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Abstract: The deposition and separation of W and Mo from aqueous solutions
with  simultaneous hydrogen production was investigated in stacked
bioelectrochemical systems (BESs) composed of microbial electrolysis cell (1#)
serially connected with parallel connected microbial fuel cell (2#). The impact of
W/Mo molar ratio (in the range 0.01 mM : 1 mM and vice-versa), initial pH (1.5 to
4.0) and cathode material (stainless steel mesh (SSM), carbon rod (CR) and titanium
sheet (TS)) on the BES performance was systematically investigated. The
concentration of Mo(VI) was more influential than W(V1) in determining the rate of
deposition of both metals and the rate of hydrogen production. Complete metal
recovery was achieved at equimolar W/Mo ratio of 0.05 mM : 0.05 mM. The rates of
metal deposition and hydrogen production increased at acidic pH, with the fastest
rates at pH 1.5. The morphology of the metal deposits and the valence of the Mo were
correlated with W/Mo ratio and pH. CR cathodes (2#) coupled with SSM cathodes
(1#) achieved a significant rate of hydrogen production (0.82 + 0.04 m*m?®/d) with W
and Mo deposition (0.049 + 0.003 mmol/L/h and 0.140 £ 0.004 mmol/L/h (1#); 0.025

+ 0.001 mmol/L/h and 0.090 + 0.006 mmol/L/h (2#)).

Keywords: Bioelectrochemical system; microbial fuel cell; microbial electrolysis

cells; W and Mo deposition; hydrogen production
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1 Introduction

Tungsten (W) and molybdenum (Mo) transition metals are valuable alloying
resources used in various products such as electrochromic materials, gas sensors and
lithium ion batteries, in addition to be contained in a range of materials such as special
steels and catalysts for petrochemical industries [1-2]. The 2011 annual global
production of W and Mo has been reported as 73000 t and 264000 t respectively, with
over 80% of W and nearly 40% of Mo being produced in China [3-4]. The extraction
of W and Mo from natural ores is an energy intensive process, requiring
approximately 11600 kWh/ton of products [5]. The ore dressing wastewater produced
during the extraction process of the metals contains a large amount of W and Mo
ranging from 10 mg/L to 1000 mg/L, in addition to their existence in the leaching
liquor of the spent industrial products [3,6]. The environmental and economic
sustainability of the mining process, therefore, requires the recovery and separation of
W and Mo from the leaching liquor and from industrial wastewater.

Conventional processes that have been proposed for the extraction and recovery
of W and Mo from mining ores include solvent extraction, ion exchange, membrane
separation, chemical precipitation and electrochemical treatment [3,7-9]. However,
significant challenges remain, including the reduction of the energy consumption and
the treatment cost, the reduction of the sludge produced during the treatment and the
requirement of bringing the concentration levels of W(VI) and Mo(VI) in the
wastewater effluents below the required environmental standards.

This study addresses novel bioelectrochemical systems (BESs) which may
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provide an alternative and innovative method for the simultaneous recovery and
separation of W and Mo from industrial and mining aqueous effluents [10]. BES
multifunctional metallurgical processes have been conceived and intensively
investigated, in recent years since they provides cost-effective methods for the
extraction and separation of metals [11-12]. In BESs organic matter is oxidized in the
anodic chamber while dissolved metals may be simultaneously either reduced in the
cathodic chamber or oxidized in the anodic chamber, with the potential of producing
free energy [11-14]. BESs operate with zero or minimal external energy consumption,
generate very little sludge and require minimal reactor maintenance [15-18]. Multiple
metals including V(V), Cr(V1), As(l11), TI (1), Cd(11), Mn(1l), Co(Il), Ni(Il) and Cu(ll)
[11-12,16,19-27] have been recovered in single units of either microbial fuel cell
(MFC) or microbial electrolysis cell (MEC). Differently, stacked metallurgical BESs,
configured with MFC units providing in-situ the voltage output to drive the operation
of electrically connected MECs, exhibited more merits than single MFC or MEC units.
Stacked metallurgical BESs have been conceptually explored for the recovering and
separation of multiple metals such as, Cr(\VI), Cu(ll) and Cd(Il), Cu(ll) and Co(ll),
and Cu(ll), Co(ll) and Li(l) [28-32]. The concept of using optimized MFC and MEC
stacked BESs for the efficient deposition and separation of W(VI) and Mo(VI) from
mixed aqueous solutions with simultaneous hydrogen production has been
demonstrated in our recent study [10] using an initial pH of 2.0, a W(VI)/Mo(VI)
molar ratio of 1 : 1 and a stainless steel sheet cathode electrode. However, the impact

of the operating parameters require further investigation, in order to optimize the
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deposition, separation and recovery of W and Mo metals from practical wastes and
wastewaters, with simultaneous hydrogen production.

The concentrations of W(VI) and Mo(V1) in the ores and leaching liquor of spent
catalysts are dependent on the characteristics of the mining site or industrial process,
with some cases presenting an excess of Mo(VI) and lower amount of W(VI) or
vice-versa [4-6,9]. The concentrations of W(VI) and Mo(VI) in the ore dressing
wastewater produced during the extraction process, are also closely correlated with
the extraction process used. Thus, significant fluctuations in the concentrations of
W(VI) and Mo(V1) in the wastewater generally occurs [3,5-6], which translates in
variable rates of W and Mo deposition, and thus variable rates of hydrogen production
in the MEC units of the stacked BESs. Similarly, pH plays a significant role on the
nature of the W and Mo ionic forms present in aqueous solution, on the degree of
polymerization of W in electrochemical processes [33], and on the rate of hydrogen
evolution in MECs [34-35]. Furthermore, the cathode material also plays an important
role. A range of cathodes materials including carbon rod, carbon plate, stainless steel
mesh and titanium sheet have been proposed for the recovery of Co(ll), Cu(ll) and/or
Cd(1l) in single MFC or MEC units and even stacked BESs [29-31,36-39]. However,
the performance of only a few of them has been compared under the same operational
conditions [30]. The materials used to recover W and Mo in conventional
electrochemical processes operated under galvanic mode include titanium, platinum,
nickel, copper and gold [2,40-41]. In particular, W and Mo deposits on these materials

also may act as catalysts for the evolution of hydrogen [40-42]. Therefore, the
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reduction of heavy metals and the reduction of protons to hydrogen may be competing
processes for the cathodic electrons, particularly at low metal concentrations
[37-38,43]. Such occurrence may call for the use of different cathodic material and/or
experimental conditions depending on the desired treatment objectives.

In this study, stacked BESs were constructed to investigate the impact of the
W(VI)/Mo(VI) molar ratio (herein reported as W/Mo for brevity), the initial pH and
the cathode electrode material on the rates of W and Mo deposition from aqueous
solutions, and on the simultaneous rates of hydrogen production. The W and Mo
molar ratio was varied in the range of 0.01 : 1 and vice-versa. The initial pH in the
cathodic chamber containing the mixed metals ranged from 1.5 to 4.0, and stainless
steel mesh (SSM), carbon rod (CR) and titanium sheet (TS) were systematically
explored as cathode materials. The BESs system performance was elucidated by
linear sweep voltammetry (LSV), scanning electronic microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and electrochemical impedance spectroscopy (EIS).
Cathode potential, current and voltage output from the MFC units applied to the
MECs (applied voltage) were employed to assess the rate of W and Mo deposition,
the metals separation factor and the rate of hydrogen production. The concept of
complete metal recovery was also investigated.

2 Materials and Methods
2.1 BESs assembly
Stacked BESs were designed with one MFC (1#) serially connected with three

parallel MFCs (2#) (Fig. S1) as a result of previous optimization of the modules with
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multiple units [10]. Each reactor unit was made of two-chambers (14 ml operating
volume) separated by a cation exchange membrane (CMI-7000 Membranes
International, Glen Rock, NJ). Porous graphite felts (1.0 x 1.0 x 1.0 cm, San Ye Co.,
Beijing, China) were used as anodes [44], whereas SSS (2.0 x 2.0 cm, Qing Yuan Co.,
China) were used as the cathodes of both the 1# and the 2# units. A glass tube with an
inner diameter of 8 mm was glued to the top of the 1# unit to create a total headspace
of 12 mL for hydrogen collection [10,44]. A reference electrode (Ag/AgCl, 195 mV vs.
SHE) was installed in the cathodic chamber to measure the electrode potential, with
all potentials reported vs. SHE. The reactors were wrapped with aluminum foil to
ensure darkness, to avoid the algae growth on the anodes and possible side reactions
on the cathodes. The properties of the 2# units have been reported as average values
for the sake of clarity, since the differences among the three units connected in
parallel were insignificant.
2.2 Inoculation and operation
Anodic inoculation was exactly the same as previously described [28-30]. Mixed
W(VI1) and Mo(VI1) aqueous solutions were prepared using Na,WQO,-2H,0 and
Na;Mo0O,-2H,0 (Kaida Chemical Co. Ltd., Tianjin, China). The W and Mo molar
ratio (mM : mM) in the cathodic chamber was variedas 1:1,0.1:1,0.05:1,0.01:
1,1:0.1,1:0.05, and 1:0.01, and the initial pH was 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0.
Also experiments were conducted at equimolar concentrations of 0.1 : 0.1 and 0.05 :
0.05. Solution conductivity was invariably regulated to the maximal 6.60 mS/cm

associated with the most acidic pH of 1.5, to exclude the effect of solution
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conductivity on system performance [45]. SSM, CR (Chijiu Duratight Carbon Co.,
Qingdao, China) or TS (Qingyuan Co., China) cathodes (1#) were coupled with
SSM or CR cathodes (2#) with equal geometric areas (2.0 x 2.0 cm). The stacked
BESs were operated in fed-batch mode at room temperature (25 £ 3 °C). Three
duplicate BESs were used in all experiments.

Control experiments with single W(V1) or Mo(VI) metal in solution were
performed to reflect the impact of the binary-component on the system performance.
Control experiments under open circuit conditions (OCCs) reflected the effect of
current on W and Mo deposition. Other control experiments using the 1# or the 2#
units only were performed to illustrate the roles played by each unit on system
performance.

2.3 Measurements and analyses

The W(VI) and Mo(VI) concentrations in the catholyte were measured using
standard methods [46]. The electrical data were monitored with an automatic data
acquisition system (PISO-813, Hongge Co.,Taiwan). The electrical current was
calculated from the voltage read across a small external resistance (10 Q). The
hydrogen in the headspace of the cathodic chambers was sampled and analyzed as
previously described [10,37-38,44].

The rates of W (Rw, mmol/L/h) and Mo (Rmoe, mmol/L/h) deposition on the
cathodes was calculated from Eqgs. S1 — 2, whereas the power density was normalized
to the projected surface area of the separator [10]. The rate of hydrogen production

and the separation factor € were calculated from Eqs. S3 and S4, respectively [10,36].
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LSVs were conducted using a potentiostat (CHI 770c, Chenhua, Shanghai) at a scan
rate of 1.0 mV/s. The inner resistance of the BES units at different initial pH and
W/Mo molar ratios was quantified by EIS (Bio-Logic VMP3) as previously described
[10,39,43,47]. The morphologies and valences of the products on the cathode were
observed by SEM (Hitachi S-4800) and determined by XPS (Kratos AXIS Ultra
DLD). One-way ANOVA in SPSS 19.0 was used to analyze the differences among the
data, and all of the data indicated significance levels of p < 0.05.
3 Results and discussion
3.1 The impact of W/ Mo molar ratio

At a fixed Mo concentration of 1.0 mM, higher W concentrations favored the
deposition of W (Fig. 1A) and negligibly affected the deposition of Mo (Fig. 1B) in
both the 1# and the 2# units. The rate of deposition of W was 0.079 + 0.003 mmol/L/h
(1#) and 0.050 + 0.001 mmol/L/h (2#) (Fig. 1A), while for Mo it was 0.193 + 0.002
mmol/L/h (1#) and 0.138 = 0.001 mmol/L/h (2#) (Fig. 1B), at the higher
concentration of W investigated (1.0 mM). Greater amounts of W and Mo were
invariably deposited in the 1# unit, rather than in the 2# units (Fig. 1A and B), which
was ascribed to the voltage output from the 2# units and applied to the 1# unit (Fig.
1C) for the consequent higher currents (Fig. 1D) and more negative cathode potentials
(Fig. 1E) in the 1# unit. Higher current and more negative potentials favor the rate of
deposition of oxidative metals on the cathodes of BESs [11-12]. The observed
polarization curves and electrode potentials as a function of the current (Fig. S2)

further demonstrated the significance and impact of the W concentration on the BESs
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performance. The similar values of applied voltages, in the range 0.10 — 0.11 V (Fig.
1C), led to the simultaneous evolution of hydrogen at variable rates (0.34 — 0.41
m*/m* d) in the 1# unit, during the deposition of the metals (Fig. 1F). This result also
reflected an insignificant effect of W concentrations on the rate of hydrogen
production in the 1# unit.

Here Fig. 1

At a fixed W concentration of 1.0 mM, a decrease in Mo concentration decreased
the rate of deposition of W (Fig. 2A) and Mo (Fig. 2B) in both the 1# and the 2# units
with varying degrees. This resulted in high values of the separation factors equal to
717 £ 4 (1#) and 200 + 8 (2#), at a W/Mo molar ratio of 1 : 0.1 (Table 1), which were
significantly higher than the values (80 to 105) reported in conventional solvent
extraction processes [8]. Lower Mo concentrations led to decreased currents (Fig. 2C)
and less negative cathode potentials (Fig. 2D) in the 1# unit. It also significantly
decreased the applied voltages (Fig. 2E), consistent with the polarization curves and
the cathodic potentials as a function of current (Fig. S3), all of which explained the
decreased rate of hydrogen production observed (Fig. 2F).

Collectively, the results in Fig. 1 and Fig. 2 show that Mo(VI) was more
influential than W(V1) in determining an increase in the rate of deposition of both
metals and in the rate of hydrogen production. The influential role of Mo(VI) for
either W(VI) recovery or as catalysts for hydrogen evolution in conventional
chemical/electrochemical processes has been also shown in other studies [2,7-8,41,48].

Binary mixtures of W(VI) and Mo(VI) reportedly forms diverse molybdotungstates

10
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species, which favor the further deposition of W(V1), however, the deposition of W is
inhibited in the absence of Mo(VI) in conventional chemical/electrochemical
processes [7,49]. Thus, at high W/Mo molar ratios, the rates of deposition of the
metals and hydrogen production were diminished in the stacked BESs.

Here Fig. 2

Here Table 1

The W/Mo molar ratio also influenced the morphology of the metals deposited
over the stacked BESs cathodes. Smaller and more homogeneous particles were
observed on the cathodes of both the 1# (Fig. S4A) and the 2# (Fig. S4B) units at a
W/Mo molar ratio of 1 : 0.01, in comparison to those at a W/Mo ratio of 1 : 1 (Fig.
S4C and D). Conversely, a W/Mo molar ratio of 0.01 : 1 led to the presence of
irregular deposits in the 1# unit (Fig. S4E) complemented by dense layer deposits in
the 2# units (Fig. S4F).

The XPS spectra for the W4f or Mo3d core electronic transitions exhibited the
characteristic 4f;;, and 4fs;; or 3ds, and 3ds, doublet of peaks at 35.8 and 37.9 eV
assigned to W(VI) in WOj3; [50], whereas the peaks at 232.9 and 236.0, 231.4 and
234.5, and 230.0 and 233.1 eV corresponded to Mo3ds, and Mo3ds, in MoOs,
Mo,0s and MoO,, respectively (Table S1) [42]. Similar peaks at 35.9 and 38.1 eV
were observed in both the 1# (Fig. 3A and E) and the 2# (Fig. 3C and G) units
regardless of the W/Mo molar ratio (i.e., high (1 : 0.01) (Fig. 3Aand C) or low (0.01 :
1) (Fig. 3E and G)). The catholyte at the end of each fed-batch cycle operation

instantly changed in color in the absence of N, protection, consistent with the report

11
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that W(V) as a reduced product is highly unstable and easily oxidized to W(V1) due to
the sampling procedures [2]. Thus, these similar peaks (Fig. 3A, 3C, 3E and 3G)
could presumably be the result from the re-oxidation of the W reduced products. In
contrast, the valence of the Mo deposits was strongly correlated with the W/Mo molar
ratio and varied among the different units (Fig. 3B, D, F and H). Stronger Mo(V) and
Mo(IV) signals were observed at a low W/Mo molar ratio of 0.01 : 1 in the 1# unit
(Fig. 3F) rather than in the 2# units (Fig. 3H and Table S1), while much weaker
signals were observed at a W/Mo molar ratio of 1 : 0.01 in the 1# unit (Fig. 3B and
Table S1). This result demonstrates that Mo(VI) was more easily reduced to Mo(V)

rather than Mo(IV).
Here Fig. 3

The variation of the cathode resistances at different W/Mo molar ratios was
determined by EIS (Fig. 4) through the fitting of the observed spectra to equivalent
electrical circuits (Fig. S5 and Table S2). The ohmic resistance (R,) at low W/Mo
ratios of 0.05 : 1 and 0.01 : 1 was equivalent to that at equimolar W/Mo ratio of 1 : 1,
but the polarization resistance (Rp) was higher and the diffusional resistance (Rq) was
lower (Fig. 4A and Table S2). Therefore, the deposition of Mo increased the activation
loss and decreased the diffusional loss. High W/Mo ratios instead, invariably
increased the resistances R,, R, and Ry (Fig. 4B and Table S2), consistent with the
polarization curves and cathode potentials as a function of current (Fig. S3), implying
that the W deposits had a stronger effect than Mo on the resistances. In the control
experiments performed with either W(VI) or Mo(V1) in solution, the resistances R,,

R, and Ry were appreciably higher than those observed with the binary metals (Fig.

12
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4C and Table S2).
Here Fig. 4
3.2 Effect of initial pH

The initial pH of the catholyte was varied in the range from 1.5 to 4.0. At acidic
pH of 1.5 and 2.0 the highest rates of W and Mo deposition were observed, equaling
0.0785 £ 0.003 — 0.0808 £ 0.004 mmol/L/h (W) and 0.190 + 0.004 — 0.193 + 0.002
mmol/L/h (Mo) in the 1# unit, and 0.0501 + 0.001 — 0.0548 + 0.001 mmol/L/h (W)
and 0.138 + 0.001 — 0.144 = 0.005 mmol/L/h (Mo) in the 2# units (Fig. 5A and B).
Higher amounts of metals deposited in the 1# than in the 2# units, were generally
accompanied by higher separation factors in the former (Table 1), consistent with the
higher currents (Fig. 5C) and the more negative cathode potentials (Fig. 5D) observed
in the 1# unit, both of which generally favor the reduction of oxidative substrates
[11,51]. A decreasing trend of the rate of metal deposition was observed at an initial
pH higher than 2.0.

Smaller polarization loss (Fig. S6), higher applied voltage (Fig. 5E) and an
appreciable higher rate of hydrogen production (Fig. 5F) were observed at more
acidic initial pH in the 1# unit, consistent with the decrease of the pH in the effluents
from 5.93 £ 0.08 at an initial pH of 4.0 to 2.27 + 0.06 at pH 1.5. Other studies,
performed with MECs in the absence of W or/and Mo also reported faster rates of
hydrogen production at more acidic pH [34-35]. Considering the similar rates of W
and Mo depositions at pH 1.5 and 2.0 (Fig. 5A and B), the significantly higher

hydrogen production at pH 1.5 implied that hydrogen evolution outcompeted the

13



©CO~NOOOTA~AWNPE

deposition of the metals for the available cathodic electrons, alike the electron
competition between reductive dechlorination and denitrification [52].

An experiment with pH controlled at 1.5 during the entire operational period was
purposely investigated to determine its effect on the metal deposition. An appreciable
higher rate of hydrogen production of 2.14 + 0.07 m*m*d, and enhanced W and Mo
deposition rates (W: 0.0965 + 0.005 mmol/L/h; Mo: 0.227 £ 0.005 mmol/L/h) in the
1# unit were observed, compared to the results obtained without pH control (1.21 +
0.03 m*m®d, 0.081 + 0.004 mmol/L/h (W) and 0.190 + 0.004 mmol/L/h (Mo)). In
concert, the results observed supported a significant dependence of the rate of W and
Mo deposition with simultaneous hydrogen production on the pH in the catholyte.

Here Fig. 5

The morphology of the W and Mo deposits was significantly influenced by the
initial pH in the catholyte. Wider cracks and larger areas surrounded by the cracks in
both the 1# and the 2# units (Fig. S7A and B) were observed at pH 1.5, in comparison
to the results at pH 2.0 and 4.0, consistent with the morphology of Mn, Mo and W
co-deposits in conventional electrochemical processes [33]. Larger W and Mo grain
sizes were consistently observed in the 1# (Fig. S7A, C and E) than in the 2# units
(Fig. S7B, D and F), and the grain size was inversely correlated with the increase in
the initial pH in the same units. The higher currents observed in the 1# than in the 2#
units at the same pH (Fig. 5C) resulted in wider cracks and smaller grains, consistent
with the tungsten morphology influenced by current in conventional electrochemical

processes [53].

14
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The XPS binding energies (Fig. 6) for Mo and W deposits as well as the
corresponding area percent (Table S1) showed that at an initial pH 1.5 appreciable
higher Mo(1V) products were achieved in the 1# unit (48%, Fig. 6B and Table S2)
than in the 2 units (26%, Fig. 6F and Table S2), both of which were higher than the
results at an initial pH of 4.0 (13% in 1#, Fig. 6D and 8% in 2#, Fig. 6H and Table S2).
These results clearly demonstrate the dependency of the valences of the Mo deposits
on the initial pH. Similarly, the peaks associated with W deposits in the 1# unit at pH
1.5 (Fig. 6A) were apparently higher than either in the 2# units at the same pH (Fig.
6E) or in the same 1# unit but at pH 4.0 (Fig. 6C). The lowest peaks were observed in
the 2# units at pH 4.0 (Fig. 6G). Collectively, these results demonstrated a significant
dependency of the rate of W and Mo deposition, and even the dependence of the
valence of the Mo deposits, on the initial pH of the catholyte, and on the units of the
stacked BESs.

Here Fig. 6

EIS spectra were used to identify the components of the internal resistances as a
function of the initial pH. Rqg, Ry and R, in concert exhibited increase trends with an
increase in the initial pH, from 456 Q, 10.1 Q and 6.9 Q at a pH of 1.5, to 11987 Q,
121.1 Q and 17.8 Q at pH 4.0 (Fig. S8 and Table S2). These results clearly illustrated
the favorable effect of acidic pH on decreasing the internal resistances of the stacked
BESs, consistent with the results shown in Fig. 5.

3.3 Effect of electrode material

The use of inexpensive SSS cathodes in both the 1# and the 2# units achieved the

15
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highest rate of W (Fig. 7A) and Mo deposition (Fig. 7B) with lower rates of hydrogen
production (Fig. 7F) and more polarization loss (Fig. S9A and B), in comparison to
the other electrodes combinations tested (Fig. 7A, B and F, Fig. S9). SSS cathodes (1#)
coupled with the CR cathodes (2#) exhibited similar more negative cathode potentials
and higher currents as the configuration using TS (1# unit) and CR (2#) cathodes (Fig.
7C and D), resulting in higher applied voltages (Fig. 7E) and the subsequent
significant rate of hydrogen production of 0.82 + 0.04 m*m®d (Fig. 7F) with W and
Mo deposition (W: 0.049 + 0.003 mmol/L/h (1#), 0.025 + 0.001 mmol/L/h (2#); Mo:
0.140 + 0.004 mmol/L/h (1#), 0.090 + 0.006 mmol/L/h (2#)) (Fig. 7A and B).
Hydrogen evolution is well known to increase the pH in solution [34], which in
consequence penalizes the deposition of W and Mo [10], explaining reduced rates of
W and Mo deposition at much more negative cathode potentials and higher currents
(Fig. 7A — D). The results collectively show that SSS (1#) and CR (2 #) represent
well-matched electrodes for efficient W and Mo deposition in the stacked BESs.
Here Fig. 7

3.4 Complete metal recovery

The results reported have shown that the W(VI)/Mo(V1) molar ratio significantly
affected the rate of metals deposition, as well as, the rate of hydrogen production in
the stacked BESs. W(VI1)/Mo(VI) molar ratios smaller or equal to 1 : 1 favoured the
deposition of more W and Mo in the 1# than the 2# units with a negligible effect on
the rate of hydrogen production (Fig. 1). In contrast, W(VI)/Mo(VI) molar ratios

larger than 1 : 1 resulted in similar rates of deposition of both metals in both the 1#

16
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and the 2# units, and more than halved the rate of hydrogen production (Fig. 2).
Further experiments with equimolar W(VI)/Mo(VI) molar ratios and lower initial
metals concentrations (1 : 1, 0.1 : 0.1 and 0.05 : 0.05) were performed at an initial pH
of 2.0 with cathodes of SSS (1#) and CR (2#) to clarify the role of equimolar heavy
metals concentration on system performance. The rates of W (Fig. 8A) and Mo (Fig.
8B) deposition decreased when reducing the concentrations of the metals from 1: 1 to
0.05 : 0.05. At the lower metals concentrations of 0.05 : 0.05, complete heavy metals
deposition was achieved in the 1# unit and almost complete deposition (94.3 + 2.2%
(W) and 98.4 + 0.8% (Mo)) occurred in the 2# units. Simultaneously, lower separation
factors (Table 1), smaller currents (Fig. 8C), more positive cathode potentials (Fig.
8D), lower applied voltages (Fig. 8E) and smaller rates of hydrogen production (Fig.
8F) were observed in comparison to the 1 : 1 case. These results demonstrate the
feasibility of these stacked BESs for either complete deposition of W and Mo at this
lower equivalent W and Mo concentrations, or higher rates of hydrogen production at
higher equivalent W and Mo concentrations.
Here Fig. 8

The deposition of binary mixtures of W(VI) and Mo(V1) in stacked BESs have
shown synergistic effects on the recovery of the metals and the simultaneous
production of hydrogen [10]. However, the optimization of such BESs required
further analysis to account for the impact of fluctuations in the concentration of heavy
metals and pH in the wastewater [4-6]. Furthermore, the electrode materials exert a

significant impact on the rates of other metals deposition and hydrogen production in
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BESs [35,37-37,54]. The elucidation of such effects is required for further
optimization of BESs, which could ultimately lead to industrial application.

The present study has illustrated the dependency of rates of W and Mo
deposition, as well as, hydrogen production on the W/Mo molar ratio, initial pH and
electrode material. Mo(VI) was more influential than W(VI) in determining an
increase in the rates of deposition of both metals and hydrogen production. The merit
of completely depositing W and Mo at an initial equimolar W/Mo ratio of 0.05 : 0.05
gives an advantage of this technology over conventional methods such as ion
exchange, chemical precipitation or adsorption [5,9], particularly with low-strength W
and Mo wastewaters from either the mining industry processes or wastewater
effluents. Such lower concentrations of metals in high strength wastewater could be
achieved with the partial recirculation of the effluent back to the influent [55-56] to
dilute the feed stream to the stacked BESs to optimal values, achieving enhanced
metal deposition and even complete separation of W and Mo (Fig. 1,2 and 8, and
Table 1). Practical implementation will also depend on the long-term operation of this
system, as well as, the process economics of BESs relative to conventional treatment
processes [54]. Although the present economic values of W and Mo deposits are
relatively low, the added complexity in the stacked BESs will be paid off with
increasing the demand on sustainability and elevated product values due to the
depletion of W and Mo resources. The simultaneous production of hydrogen
by-product in the MEC units of the stacked BESs further offsets the cost of this

technology, although further pilot and full-scale investigations are necessary to
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evaluate the long-term operation and stability of the system over feeds with
fluctuating physico/chemical properties.
4 Conclusions

Stacked BESs composed of MEC (1#) serially connected with parallel connected
MFC (2#) have been shown to be effective in W and Mo deposition and separation
with simultaneous hydrogen production. It revealed a dramatic effect of the W/Mo
molar ratio, initial pH, and cathode material on the rates observed. The concentration
of Mo(VI) was more influential than W(VI) in determining the rate of deposition of
both metals and the rate of hydrogen production. Complete metal recovery was
achieved at equimolar W/Mo ratio of 0.05 mM : 0.05 mM. Acidic pH favored both the
deposition of the metals and the rate of hydrogen production. The BESs comprising
CR cathodes (2#) coupled with SSS cathodes (1#) achieved optimal performance. The
BESs studied here may provide an alternative and innovative method for the recovery
and separation of W and Mo from industrial and mining aqueous effluents with

simultaneous hydrogen production.
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Table 1 Separator factors in the 1# and the 2# units under various operational
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Fig. 1 Effect of various W concentrations on rates of (A) W and (B) Mo deposition,
(D) current, and (E) cathode potential in the stacked BESs. (C) Applied voltage and
(F) hydrogen production in the 1# unit of the stacked BESs. (initial Mo(V1) fixed at
1.0 mM, initial pH: 2.0, cathode: SSS in the 1# and CR in the 2# units).

Fig. 2 Effect of various Mo concentrations on rates of (A) W and (B) Mo deposition,
(C) current, (D) cathode potential, (E) applied voltage, and (F) hydrogen production
in the stacked BESs (initial W(VI) fixed at 1.0 mM, initial pH: 2.0, cathode: SSS in
the 1# and CR in the 2# units).

Fig. 3 XPS analysis for (A, C, E and G) W and (B, D, F and H) Mo elements on the
cathodes of (A, B, E and F) the 1# and (C, D, G and H) the 2# units at W/Mo molar
ratios of (A, B, Cand D) 1: 0.01 or (E, F, G and H) 0.01 : 1 (initial pH: 2.0,
cathode: SSS in the 1# and CR in the 2# units).

Fig. 4 EIS analysis at W/Mo molar ratios of (A) 1:1,0.1:1,0.05:1and 0.01: 1,
and (B) 1: 0.01,1:0.05,1:0.1and 1 : 1 as well as (C) single W or Mo (initial pH:
2.0, cathode: SSS in the 1# and CR in the 2# units).

Fig. 5 Effect of initial pHs on rates of (A) W and (B) Mo deposition, (C) current, (D)
cathode potential, (E) applied voltage and (F) hydrogen production in the stacked
BESs (W : Mo =1: 1; cathode: SSS in the 1# and CR in the 2# units).

Fig. 6 XPS analysis for (A, C, E and G) W and (B, D, F and H) Mo elements on the
cathodes of (A, B, C and D) the 1# and (E, F, G and H) the 2# units at an initial pH
of (A,B,Eand F) 1.50or (C, D, Gand H) 4.0 (W : Mo =1: 1, cathode: SSS in the
1# and CR in the 2# units).
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Fig. 7 Effect of cathode material on rates of (A) W and (B) Mo deposition, (C) current,
(D) cathode potential and (E) applied voltage in the stacked BESs. (F) Rate of
hydrogen production in the 1# unit of the stacked BESs (W : Mo = 1 : 1; initial pH:
2.0).

Fig. 8 Rates of (A) W and (B) Mo deposition, (C) current, (D) cathode potential, (E)
applied voltage and (F) hydrogen production as a function of equal W/Mo molar
ratio (CR in the 1# unit and SSS in the 2 units, initial pH: 2.0).
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*Novelty Statement (maximum limit:100 words)

Statement of novelty

W/Mo molar ratio (in the range 0.01 mM : 1 mM and vice-versa), initial pH (1.5 to
4.0), and cathode material (stainless steel mesh, carbon rod and titanium sheet) were
revealed for the first time to dramatically impact performance of stacked
bioelectrochemical systems composed of microbial electrolysis cell (MEC) serially
connected with parallel connected microbial fuel cell (MFC). These impacts were
ascribed to the changes in circuital current, cathode potential, voltage output from the
MFC applied to the MEC, diffusional resistance and cathode overpotential. Complete

metal recovery was achieved at equimolar W/Mo ratio of 0.05 mM : 0.05 mM.



Highlights (for review)

— Concentration of Mo(V1) more influential than W(V1) on system performance;

— Complete metal recovery was achieved at equimolar W/Mo ratio of 0.05 mM :
0.05 mM;

— Acidic pH favored the rates of metal deposition and hydrogen production;

— Stainless steel mesh, carbon rod and titanium sheet cathodes impacted

performance.



*Abstract

Abstract: The deposition and separation of W and Mo from aqueous solutions
with  simultaneous hydrogen production was investigated in stacked
bioelectrochemical systems (BESs) composed of microbial electrolysis cell (1#)
serially connected with parallel connected microbial fuel cell (2#). The impact of
W/Mo molar ratio (in the range 0.01 mM : 1 mM and vice-versa), initial pH (1.5 to
4.0) and cathode material (stainless steel mesh (SSM), carbon rod (CR) and titanium
sheet (TS)) on the BES performance was systematically investigated. The
concentration of Mo(VI) was more influential than W(V1) in determining the rate of
deposition of both metals and the rate of hydrogen production. Complete metal
recovery was achieved at equimolar W/Mo ratio of 0.05 mM : 0.05 mM. The rates of
metal deposition and hydrogen production increased at acidic pH, with the fastest
rates at pH 1.5. The morphology of the metal deposits and the valence of the Mo were
correlated with W/Mo ratio and pH. CR cathodes (2#) coupled with SSM cathodes
(1#) achieved a significant rate of hydrogen production (0.82 + 0.04 m*m?®/d) with W
and Mo deposition (0.049 + 0.003 mmol/L/h and 0.140 £ 0.004 mmol/L/h (1#); 0.025

+ 0.001 mmol/L/h and 0.090 + 0.006 mmol/L/h (2#)).

Keywords: Bioelectrochemical system; microbial fuel cell; microbial electrolysis

cells; W and Mo deposition; hydrogen production



Table 1

Table 1 Separator factors in the 1# and the 2# units under various operational

conditions
W/Mo molar ratio
1:0.01 1:0.05 1:01 1:1 01:1 0.05:1 0.01:1
1# w 939 + 20 71714 74+0.1 52+0.8 3.8+0.3
2# o 605 + 10 200+ 8 49+0.1 3.3+0.2 24+0.1
Initial pH
15 2.0 2.5 3.0 35 4.0
1# 6.7+0.8 74+0.1 53103 42+02 31+0.2 23+0.3
2# 48+05 49+0.1 45+0.3 31101 29+0.0 21+0.0
Cathode material
CR-CR CR-SSS CR-Ti SSS-SSS
1# 41+0.7 52+0.8 57+11 74+0.1
2# 42+0.1 50+0.4 47+1.0 49+00
W/Mo molar ratio
1:1 01:0.1 0.05:0.05
1# 52+04 56+23 1.6+0.2
24 50+0.2 22+0.1 37101
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S2 Materials and Methods

S2.1 Measurements and analyses

_ W(VI), - W(VI),

Ru t ()

R, = Mo(V1), ; Mo(V1), (S2)
Ry, = o (3)
. Mo(VI1), —Mo(VI), " W(VI), (S4)

Mo(V1), W(VI), - W(VI),
where W(VI1), and Mo(VI), are the initial concentrations (mmol/L) of W(VI) and

Mo(VI) in the catholyte of each unit, respectively, and the subscript t refers to the

concentration after an operational time of t (h). #.. is the hydrogen concentration

(m*m?) at t hours.
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Fig. S2 (A, C, E and G) Polarization curves and (B, D, F and H) electrode potentials
of the stacked BESs under various W/Mo molar ratios of (Aand B) 1 : 1, (C and D)
0.1:1,(EandF)0.05:1,and (G and H) 0.01: 1.
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Fig. S3 (A, C, E and G) Polarization curves and (B, D, F and H) electrode potentials
of the stacked BESs at various W/Mo molar ratios of (Aand B) 1:0.01, (Cand D) 1:
0.05,(EandF)1:0.1,and (Gand H) 1 : 1.



Fig. S4 Morphology of W and Mo deposition on (A, C and E) the 1# unit and (B, D
and F) the 2# units of the stacked BESs under W/Mo molar ratios of (A and B) 1 :
0.01,(CandD)1:1,and (Eand F) 0.01: 1.
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Fig. S6 (A, C, E, G, I and K) Polarization curves and (B, D, F, H, J and L) electrode
potentials of the stacked BESs at an initial pH of (A and B) 1.5, (C and D) 2.0, (E and
F) 2.5, (G and H) 3.0, (I and J) 3.5, or (K and L) 4.0.



Fig. S7 Morphology of W and Mo deposits on the cathodes of (A, C and E) the 1#
and (B, D and F) the 2# units in the stacked BESs at an initial pH of (A and B) 1.5, (C
and D) 2.0 or (E and F) 4.0 (W/Mo molar ratio = 1: 1).
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Fig. S9 (A, C and E) Polarization curves and (B, D and F) electrode potentials of the
stacked BESs with cathode materials of (A and B) same SSS, (C and D) same CR and
(E and F) CR in the 2# unit and SSS in the 1# units (W/Mo molar ratio = 1 : 1; initial
pH = 2.0).

13



Table S1 Molybdenum and tungsten binding energies and corresponding area percent
of deposits on cathodes of the 1# and the 2# units in the stacked BESs at various
initial pHs or W/Mo molar ratios

Mo3ds, (eV) Mo3ds), (eV) WAafy, (V) W4T, (eV) Mo (%) W (%)

Condition
Mo** Mo® Mo Mo* Mo** Mo®* We* WE* Mo* Mo® Mo® W°®
Initial 1# 233.2 2345 2357 230.1 2314 2326 37.6 35.4 48 33 19 100
pH15 2# 2331 2344 236.0 230.0 231.3 2329 37.9 35.8 26 41 33 100
Initial 1# 233.1 234.1 2357 230.0 231.1 2329 37.9 35.8 13 38 49 100
pH4.0 2# 2332 2345 2357 230.0 231.0 2326 37.7 35.6 8 36 56 100
W:Mo= 1# 233.1 2344 236.0 230.0 231.3 232.9 37.9 35.8 33 45 22 100
001:1 2# 233.2 2342 2357 230.1 230.8 2322 37.6 35.4 18 38 44 100
W:Mo= 1# 233.1 2342 236.0 230.0 231.1 2329 37.7 35.6 12 32 56 100
1:001 2# 2332 234.1 2357 230.1 231.0 2326 37.6 35.4 4 45 51 100
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Table S2 Component analysis of internal resistance of catholyte at various W/Mo
molar ratios, and initial pHs.

W:Mo R, Ry Ry initial pH R, Rp Ry
1:0.05 16.3 37.7 12810 15 6.9 10.1 456
1:01 14.8 25.7 11500 2.0 11.8 24.9 6744
1:1 11.8 249 6744 25 131 30.2 7967
01:1 10.7 16.6 1548 3.0 13.6 34.9 8976
005:1 101 286 2552 35 149  98.8 10987
0.01:1 104 37.3 4702 4.0 17.8 121.1 11987

SingleW 174 1345 14320

Single Mo 16.5 644 6385
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Abstract: The deposition and separation of W and Mo from aqueous solutions
with  simultaneous hydrogen production was investigated in stacked
bioelectrochemical systems (BESs) composed of microbial electrolysis cell (1#)
serially connected with parallel connected microbial fuel cell (2#). The impact of
W/Mo molar ratio (in the range 0.01 mM : 1 mM and vice-versa), initial pH (1.5 to
4.0) and cathode material (stainless steel mesh (SSM), carbon rod (CR) and titanium
sheet (TS)) on the BES performance was systematically investigated. The
concentration of Mo(VI) was more influential than W(V1) in determining the rate of
deposition of both metals and the rate of hydrogen production. Complete metal
recovery was achieved at equimolar W/Mo ratio of 0.05 mM : 0.05 mM. The rates of
metal deposition and hydrogen production increased at acidic pH, with the fastest
rates at pH 1.5. The morphology of the metal deposits and the valence of the Mo were
correlated with W/Mo ratio and pH. CR cathodes (2#) coupled with SSM cathodes
(1#) achieved a significant rate of hydrogen production (0.82 + 0.04 m*m?®/d) with W
and Mo deposition (0.049 + 0.003 mmol/L/h and 0.140 £ 0.004 mmol/L/h (1#); 0.025

+ 0.001 mmol/L/h and 0.090 + 0.006 mmol/L/h (2#)).

Keywords: Bioelectrochemical system; microbial fuel cell; microbial electrolysis

cells; W and Mo deposition; hydrogen production
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1 Introduction

Tungsten (W) and molybdenum (Mo) transition metals are valuable alloying
resources used in various products such as electrochromic materials, gas sensors and
lithium ion batteries, in addition to be contained in a range of materials such as special
steels and catalysts for petrochemical industries [1-2]. The 2011 annual global
production of W and Mo has been reported as 73000 t and 264000 t respectively, with
over 80% of W and nearly 40% of Mo being produced in China [3-4]. The extraction
of W and Mo from natural ores is an energy intensive process, requiring
approximately 11600 kWh/ton of products [5]. The ore dressing wastewater produced
during the extraction process of the metals contains a large amount of W and Mo
ranging from 10 mg/L to 1000 mg/L, in addition to their existence in the leaching
liquor of the spent industrial products [3,6]. The environmental and economic
sustainability of the mining process, therefore, requires the recovery and separation of
W and Mo from the leaching liquor and from industrial wastewater.

Conventional processes that have been proposed for the extraction and recovery
of W and Mo from mining ores include solvent extraction, ion exchange, membrane
separation, chemical precipitation and electrochemical treatment [3,7-9]. However,
significant challenges remain, including the reduction of the energy consumption and
the treatment cost, the reduction of the sludge produced during the treatment and the
requirement of bringing the concentration levels of W(VI) and Mo(VI) in the
wastewater effluents below the required environmental standards.

This study addresses novel bioelectrochemical systems (BESs) which may
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provide an alternative and innovative method for the simultaneous recovery and
separation of W and Mo from industrial and mining aqueous effluents [10]. BES
multifunctional metallurgical processes have been conceived and intensively
investigated, in recent years since they provides cost-effective methods for the
extraction and separation of metals [11-12]. In BESs organic matter is oxidized in the
anodic chamber while dissolved metals may be simultaneously either reduced in the
cathodic chamber or oxidized in the anodic chamber, with the potential of producing
free energy [11-14]. BESs operate with zero or minimal external energy consumption,
generate very little sludge and require minimal reactor maintenance [15-18]. Multiple
metals including V(V), Cr(V1), As(I11), TI (1), Cd(11), Mn(1l), Co(Il), Ni(Il) and Cu(ll)
[11-12,16,19-27] have been recovered in single units of either microbial fuel cell
(MFC) or microbial electrolysis cell (MEC). Differently, stacked metallurgical BESs,
configured with MFC units providing in-situ the voltage output to drive the operation
of electrically connected MECs, exhibited more merits than single MFC or MEC units.
Stacked metallurgical BESs have been conceptually explored for the recovering and
separation of multiple metals such as, Cr(\VI), Cu(ll) and Cd(Il), Cu(ll) and Co(ll),
and Cu(ll), Co(ll) and Li(l) [28-32]. The concept of using optimized MFC and MEC
stacked BESs for the efficient deposition and separation of W(VI) and Mo(VI) from
mixed aqueous solutions with simultaneous hydrogen production has been
demonstrated in our recent study [10] using an initial pH of 2.0, a W(VI)/Mo(VI)
molar ratio of 1 : 1 and a stainless steel sheet cathode electrode. However, the impact

of the operating parameters require further investigation, in order to optimize the
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deposition, separation and recovery of W and Mo metals from practical wastes and
wastewaters, with simultaneous hydrogen production.

The concentrations of W(VI) and Mo(V1) in the ores and leaching liquor of spent
catalysts are dependent on the characteristics of the mining site or industrial process,
with some cases presenting an excess of Mo(VI) and lower amount of W(VI) or
vice-versa [4-6,9]. The concentrations of W(VI) and Mo(VI) in the ore dressing
wastewater produced during the extraction process, are also closely correlated with
the extraction process used. Thus, significant fluctuations in the concentrations of
W(VI) and Mo(V1) in the wastewater generally occurs [3,5-6], which translates in
variable rates of W and Mo deposition, and thus variable rates of hydrogen production
in the MEC units of the stacked BESs. Similarly, pH plays a significant role on the
nature of the W and Mo ionic forms present in aqueous solution, on the degree of
polymerization of W in electrochemical processes [33], and on the rate of hydrogen
evolution in MECs [34-35]. Furthermore, the cathode material also plays an important
role. A range of cathodes materials including carbon rod, carbon plate, stainless steel
mesh and titanium sheet have been proposed for the recovery of Co(ll), Cu(ll) and/or
Cd(1l) in single MFC or MEC units and even stacked BESs [29-31,36-39]. However,
the performance of only a few of them has been compared under the same operational
conditions [30]. The materials used to recover W and Mo in conventional
electrochemical processes operated under galvanic mode include titanium, platinum,
nickel, copper and gold [2,40-41]. In particular, W and Mo deposits on these materials

also may act as catalysts for the evolution of hydrogen [40-42]. Therefore, the
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reduction of heavy metals and the reduction of protons to hydrogen may be competing
processes for the cathodic electrons, particularly at low metal concentrations
[37-38,43]. Such occurrence may call for the use of different cathodic material and/or
experimental conditions depending on the desired treatment objectives.

In this study, stacked BESs were constructed to investigate the impact of the
W(VI)/Mo(VI) molar ratio (herein reported as W/Mo for brevity), the initial pH and
the cathode electrode material on the rates of W and Mo deposition from aqueous
solutions, and on the simultaneous rates of hydrogen production. The W and Mo
molar ratio was varied in the range of 0.01 : 1 and vice-versa. The initial pH in the
cathodic chamber containing the mixed metals ranged from 1.5 to 4.0, and stainless
steel mesh (SSM), carbon rod (CR) and titanium sheet (TS) were systematically
explored as cathode materials. The BESs system performance was elucidated by
linear sweep voltammetry (LSV), scanning electronic microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and electrochemical impedance spectroscopy (EIS).
Cathode potential, current and voltage output from the MFC units applied to the
MECs (applied voltage) were employed to assess the rate of W and Mo deposition,
the metals separation factor and the rate of hydrogen production. The concept of
complete metal recovery was also investigated.

2 Materials and Methods
2.1 BESs assembly
Stacked BESs were designed with one MFC (1#) serially connected with three

parallel MFCs (2#) (Fig. S1) as a result of previous optimization of the modules with
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multiple units [10]. Each reactor unit was made of two-chambers (14 ml operating
volume) separated by a cation exchange membrane (CMI-7000 Membranes
International, Glen Rock, NJ). Porous graphite felts (1.0 x 1.0 x 1.0 cm, San Ye Co.,
Beijing, China) were used as anodes [44], whereas SSS (2.0 x 2.0 cm, Qing Yuan Co.,
China) were used as the cathodes of both the 1# and the 2# units. A glass tube with an
inner diameter of 8 mm was glued to the top of the 1# unit to create a total headspace
of 12 mL for hydrogen collection [10,44]. A reference electrode (Ag/AgCl, 195 mV vs.
SHE) was installed in the cathodic chamber to measure the electrode potential, with
all potentials reported vs. SHE. The reactors were wrapped with aluminum foil to
ensure darkness, to avoid the algae growth on the anodes and possible side reactions
on the cathodes. The properties of the 2# units have been reported as average values
for the sake of clarity, since the differences among the three units connected in
parallel were insignificant.
2.2 Inoculation and operation
Anodic inoculation was exactly the same as previously described [28-30]. Mixed
W(VI1) and Mo(VI1) aqueous solutions were prepared using Na,WQO,-2H,0 and
Na;Mo0O,-2H,0 (Kaida Chemical Co. Ltd., Tianjin, China). The W and Mo molar
ratio (mM : mM) in the cathodic chamber was variedas 1:1,0.1:1,0.05:1,0.01:
1,1:0.1,1:0.05, and 1:0.01, and the initial pH was 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0.
Also experiments were conducted at equimolar concentrations of 0.1 : 0.1 and 0.05 :
0.05. Solution conductivity was invariably regulated to the maximal 6.60 mS/cm

associated with the most acidic pH of 1.5, to exclude the effect of solution
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conductivity on system performance [45]. SSM, CR (Chijiu Duratight Carbon Co.,
Qingdao, China) or TS (Qingyuan Co., China) cathodes (1#) were coupled with
SSM or CR cathodes (2#) with equal geometric areas (2.0 x 2.0 cm). The stacked
BESs were operated in fed-batch mode at room temperature (25 £ 3 °C). Three
duplicate BESs were used in all experiments.

Control experiments with single W(V1) or Mo(VI) metal in solution were
performed to reflect the impact of the binary-component on the system performance.
Control experiments under open circuit conditions (OCCs) reflected the effect of
current on W and Mo deposition. Other control experiments using the 1# or the 2#
units only were performed to illustrate the roles played by each unit on system
performance.

2.3 Measurements and analyses

The W(VI) and Mo(VI) concentrations in the catholyte were measured using
standard methods [46]. The electrical data were monitored with an automatic data
acquisition system (PISO-813, Hongge Co.,Taiwan). The electrical current was
calculated from the voltage read across a small external resistance (10 Q). The
hydrogen in the headspace of the cathodic chambers was sampled and analyzed as
previously described [10,37-38,44].

The rates of W (Rw, mmol/L/h) and Mo (Rmoe, mmol/L/h) deposition on the
cathodes was calculated from Eqgs. S1 — 2, whereas the power density was normalized
to the projected surface area of the separator [10]. The rate of hydrogen production

and the separation factor € were calculated from Eqs. S3 and S4, respectively [10,36].
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LSVs were conducted using a potentiostat (CHI 770c, Chenhua, Shanghai) at a scan
rate of 1.0 mV/s. The inner resistance of the BES units at different initial pH and
W/Mo molar ratios was quantified by EIS (Bio-Logic VMP3) as previously described
[10,39,43,47]. The morphologies and valences of the products on the cathode were
observed by SEM (Hitachi S-4800) and determined by XPS (Kratos AXIS Ultra
DLD). One-way ANOVA in SPSS 19.0 was used to analyze the differences among the
data, and all of the data indicated significance levels of p < 0.05.
3 Results and discussion
3.1 The impact of W/ Mo molar ratio

At a fixed Mo concentration of 1.0 mM, higher W concentrations favored the
deposition of W (Fig. 1A) and negligibly affected the deposition of Mo (Fig. 1B) in
both the 1# and the 2# units. The rate of deposition of W was 0.079 + 0.003 mmol/L/h
(1#) and 0.050 + 0.001 mmol/L/h (2#) (Fig. 1A), while for Mo it was 0.193 + 0.002
mmol/L/h (1#) and 0.138 = 0.001 mmol/L/h (2#) (Fig. 1B), at the higher
concentration of W investigated (1.0 mM). Greater amounts of W and Mo were
invariably deposited in the 1# unit, rather than in the 2# units (Fig. 1A and B), which
was ascribed to the voltage output from the 2# units and applied to the 1# unit (Fig.
1C) for the consequent higher currents (Fig. 1D) and more negative cathode potentials
(Fig. 1E) in the 1# unit. Higher current and more negative potentials favor the rate of
deposition of oxidative metals on the cathodes of BESs [11-12]. The observed
polarization curves and electrode potentials as a function of the current (Fig. S2)

further demonstrated the significance and impact of the W concentration on the BESs
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performance. The similar values of applied voltages, in the range 0.10 — 0.11 V (Fig.
1C), led to the simultaneous evolution of hydrogen at variable rates (0.34 — 0.41
m*/m* d) in the 1# unit, during the deposition of the metals (Fig. 1F). This result also
reflected an insignificant effect of W concentrations on the rate of hydrogen
production in the 1# unit.

Here Fig. 1

At a fixed W concentration of 1.0 mM, a decrease in Mo concentration decreased
the rate of deposition of W (Fig. 2A) and Mo (Fig. 2B) in both the 1# and the 2# units
with varying degrees. This resulted in high values of the separation factors equal to
717 £ 4 (1#) and 200 + 8 (2#), at a W/Mo molar ratio of 1 : 0.1 (Table 1), which were
significantly higher than the values (80 to 105) reported in conventional solvent
extraction processes [8]. Lower Mo concentrations led to decreased currents (Fig. 2C)
and less negative cathode potentials (Fig. 2D) in the 1# unit. It also significantly
decreased the applied voltages (Fig. 2E), consistent with the polarization curves and
the cathodic potentials as a function of current (Fig. S3), all of which explained the
decreased rate of hydrogen production observed (Fig. 2F).

Collectively, the results in Fig. 1 and Fig. 2 show that Mo(VI) was more
influential than W(V1) in determining an increase in the rate of deposition of both
metals and in the rate of hydrogen production. The influential role of Mo(VI) for
either W(VI) recovery or as catalysts for hydrogen evolution in conventional
chemical/electrochemical processes has been also shown in other studies [2,7-8,41,48].

Binary mixtures of W(VI) and Mo(VI) reportedly forms diverse molybdotungstates

10
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species, which favor the further deposition of W(V1), however, the deposition of W is
inhibited in the absence of Mo(VI) in conventional chemical/electrochemical
processes [7,49]. Thus, at high W/Mo molar ratios, the rates of deposition of the
metals and hydrogen production were diminished in the stacked BESs.

Here Fig. 2

Here Table 1

The W/Mo molar ratio also influenced the morphology of the metals deposited
over the stacked BESs cathodes. Smaller and more homogeneous particles were
observed on the cathodes of both the 1# (Fig. S4A) and the 2# (Fig. S4B) units at a
W/Mo molar ratio of 1 : 0.01, in comparison to those at a W/Mo ratio of 1 : 1 (Fig.
S4C and D). Conversely, a W/Mo molar ratio of 0.01 : 1 led to the presence of
irregular deposits in the 1# unit (Fig. S4E) complemented by dense layer deposits in
the 2# units (Fig. S4F).

The XPS spectra for the W4f or Mo3d core electronic transitions exhibited the
characteristic 4f;;, and 4fs;; or 3ds, and 3ds, doublet of peaks at 35.8 and 37.9 eV
assigned to W(VI) in WOj3; [50], whereas the peaks at 232.9 and 236.0, 231.4 and
234.5, and 230.0 and 233.1 eV corresponded to Mo3ds, and Mo3ds, in MoOs,
Mo,0s and MoQO,, respectively (Table S1) [42]. Similar peaks at 35.9 and 38.1 eV
were observed in both the 1# (Fig. 3A and E) and the 2# (Fig. 3C and G) units
regardless of the W/Mo molar ratio (i.e., high (1 : 0.01) (Fig. 3Aand C) or low (0.01 :
1) (Fig. 3E and G)). The catholyte at the end of each fed-batch cycle operation

instantly changed in color in the absence of N, protection, consistent with the report

11
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that W(V) as a reduced product is highly unstable and easily oxidized to W(V1) due to
the sampling procedures [2]. Thus, these similar peaks (Fig. 3A, 3C, 3E and 3G)
could presumably be the result from the re-oxidation of the W reduced products. In
contrast, the valence of the Mo deposits was strongly correlated with the W/Mo molar
ratio and varied among the different units (Fig. 3B, D, F and H). Stronger Mo(V) and
Mo(IV) signals were observed at a low W/Mo molar ratio of 0.01 : 1 in the 1# unit
(Fig. 3F) rather than in the 2# units (Fig. 3H and Table S1), while much weaker
signals were observed at a W/Mo molar ratio of 1 : 0.01 in the 1# unit (Fig. 3B and
Table S1). This result demonstrates that Mo(VI) was more easily reduced to Mo(V)

rather than Mo(IV).
Here Fig. 3

The variation of the cathode resistances at different W/Mo molar ratios was
determined by EIS (Fig. 4) through the fitting of the observed spectra to equivalent
electrical circuits (Fig. S5 and Table S2). The ohmic resistance (R,) at low W/Mo
ratios of 0.05 : 1 and 0.01 : 1 was equivalent to that at equimolar W/Mo ratio of 1 : 1,
but the polarization resistance (Rp) was higher and the diffusional resistance (Rq) was
lower (Fig. 4A and Table S2). Therefore, the deposition of Mo increased the activation
loss and decreased the diffusional loss. High W/Mo ratios instead, invariably
increased the resistances R,, R, and Ry (Fig. 4B and Table S2), consistent with the
polarization curves and cathode potentials as a function of current (Fig. S3), implying
that the W deposits had a stronger effect than Mo on the resistances. In the control
experiments performed with either W(VI) or Mo(V1) in solution, the resistances R,,

R, and Ry were appreciably higher than those observed with the binary metals (Fig.

12
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4C and Table S2).
Here Fig. 4
3.2 Effect of initial pH

The initial pH of the catholyte was varied in the range from 1.5 to 4.0. At acidic
pH of 1.5 and 2.0 the highest rates of W and Mo deposition were observed, equaling
0.0785 £ 0.003 — 0.0808 £ 0.004 mmol/L/h (W) and 0.190 + 0.004 — 0.193 + 0.002
mmol/L/h (Mo) in the 1# unit, and 0.0501 + 0.001 — 0.0548 + 0.001 mmol/L/h (W)
and 0.138 + 0.001 — 0.144 = 0.005 mmol/L/h (Mo) in the 2# units (Fig. 5A and B).
Higher amounts of metals deposited in the 1# than in the 2# units, were generally
accompanied by higher separation factors in the former (Table 1), consistent with the
higher currents (Fig. 5C) and the more negative cathode potentials (Fig. 5D) observed
in the 1# unit, both of which generally favor the reduction of oxidative substrates
[11,51]. A decreasing trend of the rate of metal deposition was observed at an initial
pH higher than 2.0.

Smaller polarization loss (Fig. S6), higher applied voltage (Fig. 5E) and an
appreciable higher rate of hydrogen production (Fig. 5F) were observed at more
acidic initial pH in the 1# unit, consistent with the decrease of the pH in the effluents
from 5.93 £ 0.08 at an initial pH of 4.0 to 2.27 + 0.06 at pH 1.5. Other studies,
performed with MECs in the absence of W or/and Mo also reported faster rates of
hydrogen production at more acidic pH [34-35]. Considering the similar rates of W
and Mo depositions at pH 1.5 and 2.0 (Fig. 5A and B), the significantly higher

hydrogen production at pH 1.5 implied that hydrogen evolution outcompeted the

13
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deposition of the metals for the available cathodic electrons, alike the electron
competition between reductive dechlorination and denitrification [52].

An experiment with pH controlled at 1.5 during the entire operational period was
purposely investigated to determine its effect on the metal deposition. An appreciable
higher rate of hydrogen production of 2.14 + 0.07 m*m*d, and enhanced W and Mo
deposition rates (W: 0.0965 + 0.005 mmol/L/h; Mo: 0.227 £ 0.005 mmol/L/h) in the
1# unit were observed, compared to the results obtained without pH control (1.21 +
0.03 m*m®d, 0.081 + 0.004 mmol/L/h (W) and 0.190 + 0.004 mmol/L/h (Mo)). In
concert, the results observed supported a significant dependence of the rate of W and
Mo deposition with simultaneous hydrogen production on the pH in the catholyte.

Here Fig. 5

The morphology of the W and Mo deposits was significantly influenced by the
initial pH in the catholyte. Wider cracks and larger areas surrounded by the cracks in
both the 1# and the 2# units (Fig. S7A and B) were observed at pH 1.5, in comparison
to the results at pH 2.0 and 4.0, consistent with the morphology of Mn, Mo and W
co-deposits in conventional electrochemical processes [33]. Larger W and Mo grain
sizes were consistently observed in the 1# (Fig. S7A, C and E) than in the 2# units
(Fig. S7B, D and F), and the grain size was inversely correlated with the increase in
the initial pH in the same units. The higher currents observed in the 1# than in the 2#
units at the same pH (Fig. 5C) resulted in wider cracks and smaller grains, consistent
with the tungsten morphology influenced by current in conventional electrochemical

processes [53].

14
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The XPS binding energies (Fig. 6) for Mo and W deposits as well as the
corresponding area percent (Table S1) showed that at an initial pH 1.5 appreciable
higher Mo(1V) products were achieved in the 1# unit (48%, Fig. 6B and Table S2)
than in the 2 units (26%, Fig. 6F and Table S2), both of which were higher than the
results at an initial pH of 4.0 (13% in 1#, Fig. 6D and 8% in 2#, Fig. 6H and Table S2).
These results clearly demonstrate the dependency of the valences of the Mo deposits
on the initial pH. Similarly, the peaks associated with W deposits in the 1# unit at pH
1.5 (Fig. 6A) were apparently higher than either in the 2# units at the same pH (Fig.
6E) or in the same 1# unit but at pH 4.0 (Fig. 6C). The lowest peaks were observed in
the 2# units at pH 4.0 (Fig. 6G). Collectively, these results demonstrated a significant
dependency of the rate of W and Mo deposition, and even the dependence of the
valence of the Mo deposits, on the initial pH of the catholyte, and on the units of the
stacked BESs.

Here Fig. 6

EIS spectra were used to identify the components of the internal resistances as a
function of the initial pH. Rqg, Ry and R, in concert exhibited increase trends with an
increase in the initial pH, from 456 Q, 10.1 Q and 6.9 Q at a pH of 1.5, to 11987 Q,
121.1 Q and 17.8 Q at pH 4.0 (Fig. S8 and Table S2). These results clearly illustrated
the favorable effect of acidic pH on decreasing the internal resistances of the stacked
BESs, consistent with the results shown in Fig. 5.

3.3 Effect of electrode material

The use of inexpensive SSS cathodes in both the 1# and the 2# units achieved the

15
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highest rate of W (Fig. 7A) and Mo deposition (Fig. 7B) with lower rates of hydrogen
production (Fig. 7F) and more polarization loss (Fig. S9A and B), in comparison to
the other electrodes combinations tested (Fig. 7A, B and F, Fig. S9). SSS cathodes (1#)
coupled with the CR cathodes (2#) exhibited similar more negative cathode potentials
and higher currents as the configuration using TS (1# unit) and CR (2#) cathodes (Fig.
7C and D), resulting in higher applied voltages (Fig. 7E) and the subsequent
significant rate of hydrogen production of 0.82 + 0.04 m*m®d (Fig. 7F) with W and
Mo deposition (W: 0.049 + 0.003 mmol/L/h (1#), 0.025 + 0.001 mmol/L/h (2#); Mo:
0.140 + 0.004 mmol/L/h (1#), 0.090 + 0.006 mmol/L/h (2#)) (Fig. 7A and B).
Hydrogen evolution is well known to increase the pH in solution [34], which in
consequence penalizes the deposition of W and Mo [10], explaining reduced rates of
W and Mo deposition at much more negative cathode potentials and higher currents
(Fig. 7A — D). The results collectively show that SSS (1#) and CR (2 #) represent
well-matched electrodes for efficient W and Mo deposition in the stacked BESs.
Here Fig. 7

3.4 Complete metal recovery

The results reported have shown that the W(VI)/Mo(V1) molar ratio significantly
affected the rate of metals deposition, as well as, the rate of hydrogen production in
the stacked BESs. W(VI1)/Mo(VI) molar ratios smaller or equal to 1 : 1 favoured the
deposition of more W and Mo in the 1# than the 2# units with a negligible effect on
the rate of hydrogen production (Fig. 1). In contrast, W(VI)/Mo(VI) molar ratios

larger than 1 : 1 resulted in similar rates of deposition of both metals in both the 1#
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and the 2# units, and more than halved the rate of hydrogen production (Fig. 2).
Further experiments with equimolar W(VI)/Mo(VI) molar ratios and lower initial
metals concentrations (1 : 1, 0.1 : 0.1 and 0.05 : 0.05) were performed at an initial pH
of 2.0 with cathodes of SSS (1#) and CR (2#) to clarify the role of equimolar heavy
metals concentration on system performance. The rates of W (Fig. 8A) and Mo (Fig.
8B) deposition decreased when reducing the concentrations of the metals from 1: 1 to
0.05 : 0.05. At the lower metals concentrations of 0.05 : 0.05, complete heavy metals
deposition was achieved in the 1# unit and almost complete deposition (94.3 + 2.2%
(W) and 98.4 + 0.8% (Mo)) occurred in the 2# units. Simultaneously, lower separation
factors (Table 1), smaller currents (Fig. 8C), more positive cathode potentials (Fig.
8D), lower applied voltages (Fig. 8E) and smaller rates of hydrogen production (Fig.
8F) were observed in comparison to the 1 : 1 case. These results demonstrate the
feasibility of these stacked BESs for either complete deposition of W and Mo at this
lower equivalent W and Mo concentrations, or higher rates of hydrogen production at
higher equivalent W and Mo concentrations.
Here Fig. 8

The deposition of binary mixtures of W(VI) and Mo(V1) in stacked BESs have
shown synergistic effects on the recovery of the metals and the simultaneous
production of hydrogen [10]. However, the optimization of such BESs required
further analysis to account for the impact of fluctuations in the concentration of heavy
metals and pH in the wastewater [4-6]. Furthermore, the electrode materials exert a

significant impact on the rates of other metals deposition and hydrogen production in
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BESs [35,37-37,54]. The elucidation of such effects is required for further
optimization of BESs, which could ultimately lead to industrial application.

The present study has illustrated the dependency of rates of W and Mo
deposition, as well as, hydrogen production on the W/Mo molar ratio, initial pH and
electrode material. Mo(VI) was more influential than W(VI) in determining an
increase in the rates of deposition of both metals and hydrogen production. The merit
of completely depositing W and Mo at an initial equimolar W/Mo ratio of 0.05 : 0.05
gives an advantage of this technology over conventional methods such as ion
exchange, chemical precipitation or adsorption [5,9], particularly with low-strength W
and Mo wastewaters from either the mining industry processes or wastewater
effluents. Such lower concentrations of metals in high strength wastewater could be
achieved with the partial recirculation of the effluent back to the influent [55-56] to
dilute the feed stream to the stacked BESs to optimal values, achieving enhanced
metal deposition and even complete separation of W and Mo (Fig. 1,2 and 8, and
Table 1). Practical implementation will also depend on the long-term operation of this
system, as well as, the process economics of BESs relative to conventional treatment
processes [54]. Although the present economic values of W and Mo deposits are
relatively low, the added complexity in the stacked BESs will be paid off with
increasing the demand on sustainability and elevated product values due to the
depletion of W and Mo resources. The simultaneous production of hydrogen
by-product in the MEC units of the stacked BESs further offsets the cost of this

technology, although further pilot and full-scale investigations are necessary to
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evaluate the long-term operation and stability of the system over feeds with
fluctuating physico/chemical properties.
4 Conclusions

Stacked BESs composed of MEC (1#) serially connected with parallel connected
MFC (2#) have been shown to be effective in W and Mo deposition and separation
with simultaneous hydrogen production. It revealed a dramatic effect of the W/Mo
molar ratio, initial pH, and cathode material on the rates observed. The concentration
of Mo(VI) was more influential than W(VI) in determining the rate of deposition of
both metals and the rate of hydrogen production. Complete metal recovery was
achieved at equimolar W/Mo ratio of 0.05 mM : 0.05 mM. Acidic pH favored both the
deposition of the metals and the rate of hydrogen production. The BESs comprising
CR cathodes (2#) coupled with SSS cathodes (1#) achieved optimal performance. The
BESs studied here may provide an alternative and innovative method for the recovery
and separation of W and Mo from industrial and mining aqueous effluents with

simultaneous hydrogen production.
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Table 1 Separator factors in the 1# and the 2# units under various operational
conditions

Fig. 1 Effect of various W concentrations on rates of (A) W and (B) Mo deposition,
(D) current, and (E) cathode potential in the stacked BESs. (C) Applied voltage and
(F) hydrogen production in the 1# unit of the stacked BESs. (initial Mo(V1) fixed at
1.0 mM, initial pH: 2.0, cathode: SSS in the 1# and CR in the 2# units).

Fig. 2 Effect of various Mo concentrations on rates of (A) W and (B) Mo deposition,
(C) current, (D) cathode potential, (E) applied voltage, and (F) hydrogen production
in the stacked BESs (initial W(VI) fixed at 1.0 mM, initial pH: 2.0, cathode: SSS in
the 1# and CR in the 2# units).

Fig. 3 XPS analysis for (A, C, E and G) W and (B, D, F and H) Mo elements on the
cathodes of (A, B, E and F) the 1# and (C, D, G and H) the 2# units at W/Mo molar
ratios of (A, B, Cand D) 1: 0.01 or (E, F, G and H) 0.01 : 1 (initial pH: 2.0,
cathode: SSS in the 1# and CR in the 2# units).

Fig. 4 EIS analysis at W/Mo molar ratios of (A) 1:1,0.1:1,0.05:1and 0.01: 1,
and (B) 1: 0.01,1:0.05,1:0.1and 1 : 1 as well as (C) single W or Mo (initial pH:
2.0, cathode: SSS in the 1# and CR in the 2# units).

Fig. 5 Effect of initial pHs on rates of (A) W and (B) Mo deposition, (C) current, (D)
cathode potential, (E) applied voltage and (F) hydrogen production in the stacked
BESs (W : Mo =1: 1; cathode: SSS in the 1# and CR in the 2# units).

Fig. 6 XPS analysis for (A, C, E and G) W and (B, D, F and H) Mo elements on the
cathodes of (A, B, C and D) the 1# and (E, F, G and H) the 2# units at an initial pH
of (A,B,Eand F) 1.50or (C, D, Gand H) 4.0 (W : Mo =1: 1, cathode: SSS in the
1# and CR in the 2# units).
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Fig. 7 Effect of cathode material on rates of (A) W and (B) Mo deposition, (C) current,
(D) cathode potential and (E) applied voltage in the stacked BESs. (F) Rate of
hydrogen production in the 1# unit of the stacked BESs (W : Mo = 1 : 1; initial pH:
2.0).

Fig. 8 Rates of (A) W and (B) Mo deposition, (C) current, (D) cathode potential, (E)
applied voltage and (F) hydrogen production as a function of equal W/Mo molar
ratio (CR in the 1# unit and SSS in the 2 units, initial pH: 2.0).
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