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Abstract  

The role of structural iron in clays to enhance the electron transfer of Shewanella Oneidensis 

MR-1 was investigated. Three types of clays containing different amounts of iron situated in 

the octahedral sites have been used to modify the ITO electrodes: nontronite NAu-1, 

montmorillonite (Wyoming) SWy-1, and synthetic montmorillonite SYn-1. The interaction 

between bacterial cells and the clay, which modified the ITO electrodes were studied by 

potential step, cyclic voltammetry, confocal microscope, and scanning electron microscope 

SEM. Experimental results showed that the current density generated using iron content clays 

NAu-1 and SWy-1 to modify the ITO electrode was 19 and 3 times higher than that produced 

using the bare ITO electrode. Also, SEM and confocal microscope proved the increased 

coverage percentage of the bacterial cells attached to the CME compared to the bare ITO. 
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1. Introduction 

Electron transfer from organic matter such as glucose or lactate is an important process in 

the microbial fuel cell. Bacteria work as a catalyst in this process. Microbial fuel cells (MFCs) 

are a form of a bioreactor, which generates electricity from chemical energy using electrodes. 

Wastewater treatment, power generation, and biosensors are the most widely used applications 

for MFCs.1-4 Shewanella Oneidensis MR-1 is a commonly used bacteria in the MFC, which 

contains cytochromes in its outermost protective membrane, and these cytochromes transport 

electrons to the nearby electron acceptor. During anaerobic conditions, S. oneidensis bacterium 

reduces the terminal electron acceptors such as Mn (III), Fe (III), nitrate, fumarate, thiosulfate, 

trimethylamine N-oxide, dimethyl sulfoxide, sulfite, and elemental sulfur.5  

Various strategies have been established to enhance extracellular electron transfer and 

energy output capability of MFCs. Most of these attempts are mainly targeted on anode 

modification6, substrate sources7, redox mediators8, and bioreactor configuration9. The anode 

has a significant impact on the electricity generation performance of MFCs because it is 

directly contacted with the microorganisms. Lately, the applications of different modified 

electrodes have been studied such as (CNTs/PAH) ITO electrode10, (Fe2O3/CS)4 ITO 

electrode11, and (PAH/GE)2 ITO electrode 12.   

Clay minerals are abundantly found in soils, rocks, and sediments, and find application 

in various fields like pharmaceuticals, pottery, animal feed, wastewater treatment, oil 

adsorbents, and antibacterial agents.13-14 Clays are layered materials and consist of tetrahedral 

silicates (Si-O) and/or octahedral aluminates (Al-O, Al-OH).  Clays may consist of one silicate 

and one aluminate sheet known as a 1:1 layer of clay such as kaolinite. In addition, clays could 

contain one octahedral sheet sandwiched between two tetrahedral sheets, termed 2:1 layer of 

clay such as montmorillonite and nontronite .15 Clay layers contain Al3+, Si4+, Mg2+, and Fe3+ 
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in the octahedral and tetrahedral sheets. There are many exchangeable cations between the clay 

layer such as Na+, Ca2+, and K+ which balance the negative charge of clay layers. 

Clay-modified electrodes (CME) have attracted the attention of electrochemists 

worldwide. CMEs are found in a variety of applications, one of which is for sensors.16-18 The 

combination of electrodes with clays provide the desired sensitivity, durability, selectivity, and 

speed of sensors. Moreover, the cost of preparing clay-modified sensors is much less compared 

to other modified sensors.19 In the CMEs, electrons transfers occur through the channels by 

physical diffusion within the clay film.20-21 Furthermore, electrons hopping through redox-

active cation within the clay crystal such as iron is another mechanism of charge transfer in the 

CME.22-23 Using clay is also a green initiative, which is the reason some researchers prefer to 

use it instead of other chemicals, which are toxic. Apart from these benefits, the waste produced 

by modifying electrodes using clay is negligible; it, therefore, requires the least protocols and 

permissions.  

It has been proven that the existence of iron in the crystal structure of smectite clays, 

highly impact their physical and chemical properties. These iron atoms are proposed to be 

involved in the electron transfer process in clay and as a result, influence the response of clay-

modified electrodes. For instance, electron transfer of cytochrome c (Cyt-c) at montmorillonite 

CME was reported by Scheller’s research group.24 Charade and coworkers found that structural 

iron in clays promoted the direct electron transfer of hemoglobin.  Different types of clays were 

used: nontronite, synthetic montmorillonite, saponite and synthetic montmorillonite containing 

non-iron impurities. Their findings showed that nontronite, which contains the highest amount 

of structural iron, significantly enhanced the direct electron transfer of hemoglobin.25 Oyama 

and Anson concluded that structural iron in montmorillonite clay mediates the reduction of 

hydrogen peroxide.26 Koffi’s group was the first one to report the fact that utilizing clay-

modified carbon paste electrode to determine for the bacteria in water or blood samples.27 
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However, there is no literature that reports on the possible role of structural iron in the electron 

transfer of metal-reducing bacteria such as Shewanella MR-1 using clay-modified electrode.   

In this study, we report the use of structural iron in clay to enhance the direct electron 

transfer of Shewanella MR-1. Clay works as an alternative surface that attracts bacteria and 

facilitates electron transfer through the iron in the octahedral sheet. For this goal, we have used 

two ferruginous clays containing different amounts of iron situated in the octahedral sheet and 

one synthetic montmorillonite containing non-iron. Coverage and porosity of each clay 

modified ITO electrodes using the anionic electroactive species [Fe(CN)6]3− were examined. 

Laser diffraction spectroscopy and light obscuration were used to determine the different 

particle sizes for the used clays. The clay film thicknesses were measured using the scanning 

electron microscope. The electrochemical behavior of the clay-modified ITO electrodes was 

characterized by potential step and cyclic voltammetry in the presence of Shewanella MR-1. 

The changes in bacterial cells attached to the modified electrodes were observed using a 

confocal microscope and SEM. 

2. Materials and Methods 

2.1 Materials 

Shewanella oneidensis MR-1 microbe were purchased from The Global Bioresource 

Center (ATCC). Wyoming montmorillonite (SWy-1), nontronite (NAu-1), Synthetic 

montmorillonite (SYn-1) clays were obtained from the Source Clay Minerals Repository 

(Purdue University, East Lafayette, Ind., Department of Agronomy). Tryptic Soy Broth, NaCl, 

KCl, K3 Fe(CN) 6 were purchased from Sigma Aldrich. 

2.2 Clay-Modified ITO Electrodes  

Each clay suspension was prepared by stirring it into 500 mL deionized water. The total 

clay concentration in suspension solutions was 5 g/L for each clay. (ITO) Indium tin oxide 

glass slides (Thin Film Devices, Inc.) were washed, rinsed, dried, and wiped with 70% 
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isopropyl alcohol, re-dried, and allowed to equilibrate with air. 100, 300, 500 and 800 μL of 

clay gel were smeared uniformly on ITO with a micropipette and left overnight to air-dry. The 

film thickness of each film was measured by SEM. Water contact angles were characterized 

using a Veho discovery camera, and MicroCapture software. Two different samples were 

measured for each sample and the data were averaged.  

2.3 Potassium ferricyanide experiment  

 NaCl and KCl were prepared in distilled water at different concentrations of 0.05, 0.1, 

0.3, 0.5, 0.7, 0.9, and 1.2 M. 3 mM of [Fe(CN)6]3− solutions were prepared in different 

concentrations of the NaCl and KCl salts. All solutions were subjected to a N2 purge for 10 

minutes before running in the electrochemical cell. The clay film was soaked for 10 minutes 

by the salt electrolytes solution and then exposed to [Fe(CN)6]3− solution. The response of 

CMEs in the presence of different cation electrolytes and [Fe(CN)6]3−  was monitored by cyclic 

voltammetry. The potential was scanned between 0.8 and - 0.4 V vs. Ag/AgCl at a scan rate of 

10 mV/s 

2.4 Microbial Culture 

S. oneidensis MR-1 from −80 °C freezer stock was inoculated into 100 mL of TSB 

medium at 30 °C for 12 hours anaerobically. After twelve hours of incubation, the optical 

density was measured at 650 nm by (VWR UV6300PC double-beam spectrophotometer). The 

optical density of the culture solution before harvest in the electrochemical cell was 0.3 for all 

the experiments’ conditions. OD650 of original culture solution and the culture solution 

recovered from the electrochemical cell were also measured post-experiment. The resulting 

cell suspension was centrifuged at 5000 rpm for 10 minutes to pellet cells, and the TSB medium 

was then replaced with 100 mL of fresh and N2 purged TSB. Three triplicate samples were run 

on the electrochemical cell on the same day.  

2.5 Electrochemical Cell 
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The electrochemical cell utilized in our laboratory is a single-chamber; it has three-

electrodes, which were employed for the electrochemical study. A tin-doped In2O3 (ITO) 

substrate on glass slides (surface area of 18 cm2) which had been modified by the clay film was 

used as the working electrode (WE). Ag/AgCl (NaCl saturated) and a platinum wire were used 

as reference and counter electrodes, respectively. The cell was positioned such that the ITO 

(WE) was vertical with the solution pumped from the side and exiting to the top. The 

positioning was chosen to minimize gravitational deposition of bacteria to the slide. The clay 

film on the electrode was soaked for 10 min by N2 purged TSB before running in the 

electrochemical experiment. Immediately after that, a volume of 11 mL of the bacteria culture 

solution was pumped to the electrochemical cell. For each condition, the current was measured 

for two hours at the potential of +0.2 V. Then, cyclic voltammetry obtained at +0.2 V initial 

and final potential while the switching potential was at -0.5 V at a 5 mV/s scan rate. Epsilon 

EC was used for the electrochemical experiments.  

2.6 Confocal Microscope  

The working electrode (WE) after the electrochemical experiment was removed from 

the cell. It was then left to dry in a vertical position in the same way as when it was in the 

electrochemical cell during the experiment. This position was chosen to reduce pooling and 

drying of unattached microbes. Olympus Compound Microscope BH2-RFCA and ImageJ were 

used to monitor the changes in bacterial cells percentage coverage over the clay-modified ITO 

electrodes.  

2.7 Scanning Electron Microscopy (SEM) 

S. oneidensis MR-1 attached on the modified electrodes were imaged using an SEM 

(HITACHI, SU3500). The clay-modified ITO after the electrochemical experiment was fixed 

with 2.5% glutaraldehyde for 2 h, rinsed three times in phosphate buffer (pH 7.0, 50 mM), 

dehydrated by alcoholic series (60, 70, 80, 90, 95, and 100%), and then air-dried.29 
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3. Results and discussion  

Table 1. Composition and formula of clays 

Clay Name Formula30 %Fe2O330 CEC 
meq/100g 

NAu-1 Nontronite 
 

M+(1.0) [Al.58 Fe3.38 
Mg0.05] [Si7.00 Al1.00] 

O20(OH)4 
 

34.19 
 

74.731 

SWy-1 Montmorillonite 
(Wyoming) 

 

M+(0.49) [Al3.01 Fe 
(III)0.41 Mn0.01 

Mg.54Ti0.02] [Si7.98 
Al0.02] O20(OH)4 

 

3.35 
 

76.430 

SYn-1 Synthetic 
montmorillonite  

M+(0.22) [Al3.99 Fe 
(III)tr Mntr Titr] [Si6.50 

Al1.50] O20(OH)4 
 

0.02 
 

70.030 

  
3.1 Characterization of the clay-modified ITO electrode 

3.1.1 Particle sizes, clay texture, and films thickness 
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Figure 1. Top particle size distribution of nontronite NAu-1 (solid line), Synthetic 

montmorillonite SYn-1 (dashed line), and Wyoming SWy-1 (dotted line). Down SEM 
images for the clay-modified electrodes for each used clay. 

 

Particle sizes of clays affect the absorption32 and diffusion33 through the clay layers. (Figure 

1 top) shows the particle size distribution of the different clays used in this study. NAu-1 has a 

particle size of less than 1μm. SYn-1 has a particle size less than 5 μm. SWy-1 shows different 

particle-size distribution in the range 0.5-50 μm. SYn-1 has a particle size less than 5 μm. 

The particle size analyses are consistent with the clay surface texture shown in Figure 1 

(down). NAu-1 and SYn-1 appear to have smooth and flat surfaces. SWy-1 shows roughness 

and bridging surfaces. The cation exchange capacities (CECs) for used clays are similar (74.7, 

76.4 and 70.0 meq/100g) (Table 1). The films’ thickness measurements were examined by 

SEM. On each testing sample, the thickness was measured at three different points and the 

average values were taken. The film thicknesses ranged from 5 to 16 μm thick. Figure 2 

demonstrates the film thicknesses for the lowest amounts of each clay placed on the ITO 
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electrode. NAu-1 and SYn-1 formed compact films whilst SWy-1 created expanded films. The 

more compact the film is, the more difficult for the species to diffuse through the film. SWy-1 

has a higher film thickness (7 μm) than others, which is expected because it has larger particles 

size.  

Figure 2. Clay film thickness for each clay for the lowest amount of clay placed on the ITO 
electrode.   

3.1.2 Electrochemical behavior of Fe(CN)6
 in clay films: determination of the porosity and 

coverage of the films 

Clay interlayers expand when exposed to water. Hydrated exchangeable cations force 

clay layers apart. Coverage and porosity of the films can be examined using the [Fe(CN)6]3−. 

This electrochemically active ion was chosen as it is negatively charged forcing it to move 

through the larger pores of the film.34 Currents measured were recorded as a ratio of the current 

at the clay-modified ITO electrode to the bare ITO electrode. The changes in the ratio reflect 

the changes in the interlayer spacing through the clay film.35   
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Figure 3. Ratio current for the three used clays as a function of electrolyte concentration and 
type, (--) represent the lowest film thickness (  ) represent the highest film thickness for each 

clay. 

Figure 3 shows the relationship between the ratio of the reduction current using 

different NaCl concentration at the lowest and highest clay film thicknesses. As expected, the 

ratio was highest at the lowest film thicknesses (dashed line) indicating clay covered less of 

the surface. The ratio was 0.94, 0.89, and 0.87 for montmorillonite SWy-1, SYn-1 and NAu-1, 

respectively.  As the concertation of NaCl increased, the ratio, at this low clay thickness 

decreased until it became 0.54, 0.50, and 0.46 for montmorillonite SWy-1, SYn-1 and NAu-1, 

respectively. The ratio at the highest clay film thickness (solid line) was lower than at the lower 

clay film thickness, consistent with greater surface coverage. The ratio was 0.68, 0.61, and 0.56 

for montmorillonite SWy-1, SYn-1 and NAu-1, respectively.  As the concertation of NaCl to 

1.2 M increased, the ratio decreased until it became 0.22, 0.14, and 0.10 for montmorillonite 

SWy-1, SYn-1 and NAu-1, respectively.  
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At the low salt concentration, the interlayer expanded, which caused an increase in the 

pore space, allowing for more diffusion for the probe ion. Increasing the salt concentration 

compacted the interlayer, which caused decreases in the pore space, so less diffusion of the 

probe ion took place. Na+ cations required high hydration energy to be dehydrated so they could 

enter the interlayer in their hydrated form. Those cations in the hydrated form forced apart the 

clay layers.  Soaking clay with different concentrations of KCl, on the other hand, creates 

compact layers. K+ cations are easily dehydrated and have low hydration energy compare to 

Na+.35  KCl soaked clays should therefore have lower porosities.  A value of  R≤ 0.04 can be 

considered to be complete coverage of the surface.36 R values for both the lower and higher 

film thicknesses in the presence of KCl were less than 0.02 at 1.2 M of KCl As shown in Figure 

3. This indicated that the clay completely covered the ITO electrode. 

All clays, regardless of particle size (NAu-1<SYn-1<SWy-1), showed decreasing 

porosity with higher salt concentration and in the presence of KCl.  However, porosity was also 

affected by particle size. The particle size findings shown in Figure 1 and the probe ion 

experiments in Figure 3 proved that, as the particle size decreased the porosity became smaller 

and therefore diffusion decreased.  

3.2  Clay-modified ITO electrode with Oneidensis Shewanella MR-1  

3.2.1 Chronoamperometry  
 

The current density as a function of time during the loading process at +0.2 V is shown 

in Figure 4 (A). For the experiment shown, the thickest clay films were used. The maximum 

current density obtained by NAu-1/ITO electrode was (1.40 ± 0.0015 μA cm-2) which is about 

19 times higher than the bare ITO electrode (0.07 ± 0.0013 μA cm-2). The maximum current 

density obtained by SWy-1/ITO electrode was (0.26 ± 0.0014 μA cm-2) which is about 3 times 

higher than the bare ITO electrode. There was no current obtained with SYn-1/ITO electrode. 
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Figure 4. Current density as a function of time generated by Shewanella oneidensis MR-1 on 
the clay-modified ITO electrodes poised at +0.2 V at the thickest film of each clay (A). The 
changing in current densities in the presence of the three clays with multi-film thicknesses (B). 
 

Figure 3 demonstrated that increasing film thickness decreased porosity. This would 

indicate that thick clay films should inhibit charge transfer from bacteria to the underlying clay 

surface.  Contrasting results were observed for iron containing clays (NAu-1/ITO and SWy-1) 

(Figure 4B).   The maximum current density increased when increasing the clay film thickness 

in both NAu-1/ITO, and SWy-1/ITO.  Increasing the film thickness in SYn-1 did not change 

the current density.  This suggests that the increase in current density may be caused by iron 

mediated charge transfer.  The increase in the maximum current density with thickness is 

significantly much higher when utilizing the NAu-1/ITO electrode compared to the SWy-

1/ITO electrode.  The effect of increasing the film thickness of NAu-1/ITO on the surface was 

of the order of 3/1.  

As shown in Table 1, NAu-1 is iron rich clay so it contains more amount of Fe3+ in the 

octahedral sheet than the SWy-1 clay. The SYn-1 clay contains non-iron and it did not produce 

any current, which may be further evidence that the electron transfers occurred thru Fe3+ in the 

clay.  Most of the structural iron in clay is ferric iron that can be reduced biologically by metal 

reducing bacteria, which has been proved by several studies.37-40 Structural Fe3+ in clay acts as 

an electron acceptor and the organic matter in the growth media serves as an electron donor. In 

the bio-reduction process, metal-reducing bacteria attach themselves to the clay surface.13 

Microorganisms reduce structural Fe3+  in clay to Fe2+  37-38, 41 which can be re-oxidized by 
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pollutants such as chlorinated solvents, nitroaromatic explosives42-44, and metals such as U, Tc, 

Cr.45-47At least 90% of the structural Fe2+ can be re-oxidized to Fe3+.48-49 Shewanella O. MR-1 

contains cytochromes in the outer membrane.50-53 An attractive force between S. oneidensis 

whole cells and hematite surfaces was detected.54 Moreover, there was specific bonding 

detected between MtrC and hematite surfaces.55 There is a direct attraction between OM C-

type cytochromes and Fe3+ and localization of the cytochromes on the cell surface. MtrC thus 

localized to interface between S. oneidensis cells and hematite during Fe3+ reduction.56-57 

An alternative hypothesis might be proposed.  The cell wall of the bacteria is partially 

negatively charged and partially lipid in character.  Thus, it could anticipate that bacteria are 

more greatly attached to surfaces with both characteristics.  Hydrophilicity can be measured by 

contact angle, θc. The hydrophilicity of the bare electrode is low as θc of the bare ITO electrode 

was ~ 70.0◦ was large.  The contact angle for the clays varied, but not in the order consistent 

with the obtained currents densities in Figure 4.  The currents densities were in the order NAu-

1/ITO > SWy-1/ITO > SYn-1/ITO while the contact angles were SWy-1/ITO (~30.0o) > SYn-

1/ITO (~20.0o)> NAu-1/ITO (~15oC).  Syn-1 with the lowest improved performance increased 

the hydrophilicity more so than did SWy-1.  This suggests that iron content is a larger driving 

force than hydrophilicity.  

3.2.2 Cyclic voltammetry (CV) and electric charge (Q) 

After being poised at +0.2 V for 2 hours, the cyclic voltammetry of the clay-modified 

ITO electrodes was recorded. Figure 5 (A) shows the cyclic voltammetry of  NAu-1/ITO, SWy-

1/ITO, SYn-1/ITO, and the bare ITO electrode. The redox peaks with midpoint potential of (-

0.19 V) which is consistent with that of the outer membrane Cyts-c. The potential range for 

OM Cyts-c is in a wide potential range from 0.13 V to -0.27 V.58-59 
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Figure 5. (A) Cyclic voltammetry (CV) of the clay-modified ITO electrode after 2 hours of 
chronoamperometry at scan rate of 5 mV/S with the highest film thickness of each clay (B) 

the cathodic peak charge (Q) versus the film thickness of each clay-modified electrode  

The results of the cyclic voltammetry experiments are consistent with the 

chronoamperometry experiments in Figure 4. The NAu-1/ITO electrode achieved the highest 

reduction peak’s current density (3.84 ±0.15 μA cm-2). The SWy-1/ITO electrode recorded 

reduction peak’s current density of (2.26 ± 0.34 μA cm-2). The reduction peak current density 

of the bare ITO was (1.33 ± 0.06 μA cm-2). There was no reduction peak current density 

obtained with SYn-1/ITO. 

 Figure 5 (B) represents the total quantity of electric charge (Q) versus the film 

thickness of each clay type. Q was calculated by integrating the area under the reduction peak 

in the cyclic voltammetry using the following equation 60-61   

𝑄𝑄 = � 𝐼𝐼𝐼𝐼𝐼𝐼
𝑡𝑡

0
 

I is the current and t is the working time. The black square in the Figure 5 (B) represents the Q 

value using the bare ITO electrode, which is (2.95 ± 0.4 μC). The Q values obtained at the 

highest film thickness of NAu-1/ITO and SWy-1/ITO were (153.58 ±1.2 μC, and 25.84 ±0.9 

μC) respectively. There was no Q value for the non-iron clay SYn-1/ITO. Again, these results 

are consistent with the chronoamperometry experiments discussed above. 

7.2.3 SEM images and area coverage percentage by confocal microscope  
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Figure 6. SEM for S. Oneidensis MR-1 attached to (A) bare ITO electrode (B) SYn-1/ITO  

electrode (C) SWy-1/ITO electrode (D) NAu-1/ITO electrode 

 
 Figure 6 shows the SEM for the attached bacterial cells on the clay-modified ITO 

electrode at the thickest film of each clay. As shown in the images, bacterial cells attached to 

the clay surface. In Figure 6  the bare ITO (A) and SYn-1/ITO (B) showed about 30% and 29% 

coverage, respectively. The SWy-1/ITO (C) electrode achieved more coverage, with about 

43%. The iron rich clay NAu-1/ITO electrode showed the highest bacterial cells coverage, 

which was about 86%.  

A relationship was found between the maximum current density obtained by S. oneidensis 

MR-1 and the area coverage percentage of bacterial cells on the clay-modified ITO electrodes 

as shown in Figure 7. The coverage percentage for the bare ITO (black square) was about 30% 

was used as a comparison. 
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Figure 7. Maximum current density obtained by S. oneidensis MR-1 at multiple film 

thicknesses of each clay type vs. the area coverage % of bacterial cells on the clay-modified 
ITO electrode 

    The increase in the coverage percentage was highest with NAu-1/ITO compared to the 

SWy1/ITO, as it appears in the difference slopes of the two lines.As shown in Table 1, NAu-1 

has more iron than SWy-1 so the amount of Fe3+  available for electron transfer process will be 

much more in case of NAu-1/ITO electrode allowing for larger bacterial surface coverage.  

Non-iron clay SYn-1/ITO has coverage percentage of 29%, which is near the coverage 

percentage of the bare ITO. SYn-1/ITO electrode shows no remarkable difference in the 

coverage percentage even when there is an increase in the amount of the added clay to the 

electrode. This results clearly indicate that Fe3+ in the clay not only increased the electron 

transfer process but also attracts bacterial cells to attach to the electrode. These findings 

indicate that there is a direct relationship between the current density obtained and the bacterial 

cells attached to the electrode. Therefore, as more bacterial cells arrived and attached to the 

electrode surface, the current produced will be higher. 
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4. Conclusion 

In summary, the ferricyanide experiments proved that the clay-modified ITO electrodes 

were successfully prepared in the present study. Particle sizes, porosity, coverage, and film 

thicknesses of each used clay were examined. The ferricyanide experiments showed that 

increasing the film thickness of the CME decreased the diffusion of the ferricyanide anion.    

The clay-modified ITO electrodes show different results when utilized with Shewanella O. 

MR-1.  Increasing the film thicknesses of NAu-1/ITO and SWy-1/ITO results in an increase in 

current densities, reduction peak current, and bacterial cell attachment. In the case of SYn-

1/ITO, increasing the film thickness did not yield any difference in the results. NAu-1 and 

SWy-1 both contain iron, which transfers electrons to the ITO. The iron clay-modified 

electrode technique could be a promising modification method to use in microbial fuel cells. It 

is an unexpansive and nonchemical method.  
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