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1- Abstract 
 

This is the first report that demonstrates the ability of anaerobic methanogenic granular 

sludge to reduce Rh(III) to Rh(0). Recovery of rhodium(Rh) during anaerobic incubations under 

abiotic and biotic condition with different electron donors was studied. H2 and formate reduced 

Rh(III) to Rh(0) nanoparticles(NPs) in the absence of microorganisms. However, the presence of 

microorganism was crucial for Rh(III) reduction with ethanol. Results of X-ray powder 

diffraction (XRD) and transmission electron microscopy (TEM) confirmed the formation of 

Rh(0) NPs and indicated the localization and morphology of the formed Rh(0) NPs varied with 

electron donor utilized. Rh(III) reduction with H2 and ethanol obeyed 1st order kinetics. Rh(III) 

caused a moderate inhibition to methanogenesis. Rh(III) reduction often ceased before coming to 

completion but this effect is not due to unfavorable thermodynamics. A hypothesis was 

developed which ascribes the biological reduction of Rh(III) with ethanol as being due to the 

biological formation of H2 (that subsequently chemically reacts with Rh). The results obtained 

indicate the potential of utilizing anaerobic granular sludge bioreactor technology as a practical 

and promising option in Rh(III) recovery. 
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2- INTRODUCTIO
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2- Introduction 
 

Platinum group metals (PGMs) consist of ruthenium (Ru), rhodium (Rh), palladium (Pd), 

osmium (Os), iridium (Ir) and platinum (Pt) (Figure 2-1).  

 

Figure 2-1. Platinum group metals [1]. 
 

The use of PGMs has increased dramatically in the last decades. Considering the 

importance of their applications such as automotive catalytic converters, industrial chemical 

production, electronics, batteries, liquid crystal displays, or hardeners or strengtheners in steel 

and iron alloys, the challenge to find appropriate alternatives, and the risk of their supply, PGMs  

were chosen as the high critical elements by the National Research Council of the National 

Academies (Figure 2-2) [2].  
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Figure 2-2. Criticality matrix for all 11 candidate materials selected by the National 

Research Council of the National Academies [2]. 

 
Figure 2-2 also indicates that, Rh is the most critical element among all the candidate 

materials. 

 

2.1 Occurrence and Minerals 
 

Rh is one of the rarest elements (Figure 2-3). It is present in the Earth’s crust at about 

0.001 ppm [3].  
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Figure 2-3. Rhodium [4].  
 

Rh is known as siderophilic which is also called as iron-loving [5]. Thus, chromites 

always contain Rh. However, in the Earth’s crust, PGMs never occur alone, they are always 

found associated together. For example, Irsarite [6] and Hollingworthite [7] are the main 

minerals that contain Rh. However, they also contain Pd, Pt and Ir.  

 

2.2 Properties 
 

PGMS are imperative in various technologies due to their excellent catalytic properties; 

their resistance to chemical attack, stable electrical properties; and stable behavior at high 

temperatures [2]. 
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2.2.1 Physical properties 
 

Rh is a metal has silver-white color.  The melting point is 1,966°C (3,571°F) and the 

boiling point is around 4,500°C (8,100°F).  It has a density of 12.41 g cm3. It is insoluble in 

water but soluble in sulfuric acid and hydrochloric acid. The high electrical and heat conductivity 

make the heat and electricity pass through Rh very easily [8].   

 

2.2.2 Chemical properties 
 

Rh has 0, +1, +2, +3, +4 and +6 oxidation states. The most common and most important 

oxidation state is +3 since many other Rh compounds in other oxidation states usually transform 

from it.  

Rh is an inert metal. It is only attacked by boiling H2SO4 and hot HBr. Rh does not even 

react with fluorine, which almost reacts with any other element. 

Rh has seven isotopes which are 99Rh, 101mRh, 101Rh, 102mRh, 102Rh, 103Rh and 105Rh. 

103Rh is the only naturally occurring Rh isotope. However, the most stable radioisotope is 101Rh 

with a half-life of 3.3 years [9]. 

 

2.2.3 Health effects 
 

Rh is barely contact with human beings. There is few reports of human being poisoned by 

this metal. The main exposure route is inhalation. Health effects of this metal have not been 

thoroughly studied. However, all Rh based compounds are highly toxic and carcinogenic. 

Rh is flammable. Powder or granular form mixing with air can cause dust explosion.  
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2.3 Supply  
 

Only about 10 primary and several small mining companies accommodate the huge 

consumption of PGMs all over the world. South Africa is the major country produce 85% of the 

world production of PGMs. As much as 82% of the world’s PGMs’ resources also lie in South 

Africa [10]. Other places such as Ural mountains in Russia, Sudbury in Canada,  Zimbabwe and 

the Stillwater complex in USA also have few mines producing PGMs [10, 11]. The major 

producers of Rh are shown in Figure 2-4 [12].  However, the supply of Rh is extremely limited 

comparing to its demand. 

 

Figure 2-4. Major producer of Rh ( in 103 oz) in year 2000 [12]. 
 



18 
 

2.4 Demand of Rh 
 
 

The global consumption of Rh has increased rapidly in the past 30 years (Figure 2-5). 

Just in the United States of America, the annual use of Rh in 2016 is 11,000 Kg [13].  

    

 

Figure 2-5. World consumption of Rh ( in tonnes) [14].  
 

As shown in Figure 2-6, among the usages of Rh, about 81% was in auto catalyst 

manufacturing [15]. Glass manufacturing and consumption in chemical sector are the second 

largest part. Small amount of Rh is also used in making jewelry and electrical sector.  

 



19 
 

 

Figure 2-6. Major demand of Rh ( in 103 oz) in year 2000 [12]. 
 

2.5 Applications of Rh 
 

2.5.1 Catalytic converters 
 

Pt, Pd and Rh are widely used as catalytic converters in automobiles in order to reduce 

carbon monoxide and hydrocarbon emission by improving their oxidation to carbon dioxide and 

water (Figure 2-7).  

A typical catalytic converter contains 0.08% of Pt, 0.04% of Pd and 0.005-0.007% of Rh 

[16]. Rh can help oxidize carbon monoxide and hydrocarbon as well as various nitrogen oxides 

(NOx) to oxygen and elemental nitrogen [17]. Based on current knowledge, there is no substitute 

for Rh to control NOx. 



20 
 

 

Figure 2-7. Three-way catalytic converters [18].  
 

2.5.2 Metal coating 
 

Rh began to be widely used since the 1930s as a metal coating providing resistance to 

corrosion [19]. There are excellent physical and chemical properties that metallic Rh can 

provide, hardness, wear resistance, electrical and thermal conductivity, catalytic activity and 

others [20].  

More related to our daily life, since Rh is not oxidized under atmospheric conditions 

(unlike silver), and has a high reflective index, Rh-plating baths have been extensively used in 

making jewelry (Figure 2-8). The typical rhodium electroplate on costume or precious jewelry is 

0.0000002 to 0.0000005 inch and is produced during 20 to 60 seconds at about 6 volts in the 

baths. Typical baths are phosphate rhodium bath, sulfate rhodium bath and phosphate-sulfate 

rhodium bath [21].  
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Figure 2-8. Comparison of a ring with rhodium plating and without rhodium plating [22]. 

 

2.5.3 Glass manufacturing 
 

Platinum-rhodium alloy has been used in glass manufacturing for many years [23]. Due 

to its high melting point and resistance to corrosion, platinum-rhodium alloy is perfect to use in 

the harsh environment of molten glass (Figure 2-9). This alloy also can increase the material’s 

mechanical strength when used in linings and fabrications. There are other benefits such as, 

extending the lifetime of equipment, improve return on investment, lower the total energy 

requirements and ensure the quality of the end-product. What makes it remarkable is, up to 98% 

of the used metal can be recovered and be reused again [24].  
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Figure 2-9. Fabricated stirrer for molten glass, made of platinum-rhodium sheet [24]. 
 

2.5.4 Other uses 
 

• Rh in combination with platinum is also used as a catalyst in the manufacture of nitric 

acid. Schematic is shown in Figure 2-10 [25].  

• Rh has been used in electrical contacts, since it has a low and reliable contact resistance 

[26]. 

• Though Rh plated is extremely difficult, it has been used in  optical instruments 

manufacturing due to the great benefit [27]. 

• Rh is also used in rhodium neutron detector which employed in combustion engineering 

nuclear reactors to measure neutron flux level [28]. 
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Figure 2-10. Rh used in producing nitric acid [29]. 
 

 

2.6 Value of Rh 
 

Definitely, Rh is the most expensive metal among all precious metals. The current price 

of Rh as of March 2017 is $30,865 per Kg on the London market. It is over twice as expensive as 

gold and 150 times more than silver.  

The price of Rh depends primarily on the automobile market because of its great 

consumption and demand in that business.  In 2003, Rh was around $530 per ounce. As the sharp 

increasing in automobile manufacturing demand, the price of Rh broke $6,000 per ounce before 

2008. However, the global financial crisis in 2008 crashed Rh price from $6458 per ounce to as 

low as $1442 per ounce in just several months. But now, as the global economic recovering, the 

price of Rh rise back again. Figure 2-11 shows the history of Rh price. 
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Figure 2-11. History of Rh price in U. S dollar per troy oz [30]. 

 

2.7 Recovery of PGMs 
 

2.7.1 Chemical methods 
  

For the recovery of PGMs, solvent extraction is a traditionally used method. Other 

methods like ion exchange (Figure 2-12), membrane separation and adsorption have been 

developed for the recovery of PGMs from solution [31]. However, these recovery methods are 

complicated and involve high labor costs. Moreover, extra addition of chemical reagents required 

for precipitation and reduction process can result in large quantities of waste. 
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Figure 2-12. PGMs recovery based on ion exchange [32]. 

 

2.7.2 Biological methods 
 

Biotechnological recovery is now used in biomining, wastewater treatment and 

bioelectrochemical systems (BES) to recover PGMs and other critical metals. The schematic is 

shown in Figure 2-13. 

Compared with chemical methods, biotechnological recovery has gained in interest 

because it can work with dilute waste stream at ambient temperature and near neutral pH. 
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Moreover, microbial consortia in wastewater sludge expected to be cheaper and available in 

large quantities to catalyze bio-recovery reactions compared to working pure bacterial strains. 

Furthermore, no additional toxic chemical products are added and much less electronic energy is 

required.  Therefore, bio-recovery is an environmental friendly and more economic approach. It 

is considered as a more sustainable alternative compared to traditional recovery methods. 

 

Figure 2-13. Schematic flow chart of using microorganism to recover critical metals [33]. 
 

2.7.3 Bio-recovery of Pd and Pt 
 

In the past decades, bio-recovery has worked successfully with Pd [33]. Desulfovibrio 

desulfuricans NCIMB 8307 has shown to reduce Pd(II) to Pd(0) NPs on the cell surface in the 

presence of H2 [34]. More microorganisms have been reported capable to reduce Pd(II) (Table 2-

1) [33]. Application of microbial reduction of Pd(II) to produce nano zero-valent Pd (bio-Pd) 

with the purpose of recovering Pd from industrial automotive catalyst leachates has been 
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researched in laboratory-scale studies[35]. The bio-Pd was used in catalytic applications for 

contaminant remediation and for the production of economically important fine chemicals and 

pharmaceuticals [36]. 

Compared to Pd, the reports for Pt bio-recovery is very limited. However, metal-reducing 

bacteria such as Shewanella alga, Desulfovibrio vulgaris [37], Pseudomonas sp [38], and 

Acinetobacter calcoaceticus [39] were found capable to reduce Pt(IV) when certain electron 

donors were provided.  

 

Table 2-1. Reported Pd and Pt bio-recovery [33]. 
 

Metal Organism/Mixed 
Culture/Composites 

Metal 
Source 

Remarks on Use/Applications 
and Recovery 

Pt 
D.sulfuricans, Shewanella algae, 
Pseudomonas sp. PtCl6

2- 
Pt ions are converted to Pt(0) 
nanoparticles. bio-Pt was used as 
an electrocatalyst in a fuel cells. 

Pd 

Anabaena, Bacteroides vulgatus, 
Bacillus sphaericus, Calothrix, 
Clostridium pasterianum, Cupriavidus 
metallidurans,C. nector, Citrobacter 
braakii, Delsulfovibrio desulfuricans, 
D. fructosivorans, D. vulgaris, 
Paracoccus denitrificans, 
Pseudmonas putida, Plectonema 
boryanum, Geobacter sulfurreducens 

Na2PdCl4 

Bio-Pd has been prepared using 
diverse microorganisms. The 
catalytic activity of biogenic 
nanopalladium was evaluated in 
hydrogenation reactions, 
reduction of contaminants [e.g., 
Cr (VI), azo dyes], Mizoroki–
Heck coupling reactions, and fuel 
cells. 

Serratia sp. biofilm 

Biofilm mediated bio-Pd 
preparation is useful for retention 
of Pd in bioreactors. Showed 
catalytic activity in Cr(VI) 
reduction in columns. 

Aerobic granular sludge 

Granular sludge allowed in situ 
reduction using bio-H2 and 
retention of Pd. Showed catalytic 
activity towards reduction of 
Cr(VI) reduction and p-
nitrophenol. 

Anaerobic granular sludge 

Bio-Pd preparation using 
anaerobic granular sludge. First 
study on continuous removal of 
Pd in a bioreactor. 
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2.7.4 Bio-recovery of Rh 
 

Only a limited number of studies have focused on Rh bio-reduction. Some studies have 

investigated bio-reduction of Rh(III) to Rh (0) using pure cultures of the metal ion–reducing 

bacterium Shewanella algae [40], and a sulfate-reducing bacteria consortium [41]under 

anaerobic conditions. These studies did not compare chemical reduction with microbial reduction 

to understand the mechanism behind Rh reduction.  

Thus, further studies must be done to explain the possible mechanisms of Rh reduction. 
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3- OBJECTIVE
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3- Objective 
 
 
The main objectives of this study were: 

• To evaluate the microbial reduction of Rh by anaerobic sludge. 

• To evaluate the ability of granular sludge to reduce Rh(III) to zero valent Rh 

nanoparticles (Rh(0) NPs) with different electron donating substrates. 

• To study the role of biologically and chemically mediated reduction. 

• To evaluate the methanogenic toxicity of Rh(III). 
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4- MATERIALS & METHODS 
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4- Materials & Methods 
 

4.1 Inoculum 
 

An anaerobic granular sludge was used as the source of inoculum. The sludge is from a 

full scale UASB reactor treating beer brewery effluent (Mahou beer brewery, Guadalajara, 

Spain). This biomass contained 0.0792 g volatile suspended solids (VSS) g-1 wet wt. The 

maximum methanogenic activities of the biofilm were 565.8±63.8 mg COD-CH4 g-1 VSS d-1 and 

570.9±25.9 mg COD-CH4 g-1 VSS d-1 for the assays utilizing acetate and H2 as substrate, 

respectively. The sludge was stored at 4 °C. 

 

4.2 Batch assay 
 

Experiments were operated in 160 ml serum bottles (Wheaton, Millville, NJ, USA), 

added with 50 mL of a liquid medium containing Rh(III), buffer and different electron donors. 

The headspace was 110 mL in the bottles.  A final concentration of 2,500 mg L-1 as bicarbonate 

was used as buffer to maintain the pH at 7.0 (with a headspace CO2 concentration of 20%). 

Depending on the required concentration of Rh(III) for any given experiment, an appropriate 

volume of a 1 g L-1 Rh(III) stock solution was added. Each electron donor (ethanol, formate, 

lactate, acetate and pyruvate) was added to a final concentration of 0.346 g COD L-1. Table 4-1 

shows the final concentration of each electron donor in mg L-1.  
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Table 4-1. Concentration of each electron donor. 
 

Electron donor 
Concentration 

g L-1 

Ethanol 0.166 

Sodium formate 1.469 

Sodium acetate 0.443 

Sodium pyruvate 0.475 

Sodium lactate 0.403 

 

Microbially active assays were supplied with 0.5 g VSS L-1. Liquid and headspace in 

each bottle were flushed with a gas mixture of 80% N2 and 20% CO2 for 10 min after sealed to 

maintain anaerobic condition. Bottles were incubated in a shaker at 110 rpm and 30℃. Liquid 

samples would be taken from bottles at certain time. When H2 was used as an electron donor, 

after sealing and flushing the head space, different amount of H2 was injected into the headspace 

of the bottles depending on the desired H2 concentration in each experiment. The commonly 

used H2 concentration of 2.1% corresponded 0.0135 g COD H2 gas L- 1
liq.  Figure 4-1 shows the 

how the batch assay looks like in the beginning of experiment. 
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Figure 4-1. Serum flask with buffer, sludge, electron donor and Rh. 
 

4.3 Methanogenic toxicity assay 
 

Similar to batch assay mentioned before, experiments were operated in 160 ml serum 

bottles (Wheaton, Millville, NJ, USA) with a 50 mL mixture of liquid with a basal medium 

containing: mineral components (Table 4-2), different concentration of Rh(III), and 580 mg L-1 

acetate. The toxicity experiments were also supplied with 0.5 g VSS L-1. The assays were 

incubated anaerobic condition for one night. In the following morning, all bottles were flushed 

again with a gas mixture of 80% N2 and 20% CO2 for 10 min. Then different dosages of Rh(III) 

to establish toxicity as a function of concentration. Finally, a mixture gas of 100 µL was taken 

periodically from the head space and the methane concentration was analyzed by gas 
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chromatography (GC). 

The inhibition was obtained by using the following equation. 

 

 

 

Table 4-2. Concentrations of mineral components in methanogenic toxicity assay. 
 

Compound 
Concentration 

g L-1 

NaHCO3 2.5 

NH4Cl 0.25 

KCl 0.10 

NaH2PO4H2O 0.006 

 

4.4 Analysis 
 

4.4.1 Measurement of soluble Rh(III) concentration 
 

Liquid samples were taken to measure the change in the soluble Rh(III) concentration. 

Samples were transferred to centrifugal filters (Amicon® ultra-4 3K, EMD Millipore, Billerica, 

MA, USA) and immediately centrifuged (Centrifuge 5804, Eppendorf, Enfield, CT, USA) at 

13000 rpm for 10 min. Then, the filtrate was transferred to a 2% v/v HNO3 solution. The 

acidified samples were analyzed for Rh using an inductively coupled plasma-optical emission 

spectroscopy instrument (ICP-OES 5100 from Agilent Technologies Santa Clara, CA, USA) at a 
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wavelength of 233.477 nm. The detection limit of Rh was 25 ug L-1. 

 

4.4.2 Measurement of methane and hydrogen concentration 
 

Methane analysis in the toxicity assays was carried out by gas chromatography using a 

Hewlett-Packard 5890 Series II system (Agilent Technologies, Palo Alto, CA, USA) with a 

Restek Stabilwax-DA fused silica gel capillary column (30 m length, 0.53 mm inside diameter, 

Restek Corporation, Bellefonte, PA, USA) and a flame ionizator detector. The temperature of the 

column was 140 °C and the temperatures of the injector and detector were 140°C and 250°C, 

respectively. Helium was used as the carrier gas at a flow rate of 18 mL min-1 with a split flow of 

85 mL min-1.  

H2 was monitored by using an Agilent 7890 gas chromatograph (Agilent Technologies, 

Santa Clara, CA, USA) which is fitted with a Carboxen 1010 Plot column (30 m × 0.32 mm) and 

a thermal conductivity detector. The temperature of GC system with N2 as carrier gas was set as 

220°C (column), 110°C (injection port), and 100°C (detector), and the injection volume is 100 

μL. 

 

4.4.3 X-ray powder diffraction 

X-ray powder diffraction analysis was used to confirm whether the formed precipitates 

was Rh(0). The samples were prepared by taking out all of the liquid and solid objects in the 

bottles and transfer into vials once the experiment has finished. Next the vials were placed into 

the oven at 45 °C and left there for 12 hours. After the water evaporated, the solid left in the vials 

was collected and sent for analysis.     
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XRD analysis was performed using a Panalytical X’pert Plus Instrument (Westborough, 

MA, USA) equipped with a programmable incident beam slit with the slit fixed at 2°, and an 

X’Celerator Detector. The X-ray radiation used was Cu Kα, λ = 1.5418 Å. Measurements were 

made in the bisecting geometry. The generator settings were 45kv and 40 mA; scan step size of 

0.017 from 10° to 80°. The Samples were dried with He and scattered onto a zero-background 

plate (Si wafer) before the analysis. The obtained diffraction patterns were analyzed using the 

Panalytical High Score software and compared with patterns for crystalline platinum metal 

deposited in the ICDD database. 

 

4.4.4 Transmission electron microscopy 

Samples were taken from certain bio-reduction assay. Carbon coated 300 mesh grids 

were floated carbon side down on droplets of NPs suspended in isopropyl alcohol for two 

minutes. Excess liquid was removed by holding a piece of non-ash filter paper against one edge 

of the grid and allowed to air dry. Grids were viewed in a Tecnai Spirit Biotwin operated at 100 

kV. Eight-bit tilt images were captured via an AMT 4M pixel camera. Measurements were taken 

at eucentric height using FEI TIA software. 
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5- RESULTS & DISCUSSION 
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5- Results & Discussion 

 

5.1 Impact of adding electron donor on Rh(III) reduction 
 

The decrease in the soluble of Rh(III) due to its reductive precipitation was evaluated 

with different electron donor. Figure 5-1 shows the time course of Rh(III) concentration when 

H2, ethanol, formate, acetate, pyruvate and lactate were provided as electron donor at 30 °C and 

pH 7. Maximum rates of Rh(III) reduction were calculated for all the treatments and are listed in 

Figure 5-2. Endogenous control was introduced to measure the base Rh(III) removal rate. The 

endogenous control is the condition that microorganism and Rh(III) were provided without extra 

electron donor. It represents the Rh(III) removal rate by adding only microorganisms. By 

comparing the treatment rates with endogenous control removal rate, the effect from exogenous 

electron donors are clearly shown. A fast removal of Rh(III) is shown in Figure 5-2 when H2, 

ethanol and formate were provided indicating these electron donors help with the removal of 

Rh(III). On the contrary, acetate, lactate and pyruvate did not stimulate Rh(III) reduction. Instead 

they somewhat inhibited the removal of Rh(III). Endogenous control is a standard to show 

whether exogenous electron donors boosted or impeded Rh(III) removal.  
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Figure 5-1. Rh(III) ion reduction by different electron donor at 30 °C and pH 7. Panel A, B, 
C, D, E and F correspond to electron donor H2, formate, ethanol, acetate, pyruvate and 
lactate. (●) Abiotic control, with certain electron donor; (▲) Endogenous control, 0.5 g 
VSS L-1 granular sludge with no presence of electron donor. (■) Biological reduction, 0.5 g 
VSS L-1 granular sludge and certain electron donor were provided. 
 

Figures 5-1A and 5-1B show the results when H2 and formate were provided as electron 

donors. H2 and formate caused for the most part rapid chemical reduction of Rh(III). The abiotic 

mechanism of the soluble Rh(III) reduction can be inferred from the similar high rates of 
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removal in the presence and absence of inoculum. The maximum removal rates with inoculum in 

the presence of H2 were slightly faster with inoculum, indicating a small contribution from 

presence of microorganisms. The rate was stimulated due to presence of inoculum (Figure 5-2) 

by 45% compared to abiotic control rate. However, the rates with formate were lowered by 26% 

in the presence of inoculum, indicating no improvement from adding microorganism with this 

electron donor. The results indicate the presence of inoculum may have even slightly interfered 

the abiotic reaction with formate. Thus, H2 and formate were responsible for rapid chemical 

reduction of Rh(III). However, ethanol behaved differently than H2 and formate. 

 

 

Figure 5-2. The maximum removal rate of each electron donor under inoculated and non-
inoculated (abiotic conditions). 
 

Figure 5-1C shows the results of Rh(III) with ethanol as the electron donor. The results 

indicate that, unlike the case with H2 and formate, ethanol indeed caused a truly biologically 

mediated reduction of Rh(III) with no noteworthy abiotic contribution. The rate of soluble 

Rh(III) removal in the inoculated treatment was 6.7-fold faster with ethanol than the endogenous 

rate (Figure 5-2). The biological removal rate of soluble Rh(III) was 29.4-fold faster than the 
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chemical rate in the abiotic control when ethanol was added as electron donor (Figure 5-2). The 

biological reduction rate of Rh(III) with ethanol was comparable in order of magnitude as the 

abiotic reaction with formate but was 3.5-fold less than the abiotic rate with H2 (Figure 5-2). 

Ethanol was used by microorganisms in anaerobic sludge as an electron donor to support Rh(III) 

reduction. The presence of microorganisms was critical for the reaction to take place. Several 

organic acids were also tested as electron donors. 

Acetate, pyruvate, and lactate were also tested as electron donors (Figures 5-1D, 5-1E 

and 5-1F). The results indicate that, these organic acids were not very effective as electron 

donors to support biological reduction of Rh(III). In all cases the inoculated treatments with 

organic acids provided either similar or slower rates of Rh(III) reduction than that of the 

endogenous control indicating that the electron donors were not benefiting the reduction process 

(Figure 5-2). The organic acids also did not cause any abiotic reduction (Figures 5-1D, 5-1E and 

5-1F), indicating that they also did not support abiotic reduction. The results indicate that simple 

organic acids were ineffective electron donors. Previous studies reported similar results.   

The results of this study demonstrated that H2, formate and ethanol supported either 

chemical and or biological catalyzed reduction of soluble Rh(III) concentrations. On the 

contrary, acetate, lactate and pyruvate showed no improvement. Some of these electron donors 

were found to be effective for the bio-reduction of Rh(III) in previous studies. H2 and ethanol 

were found to stimulate Rh(III) reduction by a sulfate reducing bacteria consortium [41]. H2, 

formate and ethanol were proved to be effective in Pd(II) bio-reduction with anaerobic sludge. 

On the contrary, lactate, pyruvate and acetate were not adequate to reduce Pd(II) [42-44]. Former 

studies did not distinguish what fraction of reduction is due to chemical reduction and which 

fraction is due to biological reactions. Our current study provides unique information indicating 



43 
 

that the importance of abiotic and biotic reactions in the reduction of PGM depending on 

electron donor.  We report for the first time that formate can be an effective electron donor to 

abiotically reduce Rh(III) and recognition that H2 largely cause a chemical reduction of Rh(III). 

Unlike our study, at least one previous study [40, 41] found that lactate served as e-donor for 

biological Rh(III) reduction. This distinct outcome may be due to presence of microorganisms 

converting lactate to H2 in the other study. Substrates that degrade via the acetogenic pathway in 

methanogenic consortia, produce H2 [45]. They may be implicated by biologically producing H2 

which in turn chemically reduces PGM metal ions like Rh(III). The removal of soluble Rh(III) 

can be indicative for Rh(III) reduction. However, it is necessary to confirm the formation of 

Rh(0) NPs as a product of the reduction reaction. 

 

5.2 Confirmation of Rh(III) reduction  
 

5.2.1 Visual physical changes 
 

Multiple lines of evidence were pursued to confirm the formation of Rh(0) NPs. Firstly, 

visual evidence was considered. Changes in visual physical appearance and discoloration 

occurred in the assays throughout the experimental period that can be taken as circumstantial 

evidence of Rh(0) NPs formation. When H2 and formate were used in both abiotic and biotic 

assays, black precipitates or a back colloidal suspension was observed in the media. In bioassay 

which ethanol was spiked, the granular sludge changed from light-brown color to dark-brown 

color and was covered by black nanoparticles. However, in the contrast with these electron 

donors, there was no sign of sludge color changes or formation of black NPs when acetate, 

lactate or pyruvate was used as electron donor or in the endogenous control without added 
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electron donor. The media color in these cases turned from light brown into transparent. 

Discoloration formation of nanoparticles suspensions are a potential sign of Rh(III) reduction 

and formation of Rh(0) NPs. Stronger evidence of Rh(0) can be provided by XRD.  

 

5.2.2 XRD results evidence 
 

Figure 5-3 shows the signal from the precipitates which were collected respectively from 

the microbial reduction with ethanol, H2 and an endogenous control. The marked peaks represent 

the formation of Rh(0). The results indicate that, Rh(III) was reduced and formed Rh(0) NPs 

when H2 or ethanol was added as electron donor in the presence of inoculum. The XRD results 

showed two clear peaks responsible for the formation of Rh(0) in treatments with added H2 or 

ethanol. In contrast, there was no sign for Rh(0) formation in the endogenous control. This result 

proved the formation of Rh(0) NPs from Rh(III) when exposed to an electron donor, indicating 

the crucial role of electron donor for to Rh(III) reduction. Furthermore, Rh(III) reduction can be 

excluded as a mechanism responsible for Rh(III) removal in the endogenous control. TEM can 

be also used to gather evidence of nanoparticle formation. 
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Figure 5-3. Comparison of XRD patterns corresponding to experiment supplemented with 
no electron donor (1), H2 (2) and ethanol (3). Marked peaks are responsible for exists of 
Rh(0) NPs. 
 

5.2.3 TEM results evidence 
 

Figure 5-4 shows the TEM pictures of samples taken from experiment with ethanol (A, 

B) and formate (C, D, E) respectively as electron donors. These pictures show the formation of 

NPs in each case after the reduction of Rh(III). The dark black clusters around the cell showed in 

panel B were the formed NPs when ethanol was provided. The dark black dots around and inside 

the cell showed in panel D and E were the formed NPs when formate was added.  These pictures 

confirmed the formation of Rh(0) NPs. The electron donor may also influence how and where 

Rh(0) are deposited. 
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Figure 5-4. TEM image showing the formation of extracellular and intracellular Rh(0) NPs 
produced by the anaerobic granules using Rh(III) as the initial source of Rh with ethanol 
or formate as exogenous source of electrons. A and B, Rh(0) NPs formed extracellularly 
and intracellularly when the bioassays were amended with ethanol as electron donor. C, D 
and E, Rh(0) NPs formed when the bioassays were amended formate as electron donor. E 
shows the same cell as D with a 400 tilt. 
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5.3 Localization and morphology of reduced nanoparticles 

The visual physical changes during the experiments not only confirmed the formation of 

Rh(0) NPs, but also showed formation of NPs can be different due to the electron donors.  The 

electron donor had a great impact on the localization of Rh deposition. Formate led to a more 

suspended colloidal nanoparticle production in the media. With ethanol, NPs were formed and 

deposited on the sludge, and the media became transparent. These observations suggested that, 

the distribution of formed Rh(0) NPs can be changed due to the type of electron donor supplied. 

To confirm this hypothesis, samples from Rh(III) bio-reduction with ethanol and formate were 

taken at the end of the experiment. The amount of Rh(0) attached on the sludge can be 

determined by equations 1 and 2; 

 

           (1) 

          (2) 

 

Where MC stands for the amount of Rh associated with the cell and MS0 is the mass of 

Rh(0) suspended in the media. The total amount of Rh(III) added in the beginning of experiment 

is MT. MS is the amount of Rh(0)and Rh(III) suspended or dissolved in the media. MF stands for 

the amount of Rh(III) left in the media. MT, MS and MF were measured in ICP, and samples for 

MF were filtered with 25 nm filter. 

Table 5-1 shows the mass distribution of Rh(0) NPs formed. The results indicate that, the 

mass distribution of Rh(0) is different when ethanol and formate were provided. 13.9% of total 

Rh was found as Rh(0) NPs suspended in the media when ethanol was provided. In the contrast, 

formate led to 44.6% of total Rh suspended as Rh(0) NPs  in the media. The reason for this 
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phenomenon probably due to: 1) the mechanism of Rh bio-reduction is different when each 

electron donor was supplied; or 2) the surface properties of these formed Rh(0) particles are 

suspected to be distinct. The evidence indicates that the choice of electron donor can control the 

localization where Rh(0) NPs form. To have a better understanding of how microbes involved in 

Rh(III) reduction, results from TEM test is more straightforward.  

 

Table 5-1. Mass distribution of formed Rh(0) NPs. 
 

Electron donors MT 
(mg) 

MS 
(mg) 

MF 
(mg) 

MC 
(mg) 

MS0 
(mg) 

Ethanol 2.210 0.745 0.437 1.465 0.308 

Formate 2.176 1.507 0.537 0.669 0.970 

 
 

Figure 5-4 shows the formation of extracellular and intracellular Rh(0) NPs produced by 

anaerobic granular sludge with ethanol or formate as exogenous electron donor.  The results 

indicate that, the localization and morphology of formed Rh(0) NPs are different depending on e-

donor chosen, ethanol or formate. From Figures 5- 4A and 5-4B we can see that, when ethanol 

was added, the Rh(0) nanoparticles were formed near the cell and most of them accumulated as 

big clusters(diameter range from 50 nm  to 500 nm). In the contrast with ethanol, when formate 

was used as the electron donor, Rh(0) NPs(diameter range from 4 nm to 20 nm) were more 

dispersed and were formed near or inside of the cell as shown in Figures 5-4C, 5-4D and 5-4E. 

To confirm the formed Rh(0) NPs were inside the cell, we compared the same cell from Figure 

5-4D by tilting 40° to get Figure 5-4E. Even with the rotation, the NPs remained in the same 

position in both images indicating Rh(0) NPs were localized inside of the cell. The results above 
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prove electron donor type, influences the distribution and morphology of Rh(0) NPs. A variety of 

bacteria appear to have the capacity to form Rh(0) NPs.  In some cases the Rh(0) NPs formed 

inside of the cells, but in other cases Rh(0)  formed outside of the cells, irrespective which 

electron donor was supplied. Though there is no report of Rh exhibiting this phenomenon, 

former studies with Pd can provide a clue to explain this. 

Same phenomenon was observed with Pd reduction. A former study pointed out that, the 

spatial distribution of Bio-Pd in bacteria greatly depended on microbial species [46]. Gram-

negative bacteria tended to form Bio-Pd in the periplasmic space and the cytoplasm. However, 

Bio-Pd was formed in the periplasmic space, on the cell wall or in the growth media when 

associated with the gram-positive bacteria. A thinner peptidoglycan layer of gram-negative 

bacteria was claimed to be the reason that, makes the transport for Pd(II) to the cytoplasm much 

easier and more likely to form Bio-Pd inside of the cell. Another study claimed that, although 

some microbes could not form Bio-Pd inside the cell body, they did produce Bio-Pd in the 

surrounding medium possibly due to the secretion extracellular polymeric substances (EPS) [47]. 

Furthermore, in another study the formed Pd NPs were exported out of the cell and then attached 

to the cell surface to block the re-entering of the metal in the periplasm, and acting as a catalyst 

for further reduction [37]. This process is in order to prevent the DNA lesions and inhibition of 

bacteria such as E. coli and Pseudomonas sp growth which caused by PGMs. However, a direct 

redox reaction between Rh(III) and electron donor as H2 and formate could also be a reason 

contribute to the formation of NPs outside of the cell. In this case, microbes would just provide a 

good nucleation site for Rh(0) NPs formation as in Figure 5-4B. Type of microorganism and 

electron donor may contribute to where and how microbes become involved with Rh(0) NPs 

formation.  



50 
 

5.4 Impact from different concentration of H2 

Experiments were conducted to elucidate how concentrations of H2 as electron donor 

would impact the Rh reduction process. Different levels of initial concentration of H2 from 1.2% 

to 12.4% of headspace were provided in the absence of microorganism. The results are shown in 

Figures 5-5 and 5-6. The figures indicate increasing H2 concentrations shortened the lag phase to 

the onset of Rh reduction. It can be observed in Figure 5-6 that the lag phase time for Rh(III) 

reduction decreased from 60 min to 0 min with increasing initial concentration of H2 from 1.2% 

to 12.4%. Furthermore, the different curves in Figure 5-5 are almost parallel after reduction 

began. All dosages of H2 supported 85% reduction of soluble Rh(III) in 10 hours.  In each case, 

black NPs were formed. The concentrations of soluble Rh(III) at the end of the reduction process 

were almost identical (approximately 2.5 ppm). The results above suggest that by increasing H2 

concentration, the lag phase can be reduced but there is no increase in the maximum reaction 

rate. The reduced lag phase is the main reason causes of a decrease in reaction period. The 

Rh(III) concentration can also potentially impact the reduction process. 
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Figure 5-5. Rh(III) ion reduction by different concentration of H2 at 30 °C and pH 7. 

 

 
Figure 5-6. Lag phase time when different initial concentration of H2 is provided. 
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5.5 Impact of Rh(III) concentration 

To investigate how Rh(III) concentration impacts the reduction process, various initial 

concentrations of Rh(III) without or with microorganism were dosed into media with either 2.2% 

of H2 or 3.6 mmol L-1 ethanol. The results are presented in Figures 5-7, 5-8 and 5-9. The 

maximum reaction rate increased with increasing concentrations of Rh(IIII). When Rh(III) 

concentration increased from 10 ppm to 90 ppm, the maximum reaction rate increased from 

0.0210 ppm min-1 to 0.2717 ppm min-1 in the case with H2 and from 0.0006 ppm min-1
 to 0.1897 

ppm min-1
 when ethanol was provided. The maximum reaction rate of both the chemical 

reduction with H2 and the bio-reduction with ethanol showed a linear relationship with the initial 

concentration of Rh(III), with R2 values of 0.93 and 0.99, respectively. The time course of 

Rh(III) concentration shows a typical first-order kinetic pattern, an exponential deceleration 

occurred as more substrate was consumed. The evidences indicated that, chemical reduction of 

Rh(III) with H2 and biological reduction of Rh(III) with ethanol both obey first-order kinetics. 

The only difference between these two type of reductions is that a Rh(III) concentration higher 

than 20 ppm is required to trigger the reaction to occur in bio-reduction with ethanol. This 

phenomenon probably is related to the incomplete Rh(III) reduction in each experiment.  
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Figure 5-7. Abiotic reduction of Rh(III) with 2.2% of H2 at different initial Rh(III) 

concentration. 

 
Figure 5-8. Biotic reduction of Rh(III) with 3.6 mmol L-1 of ethanol and different initial 

Rh(III) concentrations. 
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Figure 5-9. Maximum reduction rate with different initial concentration of Rh(III). (■) 

Abiotic reduction with 2.2% of H2. (▲) Biotic reduction with 3.6 mmol L-1 of ethanol. 

 
 

5.6 Study on limiting factor in Rh(III) reduction 

Upon reviewing the time course experiments (e.g. Figures 5-1, 5-5, 5-7 and 5-8), a 

cessation in the removal of aqueous Rh(III) is noticeable. This phenomenon indicates that the 

reduction of Rh(III) stopped before all the soluble  Rh(III) was reduced. The same phenomenon 

was reported in previous studies [40, 41]. Despite this obvious trend, no significant discussion 

has taken place to account for the premature cessation of Rh(III) reduction. We have obtained 

experimental evidence demonstrating that the incomplete reduction is not due to a lack of 

electron donor. In experiments with H2, there was always measurable H2 remaining when the 

Rh(III) reduction ceased.  The amount of H2 provided in these experiments is above 2% of the 

headspace which is more than 6-fold of the amount of H2 required to reduce all the Rh(III) 
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provided (stoichiometry based on equation (3). 

   (3) 

In each experiment, the concentration of H2 left in the end of experiment was measured 

by GC. The amount of H2 left was always sufficient to reduce all the Rh(III) left. In Figure 5-5, 

10.6% of H2 was left in the end of experiment with 2.3 mg L-1 of Rh(III). The concentration of 

H2 can cause reduction of 644 mg L-1 of Rh(III). Furthermore, the results in Figure 5-5 shows 

that, almost same amount of Rh(III) has been reduced, regardless of the initial H2 concentration 

levels. Experiments were also conducted to study the biological reduction of Rh(III) with 

ethanol. In these experiments, a similar phenomenon was also found. The amount of ethanol 

provided in each experiment was 8.28 mg, which could theoretically provide about 25 fold the 

H2 that required to reduce all the Rh(III) in the assay (the stoichiometry is based on equations 3 

and  4). To confirm the amount of ethanol is enough, the Rh(III) concentration was re-spiked to 

20 ppm at 30 hours (Figure 5-10). If the limitation of Rh reduction is caused by an inadequacy of 

electron donor, there would be no further decrease in Rh (III) concentration in Figure 5-10. 

However, the re-spiking of Rh(III) resulted in Rh(III) reduction at the same rate that was 

observed with the initial dose of Rh(III). Thus the reduction rate could be restored by spiking in 

new Rh(III). For formate, the mass of formate used in this study is 73.45 mg, which has same 

amount of Chemical Oxygen Demand (COD) as the amount of ethanol, which was provided in 

this study. Therefore, the cessation in Rh(III) reduction cannot be accounted for by insufficient 

electron donor supply. There should thus be another reason to account for the incomplete 

reductions. 
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Figure 5-10. Time course of Rh(III) concentration with a re-spike of Rh(III) at 30 hour. 

 
 

The Rh(III) reduction reaction is a thermodynamically favorable reaction. As explained 

before, when H2 was used as electron donor, incomplete reduction occurred. The standard 

reduction potentials for the half reactions implicated are listed below. Standard free energy for 

equation  3,  ∆G0 at pH=7 is calculated to be -522.56 KJ implying that, this incomplete reduction 

was not caused by thermodynamically unfavorable conditions. However, a 100% Rh(III) 

reduction with Zn powder was reported [48]. The reaction between Zn(0) and Rh(III) may have 

overcome a kinetic limitation.  

 

RhCl6
3-/Rh = +0.5 V, Rh3+/Rh = +0.76 V, H+/H2 = 0 V, CO2/formate = -0.42 V, Zn2+/Zn = 

−0.762 V [49-51]. 
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Rh(III) complexes hydrolyze easily in both aqueous solution and acidic media as a result 

of their tendency to exchange a Cl- ligand for an H2O ligand [52]. Furthermore, it was reported 

that, when Rh(III) and chloride concentration was higher, [RhCl6-n (H2O)n]n-3 (where; n is 1 or 

2), have been identified as the predominant Rh species.  As the reduction goes on, these anionic 

Rh species became limited resulting in a slower rate of removal of Rh from solution [41]. Since 

Rh is used widely in industry, the former studies in Rh(III) speciation are more abundant under 

conditions in which pH is lower than 3. Information for Rh(III) complex at neutral pH is limited. 

The formation of a more complicated Rh(III) complex may contribute to the cessation of Rh(III) 

reduction. Thus, the information we have now suggests that the incomplete reduction of Rh(III) 

is not caused by an energy barrel. Instead, Rh(III) complexes may contribute to the cessation of 

Rh(III) reduction, though there is no concrete evidence of this at present. 

 

5.7 Inhibition of anaerobic granular sludge methanogenic activity by 

Rh(III) 

The inhibition of anaerobic granular sludge methanogenic activity was tested by adding 

different concentrations of Rh(III) to bio-assays. The results in Figure. 5-11 and 5-12 indicate 

that, anaerobic sludge is considerably inhibited by Rh(III).  Figure. 5-12 shows that, the 50% 

inhibition concentration (IC50) was about 15 ppm, and a 75% inhibition was evident at 25 ppm. 

To the best of our knowledge, this is the first report of methanogenic toxicity due to Rh(III). 

Nonetheless, the toxicity of Pd(II) has been reported [44, 53]. Pd(II) had a stronger inhibitory 

impact on methanogenic activity. Near complete methanogenic inhibition (96%) occurred in 

culture exposed to 25 ppm Pd(II). Though Rh(III) was less toxic than Pd(II), Rh(III) was still an 

important inhibitor of methanogenic activity of anaerobic sludge. 
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Figure 5-11. Time course of methane concentration in percentage in the presence of 

different Rh(III) concentration. 

 
Figure 5-12. Inhibition of the methanogenic activity of anaerobic sludge as a function of the 

Rh(III) concentration. 
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5.8 Mechanisms of Rh(III) reduction 

5.8.1 Mechanisms of Pd(II) reduction 
 

Mechanism behind Rh(III) bio-reduction have not yet been studied. However, insights 

can be inferred from studies with palladium to help shape theories of PGM bio-reduction. 

Generally, Pd bio-recovery involves not only absorbtion but also reduction of Pd(II) to Pd(0). 

The biorecovery process exposes microorganisms to Pd(II) and a suitable reductant, such as H2 

or formic acid. Then the process is believed to occur in three concomitant steps: (1) Pd(II) 

sorption to the cell, (2) Pd(0) nucleation, and (3) autocatalytic reduction of Pd(II) on the surface 

of the already formed Pd(0) nuclei [33]. In early studies, the importance of microbial activity 

was exaggerated. Enzymes such as hydrogenase [42] and formate dehydrogenase [54] were 

considered crucial for palladium reduction. However, later studies confirmed that, metabolic 

activity of microbes is not an imperative factor for Pd biorecovery [55]. Furthermore, a recently 

study suggests that, the contribution from microbes can be due to providing functional group 

such as amine group for complexation of Pd(II) ions and nucleation sites for Pd(0) particles [56]. 

After decades, the mechanism behind Pd reduction is becoming clearer than before and the role 

of microorganism is considered not as critical as before. Thus, it is important to elucidate 

mechanistically how microorganism contributes to the reduction processes. Since Rh and Pd are 

in the same platinum group, mechanisms developed for Pd reduction may provide clues for Rh 

reduction. 
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5.8.2 Mechanisms of Rh(III) reduction 
 

Microbial activity was claimed to be responsible for the Rh reduction with H2, ethanol 

and lactate [40, 41]. However, our study indicated that, like Pd, most electron donors (H2 and 

formate) caused significant chemical reduction of Rh(III). As discussed before, Rh(III) reduction 

with H2 was mostly a chemical reduction. The low improvement realized by inoculating 

microorganisms providing nucleation sites. In the case of  Pd reduction, with increasing the 

microorganism density, the Pd(II) reduction rate with H2 increased [43]. Previous studies also 

demonstrated that, cells and autoclaved cells, can promote the efficiency of Pd(II) reductrion 

through a non-enzymatic mechanism by providing nucleation sites and that nucleation is 

facilitated by Pd(II) interaction with organic  functional groups on the cell surface [55, 57]. To 

the best of our knowledge, our study is the first one reported Rh reduction with formate at 

ambient conditions.  Similar as H2, reduction of Rh when formate was provided may be mainly 

caused by chemical reduction. The results in Fig 5-1B shows that, the reduction of Rh(III) in 

abiotic control and bioassay both underwent a quick decline, but then, the abiotic control ceased 

while bioassay was carrying on a slow removal. This subsequent removal was slower than the 

endogenous control. Thus, the benefit from microorganism is negligible. It is highly possible 

that, the reductions of Rh(III) observed with formate and H2 are mainly due to a pure chemical 

reaction, the activity of microbes does not contribute to it too much. Same opinions were 

reported on Pd(II) reduction with H2 and formate [44, 55, 58]. However, ethanol behaves 

different from H2 and formate. 

The presence of microbes is critical when ethanol was used as electron donor to reduce 

Rh(III). However, the way microorganism involved in Rh(III) reduction with ethanol may be 
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caused by generating H2. Bio-reduction of Pd(II) with ethanol was reported [44]. In this study, 

they claimed that, Pd(II) reduction was most likely mediated by H2 formed from ethanol by 

acetogens through reaction in equation (4) [59]. Similar approach used fermentative bacteria to 

form bio-H2 was reported before [60, 61]. These bacteria were cultivated under fermentative 

conditions in an anaerobic minimal medium in which glucose was supplied as a carbon source 

before Pd(II) was added. This fermentatively produced bio-H2 can subsequently be used as a 

reductant for Pd(II) reduction. The mechanism discussed with Pd(II) bio-reduction is likely 

applicable to Rh(III)  reduction. The H2 generated by microorganism through ethanol 

acetogenesis may have reduced Rh(III). The only difference is, the rate of Rh(III) reduction with 

H2 is much faster than with ethanol, though the amount of H2 provided is 4.2-fold less than the 

amount of H2 formed from ethanol. However, this probably due to that the system which ethanol 

was provided produces and consumes H2 in the same time, the H2 concentration at steady state in 

this system is much lower than the system H2 was added directly. 

 

CH3CH2OH + H2O → CH3COO− + H+ + 2H2 (4) 

 

From the discussion above, we can draw a conclusion that, how microbial affect Rh(III) 

reduction depends significantly on which electron donor was provided and the mechanism of 

each reduction can be different. Although chemical reaction was claimed as the main reason for 

Rh reduction in these cases, from the TEM images, some kinds of bacteria were indeed involved 

in Rh(III) reduction or nucleation. Also the results we obtained in this study is based on one kind 

of anaerobic sludge, the study with other pure culture or complex of sludge may lead to other 

mechanisms of Rh(III) reduction. 
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6- CONCLUSIONS 
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6- Conclusion 
 

• Anaerobic granular sludge from full scale UASB is capable to reduce Rh(III) in the 

presence of electron donors such as H2, formate and ethanol. 

• H2, formate and ethanol are effective electron donors to reduce Rh(III) while lactate, 

pyruvate and acetate are not. 

• By comparing abiotic and biotic Rh(III) reduction. The reduction of Rh(III) with H2 and 

formate are primarily chemical reaction. The contribution from microorganisms is 

negligible. 

• The type of electron donor has an impact on the localization and morphology of formed 

Rh(0) NPs. Formate lead to form more suspended Rh(0) NPs. However, more Rh(0) NPs 

formed right on the microorganism when ethanol was provided. 

• By increasing H2 concentration, the lag phase of Rh(III) reduction can be decreased. 

• Chemical reduction of Rh(III) with H2 and biological reduction of Rh(III) with ethanol 

obey first-order kinetics. 

• The cause of cessation of Rh(III) reduction is still not clear and further studies need to be 

carried out in the future. However, thermodynamic should not be the problem. 

• Rh(III) is a strong inhibitor of methanogenic activity of anaerobic sludge. 

• The presence of microorganism is crucial when ethanol was provided as electron donor. 

However, the main cause of Rh(III) reduction probably due to the chemical reaction with 

H2 which released by ethanol digestion of microorganism.      
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