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a b s t r a c t

Acid mine drainage (AMD) is an important contributor to surface water pollution due to the

release of acid and metals. Fe(II) in AMD reacts with dissolved oxygen to produce iron oxide

precipitates, resulting in further acidification, discoloration of stream beds, and sludge

deposits in receiving waters. It has recently been shown that new fuel cell technologies,

based on microbial fuel cells, can be used to treat AMD and generate electricity. Here we

show that this approach can also be used as a technique to generate spherical nano-

particles of iron oxide that, upon drying, are transformed to goethite (a-FeOOH). This

approach therefore provides a relatively straightforward way to generate a product that

has commercial value. Particle diameters ranged from 120 to 700 nm, with sizes that could

be controlled by varying the conditions in the fuel cell, especially current density

(0.04e0.12 mA/cm2), pH (4e7.5), and initial Fe(II) concentration (50e1000 mg/L). The most

efficient production of goethite and power occurred with pH ¼ 6.3 and Fe(II) concentrations

above 200 mg/L. These results show that fuel cell technologies can not only be used for

simultaneous AMD treatment and power generation, but that they can generate useful

products such as iron oxide particles having sizes appropriate for used as pigments and

other applications.

ª 2010 Elsevier Ltd. All rights reserved.
1. Introduction treat. Treatment is usually accomplished with passive
Acid-mine drainage (AMD) and acid rock drainage (ARD) are

caused by the oxidation of pyrite and other sulfidic minerals

when they are exposed to air and water due to mining or

excavation operations. Both types of discharges will be

referred to as AMD in this paper. AMD waters contain high

concentrations of mineral acid, dissolved Fe(II), and sulfates,

as well as a variety of toxic chemicals such as lead, copper,

cadmium, and arsenic. AMD can be difficult and costly to
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systems for low-flow abandoned discharges, and active

processes for regulated discharges. Most active treatment

involves a rapid increase in pH (lime, caustic, or other base)

followed by agitation and energy-intensive forced aeration. In

a few instances the iron oxides have been recovered for use as

pigments, magnetic materials and catalysts (Kirby et al., 1999;

Kairies et al., 2005; Wei and Viadero, 2007) or for fluoride or

arsenate removal (Zhao and Stanforth, 2001; Luengo et al.,

2007). However, the resulting sludge can be highly variable
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in composition and can containmagnesium, aluminum, other

metals, and organic materials, making resource recovery

problematic (Kirby et al., 1999; Matlock et al., 2002). Additional

processes such as selective precipitation (Matlock et al., 2002;

Wei et al., 2005; Jenke and Diebold, 1983; Tabak et al., 2003)

may be required to produce marketable products.

An alternative approach for treating AMD was recently

proposed based on the use of a new type of fuel cell archi-

tecture called an AMD fuel cell (AMD-FC) (Cheng et al., 2007).

This device is based on amicrobial fuel cell (MFC) that is being

developed for power generation from the microbial oxidation

of dissolved organic or inorganic matter. The use of an AMD-

FC has the advantages of generating electricity, while at the

same time treating the AMD (Cheng et al., 2007). During

treatment, ferrous iron is oxidized in the anode chamber

under anoxic conditions, while at the cathode oxygen is

reduced to water. Our previous studies showed that ferrous

iron was completely removed through oxidation to insoluble

Fe(III), and that it formed a precipitate on the bottom of the

anode chamber (Cheng et al., 2007). This suggested to us that

such a process might be useful for obtaining more controlled

conditions for iron oxide production. We therefore examined

the composition of the iron oxide formed in this process, and

we show here that particle size can be controlled by varying

the current density (through variation in the load), pH, and

iron concentration.
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Fig. 1 e Mössbauer spectrum of the sample measured at

room temperature (295 K), sample prepared at 0.05 M NaCl,

0.06 M NaHCO3, 0.007 M Fe2D, pH [ 6.3, and 1 kU external

resistance.
2. Methods

AMD-FCs were constructed as previously described (Cheng

et al., 2007), with two chambers each 14 mL in volume sepa-

rated by an anion exchange membrane. Both electrodes were

made from carbon cloth with a projected surface area of 7 cm2,

and the cathode contained a Pt catalyst (0.5 mg/cm2). The

anode and cathode chambers were filled with deionized water

containing NaCl (0.05 M, to increase solution conductivity) and

NaHCO3 (0.06M, pHbuffer), and then spargedwith CO2 for 0.5 h

to adjust the pH and remove dissolved oxygen. FeSO4 was

added to the anode chamber at 400 mg/L in an anaerobic glove

box and the pH adjusted to 6.3 (except as noted) using HCl

(0.1M) under conditions of continuous CO2 sparging. The AMD-

FCs (duplicate reactors) were then placed in a temperature

controlled room (30 �C), and left in open circuit mode for 0.5 h

before connecting the circuit containing a resistor (1000 U in all

experiments except as noted). The medium in the reactor was

refilled when the cell voltage dropped below e1 mV, which

varied depending on conditions from 5 to 25 h. Particles on the

anode surface were removed with a plastic plate and added to

the anode solution, and then this solution was analyzed for

particle sizes. To determine the effect of operating conditions

on iron oxide production, the external resistance was varied

from100 to 2000U, pH from4 to 7.5, and ferrous iron from0.9 to

17.9 mM. After each cycle of current generation, the solution

was replaced with fresh media.

The anode solutionswere sonicated to disperse the particles

(5 min, 1510R-MTH, Branson Sonicator, USA) and then

analyzed for their particle size distribution (Zeta Sizer, Malvern

Instruments Limited, UK). The particles were washed (deion-

ized water) and centrifuged (2400g) three times and dried in air
at 40 �C.Mössbauer spectrawere obtained at room temperature

using constant acceleration and a 57Co/Rh source of 25 mCi

initial activity (Jang et al., 2003). The computer program “Recoil”

(Lagarec and Rancourt, 1998) was used to analyze the velocity

distributions. XRD was performed with an X’PERT Phillips four

circle diffractometer using CuKa radiation. The powder sample

was re-dispersed in ethanol, sonicated, and settled onto

a highly oriented pyrolytic graphite disc for AFM observation

(BioScopeAFM, Digital Instrument, Santa Barbara, CA, Nano-

scope IIIa control system version 4.32r3).
3. Results and discussion

Under the baseline conditions of pH¼ 6.3 and 7 mM of ferrous

iron, the AMD-FC produced a current density of 640 mA/m2

(290 mW/m2) as previously reported (Cheng et al., 2007).

During the period of electricity production, a red precipitate

was observed in the anode solution and on the anode surface,

and the columbic efficiency was almost 100% as previously

reported (Cheng et al., 2007), indicating that all the particles

were likely precipitated through the same mechanism. The

Mössbauer spectrum showed a paramagnetic doublet at room

temperature, with parameters indicating presence of ferri-

hydrite or nano-sized goethite (Fig. 1) (Govaert et al., 1976).

XRD patterns indicated the precipitate contained nano-sized

goethite (a-FeOOH) (Penn et al., 2006), which is indiscernible

from ferrihydrite on room-temperature Mössbauer spectros-

copy because of the lack ofmagnetic ordering (Fig. 2) (Burleson

and Penn, 2006). No other forms of ferric oxides were observed

in the precipitate. AFM images showed the goethite particles

were highly spherical, with a particle size of 402 � 20 nm

under these conditions (Fig. 3). Goethite particles are usually

synthesized through titration using either ferric or ferrous salt

solutions. This approach produces particles with a needle-

shaped morphology (Kosmulski et al., 2004). In some cases,

such as in the presence of polymer templates, some goethite

particles can be formed that have a spherical shape

(Sepulveda-Guzman et al., 2005). In our case, all synthesized

particles showed highly spherical shapes across the complete

size range obtained here under the studied conditions. This
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Fig. 2 e XRD pattern of the prepared sample under

conditions of 0.05 M NaCl, 0.06 M NaHCO3, 0.007 M Fe2D,

pH [ 6.3, and 1 kU external resistance.
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Fig. 4 e Effect of current on (A) particle size, and (B) particle

size distribution at selected current densities (numbers

indicate particle sizes in nm) (0.05 M NaCl, 0.06 M NaHCO3,

0.007 M Fe2D, and pH [ 6.3).
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relatively uniform shape was likely a result of the electro-

chemical precipitation process used here, compared to more

commonly used titration processes. Further investigation of

the mechanism of particle formation is needed.

Particle sizes could be varied from 120 to 700 nm by

changing the operating conditions of the AMD-FCs. Increasing

the current from 0.04 to 0.12 mA/cm2 (by varying the external

resistance from 2000 to 200 U) decreased the average particle

sizes formed in the reactor from 700 � 50 to 450 � 60 nm

(Fig. 4A), as a result of the increased current which produced

a faster rate of nucleation (Kim et al., 2004). The particle size

distribution also became narrower with increased current.

These two results indicate that current both increased particle

size was due to both the increased rate of ferrihydrite nucle-

ation as well as coalescence of smaller particles.

The smallest particles of 120 nm were formed at a pH ¼ 4,

likely as a result of the slow oxidation rate and low cell voltage

under these conditions (Cheng et al., 2007). The particle size

distribution at pH ¼ 4 was narrow, with 91% of the particles

having an equivalent diameter of 122 nm (Fig. 5B). Increasing

the pH from 4 to 7.5 increased the particle sizes by a factor of

5.5, or from 120 � 20 to 750 � 50 nm (Fig. 5A). The particle size

distribution also became broader with pH. At pH ¼ 7, for
Fig. 3 e AFM image of the particles (in white) (0.003 M Fe2D,

pH [ 6.3 and 1 kU external resistance).
example, 12.4% of the particles were 615 nm and increased in

size to 955 nm (17.9%) (Fig. 5B).

The Fe2þ concentration also significantly affected particle

sizes (Fig. 6A). When the Fe2þ concentration increased from 50

to 1000mg/L, the particle size linearly increased from 402� 50

to 932 � 50 nm. The size distribution at the lower Fe2þ

concentrations tended to be less dispersed, with 90% particles

396 nm in equivalent diameter at 50 mg/L. At the very highest

Fe2þ concentration of 1000 mg/L, the particle size distribution

was broader, with 14.3% of the particles 712 nm and 6.3% of

the particles 1280 nm (Fig. 6B).

These results show that it is possible to produce nano-

sized particles of ferrihydrite (transforming to goethite) from

AMDwhile at the same time producing electrical current. The

ferric oxide particles were highly spherical, had paramagnetic

properties, and particle size could be controlled by varying the

operational parameters. Using a low pH or low concentration

of Fe2þ (both resulting in low currents due to the lower rate of

reaction) produced the smallest particles (120 nm). Under

such conditions the maximum voltage was 0.06 V. With

pH ¼ 6.3 and 7 mM Fe2þ, a maximum power of 290 mW/m2

was produced (0.64 A/m2) (Cheng et al., 2007). These condi-

tions produce ferric oxide particles rapidly with a size of

402 nm. Iron concentrations for AMD waters could be diluted

using reactor effluent, and pH could be adjusted using various

alkaline reagents, although the effect of chemical addition on

the particles formed would need to be evaluated for specific

AMD streams.

Practical applications of the technology for AMD treatment

will require further development of systems that efficiently
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size distribution at selected pH conditions (numbers

indicate particle sizes in nm) (0.05 M NaCl, 0.06 M NaHCO3,

0.007 M Fe2D, and 1 kU external resistance).
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remove particles (for example through continuous centrifu-

gation, that do not use precious metal electrodes, and that

have electrodes with scalable architectures). Substantial

progress is being made in these latter two topics based on the
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development of MFCs for wastewater treatment (Logan,

2010a, 2010b). For example, although the cathode contained

a Pt catalyst, non-precious metals catalysts such as CoTMPP

can be used as a catalyst (Zhao et al., 2005; Cheng et al., 2006).

Recently cathodes that have been developed using activated

carbon and no metal catalysts have achieved nearly equal

performance to cathodes used here (Zhang et al., 2009). Scal-

able architectures for MFCs have been developed based on

using high surface area graphite brush anodes and tubular

cathodes (Zuo et al., 2007; Logan et al., 2007), providing

increased surface areas per volume of reactor and thus the

need for much less treatment times (Logan, 2008). The use of

these electrodes and materials in AMD-FC reactors should

enable scalable and more efficient systems for iron recovery,

power generation, and AMD treatment.
4. Conclusions

It is possible to use AMD types of soluble iron solutions in fuel

cell-based technologies to create spherical nano-particles of

iron oxide (ferrihydrite) that are transformed to goethite

(a-FeOOH) upon drying. Particle diameters were controlled to

be in the range of 120e700 nm by varying the conditions in the

fuel cell, such as current density (0.04e0.12 mA/cm2), pH

(4e7.5), and initial Fe(II) concentration (50e1000 mg/L). These

results provide amethod to easily produce iron oxide particles

that can be used in pigments and other products, although

further research will be needed on many aspects of this

process before these approaches could be successfully

commercialized.
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