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While stainless steel (SS) cathodes have shown great promise due to their low cost and

high specific surface areas in microbial electrolysis cells (MECs), they have mainly been

examined under static (no flow) conditions. Several different SS materials with different 3-

dimensional structures (mesh, fiber felt, wool, and brushes) were compared in the absence

and presence of fluid flow (0.05, 0.1 and 0.2 cm/s) past the cathode by catholyte recircu-

lation. MECs with wool produced the highest hydrogen production rate with 1.3 ± 0.3 L-H2/

L-reactor/d, which was the same as the Pt control at a catholyte recirculation of 40 mL/min

(applied voltage of 0.9 V). In the absence of flow, hydrogen production rates of SS materials

decreased by 52% (wool) to 28% (brush). The high hydrogen production rate using wool was

likely a result of its high specific surface area (480 m2/m3-reactor volume), and reduced

cathode overpotential due to gas removal by catholyte recirculation.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Hydrogen gas production from cellulose wastes (straw, wood-

chips, grass residue, paper waste, saw dust, etc.) using dark

fermentation can be an effective way to avoid the use of fossil

fuels to produce this energy carrier [1]. However, a maximum

of only 4 moles of hydrogen can be produced from a mole of

hexose by dark fermentation if acetate is the only end product,

but practical yields are lower due to the production of other

volatile fatty acids (VFAs), alcohols, and bacterial biomass

[2,3]. Additional hydrogen production processes are therefore

needed to improve hydrogen yields from cellulosic materials

[4,5] to increase maximum hydrogen yields closer to the

stoichiometric limit of 12 mole-H2/mole-hexose [6,7].
an).

ons LLC. Published by Els
Microbial electrolysis cells (MECs) can be used to electro-

chemically produce hydrogen gas at the cathode by using

exoelectrogenic bacteria on the anode that can oxidize VFAs

and produce an electrical current [8e10]. The favorable anode

potential of ~0.3 V (vs. a standard hydrogen electrode, SHE)

can reduce the required additional voltage needed to produce

H2 to aminimumof 0.14 V [11]. This cell voltage is much lower

than that needed to split water to produce hydrogen gas

(1.23 V in theory). Previous studies have shown that acetate

and other VFAs, ethanol, and proteins in fermentation

effluent can be used to generate the current required to pro-

duce hydrogen gas inMECs [12e16]. Coupling anMEC to a dark

fermentation process can therefore be an effectivemethod for

conversion of biomass into H2 gas at high yields.
evier Ltd. All rights reserved.
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Energy efficient (low overpotential) and inexpensive cata-

lysts are needed to enable the scale up of MECs for practical

hydrogen gas or wastewater treatment applications [17].

While Pt is an ideal catalyst for reducing the cathode over-

potential, the cost of this metal and the use of expensive

binders preclude its use in practical applications. Alternatives

to Pt have been proposed for different fuel cell and electro-

chemical processes, althoughmany of thesematerials such as

molybdenum disulfide (MoS2) and nickel phosphide (Ni2P) are

appropriate only for highly acidic or alkaline conditions

[18,19]. For MEC applications, two of the most promising ma-

terials are: stainless steel (SS), which has been tested in

various shapes including plates [20], mesh [21], brushes [22],

felt [23], and highly porous wool [24,25]; and nickel-based

materials, including nickel alloys [26,27], foam [28], and elec-

troformed mesh [29]. SS is particularly promising due to its

low cost, good durability, and high electrical conductivity, and

certain SS grades such as 304 and 316L also contain a high

percentage of nickel (8e14%). Rates of H2 production in MECs

using SS or nickel cathodes can be similar to those obtained

using Pt cathodes. For example, H2 production rate (3.7 ± 0.4 L-

H2/L-reactor/d) using a SS fiber felt cathode (316 SS) [23], or SS

brushes (1.7 ± 0.1 L-H2/L-reactor/d) were shown to be similar

to platinum controls [22]. However, these SS materials have

only been examined under static electrolyte conditions (no

catholyte flow or recirculation). Flow over (or through) a

cathode could increase hydrogen gas production since bub-

bles formed on the electrode surfaces could increase electrode

overpotentials and reduce hydrogen gas production rates [30].

Unfortunately, there has been only one study to examine fluid

flow past an MEC cathode, and that study used a precious (Pt/

Ir) metal oxide, and only very high velocities (1e3 cm/s) which

would require high pumping rates and energy consumption.

However, recirculation did show reduced overpotentials [31].

The impact of catholyte recirculation on other types of cata-

lyst materials is needed, especially when flow could move

within the cathode compared to flow around the cathode. The

impact of flow also needs to be compared on both precious

and non-precious metal catalysts under exactly the same

configurations as the architecture used could complicate

comparisons between studies for these different materials.

In this study, we examined for the first time the effect of

catholyte recirculation on the performance of four SS mate-

rials with very different 3-D structures: mesh, fiber felt, wool,

and brushes. Previous tests have not directly compared the

performance of these different materials under the same

experimental conditions, and none of these materials have

been examined under dynamic (flow) conditions. Abiotic

electrochemical tests were initially conducted to evaluate

performance of the different SS materials at set electrode

potentials at different, low catholyte recirculation rates to

minimize the energy needed, and compared to a Pt catalyst

control to evaluate their performance relative to this well-

known precious metal catalyst. These SS materials were

then tested in MECs to evaluate H2 production rates, treat-

ment efficiencies based on chemical oxygen demand (COD)

removals, cathodic H2 recoveries, and energy yields with or

without the catholyte recirculation. The costs of these SS

materials were evaluated based on projected surface area and

total surface area of the materials. A synthetic cellulose
fermentation effluent was used as the anolyte in order to

provide conditions representative of the performance of an

MEC designed to produce hydrogen gas from biomass, with

continuous (once through) feeding of the anolyte chamber.
Materials and methods

Cathode materials

Four different cathode architectures were chosen based on

their use in other studies for hydrogen gas evolution in the

absence of flow [22,23,25,30] (Table 1). SS mesh (304 SS woven

wire, 50 � 50 mesh; 8e11% Ni, 18e20% Cr, 2% Mn, 0.08% C, 1%

Si, 0.045% P, and 0.03% S; McMaster-Carr) was cut to form a

cathode (7 cm � 6.7 cm) with an additional side piece

(3 cm � 1.2 cm) to connect the cathode to the circuit (Fig. S2).

SS fiber felt (7 cm � 6.7 cm, 88% porosity, BZ100D; Hebei Metal

Fibre Science Co. Ltd., CN) and SS wool (SSW, 316L SS,

6 cm � 6.7 cm, thickness 1.5 cm; McMaster-Carr) cathodes

were connected to the circuit using additional side piece of SS

mesh (4 cm� 1.2 cm) as the current collector for connection to

the circuit (Fig. S2). SS brushes were made from 316L SS wires

twisted between two 304 SS base wires (5 cm long) forming

brushes 1.4 cm in diameter and 2.5 cm long (Gordon Brush

Mfg. Co. Inc., CA). The ends of the brushes which extended

outside the chamber were used to make the electrical con-

nections. The composition of the 316L SS was assumed to be

that of the standard material (10e14% Ni, 16e18% Cr, 0.03% C,

2e3% Mo, 2% Mn, 1% Si, 0.045% P, and 0.03% S) [32].

Pt cathodes (Pt/C), used to benchmark performance, were

made as previously described [25]. A mixture of platinum and

carbon powder (ETEK C1-10, 10% Pt and Vulcan XC-72) and

Nafion (33 mL/cm2, 5 wt% solution, Aldrich Nafion® per-

fluorinated ion-exchange resin) was spread on both sides of

the 304 SS woven mesh cathode (1 mg/cm2) described above.

MEC reactor construction and operation

A rectangular two chamber MEC reactor was constructed

similar to that previously described [33]. The anode chamber

(100 mL) contained 8 graphite fiber brushes with twisted ti-

tanium cores (4.5 cm length, 0.8 cm diameter, Mill-Rose,

Mentor, OH) closely placed against an anion exchange mem-

brane (Selemion AMV, AGC Engineering Co. Ltd., JP) (Fig. 1).

The cathode chamber (68 mL) was re-designed to have the

cathodes positioned in the middle of the chamber to allow

recirculation flow across both sides of the cathode (Fig. S1).

Cathodes were held in place by two Lexan plates cut with an

open area of 5.5 cm � 9.5 cm. The side edges of the SS mesh,

fiber felt and Pt cathodeswere fixed (0.5 cm each side) between

silicon gaskets, producing a projected area of 40 cm2 (Fig. S1).

The 5 SS brushes placed in the chamber had a projected area

of 17.5 cm2. The cathode flow chamber had three circular

holes at the top and bottom and on one side, so that the

catholyte flowed from the bottom on one side, across the

cathode chamber, and left on the other side from the top. A

reference electrode (Ag/AgCl; model RE-5B, BASi, IN) was

inserted through the side hole and sealed with a rubber

stopper to monitor the cathode potential. Viton tubing that

https://doi.org/10.1016/j.ijhydene.2017.10.099
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Table 1 e Stainless steel (SS) materials used here in MECs. Methods used to estimate the total surface area are provided in
the Supporting information.

Cathode Description Surface area (cm2) Specific surface areac (m2/m3) Price ($/m2)

Projected Total Projected Total Projected Total

SS mesh (SSM) 304SS Woven Wire Cloth 40 80a 24 48 46 23

SS fiber felt (SSFF) SS fiber sintered felt 40 458a 24 273 78 7

SS wool (SSW) Metal 316L pads 40 806a 24 480 300 15

SS brushes (SSB) SS316L wire fill, SS304 base wire 17.5 550b 10.4 327 56857 31

Pt cathode (Pt) Platinum carbon on SS mesh with

Nafion binder

40 80 24 48 690 345

a Measured by electrochemical technique from Bard & Faulkner (1980) [43].
b SS brush 2500 m2/m3 from Call et al. (2009) [22].
c Cathode surface area per total reactor volume (168 mL).

Fig. 1 e A continuous flow MEC design with a cathode

recirculation flow.
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has a low gas permeability (96412-16, Masterflex) was used to

recirculate the catholyte with a peristaltic pump (Model No.

7523-90, Masterflex, Vernon Hills, IL), at flow rates of 20 mL/

min (3.4 min hydraulic retention time, HRT; average flow ve-

locity of 0.05 cm/s), 40 mL/min, (1.7 min HRT, 0.1 cm/s), and

80 mL/min (0.9 min HRT, 0.2 cm/s).

The reactor was initially operated as single-chamber mi-

crobial fuel cell (MFC) using domestic wastewater (from

the primary clarifier of the Pennsylvania State University
Wastewater Treatment Plant) as the inoculum and fuel, for a

period of 3 months. The cathode was an activated carbon air

cathode with a polyvinylidene fluoride (PVDF) diffusion layer

[34]. After acclimation, the MFC was switched to MEC mode

using a power supply (BK Precision, USA) at an applied voltage

of 0.9 V, and fed a synthetic fermentation effluent as the fuel.

The synthetic fermentation effluent was prepared as previ-

ously described [35], except a phosphate buffer was used

instead of bicarbonate buffer. This solution contained sodium

acetate (0.27 g), glucose (0.15 g), ethanol (0.11 g), lactic acid

(0.07 g), and bovine serum albumin (BSA, 0.32 g) per liter of

50 mM PBS (PBS, Na2HPO4: 4.58 g; NaH2PO4: 2.13 g, NH4Cl:

0.31 g; KCl: 0.13 g in 1 L of DI water with mineral and vitamin

solutions), for a total COD concentration of 1.2 g/L. The anolyte

flow was set at 0.5 mL/min, producing an HRT of 8 h. The

catholyte (50 mM PBS without nutrients, 250 mL) was recir-

culated from a reservoir (250 mL glass bottle) through the

cathode chamber, with the bottle sealed gas tight using a

rubber cap. Prior to MEC tests, the catholyte was deoxygen-

ated using high purity nitrogen gas (99.998%) for 10 min. A gas

collection bag (1 L, Calibrated Instruments, NY) was attached

at the top of the glass bottle through the rubber cap to collect

gases. Current generation was monitored by measuring

voltage across a 10 U resistor using a multimeter (Model 2700,

Keithley Instruments, Inc., OH).

Electrochemical tests

Electrochemical tests were conducted in an abiotic reactor,

using the MEC reactor configuration described above except

the anode was a single mixed metal oxide electrode

(4.5 cm � 7.5 cm; Rio Grande #335422). Chronopotentiometry

(CP) tests were conducted using a potentiostat (VMP3 Work-

station, Biologic Science Instruments, USA) with current set

for 20 min to achieve a constant cathode potential. Current

was increased from 0 to 40 mA in 5 mA increments. Anolyte

(50 mM PBS, 250 mL) was recirculated at a rate of 40 mL/min,

and the catholyte (deoxygenated) was recirculated at the

same flow rates (0, 20, 40, 80 mL/min) used in MEC tests.

Analytical methods and calculations

Gas collected from the gas bag was analyzed for H2 using a gas

chromatograph (Model 8610B, SRI Instruments Inc., USA). The

CODs of the influent and effluent solutions were measured

https://doi.org/10.1016/j.ijhydene.2017.10.099
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following standard methods (method 5220, HACH company,

CO).

The moles of hydrogen that could be produced from the

measured current was calculated as nCE ¼
Z T

0
Idt=2F, where I is

the current (A), F is Faraday's constant (96485 C/mole ee), and T

is the total time. The cathodic hydrogen recovery (rcat, %) was

calculated as rcat ¼ nH2=nCE, where nH2 is the mole of hydrogen

actually recovered at the cathode [36]. Electrical energy con-

sumption (WE, J) was calculated as WE ¼ Pn
i¼1ðIiEpsDt�

I2i RextDtÞ, where Eps the applied voltage (V), Dt the time interval,

and Rext the external resistance. The energy yield (%, hE) was

calculated using hE ¼ WH2=WE; where WH2 is the energy in the

hydrogen gas produced, based on Gibbs Free energy, as

WH2 ¼ nH2DGH2 , where the DGH2¼�237.1 kJ/mol and nH2 the H2

gas produced (mol).
Results and discussion

Electrochemical test with SS materials at different
recirculation flow rates

Lower cathode overpotentials were obtained with catholyte

recirculation, with little differences in potentials at higher

recirculation flow rates (Fig. 2A and B for SSW and Pt controls;

other materials shown in Fig. S3). SSW set at a current of 10 A/

m2 had a cathode potential of �1.2 V without catholyte

recirculation, but a more positive potential (�0.9 V) was ob-

tainedwith catholyte recirculation (Fig. 2A). However, cathode

overpotentials were not further reduced at higher flow rates of

catholyte from 20 to 80 mL/min. The reduction in the cathode

overpotentials observed here with flow is consistent with the

previous findings using a Pt/Ir mixed metal oxide cathode,

where increased flow velocity of the catholyte decreased

cathode overpotentials [31], although cathode potentials

without flow were not examined in that study.

Among the tested SS materials, similar cathode potentials

were obtained for SSW, SSB and SSFF at the catholyte recir-

culation rates >40 mL/min, but SSM produced more negative

potentials than the other SS materials at all flow conditions

(Fig. 2). For example, at 10 A/m2 with a recirculation rate of

40 mL/min, the cathode potentials of SSW (�0.95 V), SSB

(�0.93 V) and SSFF (�0.99 V) were quite similar, while the SSM

was at least 10%more negative (�1.1 V) (Fig. 2E). More positive

cathode potentials for SSW, SSB and SSFF than SSMwas likely

due to the higher specific surface area of those 3-D SS mate-

rials. These abiotic electrochemical tests showed that the SS

materials with relatively high specific surface areas (SSFF,

SSW, and SSB) could be used to improve hydrogen production

compared to that of the SSmesh, and that even low flow rates

improved H2 production rates.

H2 production rates and current densities of MECs with SS
materials

For MEC tests, only the static (no flow condition) and 40 mL/

min conditions were tested with the different SS materials

due to the small impact of the other flow rates on cathode
potentials in the electrochemical tests. With recirculation, the

highest hydrogen production rate among the SSmaterials was

obtainedwith SSW (1.3 ± 0.3 L-H2/L-d). This rate was the same

as that produced using the Pt cathode (1.3 ± 0.1 L-H2/L-d)

(Fig. 3). Similar but slightly lower hydrogen production rates

were obtainedwith SSFF and SSB (1.1 ± 0.1 L-H2/L-d), while the

lowest rate was produced with SSM (0.9 ± 0.1 L-H2/L-d). H2

production rates decreased by 28% (SSB) to 52% (SSW) in the

absence of catholyte recirculation.

The highest hydrogen production rates by the SSW was

likely due to its high specific surface area (806 cm2 per 40 cm2

projected area), which was about 10 times higher than that of

the SSM and Pt cathodes (Table 1). SSB had a much smaller

projected area (17.5 cm2) than other materials (40 cm2), but it

produced hydrogen production rates similar to the SSFF

(458 cm2) likely also due to its high total surface area (550 cm2).

Current generation was also significantly influenced by the

recirculation flow rate, and showed similar trends of an in-

crease with surface area (Fig. 3). Current densities over 110 A/

m3 were produced with recirculation for all SS materials

except SSM, which had current densities lower <90 A/m3.

However, current densities with SSW were decreased by 35%

without catholyte recirculation, with current densities of all

SS materials less than 90 A/m3 without recirculation. The

lower current densities using SSM resulted in the lowest

hydrogen production rates among the SS materials.

These results show that hydrogen production rates of SS

cathodes could be lower than, or nearly the same as those

obtained with Pt catalysts, depending on experimental con-

ditions. For example, with 40 mL/min of recirculation, the H2

production rate of SSW (1.3 ± 0.3 L-H2/L-d) was not signifi-

cantly different from that of Pt (1.3 ± 0.1 L-H2/L-d, Student's t-

test p ¼ 0.38) (Fig. 3). However, in the absence of recirculation,

H2 production was significantly lower for SSW than that of Pt

(p ¼ 0.004). This result for the no-flow tests is similar to that

previously reported, where a much lower hydrogen produc-

tion ratewas found using SSW (0.52 L-H2/L-d) than Pt (1.4 L-H2/

L-d) [25]. The magnitude of the hydrogen production rate here

with SSFF was less than that reported in a previous study

(3.7 ± 0.4 L-H2/L-d) using a single-chamber MEC that did not

have an ion exchange membrane [23]. It has been previously

reported that gas production rates can be increased in single-

chamber MECs compared to two-chamber MECs [37]. How-

ever, much of the hydrogen gas produced in a single-chamber

MEC is converted to methane [38,39], making the use of

membrane-less MECs problematic for maximizing hydrogen

gas recovery.

Improved hydrogen gas production with catholyte recir-

culation could be explained by 1) rapidly removing produced

hydrogen gas bubble from the electrode surface and 2)

reducing the thickness of electrochemical diffusion layer.

Hydrogen production can be affected by entrapped hydrogen

gas on the cathode surface, as a lower hydrogen production

was observed with a higher surface area material (SS mesh)

likely due to the high bubble coverage [30]. Cathode over-

potential was previously reported to be reduced from�0.3 V to

�0.13 V as catholyte flow velocity increased from 1 to 3 cm/s

using a Pt/Ir mixed metal oxide cathode [31]. In this study,

however, it was shown that much lower velocities of

0.05e0.2 cm/s could be used with SSW, SSFF, and SSB due to

https://doi.org/10.1016/j.ijhydene.2017.10.099
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Fig. 2 e Current-potential curves by chronopotentiometry (CP) tests with (A) SSW and (B) Pt cathodes at different flow rates.

CP tests with SS mesh (SSM), SS fiber felt (SSFF), SS wool (SSW), SS brushes (SSB) and Pt cathode at different recirculation

flow rates: (C) 0 mL/min (no flow), (D) 20 mL/min, (E) 40 mL/min, (F) 80 mL/min. Error bars indicate mean ± SD (n ¼ 3).
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their very high surface area compared to the previous flat

cathode designs.

H2 production rates at different applied voltages

Hydrogen production rates were further investigated with

SSW at lower applied voltages (0.5 V and 0.7 V), as energy re-

coveries can be improved. Compared to Pt cathodes, therewas

a greater decrease in the hydrogen production rate for the

SSW at these two lower voltages (Fig. 4). For example, the rate

with SSW decreased by 46% between 0.9 V and 0.7 V applied

voltage compared to only a 31% decrease for Pt cathodes.

Although SSWproduced hydrogen at rates comparable to Pt at

0.9 V, lower hydrogen production rates were obtained by SSW

at 0.5 V and 0.7 V, likely due to the high overpotential for

hydrogen production. Thus, 0.9 V or more would likely be

needed for the SSW cathodes to be close to those of Pt cath-

odes, based on these results in Fig. 4 as well as the electro-

chemical comparisons in Fig. 2. However, applied voltages
above 1.23 V would result in less energy recovery in the

hydrogen gas production compared to the electrical power

needed for water electrolysis, as 1.23 V is the theoretical

voltage needed to split water to produce hydrogen. Also,

applied voltages above 1 V have been shown to result in

rupture of the cells on the anode in MECs [40].

Cathodic hydrogen recovery and energy efficiency

Cathodic hydrogen recoveries (rcat, %) greater than 95% were

obtained in MEC tests with SSW, SSB, and Pt cathodes with

catholyte recirculation (Fig. 5A). Much lower recoveries were

obtained without catholyte recirculation for the SSW

(rcat ¼ 78 ± 3%) and SSB (rcat ¼ 87 ± 5%) cathodes. However,

even in the absence of recirculation, the Pt cathode still had a

relatively high recovery of rcat ¼ 90%.

Energy yields (hE, %) were greater than 100% based on the

hydrogen gas recoveries in all tests (Fig. 5B). For an applied

voltage of 0.9 V, relative to that needed to split water (1.23 V),

https://doi.org/10.1016/j.ijhydene.2017.10.099
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Fig. 3 e Hydrogen production rates (L-H2/L-d) and current densities (A/m3) of MECs with SS materials with catholyte

recirculation (F, 40 mL/min flow rate) or without recirculation flow (NF, 0 mL/min) (applied voltage of 0.9 V; error bars

indicate ± SD, with n ≥ 5).

Fig. 4 e Hydrogen production rate (L-H2/L-reactor/day) of

the MEC with SS wool (Pt cathode as control) at different

applied voltages (0.5, 0.7 and 0.9 V). Error bars indicate ±SD

(n ¼ 3).

Fig. 5 e (A) Cathodic efficiency (rcat, %) and (B) Energy yield

(hE, energy produced as H2 per input energy) of the MECs

with SS materials with and without recirculation flow at

applied voltage of 0.9 V. Red dashed line indicates 100% of

energy yield which means produced energy (H2) is

equivalent to energy input (applied voltage). Error bars

indicate ±SD (n ≥ 5).
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the theoretical maximum energy recovery is hE¼173% [36].

Energy yields here with the SSW and recirculation averaged

173 ± 32% due to the high hydrogen gas recovery efficiencies.

Energy efficiencies were only slightly lower for the SSB

(161 ± 14%) and Pt (165 ± 5%) with catholyte recirculation. In

the absence of recirculation, energy efficiencies decreased to

119 ± 5% for SSW, and 138 ± 8% for SSB (Fig. 5B). Since cath-

olyte recirculation was needed to achieve these high energy

yields with the SS materials, energy needed for pumping

should also be considered. However, the net energy yields

with pumping were only slightly lower (Fig. S5), with SSW

decreased for example to 161 ± 31%. The application of lower

applied voltages (below than 0.9 V) would likely further in-

crease energy yields, although the hydrogen production rates

would also be decreased (Fig. 4).

https://doi.org/10.1016/j.ijhydene.2017.10.099
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Fig. 6 e COD removal efficiencies (%) according to the

current densities (A/m3) during continuous flow MEC

operation in this study. Error bars indicate mean ± SD

(n > 5).
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COD removal efficiency

With catholyte recirculation, COD removals were in the range

of 33e40% for all of the SS cathodes. However, COD removals

decreased below 30% without catholyte recirculation. For

example, COD removal efficiency with SSW was 37 ± 4% with

catholyte recirculation, compared to 26 ± 2% without recir-

culation. COD removal efficiencies have been shown to be a

function of the current densities in MFCs and MECs with

higher COD removals reported with higher current densities

in an MFC treating high strength wastewater [41]. Regardless

of cathode materials, in this MEC study, different current

densities with different SS materials or flow conditions were

likely more related to COD removal efficiencies (Fig. 6). In

order to improve COD removals in MECs, current densities

(and hydrogen production rates) would need to be further

increased, and the COD removal or hydrogen gas production

rates optimized relative to other operational parameters such

as HRT and organic loading rates [42].
Conclusions

The highest hydrogen production rate in MEC tests using SS

materials was produced using the high surface area SSW

(1.3 ± 0.3 L-H2/L-d) with catholyte recirculation. This hydrogen

production rate was comparable to that obtained using a Pt

cathode with same conditions. The very high surface area of

the SSW (806 cm2) was likely themost important factor for this

result, with the other SS cathodes having a much lower sur-

face areas (80e550 cm2). For example, the mesh electrodes

tested here had the same projected surface area as the other

cathodes, but only 80 cm2 based on the total wire surface area.

Catholyte recirculation was critical for obtaining the highest

gas production rates, and the energy required for pumping

was estimated to be a small loss of energy efficiency. Cath-

olyte recirculation produced higher current densities than

static conditions, although the increase was small when the

flow velocities were increased from 0.05 to 0.2 cm/s. COD
removals of 30e40% could be increased by using longer HRTs

and by further improving current densities in the MECs.
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