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Abstract: Biological production of hydrogen has been investigated over the past 30 years with the ultimate goal of providing a clean, carbon-neutral fuel. However, based on an extensive literature search and the recommendations of several recent DOE- and DOD-sponsored expert review panels it is obvious that an important element of this research has been largely overlooked - the physiology and diversity of naturally occurring, H2-producing bacteria. The main objective of this project is to develop a technique to extensively screen nitrogen fixing bacteria isolated from unique environments suspected of H2 production. In the present work, a fairly new detection method is examined (Katsuda et al. 2006), in which a H2 color indicator was prepared. This color indicator consists of Wilkinson’s catalyst and several redox sensitive dyes: methylene blue, crystal violet, neutral red, and methyl orange. Tris rhodium chloride, commonly known as Wilkinson’s catalyst was sulfonated to make it water soluble and was subsequently added to vials containing growth media and one redox dye. H2 (100%, 20%, 5%, 2%, 1%, and 0.5%) was added to each vial, while negative controls were flushed with argon, and incubated 18 h at room temperature. A change of color was observed in all test solutions containing 5-100% H2 compared to the negative controls. Methyl orange appears to be most sensitive to hydrogen gas, since its visual change of color was detected even with 1% H2. In addition, spectrophotometric scans (visible spectrum) of each dye/H2 combination were conducted. Currently, we are adapting the method as a high-throughput technique to screen bacterial H2 production in 96-well plates.
1. Introduction
The worldwide energy demand continues to increase, which may poteniatially cause very limited fossil fuel availability following energy crisis in the next 50 years. In this respect, researches have been investigating an alternative future energy source. 
Molecular hydrogen is currently regarded as one of the potential future energy sources considering its numerous advantages, such as environmentally clean, efficient and renewable. Therefore, research and development regarding hydrogen production has increased considerably in recent years (Kapdan 2006). Biological hydrogen production is a viable alternative, and it receives a lot of interest due to several advantages over hydrogen production by photoelectrochemical processes. Hydrogen gas may be produced in a variety of ways: using cellular machinery of nitrogen fixation, through fermentation of biomass, through iron metabolism in photosynthesis and by metabolizing carbon storage compounds (Buckley and Wall 2006).  Research needs with respect to biohydrogen
 production include developing new methods to screen  potentially suitable microorganisms
 for H2 
production. 


This present study examines a fairly new detection method (Katsuda et al. 2006) for hydrogen production using nitrogen-fixing microorganisms. Nitrogen fixation is carried out by a diverse group of bacteria, yet their hydrogen-producing capabilities need to be further explored. Nitrogenase is the key enzyme that catalyzes hydrogen gas production by photosynthetic bacteria (Kapdan et al. 2005). The activity of the enzyme is inhibited by oxygen and ammonia (Salerno et al.2006). In the presence of nitrogen, nitrogenase will catalyze production of hydrogen and ammonia, and in the absence of nitrogen it will form hydrogen exclusively in the process that requires a lot of ATP energy (Buckley and Wall 2006). Therefore, research regarding improving appropriate nutritional condition to maximize hydrogen production by microorganisms is currently needed.
In this work, we present a visual hydrogen detection method through catalytic hydrogenation of
several selected coloring agents in the presence of a sulfonated catalyst.

This study provides a preliminary approach to extensively screen H2 producing microorganisms.
2. Materials and Methods
Hydrogen detectable color indicators were prepared, including water soluble Wilkinson’s catalyst and several coloring agents. Tris rhodium chloride (Wilkinson’s catalyst) was previously sulfonated in order to make it soluble in aqueous solutions.  The catalyst and 20% fuming sulfuric acid was tightly sealed in a 10ml flask and kept for 8 hours stirring under 45C. The reaction mixture was neutralized with 50% sodium hydroxide. Sodium sulfate formed as a neutralization by-product was removed from the solution by filtration using Millepore glass filters. Afterwards, the dark red solution was freeze-dried and extracted with methanol, since the solid still contained small amounts of sodium sulfate previously formed. Evaporation of the dark red solution was performed and a dark red powder was obtained. Sulfonated Wilkinson’s catalyst is currently stored under nitrogen atmosphere (4C). A Diagram of the synthesis of Wilkinson’s catalyst is presented in Fig.1. (Katsuda et al. 1996).
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Fig1.1 Synthesis of Tris rhodium chloride, commonly known as Wilkinson’s catalyst (Katsuda et al. 1996).
In order to prepare visual hydrogen detectable indicators several coloring agents were selected and tested in aqueous solutions: methyl orange (0.1mM), orange II (0.1mM) neutral red (0.05mM), methylene blue (0.025mM), crystal violet (0.025mM), nile blue(0.01mM). The catalytic hydrogenation was performed in rubber-capped vials containing liquid medium (7ml), a sulfonate of the catalyst and each coloring agent at the concentrations listed above. Each vial was sparged with 100% hydrogen gas for 2 minutes and kept under room temperature for 18 hours. A negative control was prepared, where each vial was spurged with 100% argon for 2 minutes and kept under room temperature as well (18 h).
Additionally, several test solutions where prepared with the liquid medium and the dye, but the Wilkinson’s catalyst was omitted. Each solution was also flushed with 100% hydrogen gas for 2 minutes.
 In order to obtain more data on the dyes sensitivity to hydrogen, the catalytic hydrogenation was examined under different H2 
concentrations (100%, 20%, 10%, 5%, 2%, 1%, and 0.5%). Negative controls were flushed with 100% argon. 

Spectrophotometric scans of each dye/H2 combination were also investigated to detect changes not suitable for visual screening method (Shimadzu UV-2401PC spectrophotometer).
3. Results
3.1. The catalytic hydrogenation of selected dyes under 100% hydrogen gas.


Visual decolorization of each  redox dye tested (methyl orange, orange II, neutral red, methylene blue, crystal violet, nile blue) was detected in test solutions supplemented with the catalyst and flashed with 100% hydrogen (Fig.2.). Negative control, in which 100% argon gas was used did not show any change of color (Fig.2.). Concentrations of selected coloring agents are presented in Table 1.
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Fig.2. Catalytic hydrogenation in test solutions (5 ml working volume) supplemented with the Wilkinson’s catalyst (0.6mM) and selected dyes: A-methyl orange, B-Orange II, C-Neutral Red, D-methylene blue, E crystal violet, F Nile Blue. Left vial-hydrogenated,  Right -negative control.
	 
	 
	 
	100% Ar
	100% H2 

	Redox Dyes
	Concentration
	color (0h)
	color(18h)
	color(18h)

	Methyl Orange
	0.1mM
	orange (dark)
	orange
	brown

	Orange II
	0.1mM
	orange
	orange
	brown

	Neutral red
	0.05 mM 
	red
	red
	brown

	Methylene blue
	0.025 mM 
	green
	green
	brown

	Crystal violet
	0.025 mM 
	violet
	violet
	brown

	Nile Blu
	0.01 mM 
	yellow
	yellow
	brown


Tb.1. Redox dye concentrations and their color under 100% Ar, and 100% H2.

3.2. Catalytic hydrogenation of several dyes under lower dyes concentrations (Tb.2) and H2 as follows: 100%, 20%, 5%, 2%, 1% and 0.5%.

Decreased redox dye concentrations resulted in visual decolorization of each test solution detected within one day under 20% hydrogen gas (Table2). Hydro-genation of several coloring agents was observed under 5% H2: methyl orange, orange II, crystal violet, catalyst itself (no dye). Based upon the data we obtained methyl orange seems to be most sensitive to hydrogen gas, since its visual change of color was detected even under 1% hydrogen (Tb.2, Fig.3).
	 
	 
	 
	100% Ar
	100% H2 

	Redox Dyes
	Concentration
	color (0h)
	color(18h)
	color(18h)

	Methyl Orange
	0.06mM
	light orange
	light orange
	brown

	Orange II
	0.05mM
	light orange
	light orange
	brown

	Neutral red
	0.015mM
	light orange
	light orange
	brown

	Methylene blue
	0.005mM
	light green
	light green
	brown

	Crystal violet
	0.005mM
	light violet
	light violet
	brown


Tb.2. Redox dye concentrations and their color under 100% Ar  and 100% H2
Based on the data we obtained, decolorization of selected dyes (5 ml working volume as well) was not observed in the absence of the sulfonated Wilkinson’s catalyst (data not shown).

	Visual hydrogenation of redox dyes
	Methyl Orange
	Orange II
	Neutral red
	Methylene blue
	Crystal violet
	Catalyst

(no dye)

	100% H2 
	+
	+
	+
	+
	+
	+

	20% H2 
	+
	+
	+
	+
	+
	+

	5% H2 
	+
	+
	-
	-
	+
	+

	2% H2 
	+
	-
	-
	-
	+
	-

	1% H2 
	+
	-
	-
	-
	-
	-

	0.5% H2 
	+
	-
	-
	-
	-
	-


Table 2.  Visual decolorization observed in test solutions under different hydrogen concentrations.
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 Fig.3. Hydrogenation of methyl orange and crystal violet under hydrogen concentrations as follows: 100%, 20%, 5%, 2%, 1%, and 0.5% H2 (left to right).Negative control 100% Ar(right)
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Additional test solution with sulfonated Tris rhodium chloride in the absence of a dye reveled visual decolorization of the catalyst itself under5%H2(Fig.4).

Fig.4. Hydrogenation the catalyst under H2 concentrations as follows: 100%, 20%, 5%, 2%, 1%, and 0.5% H2.
3.3. Spectrophotometer readings of several hydrogenated coloring agents under different H2 concentrations (Fig.6). 
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Fig.6 Spectrophotometric reading of  hydrogenated redox dye solutions under different H2 concentrations. A-methyl orange, B-orange II, C-neutral red, D-methylene blue, E- crystal violet, F- victoria blue.
From the data we obtained, catalytic hydrogenation can also be monitored spectrophotometrically. We have observed that the spectra of coloring agents change through hydrogenation, and that they also differ under selected H2 concentrations. Spectrophotometric readings of selected dyes under different H2 concentrations are presented in Fig.6. Based upon our results, the highest absorbance reading for each redox dye solution occurred under H2 concentrations as follows: 100%, 20% and 5%. Additionally, we recorded that the absorbance reading increased over period of time (after 3 days) for each hydrogenated redox dye solution (data not presented).

4. Discussion 
Decolorization of selected coloring agents has been examined in the presence of sulfonated Wilkinson’s catalyst. Our results suggest that the sulfonation of insoluble tris rhodium chloride was successful since its dark red powder easily dissolved in aqueous solutions afterwards. Additionally, decolorization of selected redox dye/ H2 combination was not observed withought the catalyst, thus indicating that the sulfonated catalyst is active in aqueous solutions.

It is important to note that hydrogenation of a component requires highly active catalysts that bind H2 and an unsaturated substrate (Walling et al. 1964). This supports our research, since hydrogenation of the coloring agents was not detected in the absence of the sulfonated catalyst. Therefore, to prepare a hydrogen color indicator, the presence of the Wilkinson’s catalyst is necessary for the reaction between H2 and redox dyes.
In this study, the visual decolorization observed in test solutions under H2 in a headspace can undoubtly be linked to catalytic hydrogenation of coloring agents in the presence of the Wilkinson’s catalyst. Several coloring agents were tested with an ultimate goal of selecting the most suitable hydrogen color indicator for future detection of H2 evolved from nitrogen-fixing microorganisms. From the data we obtained, methyl orange seems to be most sensitive to H2 since its visual change was observed under 0.5% hydrogen gas. 

Additionally, the results of spectrophotometric readings revealed that the spectrum of coloring agents changes through hydrogenation.  The maximum absorption of hydrogenated coloring agents corresponds to their degree of decolorization under selected H2 concentrations. Therefore, the highest absorption reading observed in each test solution correlates with the highest gas concentration. The spectrophotometric changes detected in hydrogenated test solutions may play an important role in detecting changes not suitable for human eye.

Future study will focus on screening nitrogen fixing microorganisms for hydrogen production using visual detection method.
5. Conclusions

This study provides important data regarding hydrogenation of test solutions supplemented with the catalyst and several redox dyes. The presence of the catalyst is necessary to prepare hydrogen color indicator. Catalytic hydrogenation can be monitored using spectrophotometric changes. Methyl orange seems to be most suitable coloring agent to detect decolorization of hydrogenated solution, and therefore will be used for visual detection method of biohydrogen production. The future study will provide more insight regarding detecting hydrogen produced by nitrogen fixing microorganisms using the visual detection method.
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