to determine the impact of the presence or
absence of oxygen on metal recoveries. For anaerobic conditions,
the MFCSn and MFCFe reactors were operated in an anaerobic glove
box (YQX-II, Xinmiao, Shanghai). The aerobic MFCCu was operated
with an air-cathode with 42-mesh stainless steel instead of the
carbon rod cathode. All reactors were operated in fed-batch mode
at room temperature (22�3 8C) and all experiments were con-
ducted in duplicate.

Measurements

Sn, Fe and Cu in the influent and effluent of the catholytes were
measured using atomic absorption spectroscopy (AAnalyst 700,
PerkinElmer). The pH was measured by a calibrated pH meter (PHS-
3C, Leici, Shanghai) and the solution conductivity was measured
using a conductivity meter (DDS-307, Leici, Shanghai).

The morphology of the metal precipitates and their elemental
composition were examined using a scanning electronic micro-
scope (SEM) (QUANTA450, FEI company, USA) equipped with an
energy dispersive spectrometer (EDS) (X–MAX, Oxford Instruments,
UK). The valences of metal precipitates at the bottoms and on the
electrodes were confirmed using X-ray photoelectron spectroscopy
(XPS, Kratos AXIS Ultra DLD).

The cathode and anode potentials were monitored by an
automatic data acquisition system (PISO-813, Hongge Co, Taiwan).
Polarization and power density data were obtained with a
potentiostat (VSP, BioLogic) using linear sweep voltammetry (LSV).
EIS was conducted using the same potentiostat with a three-
electrode system comprising a working electrode (i. e., cathode), a
Ag/AgCl reference electrode (195 mV vs. SHE) located 1 cm away
from the cathode in the cathodic chamber, and a Pt foil (2 � 4 cm)
counter electrode placed in the anodic chamber. Electrical
impedance spectroscopy (EIS) analysis was conducted at cathode
potentials under OCCs with either the bare electrodes, or the
electrodes deposited with the metal precipitates. EIS frequency
ranged from 100 kHz to 10 mHz, with a sinusoidal perturbation of
10 mV amplitude.[24,28,38] The equivalent circuits and detailed values
of different resistances were obtained through Zsimpwin software
and normalized to the projected area of the cathodes.

The statistical significance of the experimental data was assessed
using a statistical package (SPSS v.19.0) (t-test, p = 0.05).

Calculations

Recovery of Sn(II), Fe(II), and Cu(II) in the MFCs was calculated
either as shown in Equations (9)–(11) based on the total metal
removal (%) or the rate of removal, based on the influent and
effluent metal concentrations divided by operation time (mg/L h),
in order to provide a systematic assessment for system perform-
ance.

rx;Sn ¼
Cx;Sn;inf � Cx;Sn;eff

Cx;Sn;inf

� 100% ð9Þ

rx;Fe ¼
Cx;Fe;inf � Cx;Fe;eff

Cx;Fe;inf

� 100% ð10Þ

rx;Cu ¼
Cx;Cu;inf � Cx;Cu;eff

Cx;Cu;inf

� 100% ð11Þ

where Cx,Sn,inf and Cx,Sn,eff, Cx,Fe,inf and Cx,Fe,eff, Cx,Cu,inf and Cx,Cu,eff are
concentrations of Sn, Fe and Cu in the influent and effluent of each
MFCx unit (x = Sn, Fe, or Cu), and 0.5 is the equivalent constant of
the other two non-predominant components relative to the
primary component. Separation factors of Sn in the MFCSn (eSn), Fe
in MFCFe (eFe) and Cu in MFCCu (eCu), were used to evaluate the
extent of removal of each primary component separated from the
other non-predominant metals, using Equations (12)–(14):[65]

eSn ¼
ð1� 0:5� rSn;Cu � 0:5� rSn;FeÞ � rSn;Sn

ð0:5� rSn;Cu þ 0:5� rSn;FeÞ � ð1� rSn;SnÞ
ð12Þ

eFe ¼
ð1� 0:5� rFe;Sn � 0:5� rFe;CuÞ � rFe;Fe

ð0:5� rFe;Sn þ 0:5� rFe;CuÞ � ð1� rFe;FeÞ
ð13Þ

eCu ¼
ð1� 0:5� rCu;Sn � 0:5� rCu;FeÞ � rCu;Cu

ð0:5� rCu;Sn þ 0:5� rCu;FeÞ � ð1� rCu;CuÞ
ð14Þ

Power was calculated based on the voltage drop across the
external resistor, measured with a data acquisition system (PFN-
2042 PROFINET, Hongge, Taiwan), as P = I U, where I = current, and
U = voltage. Power density was normalized to the projected surface
area of the separator, allowing comparison of the results to
previous results.[35,45–46] CE was calculated as the ratio of the total
coulombs calculated by integrating the current over time, and the
theoretical amount of coulombs available based on the COD
removed in the anodes of MFCs.[45–46]
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