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ABSTRACT 

With a surge in future demand for hydrogen as a renewable fuel, the specific aim of this 

study was to develop a novel strategy in photosynthetic hydrogen production from green 

algae, which is one of the cleanest processes among existing hydrogen-production 

methodologies currently being explored. The novel strategy designed was a spectral-

selective PSI-activation/PSII-deactivation protocol that would work to maintain a steady 

flow of electrons in the electron transport system in the light-dependent part of 

photosynthesis for delivery of electrons to hydrogenase for photo-hydrogen production. 

The strategy would work to activate PSI to assist in driving the electron flow, while 

partially deactivating PSII to a degree that it would still supply electrons, but would limit 

its photosynthetic oxygen production below the respiratory oxygen consumption so that 

an anoxic condition would be maintained as required by hydrogenase. This study 

successfully showed that the implementation of the spectral-selective PSI-

activation/PSII-deactivation strategy resulted in actual and relatively sustained photo-

hydrogen production in Chlamydomonas reinhardtii cells, which had been dark-adapted 

for three hours immediately prior to exposure to a PSI-spectral selective radiation, which 

had a spectral peak at 692 nm, covering a narrow waveband of 681-701 nm, and was 

applied at 15 W m-2. The optimal condition for the PSI-spectral-selective radiation (692 

nm) corresponded with low cell density of 20 mg chlorophyll L-1 (“chl” henceforth) with 

cells grown at 25⁰C. At this condition, the PSI-spectral-selective radiation induced the 

maximal initial hydrogen production rate of 0.055 mL H2 mg-1 chl h-1 which statistically 

the same as that achieved under white light of 0.044 mL H2 mg-1 chl h-1, a maximal total 
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hydrogen production of 0.108 mL H2 mg-1 chl which significantly exceeded that under 

white light of 0.066 mL H2 mg-1 chl, and a maximal gross radiant energy conversion 

efficiency for hydrogen production of 0.515 µL H2 mg-1 chl L-1 that statistically matched 

that under white light of 0.395 µL H2 mg-1 chl L-1. The study also successfully 

demonstrated the reversibility feature of the novel strategy, allowing for the cells to 

alternately engage in photo-hydrogen production and to recover by simply switching on 

or off the PSI-spectral-selective radiation. 
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1. INTRODUCTION 

Hydrogen (H2) is well known to have significant advantages when used in conventional 

internal combustion engines including: (1) negligible emissions of toxic compounds such 

as carbon monoxide, oxides of sulfur, organic acids, and carbon dioxide; (2) an energy 

content that is 2.75 times that of gasoline at the same mass; (3) desirable engineering 

properties, such as wide flammability limits and high flame speed which improve engine 

efficiency; and (4) high tolerance to low temperature by staying in gaseous phase at 

temperatures as low as  -253⁰C (Dinga, 1988). Further, hydrogen fuel-cell technologies, 

specifically solid oxide fuel cells whose efficiency can reach up to 70%, have been 

intensively investigated and are now widely used in various applications (Stanbouli and 

Traverssa, 2002). 

 

Approximately 42 million metric tons of hydrogen per year is currently consumed 

worldwide, mostly for ammonia production and petroleum refining, while 9 million 

metric tons of hydrogen per year are consumed in the United States (U.S.). Projections 

indicate that approximately 64 million metric tons of hydrogen will be needed for 300 

million hydrogen-fuel-cell-powered vehicles by 2040 (DOE, 2006). Furthermore, with 

the assumption that hydrogen-fuel-cell-powered vehicles will be entering the U.S. light-

duty-vehicle market by 2015 to compete against conventional and hybrid electric vehicles, 

it is estimated that 8.16 million metric tons of hydrogen, approximately equal to the 

current U.S. hydrogen production, will be needed by 2027. This amount, however, 

represents only a small fraction of the approximately 100 million metric tons of hydrogen 
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required for the full replacement of gasoline light-duty vehicles by 2050 (National 

Academy of Science, 2004). Considering that there had been at least 77 first-generation 

hydrogen fuel-cell vehicles and 14 fueling stations in service as of 2007 under the U.S. 

Department of Energy (DOE) and the National Renewable Energy Laboratory (NREL) 

program – and with their numbers increasing rapidly (NREL, 2007) – plus given the 

various commercial applications, such as Toyota’s FCHV series, which have been tested 

and are now in use, it appears that projected demand of hydrogen is quite reasonably 

attainable by 2050. To meet these projected future needs for hydrogen for various 

applications and technologies, various hydrogen production methodologies have been 

intensively investigated in the last decade. 

 

Several technologies have been developed to produce hydrogen, which are now 

commercially used, including: electrolysis of water, in which electricity is used to split 

water; thermochemical methods, in which hydrogen is derived from hydrocarbons; and 

biological methods using various microbes or gasification of biomass. The majority of 

hydrogen currently utilized industrially, especially for oil refining and ammonia 

production, has been mass produced through the least expensive method, i.e., through 

steam reforming of natural gas which is a thermochemical method (Gaudernack and 

Lynum, 1998). Today, more than 90% of hydrogen consumed in the U.S. is produced 

through this thermochemical method. The energy conversion efficiency of hydrogen 

production (hydrogen out (J) per energy input (J)) in the large-scale steam-methane 

reformer is approximately 75 – 80% (Ogden, 1999). Although the conventional method 
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has a significant advantage in terms of energy conversion efficiency, it has the 

disadvantages of dependency on fossil fuels and the emission of the greenhouse gas 

carbon dioxide (CO2). For instance, in the industrial process of steam reforming of 

methane (CH4), CH4 is mixed with steam at high temperature (700 – 1100⁰C), and 

theoretically, 4 mols of H2 and 1 mol of CO2 are generated from 1 mol of CH4 which is 

equivalent to 7.05 kg CO2 / kg H2. In addition, since the process is an endothermic 

reaction, up to 25% of the incoming natural gas is combusted to provide the required heat 

energy (Ogden, 1999). Indeed, the total amount of carbon dioxide emitted through steam 

reforming of CH4 gas is theoretically the same as that through direct CH4 combustion. 

Thus, for hydrogen to become a truly clean energy source, it has to be produced without 

utilizing fossil fuels. 

 

Consequently, clean or carbon-neutral processes for the industrial mass-production of 

hydrogen have been intensively investigated recently, especially: (1) the utilization of 

solar energy, wind energy, geothermal energy, and exhaust heat energy from nuclear 

power plants for the electrolysis of water; (2) gasification of biomass; and (3) microbial 

photosynthetic hydrogen production. In water electrolysis, the input energy needs to be 

converted first into electricity prior to hydrogen production, making the process 

inefficient. Meanwhile, the gasification of biomass for hydrogen production releases 

photosynthetically-fixed carbon into the air. While theoretically a carbon-neutral process, 

the gasification of biomass generally produces large amounts of undesired materials such 

as CO, ash, tar, and char depending on the organic nature of the biomass used for 
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pyrolysis or gasification (Ni et al., 2005). And unlike the pyrolysis of biomass, 

gasification of biomass requires very high temperature (above 1000 K) to achieve 

efficient performance (Ni et al., 2005). Indeed, among numerous clean or carbon-neutral 

processes for the industrial mass production of hydrogen, only photosynthetic hydrogen 

production using microorganisms constitutes direct hydrogen production from the 

ultimate energy source, which is solar radiation. 

 

The specific aim of this study was to develop a novel strategy for photosynthetic 

hydrogen production from green algae, which is one of the cleanest processes among 

existing hydrogen-production methodologies currently being investigated. 
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2. REVIEW OF LITERATURE 

2.1. Biological Hydrogen Production 

Biological hydrogen production systems, in which hydrogen is produced as a by-product 

through microbial metabolism, have been intensively investigated in the last few decades. 

Das and Veziroglu (2001) summarized microbial hydrogen production methods into four 

major categories: (1) biophotolysis of water using algae and cyanobacteria; (2) 

photodecomposition of organic compounds by photosynthetic bacteria; (3) fermentative 

hydrogen production from organic compounds; and (4) hybrid systems using 

photosynthetic and fermentative bacteria. Levin et al. (2004) analyzed the productivities 

(mmol H2 L-1 cell suspension or reactor h-1) of different types of microbial molecular 

hydrogen production, and found that the hydrogen productivities through fermentative 

hydrogen production and photodecomposition of organic compounds were far greater 

than those through other methods. For example, hydrogen productivity through dark 

fermentation using microbial activity in sludge was approximately 64.5 mmol H2 L
-1 cell 

suspension h-1 (Lay, 2000) while that through direct photolysis in Chlamydomonas 

reinhardtii (C. reinhardtii) was only 0.07 mmol H2 L
-1 cell suspension h-1 (Kosourov et 

al., 2002). However, a major disadvantage of fermentative hydrogen production systems 

is the need for substrates, which must be synthesized by other photosynthetic organisms. 

Thus, their resulting overall energy conversion efficiency from solar radiation, which is 

the only unlimited free energy resource, into hydrogen tends to be low. Although 

cyanobacteria, which exhibit both hydrogenase and nitrogenase metabolisms generally 

have greater hydrogen productivity per unit volume, it is the green algae, which do not 
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involve ATP-requiring nitrogenase but only hydrogenase, that are more suitable for 

efficient biological photo-hydrogen production (Lee and Greenbaum, 1997).  

 

2.2. Mechanisms of Hydrogen Metabolism in Green Algae 

2.2.1. Discovery of Hydrogenase System 

Gaffron (1939) was the first to report the occurrence of hydrogen metabolism in green 

algal metabolisms. He observed that when oxygen was completely consumed due to 

mitochondrial respiration in the dark, the green alga Scenedesmus began to uptake 

hydrogen gas, and this hydrogen gas uptake stopped after what he terms as an “adaptation 

period”. Subsequently, when light was turned on, simultaneous uptake of molecular 

hydrogen and carbonic acid (H2CO3) was observed. The rate of absorption of hydrogen 

by the green alga was proportional to the light intensity; however, when light intensity 

exceeded a certain level, the resumption of photosynthetic activity with the production of 

oxygen strongly inhibited the hydrogen absorption. Gaffron (1939) mentioned that once 

the absorption of hydrogen was inhibited by oxygen, hydrogen absorption could not be 

restored immediately by just lowering the oxygen concentration, but that an incubation of 

the green alga under anaerobic condition for a certain period was necessary to reactivate 

this process. 

 

Gaffron and Rubin (1942) later observed photo-hydrogen production under irradiated 

anaerobic condition with no atmospheric CO2 by the same green algal strain when it had 

been previously incubated under anaerobic condition. When the green alga was subjected 
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to anaerobic condition under light, it resulted in the photo-hydrogen production at very 

low light intensity and then the resumption of the regular photosynthetic process at high 

light intensity. The photo-hydrogen production was enhanced, particularly if the 

substrates of photochemical reduction, carbon fixation and hydrogen, were both absent. 

The increase in photo-hydrogen production through the photochemical pathway by the 

addition of glucose as energy and carbon source suggested the pathway’s dependency on 

the presence of a then yet undefined endogenous electron source.  

  

2.2.2. Involvement of Photosystems in Hydrogen Metabolism 

Figure 1 depicts electron flow through the electron transport chain in the light-dependent 

reaction of photosynthesis. The light-dependent reaction leads to the generation of 

chemical energy in the form of adenosine triphosphate (ATP), a process also known as 

photophosphorylation, using the radiant energy harvested by two photosystems, 

photosystem I and photosystem II (PSI and PSII). The electron transport chain takes 

place in the chloroplast. The protein complexes that constitute the electron acceptors and 

donors in the transport chain, including PSI, plastoquinone (PQ), cytochrome, and PSII, 

are located on the thylakoid membrane inside the chloroplast. Electrons released by the 

splitting of water molecules pass through the electron transport chain and finally reduce 

nicotinamide adenine dinucleotide phosphate (NADP), which serves as the final electron 

acceptor. The radiant energy harvested by two PSI and PSII and by the peripheral light 

harvesting complexes (LHCs) is used as the driving force for the series of reductions and 

oxidations. During electron transport, a proton gradient is built up across the thylakoid 



 
 
 
                                                                                                              28 

membrane, and the built up electrochemical energy is used to synthesize ATP as mediated 

by ATP synthase, which is located on the thylakoid membrane.  

 

Figure 1. Flow of electrons originating from water-splitting at the manganese 
complex (Mn), through oxidation and reduction of photosystem II (PSII), plastoquinone 
(PQ), photosystem I (PSI), feredoxin complex (Fd), and NAD reductase (Red-ase) in the 
electron transport chain reaction. Radiation energy (hν) harvested at PSI and PSII are 
used as a driving force. Synthesis and accumulation of hydrogenase are inhibited by O2. 
 

Stuart and Gaffron (1972) investigated the mechanisms of hydrogen photoproduction in 

green algae. First, they analyzed the effects of three chemical inhibitors on photo-

hydrogen production in several green algal species including: Ankistrodesmus braunii; 

Chlamydomonas reinhardi; Chlorella fusca; Chlorella vulgaris; Scendesmus obliquus; 
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plastoquinone; carbonyl cyanide m-chlorophenylhydrazone (CCCP), which eliminates 

the proton gradient across the membrane; and salicylaldoxime (SAL), which also 

eliminates the proton gradient across the membrane. Photo-hydrogen production was 

consistently observed in all green algal species tested in the presence of 10-5 M DCMU, 

which inhibited electron flow from PS II and repressed photosynthetic activity to less 

than 5%. Generally, photo-hydrogen production was significantly stimulated by the 

addition of CCCP or SAL, both inhibiting the photophosphorylation activity, but the 

results varied for different species depending on the growth conditions (autotrophic or 

heterotrophic), concentration of poisons, and algae strains. For instance, autotrophically 

grown cells consistently showed enhanced photo-hydrogen production and greater 

sensitivity to SAL. In contrast, photo-hydrogen production was inhibited and was almost 

insensitive to SAL when cells were grown heterotrophically. Stuart and Gaffron (1972) 

concluded that neither photochemical activity of PSII nor photophosphorylation activity 

was required for photo-hydrogen production in most green algal strains, and that this 

must be due to the non-cyclic electron flow through PSI to hydrogenase. The conclusion 

that photo-hydrogen production was independent from photophosphorylation was also 

supported by numerous previous studies that reported the stimulation, or non-significant 

repression, of photo-hydrogen production when inhibitors such as 2,4-dinitrophenol 

(Gaffron and Rubin, 1942; Healey, 1970) or CCCP (Kaltwasser et al., 1969; Stuart and 

Kaltwasser1970; Heanley, 1970) was added. Similarly, results of studies that used PSII-

lacking mutagenesis (Kessler, 1970) as well as deactivation of PSII caused by nutrient 

deficiency (Wycoff et al., 1998; Melis et al., 2000; Kosourov et al., 2002; Zhang et al., 
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2002; Ghirardi et al., 2002) indicated the independence of photo-hydrogen production 

processes from PSII activities.  

 

2.2.3. Source of Electrons for Photo-Hydrogen Production 

The production of a single hydrogen molecule from two protons requires two electrons. 

In the late 1950s and early 1960s, simultaneous photo-hydrogen production and a small 

amount of oxygen production were observed in several green algae (Spruit, 1958; Bishop 

and Gaffron, 1963), leading to the conclusion that photosynthetic water-splitting at PSII 

was the source of electrons. Meanwhile, since the 1970s photo-hydrogen production in 

the presence of chemical inhibitors such as DCMU was reported in various green algae 

through numerous researchers (Kaltwasser et al.,1969; Stuart and Kaltwasser, 1970; 

Healey, 1970; Stuart and Gaffron, 1972; Gfeller and Gibbs, 1984; Miyamoto et al., 1990), 

indicating the existence of another electron source other than photosynthetic water-

splitting. For instance, Stuart and Gaffron (1972) reported that photo-hydrogen 

production was observed when the inhibitor DCMU was added, even though the photo-

hydrogen production was suppressed by 50 % by the inhibitor. Further, from the 1980s 

through 2000s, hydrogen and hydrogenase activity were observed when the water-

splitting process was inhibited by genetic mutagenesis (Kessler, 1970) or by nutrient-

deprived conditions (Wycoff et al., 1998; Melis et al., 2000; Kosourov et al., 2002; 

Zhang et al., 2002; Ghirardi et al., 2002).  

 

The accepted understanding today is that endogenous starch which accumulates through 
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photosynthetic activity serves as the primary electron source for photo-hydrogen 

production (Fouchard et al., 2005), while photosynthetic water-splitting contributes some 

electrons when residual PSII activity remains. This explains the stimulating effects of the 

addition of carbon compounds such as glucose, galactose, and mannonse to photo-

hydrogen production in some green algal strains (Gaffron and Rubin, 1942), as well as 

the decrease in photo-hydrogen production in Chlamydomonas moewusii under carbon-

limited or nutrient-deficient condition (Healey, 1970). 

 

It should be noted, however, that the relative contributions of these two electron sources 

(endogenous substrates and PSII activity) vary depending on species and specific culture 

conditions. For example, photo-hydrogen production in sulfur-deprived C. reinhardtii 

culture more than doubled when the PSII activity was partially recovered by the re-

addition of sulfur (Kosourov et al., 2002), indicating that the contribution of PSII activity 

as an electron source was more than 50%. Meanwhile, the stimulated photo-hydrogen 

production in Chlamydomonas moewusii by the addition of DCMU (Healey, 1970) was 

not observed in C. reinhardtii (Miyamoto et al., 1990), indicating significantly varying 

contributions of PSII activity as an electron source to photo-hydrogen production.  

 

Further, Stuart and Gaffron (1972) observed a decrease in photo-hydrogen production by 

the addition of CCCP when C. reinhardtii was grown heterotrophically, but not when the 

cells were grown autotrophically. Also, the effects of the chemical inhibitors investigated 

by Healey (1970) were influenced by pH, concentration of inhibitors in Chlamydomonas 
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moewusii, and growth condition in Scenedesmus sp. (Gaffron and Rubin, 1942). Thus, 

although the endogenous organic substrate (starch) and photosynthetic water-splitting 

process are generally considered as the primary and secondary electron sources, 

respectively, their actual relative contributions to photo-hydrogen production vary 

depending on species and specific growth conditions.  

 

Meanwhile, Melis et al. (2000) presented another possible electron source by reporting 

simultaneous decreases in endogenous starch and protein contents during anaerobic 

photo-hydrogen production in sulfur-deficient C. reinhardtii culture. They concluded that 

the decrease in starch as an electron source was negligibly small to account for the photo-

hydrogen production observed based on kinetic analyses. By contrast, protein 

consumption alone could sufficiently provide electrons to the observed photo-hydrogen 

production. Similar decrease in protein content concomitant to photo-hydrogen 

production in sulfur-deficient Chlamydomonas culture was observed, even though the 

amount of protein consumption was moderate compared to previous observations (Zhang 

et al., 2002).  

 

Most recent investigations on photo-hydrogen production have been conducted based on 

the newly developed nutritional deficiency techniques (Wykoff et al., 1998) rather than 

on the conventionally used chemical poisoning techniques. Thus, different metabolisms 

might be taking place during photo-hydrogen production depending on the protocols used. 

Zhang et al. (2002) suggested the possibility of protein catabolism occurring to provide 
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sulfur to the cells through a different metabolic pathway but not to provide electrons. 

Also, they reported that the consumption and accumulation of both starch and proteins 

varied significantly depending on the sulfur-deprivation level (Melis et al., 2000; Zhang 

et al., 2002).  

 

2.2.4. Metabolic Model Based on Stoichiometric Analysis 

Healey (1970) reported an inhibitory effect of monofluoroacetic acid (MFA), which 

disrupts the citric acid cycle, on photo-hydrogen production in Chlamydomonas moewusii. 

This was a strong indication of the dependence of photo-hydrogen production on the 

citric acid cycle. He suggested that the electron flow from oxidative carbon metabolism 

into photosynthetic systems was mediated by NADP/NADPH reaction. Meanwhile, 

Gfeller and Gibbs (1984) investigated the effects of two inhibitors, DCMU and CCCP, on 

fermentative reactions in the dark and in the light in C. reinhardtii and formulated a 

model of electron flow and chemical pathways involved in starch catabolism based on 

stoichiometric analysis (Figure 2). Some of the electrons generated during glycolysis are 

first used to reduce NAD. Then, the electrons as mediated by the oxidation and reduction 

of NAD are fed into the electron transport chain at the site of plastoquinone (PQ) in the 

light. The electrons are then transported through PSI and into ferredoxin (Fd), utilizing 

the radiation energy harvested at PSI as a driving force, leading to the production of 

hydrogen molecules. Since electrons are disposed toward the production of molecular 

hydrogen through this process, the amounts of fermentative end-products such as ethanol 

and acetate are significantly reduced. The most important feature of the model is that part 
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of the electrons released by the oxidation process of glyceraldehyde 3-P into glycerate 3-

P in glycolysis followed by the subsequent fermentative metabolism of pyruvate into the 

various end-products is fed into the photosynthetic pathways mediated by 

NADP/NADPH reaction. This model was supported by later observations (Gfeller and 

Gibbs, 1985). When dibromothymoquinone (DBMIB), which prevents both reduced 

plastoquinone reoxidation and noncyclic and cyclic photosynthetic electron transport, 

was added to the same green algae under anaerobic conditions, the amounts of both 

subsequent photo-hydrogen production and starch catabolism were suppressed under 

illumination. Meanwhile, the direct transfer of electrons mediated by oxidation and 

reduction of NAD to ferredoxin to form molecular hydrogen in the dark (or fermentative 

hydrogen products) was not affected. These observations confirmed that electrons 

mediated by the oxidation and reduction of NAD were taken into the electron transport 

chain at a site located before the DBMIB-inhibited reaction site. This model adequately 

explains previously observed phenomena stoichiometrically. For example, gaseous 

products such as CO2 and H2 observed under DCMU and CCCP poisoning matched with 

calculated results based on the model and mitochondrial respiration. Also, avoiding the 

disposal of electrons into fermentative metabolism and utilizing the electrons into 

photosynthetic pathway, an observed decrease in reduced compounds such as ethanol and 

acetaldehyde under illumination matched the estimates based on the model. And an 

increase in hydrogen production under illumination compared to that in the dark even 

when electron flow was inhibited by DCMU could be explained as a result of utilizing 

radiant energy. 
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Figure 2. Metabolic pathways involved in photo-hydrogen production elucidated by 
Gfeller and Gibbs (1984). 
 

2.3. Recent Development in Photo-Hydrogen Production Technologies 

2.3.1. Photo-Hydrogen Production via Sulfur Deprivation 

The principal challenge in sustainable green algal photo-hydrogen production is 

overcoming the difficulty of separating the photosynthetic aerobic water-splitting process 

from the anaerobic photo-hydrogen production process. Since hydrogenase, the enzyme 

catalyzing the production of molecular hydrogen, is extremely sensitive to oxygen, the 

oxygen-generating photosynthetic water-splitting process and the obligate anaerobic 

photo-hydrogen metabolism have to occur separately and independently. The separation 
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of these two conflicting reactions had been achieved either partially by implementing 

dark anaerobic adaptation prior to the photo-hydrogen production phase or fully by 

chemically inhibiting certain metabolic pathways. However, as discussed earlier, both 

methods are problematic, resulting in very limited time of photo-hydrogen production in 

response to the dark adaptation method, and in the irreversibility of inhibition of certain 

pathways in regard to the chemical inhibition method. 

 

A breakthrough in green algal photo-hydrogen production occurred in 1998 when 

Wykoff et al. (1998) reported the effects of sulfur deficiency in the green alga C. 

reinhardtii. They found that when sulfur was deprived from the culture medium, PSII 

activity declined by more than 50% while activities of both PSI and mitochondrial 

respiration remained unaffected. Further, the function of PSII was fully recovered when 

the cells were transferred back into the sulfur-containing standard medium. Thus, when 

gaseous exchange to and from the culture vessel was prevented, the respiratory oxygen 

consumption and the attenuated photosynthetic oxygen production due to diminished 

PSII activity caused by sulfur deficiency led to anoxia. As a result, a reversible switching 

between photosynthetic carbon fixation in the regular growth condition and anaerobic 

photo-hydrogen production concomitant with the endogenous substrate catabolism in the 

sulfur-deprived condition, was successfully achieved by the research group of NREL and 

the University of California at Berkeley (Melis et al., 2000). Figure 3 depicts the electron 

flow for photo-hydrogen production in C. reinhardtii under sulfur-deprived condition. 

Since sulfur is one of the main elements in the PSII core component, the activity of PSII 
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is significantly suppressed when the residual sulfur is consumed. Subsequently, 

respiratory oxygen consumption exceeds photosynthetic oxygen production at PSII, 

resulting in anoxia. As oxygen is consumed, the expression and activation of hydrogenase, 

which is inhibited by residual oxygen, start transpiring. Then, catabolic pathways 

according to the model formulated by Gfeller and Gibbs (1984) occur to generate energy 

and to dispose the excess electrons generated by glycolysis. The electrons originating 

from the endogenous substrate catabolism are fed into the electron transport chain at the 

PQ site. Using radiation energy harvested by PSI and by the peripheral LHCs as a driving 

force, these electrons are used to reduce NAD or to produce molecular hydrogen through 

ferredoxin. 

 

Continuous hydrogen production by the green alga C. reinhardtii via sulfur deprivation 

using two sequential reactors has been intensively investigated (Ghirardi et al, 2000, 

2002; Melis et al, 2000; Kosourov et al, 2002; Zhang et al, 2002; Happe and Kaminski, 

2002). Over 4000 hours of continuous photo-hydrogen production have been achieved in 

the two-stage chemostat system at the maximum average rate of 0.58 mL H2 L
-1 PhBR h-1 

at 50 µmol m-2 s-1 of photosyntheticaly active radiation (PAR) (Fedorov et al., 2005).  
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Figure 3. Electron flow in electron transport chain during (a) normal photosynthesis 
and (b) photo-hydrogen production via sulfur deprivation. In the sulfur-deprivation 
strategy, electron supply from water-splitting reaction is suppressed due to photosystem 
II (PSII) deactivation. Electrons originating from substrate catabolic pathways are fed 
into plastoquinone (PQ) and used for molecular hydrogen formation through oxidation 
and reduction of photosystem I (PSI), ferredoxin complex (Fd), and hydrogenase (H2-ase) 
that accumulated under anoxia. Radiant energy (hv) harvested at PSI is used as a driving 
force. 
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Various engineering and physiological aspects of the sulfur deprivation method in C. 

reinhardtii have since been improved. Although, the price of hydrogen, which is about 

$13.53 per kg hydrogen, has been decreased toward the DOE target of $2-3 per kg 

hydrogen by 2015, the biological photo-hydrogen production is apparently not yet cost 

effective (Amos, 2004), and requires further improvement. 

 

2.3.2. Problems of Photo-Hydrogen Production via Sulfur Deprivation 

The sulfur-deprivation method overcame the most critical disadvantage of the 

conventional methodologies for hydrogen photoproduction, that is, the limited period of 

photo-hydrogen production due to conflicting metabolism pathways. Nonetheless, photo-

hydrogen production via sulfur deprivation remains not economically feasible (Amos, 

2004; Ghirardi and Seibert, 2003). Thus, to maximize photo-hydrogen production, the 

optimization of environmental and cultural conditions (Zhang and Melis, 2002; Ghirardi 

et al., 2002; Kosourov et al., 2002; Tsygankoc et al., 2002; Laurinavichene et al., 2004), 

utilization of mutagenesis (Seibert et al., 2002; Polle et al., 2002), and the development 

of photobioreactor systems (Fedorov et al., 2005) as well as other engineering aspects 

such as H2 storage, gas purification, and infrastructures (DOE, 2006) need careful 

investigation. 

 

The two major problems that need solving to achieve sustainable green algal photo-

hydrogen production via sulfur deprivation using Chlamydomonas culture are (1) the 

need to supply the substrate acetate (CH3COO-) during sulfur deprivation and (2) the 
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limited applicability of the method to only certain species within a single genus, 

Chlamydomonas. 

 

Fourchard et al. (2005) reported that the fast starch accumulation during the early phase 

of sulfur deprivation in C. reinhardtii was suppressed in the absence of acetate. Since 

starch degradation plays an important role in oxygen consumption, anoxia was not 

achieved in the absence of acetate. Thus, no subsequent photo-hydrogen production was 

observed. This failure to establish anoxia was also caused by failure to stimulate 

respiration by acetate (Melis and Happe, 2001) and by a slowed decline in PSII activity in 

the absence of acetate (Ghirardi et al., 2000). Fourchard et al. (2005) suggested flushing 

nitrogen gas into the system to reach anoxia and to achieve subsequent efficient photo-

hydrogen production using autotrophically grown cells. However, this would add cost 

and complexity to the operation, which should be avoided to achieve cost effectiveness. 

 

Meanwhile, Tsygankov et al. (2006) reported photo-hydrogen production using the 

sulfur-deprivation strategy in autotrophic C. reinhardtii culture. However, even with 

extra efforts of adding carbonic acid (inorganic carbon source), adjusting the light 

intensity depending on the metabolic phase, adjusting the pH, and CO2-flushing at the 

beginning of sulfur deprivation, the total photo-hydrogen production remained less than 

10% (or less than 0.5 mmol H2 L-1 cell suspension over time) of that in heterotrophic 

culture. Furthermore, the autotrophic culture took a longer time to establish anoxia, 

approximately 80 hours, compared to the only 20-40 hours the heterotrophic culture 
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required. Investigating the effects of sulfur deprivation in a autotrophic culture of the 

marine green alga Platymonas subcordiformis, Guan et al. (2004) found that the resulting 

photo-hydrogen production rate was extremely low at only a few µL h-1 per 295-mL cell 

suspension. Also, the cell suspension required 30 hours of dark incubation to reach 

anoxia prior to the photo-hydrogen production phase. 

 

Cao et al. (2001) investigated the applicability of the sulfur-deprivation strategy to 

Dunaliella salina. Similar to C. reinhardtii culture, a decline in PSII activity rather than 

in PSI activity was observed under sulfur deprivation. The PSI activity and the respiration 

rate remained constant, and the sealed culture vessel reached anoxia in the light. However, 

even though rapid starch accumulation occurred as in the Chlamydomonas culture, there 

was no activation of the reversible hydrogenase pathway, and thus, no photo-hydrogen 

production was observed. Likewise, Skjanes et al. (2008) tested the sulfur-deprivation 

method on 21 species of green algae. Relatively high photo-hydrogen production was 

observed in two species, Chlamydomonas noctigama and Chlamydomonas euryale. Their 

total amounts of photo-hydrogen production were approximately 55% and 15%, 

respectively, of that by C. reinhardtii. It took more than 6 days for these two species to 

start photo-hydrogen production.  

 

Kessler (1974) reported a variety of green algal species that possess hydrogenase systems, 

and thus, hold promise as potential candidates for green algal photo-hydrogen production. 

For example, even just with the family Chlorophyceae, numerous algae under the genera 
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Chlamydomonas, Chlorella, Scenedesmus, Chlorococcum, etc., possess hydrogenase 

systems. However, no species exhibiting photo-hydrogen production via sulfur 

deprivation has exceeded the productivity of C. reinhardtii. In addition, the species 

showing relatively high photo-hydrogen production all reside within the Chlamydomonas 

genus thus far. As Cao et al. (2001) noted, however, some of these species have the 

capability to produce high-value byproducts, which could help in achieving economic 

feasibility for photo-hydrogen production. Thus, a method of photo-hydrogen production 

that is applicable to a wider set of green algal species is strongly desired. 
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3. SPECIFIC AIMS AND OBJECTIVES 

The overall objectives of this study was to design a novel strategy for sustained green 

algal photo-hydrogen production – based on spectral-selective photosystem I activation 

and photosystem II partial deactivation – which would not only practically decouple the 

oxygen-inhibited photo-hydrogen production from the oxygen-generating water-splitting 

photosynthetic process, but would also be more universally applicable to photosynthetic 

microorganisms possessing the hydrogenase system. 

 

The specific aims of this study were as follows: 

1. To formulate the theoretical basis for a novel strategy for sustained green algal 

photo-hydrogen production based on spectral-selective PSI activation and PSII 

deactivation; 

2. To determine the optimal light and nutritional conditions for the algal culture for 

subsequent photo-hydrogen production  

a. Provide maximal biomass productivity, development of photosynthetic 

apparatus, and amount of potential electron source (starch content) for 

subsequent photo-hydrogen production; 

3. To test if the application of PSI-spectral-selective radiation on C. reinhardtii cells 

would result in the synthesis and accumulation of hydrogenase enzyme with 

functional potential for photo-hydrogen production; 

4. To test if implementing the novel spectral-selective photosystem 

activation/deactivation strategy would result in actual and sustained in vivo photo-
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hydrogen production in C. reinhardtii cells, and to determine a more optimal PSI-

spectral-selective radiation that would result in greater photo-hydrogen 

productivity; and, 

5. To test the reversibility of photo-hydrogen production using the novel spectral-

selective photosystem activation/deactivation strategy. 
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4. MATERIALS AND METHODS 

4.1. Culture Stock 

Chlamydomonas reinhardtii is a motile single-celled green alga, about 10 – 20 µm in 

diameter, and commonly found in soil and fresh water (Figure 4). This species has been 

intensively used as a model for photosynthetic organisms in the literature because of 

attractive features including: (1) it is commonly found in soil and fresh water; (2) it 

grows fast; (3) it grows both heterotrophically and autotrophically; (4) it can reproduce 

both sexually and asexually; (5) its complete nuclear genome sequence had been 

published; (6) a variety of its genomic information being available online; and (6) its 

capacity for photo-hydrogen production. From the late 1940s to early 1960s, the 

hydrogenase system was first reported in some Chlamydomonas species:  

Chlamydomonas moewusii (Frenkel 1949) and Chlamydomonas reinhardtii (Hartmann 

and Krasna, 1963). 

 

Figure 4. Chlamydomonas reinhardtii from culture stock under microscopie 
magnifications of x100 (left) and x40 (right) 
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C. reinhardtii wild type (mt+) was obtained from the algal culture collection of the 

University of Texas. Cells were subcultured photomixotrophically in 1-L rectangular 

bottles (PYREX 1290-1L, Corning Inc., USA) containing 750 mL Tris Acetate Phosphate 

(TAP) medium (Levine, 1965) at pH7.0, supplemented with 5% CO2 and 95% air 

mixture delivered at a rate of approximately 50 mL min-1 (Figure 5). A 1-L TAP medium 

contains following nutrients: 54 mg KH2PO4; 108 mg K2HPO4; 375 mg NH4Cl; 100 mg 

MgSO4·7H2O; 50 mg CaCl2; 11.4 mg H3BO3; 4.99 mg FeSO4·7H2O; 5.1 mg MnCl·4H2O; 

22 mg ZnSO2·7H2O; 1.61 mg CoCl2·6H2O; 73 mg Na2MoO4·2H2O; 0.157 mg 

CuCl2·2H2O; 17.5 mM acetic acid; 2420 mg Tris; and 50 mg Na2 EDTA. The cell 

suspension was agitated continuously using a 2.5 cm magnet stirrer at a temperature of 

about 25⁰C. A volume of 50 mL of the culture was transferred daily into fresh medium of 

700 mL to keep the cells under exponential growth. Light was provided at 180 ± 10 µmol 

m-2 s-1 in photosynthetic active radiation (PAR measured over 400-700 nm) on the 

surface of the flasks for 24 hours continuously using standard cool white fluorescent 

(CWF) tubes.  
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Figure 5. C. reinhardtii culture grown photomixotrophically (A) under continuous  
180 ± 10 µmol m-2 s-1 in PAR radiation (B) and supplied with 50 mL min-1 5% CO2 and 
95% Air. 
 

4.2. Measurement of Algal Growth 

Biomass growth under three different nutritional conditions, including heterotrophic, 

mixotrophic, and autotrophic conditions, were tested under high and low light intensities. 

The experimental treatments are summarized in Table 1. For heterotrophic treatments, 

initially 17.5 mM of acetate was added to the culture as carbon source. For autotrophic 

treatments, 5% CO2 served as the sole carbon source. For mixotrophic condition, both 

17.5 mM of acetate and 5% CO2 were provided as carbon sources. Two light intensities 

tested were 200 (high) and 50 (low) µmol m-2 s-1 in PAR as supplied by cool white 

fluorescent lamps (Table 1). 

(B)

(A)

(C)
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Table 1. Light intensities (µmol m-2 s-1 in PAR) and carbon sources in algae growth 
treatments. Light was provided by standard cool white fluorescent lamps. The amount of 
available carbons sources was adjusted by initial acetate concentration (mM) and 5% CO2 
gas flow. Five 250-mL culture flasks, each containing 150-mL cell suspension 
represented each treatment. 

 

Cells harvested from culture stock had been incubated mixotrophically (or 

heterotrophically) and autotrophically in TAP and high salt (HS) medium, respectively, 

for several generations for nutritional adaptation prior to the exposure to the treatments of 

the same conditions. A 1-L HS medium contains the following nutrients: 500 mg NH4Cl; 

740 mg KH2PO4; 1440 mg K2HPO4; 20 mg MgSO4·7H2O; 10 mg CaCl2; 0.1855 mg 

H3BO3; 0.1600 mg FeCl3·6H2O; 0.4154 mg MnCl·4H2O; 0.0026 mg ZnCl2; 0.0033 mg 

CoCl2·6H2O; 0.0073 mg Na2MoO4·2H2O; 0.012 µg CuCl2·2H2O; and 0.3 mg Na2 EDTA. 

(Sueoka et al., 1967) After harvesting nutritionally adapted cells by centrifugation at 

2000 g for 5 minutes, the cells were rinsed with fresh media and resuspended in TAP and 

Treatment
Light Intensity

(µmol m-2 s-1 in PAR)
Carbon Source

High Light Mixotroph 200
17.5 mMl acetate

+ Continuous 5% CO2

High Light Heterotroph 200
17.5 mM acetate
(+ Residual CO2)

High Light Autotroph 200
Continuous 5% CO2

Low Light Mixotroph 50
17.5 mM acetate

+ Continuous 5% CO2

Low Light Heterotroph 50
17.5 mM acetate
(+ Residual CO2)

Low Light Autotroph 50
Continuous 5% CO2
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high salt medium (Harris, 1989), for mixo/hetero-trophic and autotrophic growth 

conditions, respectively. The cell concentration was adjusted at less than 10 mg chl L-1 

cell suspension. Chlorophyll content was measured based on Spreitzer’s protocol (Harris, 

1982). Cells harvested from a 1-mL cell suspension sample by centrifugation was 

resuspended into 1-mL of 95% ethanol to extract chlorophylls from cells. After 5 minutes 

of mixing, cell debris was removed by centrifugation. Then, the light absorptions at 649-

nm and 665-nm of extracted chlorophylls in 95% ethanol were measured 

spectrophotometrically. The total chlorophyll content (mg chlorophyll L -1 suspension) 

was then calculated based on the following equation, 

C��� � 6.1 A�� �  20.04 A��� 

where Cchl is the total chlorophyll content (mg chlorophyll L-1 suspension), and A665 and 

A649 are light absorptions at 665 and 649 nm. 

 

Then, 150 mL of each cell culture was transferred into 250 mL Erlenmeyer flask. 

Subsequently, cell suspensions were incubated at the room temperature of about 25⁰C 

under 11 hours of light period at the high and low photosynthetic photon flux (PPF) of 

200 and 50 µmol m-2 s-1 in PAR, respectively, using standard CWFs, followed by 12 

hours of dark period. Spectral distribution of the CWFs used in the current study and the 

light intensity were measured using a spectroradiometer (Model PS-100, Apogee inc, 

UT). The cell cultures were continuously agitated using a 2.5 cm magnetic stirrer 

throughout the experimental period. 
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For measurement of dry cell mass (DCM) 5-mL cell suspensions were harvested from 

each flask at 0, 3, and 7 hours after the beginning of incubation as well as at the end of 

dark period. To measure DCM, cells were first harvested from 5 mL of cell suspension 

by centrifugation at 2000 g for 5 minutes. Pelleted cells were then rinsed with excess 

deionized water on glass microfiber filters (Whatman GF/A) and dried for 24 hours at 

80⁰C. The specific biomass growth rates (µDCM) during exponential growth phase in the 

light under different environments were determined by applying regression and obtaining 

µDCM by fitting with the exponential cell growth equation,  

 

C � C�eµ���
� …… (Eq.1) 

where t is time in hours, C0 is the initial cell concentration in g DCM L-1 suspension, and 

C is cell concentration in g DCM L-1 suspension at time t. 

 

For measurement of chlorophyll, 5-mL cell suspensions were harvested from each flask 

at 0, 3, and 7 hours after the beginning of incubation as well as at the end of dark period. 

The specific chlorophyll production rates (µChl) during exponential growth phase in the 

light under different environments were determined by applying regression curve and 

obtaining µchl by comparing with the exponential cell growth equation, Eq.1, where µDCM 

was substituted by µChl. 

 

In addition, 10 mL of cell suspension was sampled from each flask at the end of the light 

(11 hours) and the dark period (23 hours) for starch assay. Starch content was determined 



 
 
 
                                                                                                              51 

based on the protocol by (Gfeller and Gibbs, 1984) and through the glucose oxidase-

peroxidase method (Sigma 510).  

 

4.3. Ex-Vivo Hydrogen Production from Extracted Hydrogenase 

4.3.1. Light Adaptation 

Algal cells were harvested at the late exponential growth phase (18.2 ± 4.6 mg chl L-1 cell 

suspension) by centrifugation at 2000 g for 5 minutes. Cells were then rinsed with excess 

fresh media and resuspended in TAP medium at the cell density of 50 mg chl L-1 cell 

suspension. Subsequently, 5% CO2 and 95% air mixture was flushed into the cell 

suspension for 30 minutes under 200 µmol m-2 s-1 PAR to set the initial concentrations of 

dissolved oxygen and carbon dioxide. Then, 50 mL of cell culture was transferred into a 

50-mL rectangular cell culture bottle and exposed to different light qualities for 4 hours 

(Figure 6). The four treatments tested were: (1) white light treatment without CO2 and air 

supply (White), where light was provided using standard CWFs at a PPF of 200 µmol m-2 

s-1; (2) white light treatment with CO2 and air supply (White+CO2), where light was 

provided using standard CWFs at a PPF of 200 µmol m-2 s-1; (3) red light treatment with 

an optical filter (RG695) without CO2 and air supply (Red+F), where light was provided 

using AGaAs red LED lamps (AU700, Epitex Inc, Kyoto, Japan) with a peak wavelength 

of 700 nm and using a the glass optical filter (RG695, Schott North America Inc., NY; 

Figure 7) at 200 µmol m-2 s-1 (600 – 800 nm); and (4) dark treatment without CO2 and air 

supply (Dark). During the experiment, each bottle was completely covered with 

aluminum foil, except the optical opening area. Light intensity in each treatment was 
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measured at the surface of the flask behind the optical filter. Light was provided through 

a side of the bottle through an optical opening (size of 2 cm × 5.5 cm). Figure 8 shows 

the spectral distribution for each treatment. In White and White+CO2 treatments, 

approximately 70% of radiation energy was in the ragne of 540 – 640 nm waveband. The 

radiation has a peak at 710 nm in Red+F treatment, and more than 95% of radiation 

energy was in 690 – 720 nm. Each bottle had a 5 cm optical pathlength. During the 

period, cell culture was agitated on a shaker at 100 rpm. For White+CO2 treatment, 5% 

CO2 and 95% air gas mixture was continuously provided for this period. 

 

 

Figure 6. Light adaptation in the Red+F treatment. Light was provided using red 
LEDs (A) through RG695 long-pass filter (C) from the side of 50-mL rectangular culture 
bottle containing 50-mL cell suspension (B). Culture flask was covered by aluminum foil 
except the side opening. After the initial 5% CO2 and 95% air flushing, culture bottles 
were tightly closed. 

 

 

(A)

(B)

(C)

(D)

(A)
(C)



 
 
 
                                                                                                              

Figure 7. RG695 long pass filter (left) which cut off the radiation less than 695 nm and
690-nm bandpath filter which only transmit
 

Figure 8.  Spectral distributions 
including: (1) White treatment with standard CWFs
LEDs and RG695 long-
Red+BPF with red LEDs and 690 nm band
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RG695 long pass filter (left) which cut off the radiation less than 695 nm and
filter which only transmits radiation within 680 – 700 nm waveband.

 

Spectral distributions across 400 – 750 nm waveband
atment with standard CWFs (solid); (2) Red+F treatment with red 
-pass filter (dotted); (3) Red with red LEDs (dash

Red+BPF with red LEDs and 690 nm band-path filter (long dashed). 

400 450 500 550 600 650 700 750
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RG695 long pass filter (left) which cut off the radiation less than 695 nm and a 
700 nm waveband. 

750 nm waveband for treatments 
Red+F treatment with red 

(dashed); and (4) 
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4.3.2. Quantification of Hydrogen Production from Extracted Hydrogenase 

Ex vivo hydrogen production was measured based on the protocol previously reported by 

Ghirardi et al. (2001). After four hours of light adaptation period, 10 mL of cell culture 

was sampled anaerobically from each light treatment described in the previous section 

under N2 atmosphere, and transferred into 25 mL glass bottles, containing 10 mL of 50 

mM phosphate buffer. Then, 100 mM sodium dithionite as an oxygen scavenger, 5 mM 

methyl viologen as an electron donor for anaerobically induced hydrogenase, and 1% 

Triton X-100 for cell lysis were added into the phosphate buffer at pH 6.9. The buffer 

was flushed with pure nitrogen gas for 20 minutes prior to the addition of cell suspension. 

Each bottle was tightly sealed with a rubber stopper through which a 2-mL glass pipette 

was inserted. The amount of gas production from the total volume of 20 mL of 

suspension buffer was then measured by water displacement for 3 hours (Figure 9). These 

suspensions were continuously mixed on a shaker at 100 rpm during the experiment. 

 

 

Figure 9. Measurement of gas production from 10-mL cell suspension in 25-mL 
flask with 10 mL 50 mM phosphate buffer containing 100 mM sodium dithionite, 5 mM 
methyl viologen, and 1% Triton X-100 (left). Diagram showing the measurement of 
hydrogen production by water displacement (right). 

H2 produced
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4.4. In Vivo Hydrogen Production Measurement Using Hydrogen Sensor 

Hydrogen production from the cell culture under 4 different light treatments was 

measured. After harvesting cells by centrifugation at 2000 g for 5 minutes, the cell 

concentration was adjusted to 131-142 mg chl L-1. Then, 90 mL of concentrated cell 

suspension was resuspended in the TAP medium in 125-mL glass square bottle. Nitrogen 

gas was flushed into each bottle under the dark to establish anaerobic condition for 30 

minutes. Subsequently, each cell suspension was adapted to the dark to synthesize and 

activate hydrogenase for 2.5 hours. After a total 3 hours of anaerobic adaptation, cell 

suspension was exposed to 4 different treatments. The four treatments tested were: (1) 

white light treatment (White), where light was provided using standard CWFs at a PPF of 

200 µmol m-2 s-1; (2) red light treatment without an optical filter (Red), where light was 

provided using red LED lamps (Reflective Mirror Type LED AOP 1-7005, Alpha-One 

Electronics LTD., Kanagawa, Japan) with a peak wavelength of 700 nm at 200 µmol m-2 

s-1 in 600 – 800 nm; (3) red light treatment with an optical filter (Red+F), where light was 

provided using red LED lamps (Reflective Mirror Type LED AOP 1-7005, Alpha-One 

Electronics LTD., Kanagawa, Japan) with a peak wavelength of 700 nm and using a glass 

optical filter (RG695, Schott North America Inc., NY) at 200 µmol m-2 s-1 in 600 – 800 

nm; and (4) dark treatment (Dark). During the experiment, each bottle was completely 

covered with aluminum foil, except the optical opening area. Light was provided through 

a side of the bottle through an optical opening (size of 4.5 cm × 4.5 cm). Each bottle has 

4.5 cm optical pathlength. Figure 8 shows the spectral distribution in each treatment. In 

the White and the Red+F treatments, the distributions were the same as used previously. 



 
 
 
                                                                                                              56 

The radiation in the Red treatment contained the radiation below 695 nm wavelength, 

thus the half-band width was slightly larger (≈ 13 nm) compared to that of Red+F 

radiation (≈ 9 nm). Hydrogen concentration was monitored continuously using a 

hydrogen sensor (Hy-Optima 700 In-Line Process Hydrogen Monitor, Valencia, CA) at 

the room temperature of 25⁰C until hydrogen production stopped. Throughout the dark 

anaerobic adaptation and photo-hydrogen production periods, cell suspension was mixed 

using 2.5 cm magnetic stirrer at 300 rpm.  

 

4.5. In Vivo Hydrogen Production Measurement Using Gas Chromatography 

Photo-Hydrogen production from cell culture under White and Red+BPF treatments was 

measured. Harvested cells from subculture were resuspended in fresh TAP media and 

grown photomixotrophically at 20⁰C or 25⁰C for a few days with daily dilution. After 

harvesting cells by centrifugation at 2000 g for 5 minutes, a few mL of pelleted cells 

were rinsed with fresh 100 mL of TAP medium. Subsequently, cells were resuspended 

into 90 mL of TAP medium at the concentration of 20 (or 40) mg chlorophyll L -1 culture 

in a 125-mL culture bottle. The cell culture bottle was sealed using a silicone stopper. 

Resuspended cells were stored on ice until the following dark adaptation started. Cell 

culture was then flushed with ultra high pure (UHP) nitrogen gas (purity > 99.999%) 

under dark to establish anaerobic condition for 30 minutes. The cell culture was then 

adapted under the dark to synthesize and activate hydrogenase for 2.5 hours. After a total 

of 3 hours of dark anaerobic adaptation, the cell culture was exposed to two different 

light conditions, White and Red+BPF, to evaluate photo-hydrogen production for 9 hours. 
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During the experiment, each bottle was completely covered with aluminum foil, except 

the optical opening area. Light was provided through a side of the bottle through an 

optical opening (size of 4.5 cm × 4.5 cm) at the light intensity of 15 ± 0.5 W m-2 in 400 – 

720 nm (equivalent to 70.8 and 82.9 µmol m-2 s-1 under White and Red+BPF treatments, 

respectively). Each bottle has a 4.5 cm optical pathlength. Standard CWFs were used in 

White as a light source. The combination of infrared LEDs (Reflective Mirror Type LED 

AOP 1-7005, Alpha-One Electronics LTD., Kanagawa, Japan) and the optical filter 

(CWL 690nm Narrow Bandpath Interference Filter, Edmund Optics Inc., NJ) was used in 

Red+BPF. Figure 10 shows the experimental setup for Red+BPF treatment. Radiation 

intensity was controlled by adjusting the voltage and the distance between culture bottle 

and LED unit. The light quality in each treatment was shown in Figure 8.  

 

 

Figure 10.  Experimental setup for red light treatments. (A) a power supply 
controlling light intensity; (B) red LEDs; (C) 125-mL culture bottle containing 90-mL 
cell suspension; (D) a magnetic stirrer; and (E) optical filters. After initial UHP nitrogen 
gas flush, bottles were tightly closed using silicone stoppers. 
 

(A)

(A)

(C)

(D)

(B)

(B)

(E)
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Hydrogen concentration was analyzed using gas chromatography (GC-2010 Shimazu, 

Kyoto, Japan) with a fused silica capillary column (Carboxen 1010 PLOT SUPELCO, 

PA, USA) and the thermal conductivity detector (TCD). A 0.5 mL gaseous sample taken 

from the headspace of each bottle through silicone cap using an air-tight syringe with gas 

tight valve and then used for chromatographic analyses. Samples were taken at 0, 1.5, 3, 

6, and 9 hours after the light period started. The typical peaks of different gaseous 

compounds and the calibration curves used to calculate hydrogen concentration are 

shown in Figures 11 and 12, respectively. Since UHP nitrogen gas was used as a carrier 

gas, a peak of nitrogen located in between the peaks of hydrogen and oxygen with other 

gas as a carrier did not appear. All parameters including temperature, carrier gas flow rate, 

sample injection type, and detection sensitivity, were adjusted to be able to run a single 

sample in 60 minutes. The calibration obtained under this condition had an R2 of 0.999 in 

the hydrogen concentration range from 0 – 4%. Every time the gaseous sample was taken 

from the culture bottle, the same amount of UHP nitrogen gas was injected to keep the 

gaseous pressure constant. Throughout the dark anaerobic adaptation and photo-hydrogen 

production periods, cell culture was agitated with a standard 2.5-cm magnetic stirrer at 

300 rpm at the room temperature of 25⁰C. At the end of the photo-hydrogen production 

phase, two 1-mL cell suspension samples were taken from each bottle to analyze the 

chlorophyll content (Harris, 1982). The initial rates of photo-hydrogen production and the 

total amount of photo-hydrogen production were calculated based on this final 

chlorophyll concentration measured at the end of each experiment. 



 
 
 
                                                                                                              

Figure 11. Representative of duration time for hydrogen, oxygen, carbon dioxide, and 
water in the capillary separation column in gas chromatography.
 

Figure 12. Linear regression of the relationship between peak area of H
concentration for chromatographic H
known H2 concentrations (
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Representative of duration time for hydrogen, oxygen, carbon dioxide, and 
water in the capillary separation column in gas chromatography.  

Linear regression of the relationship between peak area of H
concentration for chromatographic H2 quantification using premixed gas samples of 

concentrations (0 – 4% v/v). 

R² = 0.9992
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Representative of duration time for hydrogen, oxygen, carbon dioxide, and 

 

Linear regression of the relationship between peak area of H2 gas and H2 
quantification using premixed gas samples of 

2.52.0
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4.6. Test for Reversibility of Photo-Hydrogen Production 

The reversibility of the photo-hydrogen production under a specific light condition was 

investigated. Photo-hydrogen production was measured following the same procedures 

described in the previous section for 6 hours. Then, 80 mL of cell suspension sampled 

from each culture bottle was diluted into 320 mL of fresh TAP medium in 1-L 

rectangular culture bottle. The cells were grown mixotrophically at the room temperature 

under 180 µmol m-2 s-1 in PAR with regular CWFs for 15 hours. During this period, 5% 

CO2 and 95% air mixture was continuously delivered at a flow rate of approximately 50 

mL min-1. After 15 hours of mixotrophic growth, photo-hydrogen production was again 

measured following the same procedures described in the previous section. At the end of 

each photo-hydrogen production phase, two 1-mL cell suspension samples were taken 

from each bottle to analyze the chlorophyll content (Harris, 1982). The initial rates of 

photo-hydrogen production and the total amount of photo-hydrogen production were 

determined based on this final chlorophyll concentration measured at the end of each 

experiment. 

 

4.7. Statistics 

The standard student’s t-test (independent two-sample t-test) with equal sample sizes and 

equal variance was used to compare treatments at 95% confidence level. 
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5. RESULTS AND DISCUSSION 

5.1. Design of Novel Spectral-Selective Activation/Deactivation Strategy for Green 

Algal Photo-Hydrogen Production 

It is well established that the reaction centers of PSI and PSII as well as those of their 

associated peripheral light-harvesting complexes have different action spectra and, thus, 

have varying sensitivities to different light qualities or wavelengths. Ludlow and Park 

(1969) reported that the spectral absorbances of chemically fixed PSI and PSII from 

several microalgal species occurred between the 500 – 700 nm radiation waveband. For 

example, the maximum absorbances by PSI and PSII in the blue-green alga Anacystis 

nidulans were observed to occur at approximately 680 nm and 630 nm, respectively. 

Meanwhile, those in the red alga Porphyridium cruentum were observed to occur at 

approximately 680 nm and 560 nm, respectively. The green microalgae conventionally 

used for photo-hydrogen production also have similar spectral absorbances. For instance, 

peak absorbances by the PSII reaction center and LHCII-PSII supercomplex in C. 

reinhardtii were observed to occur at 673 nm (Nield et al., 2000) and 676 nm (Alizadeh 

et al., 1995), respectively. The peak absorption of PSI in C. reinhardtii occurred at a 

slightly longer wavelength at 679 nm (Schuster et al., 1988). Since these ex vivo action 

spectral measurements for the different algae based on their extracted photosystems were 

made using different protocols, environmental conditions (especially different 

temperature and solvent), and cell physiological conditions, the results were not directly 

comparable. Also, the results might not necessarily be reflecting actual in vivo action 

spectra for each photosystem. Nonetheless, what these measurements consistently 
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verified was that the microalgae, indeed, had the two photosystems, PSI and PSII, 

consistent with other photosynthetic organisms, and that PSI and PSII had different and 

distinct action spectra, with the action spectra of PSI showing a peak occurring at a 

wavelength greater than that of PSII (Jennings and Eytan, 1973). This fact underlies the 

theoretical basis for the original strategy formulated here for green algae photo-hydrogen 

production, which is that of the selective activation of PSI independently of and without 

activating the PSII through the application of an accurate spectral-selective, narrow-band 

radiation on the PSI.  

 

Accurate spectral-selective activation of a photosystem is quite challenging since there is 

generally an overlap in the action spectra between the two photosystems as observed in a 

variety of photosynthetic organisms. For photo-hydrogen production, however, it is 

crucial to note that it is not necessary to completely shut down PSII activity for photo-

hydrogen production to occur. Indeed, the critical requirement for the occurrence of 

photo-hydrogen production in Chlamydomonas culture is the presence of an anoxic 

condition, which is achieved when photosynthetic oxygen production is significantly 

reduced to a level that is less than the respiratory oxygen consumption. Indeed, during 

successful photo-hydrogen production via sulfur deprivation, residual PSII activity and 

residual photosynthetic oxygen production remain (Zhang and Melis, 2002; Zhang et al., 

2002).  
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Figure 13 illustrates the mechanism for the spectral-selective photosystem 

activation/deactivation strategy for photo-hydrogen production. Under normal 

photosynthesis (Figure 13a), both PSII and PSI are provided with and absorb their 

spectral-specific radiation. The PSII radiation-absorption provides the driving energy for 

photo-oxygen generation through the splitting of water molecules, providing the aerobic 

environment for photosynthesis which results in the inhibition of the hydrogenase system 

and thus also the inhibition of photo-hydrogen production. Meanwhile, the electrons 

released from the water-splitting reaction are fed into the electron transport chain, 

wherein the subsequent reduction/oxidation of electron acceptors/donors in the chain, 

further driven by the energy absorbed by PSI, lead to the delivery of the stream of 

electrons into ferredoxin, which then reduces NADP+ into NADPH, which serves as an 

input into the light-independent phase of photosynthesis wherein CO2 is fixed and the 

photosynthates (glucose molecules) are synthesized. 

 

The spectral-selective photosystem activation/deactivation strategy for photo-hydrogen 

production is implemented (Figure 13b) by providing only PSI-spectral-selective 

radiation to the algae cells so that PSI is normally activated, while PSII activity is 

significantly suppressed, if not completely inhibited. The significantly reduced activity of 

PSII leads to reduced photo-oxygen production on account of diminished water-splitting 

reactions. With respiratory oxygen consumption exceeding photosynthetic oxygen 

generation, an anoxic condition is established, and the hydrogenase system is activated. 
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Figure 13. Electron flow in electron transport chain during (a) normal photosynthesis 
and (b) photo-hydrogen production via spectral-selective photosystem I (PSI) activation. 
Electron supply from water-splitting reaction is suppressed due to low availability of 
radiation energy (hv) harvested by photosystem II (PSII). Electrons originated from 
substrate catabolic pathways are fed into plastoquinone (PQ) and used for molecular 
hydrogen formation through oxidation and reduction of photosystem I (PSI), ferredoxin 
complex (Fd), and hydrogenase (H2-ase) accumulated under anoxia. Radiation energy 
(hv) harvested at PSI is used as a driving force. 
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Meanwhile, reduction/oxidation of electron acceptors/donors in the electron transport 

chain persists, driven by the energy absorbed by PSI, with the electrons now being 

derived mainly from the catabolic break down of endogenous substrates instead of from 

the PSII-driven water-splitting reactions. With the hydrogenase system activated, the 

stream of electrons in the electron transport chain transported to ferredoxin is then in turn 

delivered through an alternative pathway to hydrogen protons to produce hydrogen 

molecules as mediated by hydrogenase. 

 

The feasibility of the spectral-selective photosystem activation/deactivation strategy for 

photo-hydrogen production is strongly supported by two important studies. Healey 

(1970) reported enhanced photo-hydrogen production in the green alga Chlamydomonas 

moewusii when cells were exposed to “far-red” light. Two different monochromatic 

radiations (red = 645 and “far-red” = 711 nm) were tested, and the rates of photo-

hydrogen production were measured under three different combinations of the two 

radiations (ratios of “far-red”/Red = 0.9, 1.5, and 3.0). In all three ratios of the two 

radiations, the photo-hydrogen production rate was consistently and significantly 

exceeded by that under only “far-red” radiation. Thus, the addition of 645-nm-peak 

radiation to 711-nm-peak radiation only decreased the photo-hydrogen production in C. 

moewusii, suggesting the enhancement of PSII activation and its concomitant oxygen-

generating water-splitting reactions which then inhibited photo-hydrogen production 

upon the addition of the 645-nm radiation. This finding was supported by a study by 

Stuart and Kaltwasser (1970) where photosynthesis in Scenedesmus sp. was reduced by 
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approximately 83% under “far-red” light compared to that under green light. By contrast, 

photo-hydrogen production rate increased approximately by 5% under “far-red” light 

compared to that under green light.  

 

Meanwhile, Boichenko et al. (1998) measured the rates of photosynthetic oxygen 

production and photo-hydrogen production using very precise monochromatic radiations 

in Chlamydomonas sp. The maximum oxygen production rate occurred when cells were 

exposed to approximately 670-nm radiation. By contrast, the maximum photo-hydrogen 

production rate occurred when cells were exposed to a longer-wavelength 680-nm 

radiation. Further, the photosynthetic oxygen production rate dropped sharply to 40–50% 

at 690 nm and to less than 10% at 700 nm of the maximum rate that occurred at 670 nm. 

Meanwhile, the photo-hydrogen production rate remained at more than 80% at 690 nm 

and at approximately 30% at 700 nm of the maximum rate that occurred at 680 nm. 

These results demonstrated an enhancement in hydrogen production at longer 

wavelengths which coincided with reduced oxygen production, suggesting that the 

application of a spectral-selective radiation which activated PSI and at least the partial 

deactivation of PSII would result in a decrease in oxygen production and an enhancement 

in hydrogen production. 

 

5.1.1. Advantages 

There are significant advantages to the spectral-selective photosystem 

activation/deactivation strategy for photo-hydrogen production relative to conventional 
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approaches such as the sulfur-deprivation, dark adaptation, and chemical inhibition 

strategies.  

 

First, an advantage of the novel strategy is its being based on an almost universal 

characteristic of the photosynthetic apparatus in various photosynthetic microorganisms 

possessing the hydrogenase system (Kessler, 1974), that is, that they possess two 

photosystems. Thus, the novel strategy of spectral-selective PSI activation can potentially 

be applied universally to all photosynthetic microbes possessing the hydrogenase system, 

and not limited only to the genus Chlamydomonas as in the case of sulfur-deprivation 

strategy.  

 

Second, the novel strategy’s partial deactivation of PSII is reversible, similar to that in the 

sulfur-deprivation method and dark-adaptation method. By contrast, photo-hydrogen 

production through chemical poisoning or mutagenesis results in permanent and 

irreversible changes, both physically and biochemically, and often results in cell damage 

or cell death.  

 

Third, the novel strategy is expected to have improved efficiency in converting radiation 

energy to molecular hydrogen. As explained in the previous section, Healey (1970) 

showed a decrease in photo-hydrogen production under combined 645-nm and 711-nm 

monochromatic radiations compared to that under 711-nm radiation. Similarly, 

Laurinavichene et al. (2004) reported inhibitory effects on photo-hydrogen production 
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caused by enhanced oxygen production at PSII under high light in sulfur-deprived C. 

reinhardtii culture. Applying a spectral-selective radiation that is targeted only for PSI, 

and not PSII, not only would minimize the foregoing undesirable and inhibitory effects 

on photo-hydrogen production, but would also reduce the energy required for photo-

hydrogen production. Indeed, any radiation applied that is not PSI-spectral-selective 

represents wasted energy with respect to photo-hydrogen production, especially if it 

augments PSII activity which would be inhibitory to photo-hydrogen production. 

Furthermore, since PSI-spectral-selective radiation has longer average wavelength 

compared to that of conventionally used CWFs, the number of photons (or quanta of 

photons) per unit radiation energy is greater in PSI-spectral-selective radiation, resulting 

in greater photochemical activity in PSI per unit radiation energy applied, translating into 

greater energy conversion.  

 

And fourth, the technical simplicity and convenience of switching back and forth 

between two different metabolisms by simply applying or withholding spectral-selective 

radiation is also a significant advantage of this novel strategy. Spectral-selective 

activation/deactivation of photosystems requires only on/off action. Also, since the 

spectral-selective radiation is applied using controls that are external to the all culture, the 

potential culture contamination by nutrients or through chemical injections used in 

conventional methods is avoided. 
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5.1.2. Challenges 

There are a few technical challenges involved in the implementing spectral-selective 

photosystem activation for photo-hydrogen production system. 

 

First, achieving the precise narrow-band spectral-selective radiation is a technical 

challenge. Because they are inexpensive, fluorescent lamps, metal-halide lamps, 

incandescent lamps, and high-pressure sodium lamps are used as conventional light 

sources for plant production systems. Incandescent or some xenon lamps have relatively 

high emissions in the desired range of wavelength (>680 nm) for photo-hydrogen 

production. However, while spectral-selective radiation of desired wavelengths can be 

achieved using an optical filtration, these conventional lamps have high emissions in the 

infrared region and thus generate significant thermal energy. Thus, for a process requiring 

stable temperature, a cooling system would most likely be required. With other lamps, 

sufficient amounts of desired radiation at the desired spectral-selective wavelengths 

cannot be achieved using optical filtration.  

 

Various light sources and optical filters are frequently used to achieve specific light 

qualities. For example, the combination of two long-pass filter (RG665 and RG695, 

SCHOTT Inc., NY, USA), which only transmit radiation at greater 665 nm and 695 nm 

wavelengths in combination with a xenon lamp were used for photochemical oxidation of 

P700 reaction-center chlorophyll in PSI in C. reinhardtii Y-1 (Jeninngs and Eytan, 1973). 

Similarly, a combination of incandescent lamps and an interference filter, which adjusted 



 
 
 
                                                                                                              70 

the quality of transmitted light by changing the angle of incident (Healey, 1970), and a 

combination of a xenon-flash lamp and a neutral-density filter which modified the light 

intensity at all wavelengths equally (Boichenko and Bader, 1998), were used as 

monochromatic radiation sources. For a relatively small laboratory scale setup, sufficient 

amount of radiation energy can be obtained using these types of lamps and filters. 

However, for pilot-scale systems and industrial-scale applications using large lighting 

equipment or even solar radiation, small optical filters are not applicable. Thus, light 

concentration and distribution systems using optical cables or large optical coatings have 

to be considered.  

 

Second, unknown photomorphological and biochemical cell adaptation or changes caused 

by prolonged exposure to a specific narrow-band radiation need to be considered. For 

instance, blue light (460 nm) is required for induction of carbonic anhydrase, which 

catalyzes the conversion of carbonic acid into bicarbonate and protons in C. reinhardtii 

(Dionisio et al., 1989). Blue light has an important regulatory role in photorespiratory 

consumption (activation of nitrate reductase) and possibly In the entire nitrogen 

metabolisms in C. reinhardtii (Azuara and Aparicio, 1983). Similarly, light quality 

affects the PSI to PSII ratio in C. reinhardtii (Melis et al., 1996) as well as the carbon 

metabolism and extracellular release of secondary metabolite in C. reinhardtii (Brown 

and Geen, 1974). Therefore, biochemical and morphological changes in cells caused by a 

specific light environment that eliminates and concentrates on certain wavebands have to 

be carefully considered.  
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5.2. Optimization of Photosynthetic Growth Conditions for Subsequent Photo-

Hydrogen Production 

Efficient algal biomass production would be an important factor to subsequent photo-

hydrogen production. The objective of this experiment was to determine the optimal light 

and nutritional conditions for the algal culture for subsequent photo-hydrogen production 

in terms of biomass productivity, development of photosynthetic apparatus, and the 

amount of potential electron source (starch content) for the subsequent photo-hydrogen 

production. 

 

5.2.1. Biomass Growth 

The biomass growth under three different nutritional conditions, including autotrophic, 

heterotrophic, and mixotrophic conditions were tested under high and low light intensities. 

The experimental treatments are summarized in Table 2. For heterotrophic treatments, 

17.5 mM of acetate was added to the culture as carbon source. For autotrophic treatments, 

5% CO2 served as the sole carbon source. For mixotrophic condition, both 17.5 mM of 

acetate and 5% CO2 were provided as carbon sources. Two light intensities tested were 

200 (high) and 50 (low) µmol m-2 s-1 in PAR as supplied by CWF lamps (Table 2). 
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Table 2. Light intensities (µmol m-2 s-1 in PAR) and carbon sources in algal growth 
treatments. Light was provided by standard cool white fluorescent lamps. The amount of 
available carbon sources was adjusted by initial acetate concentration (mmol L-1) and 5% 
CO2 and 95% air flow. Five 250-mL culture flasks, each containing 150-mL cell 
suspension represented each treatment. 

 

Figure 14 shows the time profiles of the dry cell mass and chlorophyll concentration for 

the three treatments under high and low light conditions, while Figure 15 shows the 

specific growth rates based on dry cell (µDCM) for the six treatments. Among all six 

treatments, the mixotrophic and heterotrophic treatments under the high light intensity 

gave the highest specific growth rates, yielding values of 0.138 h-1 (with a corresponding 

doubling time (DT) of 5.03 hours) and 0.135 h-1 (DT = 5.14 hours), respectively, which 

were not statistically indistinguishable. The specific growth rate of 0.116 h-1 (DT = 5.96 

hours) for the heterotrophic treatment under the low light intensity proved statistically 

indistinguishable from that for the heterotrophic treatment under the high light intensity. 

Treatment
Light Intensity

(µmol m-2 s-1 in PAR)
Carbon Source

High Light Mixotroph 200
17.5 mMl acetate

+ Continuous 5% CO2

High Light Heterotroph 200
17.5 mM acetate
(+ Residual CO2)

High Light Autotroph 200
Continuous 5% CO2

Low Light Mixotroph 50
17.5 mM acetate

+ Continuous 5% CO2

Low Light Heterotroph 50
17.5 mM acetate
(+ Residual CO2)

Low Light Autotroph 50
Continuous 5% CO2
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This was expected since the heterotrophic treatment was dependent on acetate as sole 

carbon source and thus was unaffected by the light intensity. Unlike the specific growth 

rate for the heterotrophic treatment under the high light intensity, however, that for the 

heterotrophic treatment under the low light intensity was significantly lower than that for 

the mixotrophic treatment under the high light intensity. However, while the mixotrophic 

treatment performed as well as the heterotrophic treatment under high light, the 

mixotrophic treatment’s specific growth rate  of 0.088  h-1 (DT = 7.88 hours) under low 

light fell significantly below that for the heterotrophic treatment. This indicated the 

inhibitory effect of CO2 on the metabolism of acetate in Chlamydomonas cells when light 

was potentially limiting. Such inhibitory effect of CO2 was not observed under the high 

light condition. Meanwhile, for the autotrophic treatments whose carbon source was 

restricted exclusively to CO2, the resulting specific growth rates of 0.100 h-1 (DT = 6.90 

hours) under high light and of 0.071 h-1 (DT = 9.76 hours) under low light were 

significantly lower than those for their respective heterotrophic treatments. Also, as 

expected, the specific growth rate of the autotrophic treatment under high light 

significantly exceeded that of the same treatment under low light, referring to faster 

photosynthetic biomass accumulation at high light. 
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Figure 14. Time profiles of dry cell mass (g DCM L-1 cell suspension) and 
chlorophyll concentration (mg chl L-1) in the mixotrophic, heterotrophic, and  autotrophic 
treatments under 200 µmol m-2 s-1 in PAR high light (open circle) and 50 µmol m-2 s-1 in 
PAR of low light (closed circle) during 11 hours of light and 12 hours of dark period. 
Bars represent standard deviation (n = 5). Each bottle contained 150-mL cell suspension 
initially. 
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Figure 15. Average specific growth rates based on biomass (h-1) and standard 
deviation (n=5) during 11 hours of light period in three different nutritional growth 
conditions, mixotrophic, heterotrophic, and autotrophic treatments, under 200 µmol m-2 s-

1 in PAR (left half) and 50 µmol m-2 s-1 in PAR (right half) light with CWFs. Each 250-
mL culture bottle contained 150-mL cell suspension initially. Values at the bottom of 
each column represent the average ± standard deviation. Different letters on top of the 
columns represent the statistical significance with 95% confidence level. 
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Meanwhile, studies had shown that the addition of acetate had inhibitory effects on the 

photosynthetic activity under light-limiting conditions through a reduction in the quantum 

yield of PSII (Endo and Asada, 1996), an increase in respiration rate (Fett and Coleman, 

1994), and a shifting of the metabolism from autotrophic to a more heterotrophic growth 

(Heifetz et al., 2000). Under the high light intensity of 200 µmol m-2 s-1 in PAR used in 

the current study, however, mixotrophic growth yielded the highest growth rate and 

exhibited no signs of inhibitory effects by acetate. As to the inhibitory effects shown by 

CO2 on mixotrophic growth under low light in the current study, Martinez-Rivas and 

Vega (1993) reported that the synthesis of isocitrate lyase, a key enzyme necessary for 

acetate entry into the glyoxylate cycle, was attenuated in the presence of light and CO2. 

Thus, under low or limiting light, heterotrophic growth would be preferred for biomass 

production. 

 

It is noteworthy that respiration in C. reinhardtii cells was found to be stimulated in the 

presence of acetate (Fett and Coleman, 1994; Endo and Asada, 1996). Further, Endo and 

Asada (1996) also reported that the addition of acetate to a suspension of C. reinhardtii 

cells caused the down-regulation of PSII and the LHC state transition 1 to 2, with the 

LHCs tending to bind to PSI rather than PSII. Thus, through the addition of acetate, 

greater respiratory oxygen consumption and lower oxygen generation through diminished 

PSII-driven water-splitting reactions can be expected to result in better maintenance of 

anoxia for a longer and more sustained photo-hydrogen production. Thus, mixotrophic or 
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heterotrophic growth with the addition of acetate would be preferred to achieve fast 

biomass growth and prolonged photo-hydrogen production 

 

5.2.2. Chlorophyll Development 

Figure 16 shows the specific growth rates based on chlorophyll (µChl) for the six 

treatments, with the results following the general trends of those for the specific growth 

rates based on dry cell mass. The specific growth rate based on chlorophyll was highest 

in the mixotrophic treatment at the high light intensity, yielding a value of 0.165 h-1 (DT 

= 4.20 hours). And consistent with biomass growth, the lowest µchl also corresponded 

with the autotrophic treatment at low light, yielding a value of 0.061 h-1 (DT = 6.67 

hours). It is noteworthy that µchl significantly exceeded µDCM in the mixotrophic treatment 

at high light. By contrast, the µchl values at high light conditions of 0.125 h-1 and 0.94 h-1 

(DT = 5.56 and 7.40 hours) in the heterotrophic and autotrophic treatments, respectively, 

were statistically indistinguishable from their corresponding µDCM values. Moreover, the 

µchl values at low light conditions of 0.098, 0.118, and 0.061 h-1 (DT = 7.07, 5.86, and 

11.37 hours, respectively) under mixotrophic, heterotrophic, and autotrophic treatments, 

respectively, were all statistically indistinguishable from their corresponding µDCM values. 

These results suggested that a greater amount of chlorophyll was necessary to produce a 

unit of biomass in the mixotrophic treatment at high light intensity relative to all the other 

treatments, implying that photosynthetic performance was probably lowest in the 

mixotrophic treatment at high light intensity. 
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Figure 16. Average specific growth rates based on chlorophyll (h-1) and standard 
deviation (n=5) during 11 hours of light period in three different nutritional growth 
conditions, mixotrophic, heterotrophic, and autotrophic treatments, under 200 µmol m-2 s-

1 in PAR (left half) and 50 µmol m-2 s-1 in PAR (right half) light with CWFs. Each 250-
mL culture bottle contained 150-mL cell suspension initially. Values at the bottom of the 
columns represent the average ± standard deviation. Different letters on top of the 
columns represent the statistical significance with 95% confidence level. 
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by the end of the dark period from 35.81 to 22.57 mg chl g-1 DCM and from 41.50 to 

22.94 mg chl g-1 DCM at high and low light intensities, respectively. Meanwhile, the 

chlorophyll densities under autotrophic conditions rose significantly from 27.12 to 43.60 

and from 33.46 to 43.11 mg chl g-1 DCM during the dark at high and low light intensities, 

respectively.  

 

Figure 17. Chlorophyll densities (mg chl g-1 DCM) with standard deviation (n=5) in 
three different nutritional conditions, mixotrophic, heterotrophic, and autotrophic 
treatments, under 200 µmol m-2 s-1 in PAR (left half) and 50 µmol m-2 s-1 in PAR (right 
half) light with CWFs after 11 hours of light period (open column) and after 12 hours of 
dark period (closed column). Each 250-mL culture bottle contained 150-mL cell 
suspension initially. Different letters on top of the columns represent the statistical 
significance with 95% confidence level. 
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The accumulation of biomass and chlorophyll over time (Figure 14) showed clearly that, 

in the autotrophic treatments, while the chlorophyll concentration remained 

approximately unchanged during the dark at either low or high light, the dry cell mass 

declined significantly during the dark at either light treatment owing to the degradation or 

expenditure of photosynthesis. Thus, the resulting chlorophyll density for the autotrophic 

treatment rose significantly in the dark at either light treatment. In the heterotrophic 

treatments, however, a chlorophyll concentration that remained unchanged and a dry cell 

mass that rose significantly owing to the uptake of carbon from the available acetate 

which significantly exceeded any starch degradation or expenditure in the dark resulted in 

a chlorophyll density that decreased significantly for the heterotrophic treatments in the 

dark at either light treatment. And for the mixotrophic treatment, whose chlorophyll 

concentration only slightly increased in the dark and whose expected significant gain in 

biomass from the available acetate was practically neutralized by the inhibiting effect of 

CO2 in the dark, the resulting cell density in the dark did not differ from that in the light. 

 

At high light level, that the chlorophyll densities of the mixotrophic and heterotrophic 

treatments significantly exceeded that of the autotrophic treatment indicated that the 

autotrophic treatment required less chlorophyll to produce a unit amount of biomass. This 

underscored the high photosynthetic performance of the autotrophic system at high light. 

At low light level, the autotrophic treatment required a greater amount of chlorophyll to 

produce a unit amount of biomass than it did at high light level. And while at low light 

the cell density of the autotrophic treatment remained significantly lower than that of the 
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heterotrophic treatment, the cell density of the autotrophic treatment was not statistically 

significant from that of the mixotrophic treatment. 

 

Chlorophyll content is, one of the most important parameters affecting biomass 

production as well as photo-hydrogen production in Chlamydomonas. Interestingly, 

however, higher chlorophyll content does not always result in higher biomass production. 

For instance, Nakajima et al. (1999 and 2001) reported the improvement of 

photosynthetic efficiency and biomass productivity in the green alga Chlamydomonas 

perigranulata by the reduction of the chlorophyll content of the light-harvesting pigment 

under light-saturated condition. This appeared to have helped reduce the incidence of 

photoinhibition, induced by a prolonged exposure to high light (Schuster et al., 1988), 

and whereby light-driven electron flow was significantly impaired due to the loss of de 

novo synthesis of the PSII-reaction-center protein D1. Polle et al. (2002) suggested that a 

truncated chlorophyll antenna size of PSII might lead to a more efficient radiation energy 

use in C. reinhardtii under light-saturating condition, noting that the reduction in antenna 

size in PSII was more important than that in PSI in terms of photosynthetic biomass 

synthesis. Thus, under light-limiting condition, either heterotrophic growth or 

mixotrophic growth would be preferred given its high chlorophyll density. Under light-

saturating condition with the risks of photoinhibition, however, autotrophic growth would 

be preferred in view of its lower chlorophyll density. 
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5.2.3. Starch Accumulation and Consumption 

Figure 18 shows the specific starch contents at the end of light and dark periods as well 

as the specific starch degradation in the dark for the six treatments. Similar to the trends 

in the previous data, the specific starch contents of treatments in the light under high light 

generally exceeded those of treatments in the light under low light. Under high light 

intensity, the specific starch accumulation during 11 hours of light period in the 

autotrophic treatment of 0.229 g glucose g-1 DCM significantly exceeded that of the 

mixotrophic treatment of 0.186 g glucose g-1 DCM and that of the heterotrophic treatment 

of 0.180 g glucose g-1 DCM. This indicated that the photosynthetic performance in the 

autotrophic treatment exceeded that in the mixotrophic and heterotrophic treatments. 

Under low light intensity, however, the specific starch accumulation during the light 

period in the mixotrophic treatment of 0.156 g glucose g-1 DCM significantly exceeded 

those for the heterotrophic of 0.128 g glucose g-1 DCM and the autotrophic of 0.118 g 

glucose g-1 DCM. 

 

It is also noteworthy that while certain inhibitory effects of CO2 on the specific growth 

rate of the mixotrophic treatment were observed under low light, no inhibitory effects of 

CO2 on specific starch accumulation of the mixotrophic treatment under low light were 

observed. Indeed, the specific starch accumulation in the mixotrophic treatment 

significantly exceeded that in either the heterotrophic treatment or the autotrophic 

treatment under low light. This indicated that CO2 was inhibitory to the specific growth 
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rate of the mixotrophic treatment under low light through growth factor(s) other than 

specific starch accumulation. 

 

 

Figure 18. (a) Average glucose unit in starch content (g glucose g-1 DCM) and 
standard deviation (n = 5) in three different nutritional conditions, mixotrophic, 
heterotrophic, and autotrophic treatments, under 200 µmol m-2 s-1 in PAR (left half) and 
50 µmol m-2 s-1 in PAR (right half) light with CWFs after 11 hours of light period (open 
column) and after 12 hours of dark period (closed column). (b) Average starch decrease 
per biomass during dark period (%: g glucose g-1 DCM) and standard deviation (n=5) in 
the same treatments. Values at the bottom of the columns represent average of 5 
replications. Different letters on top of the columns represent the statistical significance 
with 95% confidence level. 
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Meanwhile, the specific starch degradation in the dark in the autotrophic treatment under 

high light significantly exceeded those for all the other treatments, explaining why the 

autotrophic treatment under high light, despite having the highest specific starch 

accumulation in the light, ended up having the lowest specific starch content at the end of 

the dark period together with the autotrophic treatment under low light. This also explains 

why the dry cell mass concentration in the autotrophic treatment under either high or low 

light ended up being the lowest at the end of the experimental period relative to the 

mixotrophic and the heterotrophic treatments (Figure 14). 

 

The two main sources of electrons for photo-hydrogen production in C. reinhardtii are 

the water-splitting reaction induced PSII photosynthetic activity (Greenbaum et al., 1983; 

Gfeller and Gibbs, 1984) and the non-photochemical plastoquinone reduction pathway 

(Gfeller and Gibbs, 1984; Hemschemeier and Fouchard, 2008). Although the electron 

source for the non-photochemical plastoquinone reduction pathway has not been clearly 

identified, starch catabolism has been known to largely contribute (Posewitz et al., 2004; 

Fouchard et al., 2005). Thus, with the novel strategy that aims to significantly deactivate 

the PSII activity, it is quite important for the algae to have high specific starch content for 

photo-hydrogen production. In the absence of dark period, or under continuous lighting, 

autotrophic growth would be the best condition. When a dark period is implemented, 

however, mixotrophic or heterotrophic growth would be the optimal condition. 
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Thus, the following optimal nutritional conditions for the algae culture were 

recommended with a view to the subsequent photo-hydrogen production: 

 

(1) In terms of biomass growth: 

Mixotrophic or heterotrophic condition for high or low light intensity, 

respectively; 

(2) In terms of chlorophyll content: 

Autotrophic condition for saturating light condition and Mixotrophic 

condition for limiting light condition; 

(3) In terms of starch accumulation (electron source): 

Mixotrophic condition under light/dark cycle or autotrophic condition 

under continuous lighting. 

 

Mixotrophic condition appeared to be optimized condition, having no major 

disadvantages and having various beneficial aspects for biomass production as well as for 

photo-hydrogen production. The mixotrophic condition would be implemented in all 

subsequent experiments in this study.  
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5.3. Initial Validation of Spectral-Selective photosystem Activation/Deactivation 

Strategy 

Implementing the novel spectral-selective photosystem activation/deactivation strategy 

for photo-hydrogen production, the objective of this experiment was to test if the 

application of a PSI-spectral-selective radiation on C. reinhardtii cells would result in the 

synthesis and accumulation of hydrogenase enzymes with functional potential for photo-

hydrogen production. An affirmative outcome for this experiment would confirm that the 

PSI-spectral-selective radiation was capable of selectively activating PSI while keeping 

PSII practically deactivated, or minimally activated, so that an anoxic condition was 

maintained by keeping any PSII-induced photosynthetic oxygen generation significantly 

below the respiratory oxygen consumption and, thus, allowing for the synthesis and 

accumulation of hydrogenase. Based on the available data in the literature, it was 

preliminarily assumed that the peaks of action spectra for PSII and PSI were 680 nm and 

700 nm, respectively (Jennings and Eytan, 1973). Thus, a PSI-spectral-selective radiation 

with a target peak of 700 nm was approximated by using red LEDs with a peak 

wavelength of 700 nm, equipped with 695-nm cut-off glass optical filter (Schott RG695), 

to minimize any overlap with the action spectra for PSII. The Schott RG695 filter had 

been commonly used by various investigators in studying the photochemical oxidation of 

the P700 PSI reaction center (Cinco et al, 1993; Kruse et al, 1999; Baymann et all, 1999). 

Thus, the four treatments tested were: (1) the PSI-spectral-selective radiation 

approximated through a combination of red LED radiation and a 695-nm cut-off filter 

(Red+F), with a resulting effective peak of 708 nm and a waveband of 687-737 nm, 
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provided at 200 µmol m-2 s-1 between 600 – 800 nm, without CO2 and air supply: (2) 

white light without CO2 and air supply (White), where light was provided using standard 

CWFs at 200 µmol m-2 s-1; (3) white light supplied with CO2 and air (White+CO2), where 

light was provided using standard CWFs at 200 µmol m-2 s-1; and (4) darkness without 

CO2 and air supply (Dark). 

 

Figure 19 shows the gas productions from the lysed cells which had been adapted to the 

various treatments, indicating the differential functional potentials of hydrogenase that 

had been synthesized and accumulated under the different treatments. Since the cell 

structures had been damaged by lysing the cells through the addition of Triton X-100, the 

only significant functional gas-producing process that remained after cell lysis was 

hydrogen production mediated by released ex vivo hydrogenase. Indeed, there was no gas 

production observed when the cells which had been adapted to the White+CO2+Air 

treatment, where expression and synthesis of hydrogenase must have been inhibited by 

the continuous oxygen-containing air supply. Thus, the gas productions shown in Figure 

19 should correlate well with hydrogen production.  
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Figure 19. The time profiles of average gas production (mL per flask) and standard 
deviation (n = 15 for White, Dark, and Red+F treatments and n = 2 for White+CO2+Air 
treatment) measured every 30 minutes for 3 hours under non-limited electron supply in 
four different light treatments, including: White (open circle); White+CO2+Air (open 
triangle); Dark (closed circle); and Red+F treatments (open square). Each 25-mL bottle 
contained 10-mL cell suspension and 10 mL of phosphate buffer. Formula of the linear 
regression and its R2 values are shown on the right. 
 

The results showed through the Red+F treatment that the PSI-spectral-selective radiation 

with a target peak of 700 nm did, indeed, successfully synthesize and accumulate 

hydrogenase with demonstrated functional potential for hydrogen production. Indeed, the 

Red+F rate of hydrogen production of 0.448 mL h-1 was statistically indistinguishable 

from that of the Dark treatment of 0.401 mL h-1, and both significantly exceeded those 

for the White and White+CO2+Air treatments of 0.142 mL h-1 and 0.008 mL h-1, 

respectively. Thus, the results confirmed that the PSI-spectral-selective radiation was able 

to selectively activate PSI while keeping PSII minimally activated, so that an anoxic 
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condition was maintained by keeping any PSII-induced photosynthetic oxygen generation 

lower than the respiratory oxygen consumption and, thus, allowed for the synthesis and 

accumulation of hydrogenase. That the Red+F treatment was able to maintain an anoxic 

condition was supported by the fact that this treatment produced hydrogen at the same 

rate as did the Dark treatment which, being non-photosynthetic and non-oxygen 

generating, had maintained an anoxic condition. That the White+CO2+Air treatment 

showed practically no hydrogen production was not surprising on account that it was 

continuously supplied, not only with 5% CO2 but with oxygen-containing air, which 

inhibited the synthesis and accumulation of hydrogenase. It was noteworthy, however, 

that the White treatment (without CO2 and air supply) exhibited hydrogen production, 

though at a significantly reduced rate that was only 32% of that of the Red+F treatment. 

This result was important since it indicated that the C. reinhardtii cells synthesized and 

accumulated hydrogenase even under white light, despite the oxygen generation induced 

by an activated PSII. It also underscored that the PSII-induced photosynthetic oxygen 

generation was not completely inhibitory to hydrogen production,  and suggested that 

hydrogen production depended principally on the degree of anoxia which depended on 

the dynamics between photosynthetic oxygen generation and respiratory oxygen 

consumption. The hydrogenase activity of the White treatment was likely aided by the 

high cell concentration of 50 mg chl L-1 in the cell suspension. A higher cell 

concentration meant diminished radiation per unit cell, meaning less photosynthetic 

oxygen production, as well as greater number of cells, meaning higher respiratory oxygen 

consumption 
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Figure 20 shows the cell growth over time in the three treatments. Since the White 

treatment definitely enabled the activation of PSII, regular photosynthetic process 

transpired and resulted in cell growth over time that significantly exceeded those for the 

Red+F and the Dark treatments. Further, that the photosynthetic process was substantially 

inhibited in favor of hydrogen production in the Red+F and the Dark treatments 

accounted for their minimal cell growth over time. 

 

Figure 20.  The time profiles of average dry cell mass (g DCM L-1 cell suspension) 
with standard deviation (n=3) during 12 hours of light period in three different 
treatments: the White (open circle); the Dark (closed circle); and the Red+F (open 
square) treatments; under 200 µmol m-2 s-1 in 600 – 800 nm waveband. Each 50-mL 
culture bottle contained 50-mL cell suspension initially. Specific growth rates based on 
biomass ± standard deviation are summarized on the top. 

 

Meanwhile, this experiment also showed that the approximated PSI-spectral-selective 

radiation with a target peak of 700 nm generated by using red LEDs with a peak 
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overlap with the action spectra for PSII appeared to work reasonably well. Nonetheless, 

the results were not a validation of the preliminary assumption that the peaks of action 

spectra for PSII and PSI were indeed 680 nm and 700 nm, respectively. The results, 

however, constituted a partial validation of the novel spectral-selective photosystem 

activation/deactivation strategy formulated in this study for photo-hydrogen production. 
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5.4. In Vivo Photo-Hydrogen Production Using Spectral-Selective Photosystem 

Activation/Deactivation Strategy: Part I 

With the successful demonstration in the preceding section of the functional potential for 

hydrogen production of hydrogenase that had been synthesized and accumulated in C. 

reinhardtii cells upon exposure to a PSI-spectral-selective radiation with a target peak of 

700 nm, the primary objective of this experiment was to test if implementing the novel 

spectral-selective photosystem activation/deactivation strategy would result in actual and 

sustained in vivo photo-hydrogen production in C. reinhardtii cells. A secondary 

objective of this experiment was to determine a more optimal PSI-spectral-selective 

radiation that would result in greater photo-hydrogen productivity. A significant 

methodological feature of this experiment was the implementation of dark adaptation 

prior to exposure of cells to the various light treatments. The dark adaptation, consisting 

of flushing the cells with nitrogen gas for 30 minutes then followed by 2.5 hours of 

exposure to darkness, was implemented to uniformly induce the cells to synthesize and 

accumulate approximately the same levels of hydrogenase so that each treatment would 

start with approximately the same quantity of hydrogenase as the others before exposure 

to its own experimental lighting regime. Thus, unlike in the previous experiment where 

there was no dark adaptation prior to exposing the cells to the Red+F and White 

treatments, resulting in significantly varying amounts of hydrogenase at the start of the 

experimental lighting regimes, the current experiment with equalized hydrogenase 

amounts across treatments could focus on the important differential effects of light 

wavebands on photo-hydrogen production, which were essential to the development of 
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the novel spectral-selective strategy being developed here for photo-hydrogen production. 

The in vivo photo-hydrogen production by C. reinhardtii cells was monitored using a 

hydrogen sensor under three different light treatments, each having the same photon flux. 

The three light treatments used were: Red = red LED radiation with a peak at 705 nm and 

a waveband of 664-735 nm; Red+F = combination of red LED radiation and a 695-nm 

cut-off filter, with a resulting effective peak of 708 nm and a waveband of 687-737 nm, 

and; White = white light from CWF lamp.  

 

Figure 21 shows the results of the in vivo photo-hydrogen production by C. reinhardtii 

cells as the cells were exposed to each of the three light treatments after 2.5 hours of 

darkness following a 30-minute flushing with nitrogen gas. Photo-hydrogen production 

was monitored in each treatment until saturation level was reached. Table 2 provides a 

numerical summary of the results. The results showed that all three light treatments 

exhibited in vivo photo-hydrogen production, and clearly at significantly different initial 

rates and saturation concentrations. The White treatment yielded the highest initial photo-

hydrogen production rate of 1.013 µmol mg-1 chlorophyll h-1, and sustained such initial 

rate for approximately an hour (Figure 21) before declining gradually and then finally 

reaching a hydrogen saturation concentration per unit chlorophyll content of 1.7 µmol H2 

mg-1 chl at approximately 3.5 hours after treatment exposure. By contrast, the Red+F 

treatment yielded the lowest initial photo-hydrogen production rate of 0.170 µmol mg-1 

chlorophyll h-1 (Figure 21), but required over 10 hours before reaching its saturation level 

of 0.9 µmol H2 mg-1 chl. Meanwhile, the Red treatment yielded a medium initial photo-
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hydrogen production rate of 0.451 µmol mg-1 chlorophyll h-1 (Figure 21), with photo-

hydrogen production taking 14 hours before reaching a saturation hydrogen concentration 

of 2.8 µmol H2 mg-1 chl, which was the highest saturation hydrogen concentration 

generated by the three light treatments. 

 

Table 3. The Initial photo-hydrogen production rate (µmol mg-1 chlorophyll h-1) 
and the total photo-hydrogen production rate over time (µmol mg-1 chlorophyll) in three 
treatments, White, Red, and Red+F. Each 125-mL culture bottle contained 90-mL cell 
suspension at 131-142 mg chl L-1 and was tightly closed after initial 30 minutes of 
nitrogen flush.  

 

 

The results provided crucial insights into the mechanics of photo-hydrogen production, 

given that all the treatments started with approximately equal levels of hydrogenase. The 

White treatment, having the same level of hydrogenase as the other light treatments, 

exhibited the highest initial photo-hydrogen production rate principally because the full 

activation of PSII right after the dark-adaptation phase promptly initiated the electron 

flow through the electron transport system to deliver the necessary electrons to the 

available and ready hydrogenase for photo-hydrogen production. That the results showed 

no inhibition of hydrogenase activity at this initial stage indicated that anoxia was 

maintained at the initial stage of photosynthetic activity under white light, implying that 

Initial Photo-H2 Production Rate Total Photo-H2 Production Rate

(µmol H2 mg-1 chl h-1) (mL H2 mg-1 chl h-1) (µmol H2 mg-1 chl) (mL H2 mg-1 chl)

White 1.01 0.023 1.7 0.038

Red 0.45 0.010 2.8 0.063

Red+F 0.17 0.004 0.9 0.020
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the associated PSII-induced oxygen generation was kept lower than the respiratory 

oxygen consumption in the initial stage. 

 

 

Figure 21.  (a) Time profiles of photo-hydrogen production (µmol H2 mg-1 chl) in C. 
reinhardtii after anaerobic dark adaptation in the three treatments: White (CWFs); Red 
(LEDs); and Red+F (LEDs+RG695). (b) linear regression of initial photo-hydrogen 
production rate in each treatment and the R2 values are shown (b). Each 125-mL culture 
bottle contained 90-mL cell suspension at 131-142 mg chl L-1 and was tightly closed after 
initial 30 minutes of nitrogen gas flush. 
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the necessary supply of electrons through the electron transport system was being 

delivered at a relatively slower rate in the Red treatment, thus decreasing its rate of 

photo-hydrogen production. Thus, the Red treatment's peak of 705 nm and waveband of 

664-735 nm must have laid farther to the right of the actual action-spectral peak of PSII 

for C. reinhardtii, in contrast to the white light whose broad waveband more directly 

covered the action-spectral peak of PSII. This was supported by the result that the Red 

treatment took a significantly longer 14 hours before reaching its saturated hydrogen 

concentration, while the White treatment took merely 3.5 hours, indicating that the 

hydrogenase-inhibiting oxygen production was significantly diminished in the Red 

treatment on account of its reduced level of PSII activity relative to that in the White 

treatment. Meanwhile, an even more significantly diminished level of PSII activity in the 

Red+F treatment meant that its effective peak at 708 nm and waveband of 687-737 nm 

must have laid even farther away from the actual action-spectral peak of PSII, thus 

further limiting the flow of electrons through the electron transport system, and resulting 

in a more severe reduction in photo-hydrogen production. This was similarly supported 

by the result that the Red+F treatment took an even longer 15 hours before reaching its 

saturation hydrogen concentration, indicating that the hydrogenase-inhibiting oxygen 

production was severely reduced in the Red+F treatment on account of its severely 

inhibited PSII activity relative to those in both the White and Red treatments. 

 

What the foregoing results underscored was that, given equal initial amounts of 

hydrogenase through a prior dark adaptation, the White treatment's normal PSII activity 
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provided a good jump start to the necessary electron flow, resulting in a high initial 

hydrogen production rate, though its high rate of photosynthetic oxygen production 

quickly limited its sustained photo-hydrogen production. By contrast, the Red treatment's 

reduced PSII activity resulted in a reduced initial hydrogen photo-production rate, though 

its concomitantly diminished photosynthetic oxygen production enabled the Red 

treatment to achieve a far more sustained photo-hydrogen production over time. 

Meanwhile, the more significantly reduced rate of photo-hydrogen production in the 

Red+F treatment indicated that its peak and waveband lay farther away from the actual 

action-spectral peak of PSII. These results provided three crucial insights: (1) the 

effectiveness of PSII to deliver electrons for photo-hydrogen production appeared to have 

far exceeded that of the alternative endogenous-substrate catabolic pathway; (2) a partial 

overlap of the PSI-spectral-selective radiation with the actual action-spectral peak of PSII 

would be desirable to take advantage of the more efficient flow of electrons induced by a 

partially activated PSII; and (3) a more optimal PSI-spectral-selective radiation for photo-

hydrogen production would lie closer toward the peak and waveband of the Red 

treatment than toward those of the Red+F treatment. 

 

Boichenko and Bader (1998) investigated the photosynthetic oxygen production and 

photo-hydrogen production in C. reinhardtii using monochromatic radiation. The results, 

shown in Figure 22, showed that photosynthetic oxygen generation reached its peak 

between approximately 672-678 nm, then declined sharply as the wavelength increased 

and was reduced to 10% of the maximum at about 698 nm. Meanwhile, the photo-
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hydrogen production reached its peak between 680-685 nm, a waveband that was shifted 

immediately to the right of that for peak photosynthetic oxygen production. The photo-

hydrogen production similarly declined sharply as the wavelength increased and was 

reduced to 10% of the maximum at about 710 nm wavelength radiation. The results by 

Boichenko and Bader (1998) showed that photo-hydrogen production ranged between 

100% and 50% of the maximum within the waveband of 685-696 nm, within which the 

corresponding reduced photosynthetic oxygen production ranged from 63% to 18% of the 

maximum. Thus, the waveband 685-696 nm practically represented an optimal target 

waveband for a PSI-spectral selective radiation that would selectively activate PSI and 

partially deactivate PSII to a degree that would result in maximal photo-hydrogen 

production in C. reinhardtii. Thus, with the Red treatment having a spectral peak at 705 

and covering 664-735 nm, while the Red+F treatment having a spectral peak at 708 nm 

and covering 687-737 nm, the spectral overlaps between the treatments and the spectral 

distributions for hydrogen and oxygen productions by C. reinhardtii cells as depicted in 

Figure 22 show that the Red treatment supplied radiant energy within the waveband 685-

696 nm that was 200% greater than that supplied by the Red+F treatment. Not 

surprisingly, the photo-hydrogen production by the Red treatment significantly exceeded 

that by the Red+F treatment in excess of 200%, both in terms of the initial production 

rate and the saturation concentration. Meanwhile, Figure 22 also points to the design of a 

more optimal PSI-spectral-selective radiation for photo-hydrogen production which could 

be generated through a combination of Red LED and a bandpath filter (Red+BPF), with a 

resulting spectral peak at 692 nm and covering a narrow waveband of 681-701 nm, neatly 
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and tightly embedding within it the target waveband of 685-696 nm. Thus, an 

implementation of the Red+BPF treatment would be expected to result in a more optimal 

photo-hydrogen production. 

 

 

Figure 22. Relative spectral distributions in the Red+BPF (solid line), the Red (dotted 
line), and the Red+F (dashed line) treatments and the relative O2 (line with closed circle) 
and photo-hydrogen (dotted line with open circle) production rate investigated by 
Boichenko and Bader (1998) in 660 – 720 nm waveband. 
 

A final note on this experiment is on the differing amounts of radiant energy or quanta 

within the approximate PAR waveband of 400-720 nm that were applied in the different 

light treatments (Figure 23 and Table 4). The White, Red and Red+F treatments delivered 

radiant energy to the cells at 43.8, 30.8 and 28.1 W m-2, respectively, which were 
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equivalent to 202.8, 180.0 and 165.4 µmol m-2 s-1, respectively. Thus, cells in the Red 

and Red+F treatments received only 70% and 64%, respectively, of the quantity of 

radiant power (43.8 W m-2) that cells in the White treatment received. These reduced 

quantities of radiant power delivered in the Red and Red+F treatments more than likely 

contributed significantly to the two treatments’ reduced initial hydrogen production rates 

relative to that of the White treatment. Certainly, up to a certain biochemical limit, a 

higher rate of supply of radiant energy or quanta of specific wavelengths -- not only to 

PSI but also to PSII, since both the Red and Red+F spectra partially overlapped with the 

action spectra of PSII -- would result in a higher rate of electron flow, which in turn 

would translate into a higher rate of hydrogen production. Thus, the ratios of initial 

hydrogen production rate to radiant power (or quantum flux) -- gross approximations of 

energy conversion efficiency -- for the White, Red and Red+F treatments as shown in 

Table 4 would have achieved higher values for the Red and Red+F treatments. It is 

important to note, however, that though the differences between the Red and Red+F 

treatments in terms of initial hydrogen production rates and saturation hydrogen 

concentrations might have narrowed, such differences would have been sustained and 

would have remained significant nonetheless on account of their significantly different 

spectral distributions over the waveband of 685-696 nm that corresponded with optimal 

photo-hydrogen production. It is also worth underscoring that, while the Red treatment 

(or to a much lesser extent the Red+F treatment) could approach or even match the initial 

hydrogen production rate of the White treatment, it would not be possible for the Red 

treatment (or any other light treatment for that matter) to exceed the initial hydrogen 
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production rate of the White treatment. This was because the initial hydrogen production 

rate under a lighting regime that would activate both PSII and PSI while remaining under 

anoxic condition represented the maximum attainable initial photo-hydrogen production 

rate. The maximum initial photo-hydrogen production rate would occur ideally when the 

photosynthetic process occurred normally – reaping the full benefits of activated PSII and 

PSI that would make possible the efficient and steady supply of electrons through the 

electron transport system into hydrogenase for hydrogen production -- but without the 

associated hydrogenase-inhibiting effects of photo-oxygen production. Practically, this 

was approximated in the White treatment during the first hour only of exposure to white 

light (immediately following the dark-adaptation phase) during which an anoxic 

condition was still able to be maintained in the treatment. Thus, as a corollary, a 

significant partial deactivation of PSII could only result in a lower initial photo-hydrogen 

production rate. Nonetheless, as the results of the current experiment confirmed, a 

treatment with a lower initial photo-hydrogen production rate could still generate the 

highest total photo-hydrogen production. The goal, of course, would be for the designed 

PSI-spectral selective radiation to effect an initial hydrogen production rate that would be 

the same as that in the White treatment (the maximum possible value) and, by 

maintaining an anoxic condition by keeping the photosynthetic oxygen production to 

remain lower than the respiratory oxygen consumption, to achieve a sustained photo-

hydrogen production over time. 
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Figure 23. Spectral distributions in 400 – 720 nm waveband (µmol m-2 s-1) in the 
White (solid line), the Red (dotted line), and the Red+F (dashed line) treatments are 
shown. Above the figure, light intensity in 400 – 720 nm waveband are summarized in 
each treatment was summarized both quantum (µmol m-2 s-1) and energy basis (W m-2) 
 

Table 4. Initial photo-hydrogen production rate (mL H2 mg-1 chl h-1), total H2 
production over time (mL H2 mg-1 chl), light intensity in 400 – 720 nm in quantum basis 
(µmol m-2 s-1) and in energy basis (W m-2), and energy conversion efficiencies in 
quantum basis ([µL H2 mg-1 chl h-1] / [µmol m-2 s-1]) and in energy basis ([µL H2 mg-1 chl 
h-1] / [W m-2]) in the three treatments. 
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5.5. In-Vivo Photo-Hydrogen Production Using Spectral-Selective Photosystem 

Activation/Deactivation Strategy: Part II 

The objective of this experiment was to implement a newly designed PSI-spectral 

selective radiation on C. reinhardtii cells with the aims of achieving: (1) an initial 

hydrogen production rate that would match the maximum possible value as represented 

by that under white light under anoxic condition; (2) a sustained and non-oxygen-

inhibited photo-hydrogen production that would last for as long as possible; and (3) a 

gross energy conversion efficiency that would at least match that under white light under 

anoxic condition. The effects of temperature and cell density on the foregoing dependent 

variables would also be determined. The hydrogenase levels in the treatments would be 

equalized through dark adaptation, and the radiant power applied to each treatment would 

also be equalized at 15 W m-2. 

 

Thus, the independent variables and their levels to be tested were:  

1. Light Quality:  

a. PSI-spectral selective radiation – Red LED combined with a bandpath filter 

(Red+BPF), with a resulting spectral peak at 692 nm and covering a narrow 

waveband of 681-701 nm, neatly and tightly embedding within it the target 

waveband of 685-696 nm associated with maximal photo-hydrogen production, 

applied at 15 W m-2; 

b. White treatment – standard CWFs applied at 15 W m-2; 

2. Temperature – 20⁰C and 25⁰C; 
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3. Culture Density -- 20 and 40 mg chl L-1 cell suspension. 

 

Figure 24 shows photo-hydrogen production over time in the various treatments, while 

Table 4 summarizes the initial photo-hydrogen production rate and the total photo-

hydrogen production for each of the treatments. Meanwhile, Figure 25 shows the time 

distribution of photo-hydrogen production rates in each treatment. 

 

Figure 24. Time profiles of average photo-hydrogen production (mL H2 mg-1 chl) and 
standard deviation (n = 4) in the White (open circle) and the Red+BPF (closed circle) 
measured for 9 hours at (a) 20 mg chl L-1 suspension cell density with cells grown at 
20⁰C; (b). 20 mg chl L-1 suspension cell density with cells grown at 25⁰C; (C) 40 mg chl 
L-1 suspension cell density with cells grown at 20⁰C; and (d) 40 mg chl L-1 suspension 
cell density with cells grown at 25⁰C. Each 125-mL culture bottle contained 90-mL cell 
suspension and was tightly closed after initial 30 minutes of UHP nitrogen gas flush. 
Asterisks indicate the statistical significance. 
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Table 5. Initial photo-hydrogen production rate (mL H2 mg-1 chl h-1), and the total 
photo-hydrogen production over time (mL H2 mg-1 chl) with standard deviation (n = 4) in 
the White and the Red+BPF treatments at two cell densities (20 and 40 mg chl L-1 
suspension cell) with cells grown at two different temperatures (20 and 25⁰C). Each 125-
mL culture bottle contained 90-mL cell suspension and was tightly closed after initial 30 
minutes of UHP nitrogen gas flush. Asterisks indicate the statistical significance 
compared to the corresponding values under the different light quality with 95% 
confident level. 

 

At 20 mg chl L-1 cell density (Figure 24a and b), photo-hydrogen production in the 

Red+BPF treatment lasted for 3 hours, resulting in total photo-hydrogen production over 

time of 0.075 and 0.108 mL H2 mg-1 chl at 20⁰C and 25⁰C, respectively, which 

significantly exceeded those in the White treatment, which lasted for only 1.5 hours, of 

0.047 and 0.066 mL H2 mg-1 chl at 20⁰C and 25⁰C, respectively. Meanwhile, the initial 

photo-hydrogen production rates in the Red+BPF treatment of 0.037 and 0.055 mL H2 

mg-1 chl h-1 at 20⁰C and 25⁰C, respectively, successfully matched and were statistically 

indistinguishable from those in the White treatment of 0.031 and 0.044 mL H2 mg-1 chl h-

1 at 20⁰C and 25⁰C, respectively (Table 4). Further, in both the Red+BPF and White 

treatments, the initial photo-hydrogen production rates at 25⁰C generally exceeded those 

Treatment
20 mg chl L-1 suspension 40 mg chl L-1 suspension

20 C 25 C 20 C 25 C

Initial Photo-Hydrogen Production Rate (mL H2 mg-1 chl h-1)

White 0.031 ± 0.005 0.044 ± 0.017 0.019 ± 0.007 0.040 ± 0.006*

Red+BPF 0.037 ± 0.006 0.055 ± 0.010 0.017 ± 0.001 0.031 ± 0.002

Total Photo-Hydrogen Production Over TIme (mL H2 mg-1 chl)

White 0.047 ± 0.008 0.066 ± 0.026 0.048 ± 0.011 0.079 ± 0.011

Red+BPF 0.075 ± 0.008* 0.108 ± 0.015* 0.087± 0.015* 0.097± 0.009*
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at 20⁰C, with rates at 20⁰C being on average 67.3% and 70.5% of those at 25⁰C in the 

Red+BPF and White treatments, respectively.  

 

 

Figure 25. Photo-hydrogen production rates (mL H2 mg-1 chl) and standard deviation 
(n = 4) in 0 – 1.5, 1.5 -3.0, 3.0 – 6.0, and 6.0 – 9.0 hour time period in the White (open 
column) and the Red+BPF (closed column) measured for 9 hours at (a) 20 mg chl L-1 
suspension cell density with cells grown at 20⁰C; (b). 20 mg chl L-1 suspension cell 
density with cells grown at 25⁰C; (C) 40 mg chl L-1 suspension cell density with cells 
grown at 20⁰C; and (d) 40 mg chl L-1 suspension cell density with cells grown at 25⁰C. 
Each 125-mL culture bottle contained 90-mL cell suspension and was tightly closed after 
initial 30 minutes of UHP nitrogen gas flush. 
 

At the higher cell density of 40 mg chl L-1 (Figure 24c and d), photo-hydrogen production 

in the Red+BPF treatment lasted for 6 hours, resulting in total photo-hydrogen 

productions over time of 0.087 and 0.097 mL H2 mg-1 chl at 20⁰C and 25⁰C, respectively, 

-0.02

0

0.02

0.04

0.06

0.08

0.0-1.5 1.5-3.0 3.0-6.0 6.0-9.0

-0.02

0

0.02

0.04

0.06

0.08

0.0-1.5 1.5-3.0 3.0-6.0 6.0-9.0

-0.02

0

0.02

0.04

0.06

0.08

0.0-1.5 1.5-3.0 3.0-6.0 6.0-9.0

-0.02

0

0.02

0.04

0.06

0.08

0.0-1.5 1.5-3.0 3.0-6.0 6.0-9.0

Time Period (hour) Time Period (hour)

H
yd

ro
ge

n 
P

ro
d

uc
tio

n
 (m

L
H 2
m

g-1
ch

lh
r-1

)

H
yd

ro
ge

n 
P

ro
d

uc
tio

n
 (m

L
H 2
m

g-1
ch

lh
r-1

)
(b) 40 mg 20 ⁰C

(a) 20 mg 20 ⁰C

(d) 40 mg 25 ⁰C

(c) 20 mg 25 ⁰C



 
 
 
                                                                                                              107 

which again significantly exceeded those in the White treatment, which only lasted for 3 

hours, of 0.048 and 0.079 mL H2 mg-1 chl at 20⁰C and 25⁰C, respectively. Meanwhile, 

the initial photo-hydrogen production rate in the Red+BPF treatment of 0.017 mL H2 mg-

1 chl h-1 at 20⁰C successfully matched and was statistically indistinguishable from that in 

the White treatment of 0.019 mL H2 mg-1 chl h-1 (Table 4). At 25 C, however, the initial 

photo-hydrogen production rate in the Red+BPF treatment of 0.031 mL H2 mg-1 chl h-1 

was lower than that in the White treatment of 0.040 mL H2 mg-1 chl h-1 (Table 4). In both 

the Red+BPF and White treatments, the initial photo-hydrogen production rates at 25⁰C 

generally exceeded those at 20⁰C, with rates at 20⁰C being on average 60.8% and 89.7% 

of those at 25⁰C in the Red+BPF and White treatments, respectively.  

 

The foregoing data underscored the following crucial findings: 

(1) In terms of maximum total hydrogen production, the Red+BPF treatment significantly 

outperformed the White treatment regardless of temperature (20 or 25⁰C) and cell density 

(20 or 40 mg chl L-1). This could principally be attributed to the Red+BPF treatment’s 

core strategy working such that it successfully effected a partial deactivation of PSII to a 

degree that, while PSII was still active enough that it was capable of still helping 

maintain a steady supply of electrons into hydrogenase to produce hydrogen, PSII was 

also sufficiently partially deactivated that its photo-induced oxygen generation remained 

lower than the respiratory oxygen consumption. Thus, possibly an anoxic condition was 

maintained better in the Red+BPF treatment than in the White treatment, whose relatively 

unregulated photo-induced oxygen generation led to a greater degree of inhibition of 
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hydrogenase, and leading to a more sustained and greater maximum total hydrogen 

production in the Red+BPF treatment; 

 

(2) In terms of initial hydrogen production rate, the Red+BPF treatment successfully 

matched in the most important conditions the performance of the White treatment, which 

represented the maximum attainable initial hydrogen production rate in each treatment. 

Meanwhile, it should be noted that each level of cell mass density also represented a level 

of light intensity. At high cell density, the available radiant energy per individual cell on 

average would be theoretically 50% of that at low cell density, since the cell 

concentration at low cell density was half of that at high cell density at a constant volume. 

Thus, the high cell mass density setting was practically equivalent to a low radiant energy 

setting, and the low cell mass density setting was practically equivalent to a high radiant 

energy setting. With this understanding, it made sense that the initial rate of hydrogen 

production for the Red+BPF treatment increased from high cell mass density (low light 

intensity) to low cell mass density (high light intensity), both at 20⁰C and 25⁰C. This 

meant that, in the Red+BPF treatment, the higher light intensity successfully increased 

the rate of flow of electrons toward hydrogen production, without the associated PSII-

induced increase in oxygen production demolishing its anoxic condition to cause 

inhibition of hydrogenase since the oxygen-consuming respiration still exceeded the 

increased PSII-induced oxygen generation. 
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In the White treatment, the initial rate of hydrogen production similarly increased from 

high cell mass density (low light intensity) to low cell mass density (high light intensity) 

at 20⁰C for similar reasons as in the Red+F treatment. At 25⁰C, however, the initial rate 

of hydrogen production did not change significantly from high cell mass density (low 

light intensity) to low cell mass density (high light intensity). This was because its initial 

hydrogen production rate was already relatively high at high cell mass density (low light 

intensity) at 25⁰C on account of the higher respiration rate at this higher temperature, 

making the condition more anoxic and less inhibitory to hydrogenase. Increasing further 

the light intensity (low cell mass density), however, did not significantly increase the 

initial hydrogen production rate on account that the increased rate of electron flow for 

hydrogen production was counteracted by an increased rate of PSII-induced oxygen 

production which promoted inhibition of hydrogenase.  

 

Thus, while the initial rate of hydrogen production in the White treatment exceeded that 

in the Red+BPF treatment at low light intensity (high cell mass density) at 25⁰C, 

increasing the light intensity (low cell mass density) at the same temperature of 25⁰C 

enabled the Red+BPF treatment to successfully match the White treatment’s initial 

hydrogen production rate. Thus, approximate sets of conditions have now been identified 

where the Red+BPF treatment was able to successfully match the maximum attainable 

initial rate of hydrogen production as represented by the White treatment. 
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In terms of the gross energy conversion efficiency, which is a gross approximation of the 

efficiency of converting radiant power to hydrogen and defined as the ratio of initial 

hydrogen production rate to radiant power applied, the results are shown in Table 5. 

Values of the gross energy conversion efficiency were calculated based on data at high 

cell density where the initial hydrogen production rates appeared to have been sustained 

longer. The resulting gross energy efficiency for photo-hydrogen production followed the 

preceding trends and for similar reasons. Thus, the gross efficiency values for the 

Red+BPF treatment matched those of the White treatment, except at low light intensity 

(high cell mass density) at 25⁰C. At high light intensity (low cell mass density) at 25⁰C, 

the Red+BPF treatment achieved a maximal gross radiant energy conversion efficiency 

for hydrogen production of 0.515 µL H2 mg chl-1 L-1  that statistically matched that in the 

White treatment of 0.395 µL H2 mg chl-1 L-1. 

 

Kosourov et al (2002) reported the photo-hydrogen production rate in C. reinhardtii sp 

through the sulfur-deprivation method as 5.74 µmol H2 mg-1 chl hr-1 (equivalent to 0.174 

mL H2 mg-1 chl hr-1) when supplied with 300 µmol m-2 s-1 (equivalent to approximately 

65 W m-2 based on the CWF spectrum). By contrast the maximal photo-hydrogen 

production rate in the Red+BPF treatment was 0.055 mL H2 mg-1 chl hr-1 when supplied 

with 15 W m-2. This would make the gross energy conversion efficiency for hydrogen 

production in the Red+BPF treatment (i.e., the PSI-spectral selective strategy) to be 

approximately 39% greater than that for the sulfur-deprivation strategy. The appreciable 
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contribution to a steady supply of electrons for hydrogen production by a partially 

deactivated PSII in the Red+BPF treatment was the most likely explanation. 

 

In terms of total time for sustained photo-hydrogen production, that in the Red+BPF 

treatment exceeded that in the White treatment by at most 80.8% and by at least 23.3% 

(Figure 24). It was significantly on account of the longer total time for sustained photo-

hydrogen production that the maximum total hydrogen production in the Red+F 

treatment significantly exceeded that in the White treatment regardless of cell mass 

density and temperature. 

 

Table 6. Photo-hydrogen production efficiency (mL H2 mg-1 chl h-1) in the White 
and the Red+BPF treatments at two cell densities (20 and 40 mg chl L-1 suspension cell) 
with cells grown at two different temperatures (20 and 25⁰C). Each 125-mL culture bottle 
contained 90-mL cell suspension and was tightly closed after initial 30 minutes of UHP 
nitrogen gas flush. 

 
*As discussed in this section, the values are expected to have a certain errors. 
 

 

The results of the current experiment showed that the implementation of the novel PSI-

spectral-selective PSI-activation/PSII-deactivation strategy for photo-hydrogen 

Photo-Hydrogen Production Efficiency
(µL H2 mg chl-1 J-1)

Cell Density 20 mg chl L-1 40 mg chl L-1

Temp. 20 ⁰C 25 ⁰C 20 ⁰C 25 ⁰C

White 0.279* 0.395* 0.172 0.360

Red+BPF 0.347 0.515 0.157 0.288
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production resulted in actual and relatively sustained photo-hydrogen production in C. 

reinhardtii cells, which had been dark-adapted for three hours immediately prior to 

exposure to a PSI-spectral selective radiation with a spectral peak at 692 nm and covering 

a narrow waveband of 681-701 nm applied at 15 W m-2. The optimal condition for the 

PSI-spectral selective radiation (692 nm) corresponded with low cell mass density of 20 

mg chl L-1 (or high light intensity) at the higher temperature of 25⁰C. At this condition, 

the PSI-spectral selective radiation (692 nm) effected a maximal initial hydrogen 

production rate of 0.055 mL H2 mg-1 chl h-1 which statistically matched that achieved 

under white light of 0.044 mL H2 mg-1 chl h-1, a maximal total hydrogen production of 

0.108 mL H2 mg-1 chl which significantly exceeded that under white light of 0.066 mL 

H2 mg-1 Chl, and a maximal gross radiant energy conversion efficiency for hydrogen 

production of 0.515 µL H2 mg chl-1 L-1  that statistically matched that under white light of 

0.395 µL H2 mg chl-1 L-1. 

 

The results indicated that the designed PSI-spectral selective radiation with a spectral 

peak at 692 nm, covering a narrow waveband of 681-701 nm, and applied at 15 W m-2 

worked effectively in implementing the novel PSI-spectral-selective PSI-activation/PSII-

deactivation strategy for photo-hydrogen production. This could be attributed in large 

part to the fact that its waveband of 681-701 nm induced the target waveband of 685-696 

nm which had been associated with maximal photo-hydrogen production. Nonetheless, 

the spectral peak, waveband, and even the radiant power of the PSI-spectral selective 

radiation would need further refining for optimization of photo-hydrogen production. 
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5.6. Reversibility Feature of Novel Strategy for Photo-hydrogen production 

A highly desirable feature which had been a significant consideration in the design of the 

novel PSI-spectral-selective PSI-activation/PSII-deactivation strategy for photo-hydrogen 

production would be its reversibility, referring to the strategy having the capability for the 

complete cessation of the PSI-activation/PSII-deactivation process to enable C. 

reinhardtii cells that had been subjected to such process, and whose photo-hydrogen 

production had reached saturation level and had begun to decline, to be returned to a 

recovery phase before they would again be subjected to the same process to resume 

photo-hydrogen production. The reversibility feature of the process would, of course, be 

implemented simply by turning on or off the PSI-spectral-selective radiation. 

 

The objective of this experiment was to test and demonstrate the reversibility feature of 

the PSI-spectral-selective PSI-activation/PSII-deactivation strategy for photo-hydrogen 

production. For the first cycle, C. reinhardtii cells were adapted under dark for 3 hours, 

followed by 6 hours of photo-hydrogen production under a light treatment (Red+BPF or 

White), and then followed by photomixotrophic growth under regular CWF radiation for 

15 hours. This was then immediately followed by the second cycle, where the cells were 

adapted under dark for 3 hours, and followed by 6 hours of photo-hydrogen production 

under a light treatment (Red+BPF or White). The cell density at the start of the second 

cycle was adjusted to the same concentration as that at the beginning of the first cycle. 

The cell density and the temperature were set at 20 mg chl L-1 cell suspension and 25⁰C 

based on the results of the preceding section. 
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The results shown in Figure 26 clearly depict the successful demonstration of the 

reversibility feature of the PSI-spectral-selective PSI-activation/PSII-deactivation 

strategy for photo-hydrogen production. Similar to the previous results (Figure 24c), 

photo-hydrogen production lasted 1.5 and 3 hours in each cycle in the White and the 

Red+BPF treatments, respectively. The total photo-hydrogen production levels over time 

in the 1st cycle were 0.114 ± 0.027 and 0.155 ± 0.007 mL H2 mg-1 chl in the White and 

Red+BPF, respectively. The total photo-hydrogen production levels over time in the 2nd 

cycle were 0.109 ± 0.004 and 0.163 ± 0.039 mL H2 mg-1 chl in the White and Red+BPF, 

respectively. Initial photo-hydrogen production rates were 0.075 and 0.074 mL H2 mg-1 

chl hr-1 in the 1st cycle, and 0.068 and 0.072 mL H2 mg-1 chl hr-1 in the 2nd cycle, in the 

White and Red+BPF, respectively. There was no statistical significance between the 1st 

and 2nd cycles in terms of either total photo-hydrogen production over time or initial 

photo-hydrogen production rate in either the White treatment or the Red+BPF treatment. 

During the 15 hours of recovery period in each cycle, cell growth was measured by 

measuring increase in total chlorophyll. The results depicted in Figure 27 show that there 

was no significant difference in the mixotrophic growth between the Red+BPF and White 

treatments either at the beginning or at the end of the 15-hour recovery period. It is also 

noteworthy that the exposure of the C. reinhardtii cells to the Red+BPF treatment, which 

was the PSI-spectral-selective radiation, did not cause any observable morphological 

change. 
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Figure 26. Time profiles of photo-hydrogen production (mL H2 mg-1 chl) and 
standard deviation (n = 3) in the White (a) and the Red+BPF (b) measured for 6 hours at  
20 mg chl L-1 suspension cell density with cells grown at 25⁰C in the 1st day (open circle) 
and the 2nd day (closed circle). Each 125-mL culture bottle contained 90-mL cell 
suspension and was tightly closed after initial 30 minutes of UHP nitrogen gas flush. 
Cells were grown photo-mixotrophically under 180 µmol m-2 s-1 light for 15 hours at 25 
C between two photo-hydrogen production phases. 
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Figure 27. Average cell densities (mg chl L-1 cell suspension) and standard deviation 
(n = 3) in the White (left) and the Red+BPF (right) at the beginning (closed column) and 
the end (open column) of 15 hours of photosynthetic growth phase between two photo-
hydrogen production phases. For photosynthetic growth, 320-mL of cell cultures were 
grown in 1-L rectangular bottle under 180 µmol m-2 s-1 light. Values on the columns 
represent average values.  
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6. ASSESSMENT OF STRATEGY FOR PHOTO-HYDROGEN PRODUCTION 

6.1. Comparisons 

As mentioned earlier, the three traditional strategies for photo-hydrogen production in 

green algae include: (1) the sulfur-deprivation strategy in Chlamydomonas; (2) the dark-

adaptation strategy; and (3) the chemical-inhibition strategy. The spectral-selective 

photosystem activation/deactivation strategy which has been developed in this study 

constitutes the fourth strategy for photo-hydrogen production in green algae.  

 

The chemical-inhibition strategy not only irreversibly poisons the cells but also generally 

produces significantly less photo-hydrogen (Stuart and Gaffron, 1972). Further, the 

chemical-inhibition strategy requires processes of removal of toxic chemicals to utilize 

the remainder algae biomass for other purposes. Thus, the sulfur-deprivation strategy in 

Chlamydomonas, the dark-adaptation strategy, and the spectral-selective photosystem 

activation/deactivation strategy constitute the most practical and promising strategies for 

efficient photo-hydrogen production with concomitant algae biomass production. 

 

The most important advantage which distinguishes the sulfur-deprivation strategy in C. 

reinhardtii from the other photo-hydrogen production strategies is the longevity of its 

hydrogen production (Table 6). Fedorov et al. (2005) performed more than 4000 hours of 

prolonged photo-hydrogen production in C. reinhardtii by implementing the sulfur-

deprivation strategy in a two-phase photobioreactor system. Cells were grown and 

adapted to sulfur-limited environment in the first reactor, and then transferred into the 
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second photo-hydrogen-producing reactor continuously. The average photo-hydrogen 

production rate achieved in this system was 1.71 µmol mg-1 chl hour-1. By contrast, Cinco 

et al. (1993) reported that the initial photo-hydrogen production in a batch culture of C. 

reinhardtii batch culture with dark adaptation was approximately 7 - 9 µmol mg-1 chl 

hour-1, but was rapidly attenuated to zero within 30 minutes under 2.4 – 227 Wm-2 of 

incandescent lighting. Table 7 shows a comparison of the longevity of photo-hydrogen 

production in various strategies. 

 

Table 7. Comparison of longevity (h), photo-hydrogen production rate (µmol H2 
mg-1 chl h-1), and total photo-hydrogen production (µmol H2 mg-1 chl) in three different 
photo-hydrogen production strategies, including: sulfur deprivation method by Fedorov et 
al. (2002); dark adaptation method with CWFs by Cinco et al. (1993); and spectral-
selective photosystem activation/deactivation strategy (Red+BPF). The productivity is 
calculated based on the amount of hydrogen produced from the unit volume of mixture of 
cell suspension and buffer suspension containing chemical components mentioned 
previously 

 

Longevity

(hours)

Photo-Hydrogen Production

(µmol H2 mg-1 Chl h-1)

Photo-Hydrogen Production

(mL H2 L -1 h-1)

Sulfur Deprivation

(Fedorov et al., 2002)
> 4000 0.23 - 1.71 0.11 - 0.58

Dark Adaptation + White Light

(Cinco et al., 1993)
<0.5 7.00 - 9.00 -

Spectral-SelectivePhotosystem

Activation/Deactivation Strategy 

(Red+BPF)

1.5 0.69 - 2.26 0.65 - 1.17

3 0.66 - 1.47 0.45 - 0.90

6 0.42 - 0.70 0.18 - 0.61
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6.2. Estimations for Photo-Hydrogen and Biomass Production in Two-Phase 

Photobioreactor Systems 

Linking two or more bioreactors for photo-hydrogen production in a continuous mode of 

operation allows the processing of large amounts of biomass for large-scale photo-

hydrogen production. Hydrogen production using the spectral-selective photosystem 

activation strategy was simulated in a continuous multi-phase photobioreactor system, 

where photosynthetic growth, dark adaptation, and photo-hydrogen production occurred 

sequentially in three linked reactors. Photo-hydrogen production rates, cell densities, 

radiant energies, used as independent variables in the calculations, were from the data 

obtained in the Red+BPF and White treatments at low cell density with cells grown at 

25⁰C. The assumptions used in the calculations were: (1) the size of reactor for photo-

hydrogen production was 1 L; (2) cell density in the reactor for photosynthetic growth 

was maintained constant at the resident time of 6 hours; (3) three hours were required for 

dark adaptation; and (4) oxygen released from cells into the reactor for photo-hydrogen 

production was negligible at a residence time of 1.5 hours.  

 

Table 7 summarizes the results of the simulation and compares the simulated values with 

these from the sulfur deprivation method. To sustain continuous photo-hydrogen 

production in a 1-L reactor with the spectral-selective photosystem activation strategy, a 

4-L reactor for photosynthetic growth and a 2-L reactor for dark adaptation were required 

with the constant flow rate of 0.667 L h-1 between reactors. Thus, the total volume of the 

system was 3.5 times larger than that for the sulfur-deprivation strategy. Photo-hydrogen 
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production per the photo-hydrogen production reactor of 42.3 µmol H2 h-1 using the 

spectral-selective photosysmte activation strategy was approximately 2.2 times greater 

than that of 19.2 µmol H2 h
-1 using the sulfur-deprivation strategy. However, since the 

total volume of the system was 3.5 time larger using the spectral-selective photosystem 

activation strategy, photo-hydrogen production per the entire system volume of 6.04 

µmol H2 L
-1 h-1 was significantly lower than that of 9.58 µmol H2 L

-1 h-1 using the sulfur 

deprivation strategy. It should be noted, however, that the radiant power applied in the 

spectral-selective PS activation/deactivation strategy was considerably lower than what 

was used in the sulfur-deprivation strategy. Thus, the gross photo-hydrogen production 

efficiency of 2.87 ([µmol H2 h-1] / [W m-2]) using the spectral-selective photosystem 

activation strategy was significantly greater than that of 0.89 ([µmol H2 h
-1] / [W m-2]) 

using the sulfur-deprivation strategy. It should be noted that, the spectral-selective 

photosystem activation strategy has yet to be fully optimized. However, it is also 

noteworthy that the biomass productivity of approximately 12.5 mg chl h-1 for the 

spectral-selective photosystem activation strategy exceeded that for the sulfur-deprivation 

strategy more than 40 times.  
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Table 8. Comparisons of various parameters based on the simulation model of two-
phase photobioreactor system for photo-hydrogen production in three different methods: 
spectral-selective photosystem activation/deactivation strategy; dark adaptation method 
with CWFs by Cinco et al. (1993); and sulfur deprivation method by Fedorov et al. 
(2005). 

 

 

Spectral-SelectivePhotosystem

Activation/Deactivation Strategy

(Cells grown at 25 ⁰C)

Dark Adaptation

+ White Light

(Cells grown at 25 ⁰C)

Sulfur Deprivation

(Fedorov et al., 2005)

Light Intensity

(W m-2)
14.75 15.36 21.6

Cell Density

(mg chl L-1 cell suspension)
18.7± 1.44 18.7± 1.44 11.2 ± 0.2

Flow Rate

(L h-1)
0.667 0.667 0.025

Biomass Productivity

(mg chl h-1)
12.5 12.5 0.28

H2 production rate

(µmol H2 mg-1 Chl h-1)
2.26 1.81 1.710

Hydrogen Production Reactor

(L)
1.00 1.00 1.00

Dark Adaptation Reactor

(L)
2.00 2.00 -

Biomass Production Reactor

(L)
4.00 4.00 1.00

H2 Production per Hydrogen Production 

Reactor

(µmol H2 h-1)  

42.3 33.8 19.2

H2 Production per Entire System

(µmol H2 L -1 h-1)
6.04 4.84 9.58

H2 Production Efficiency

([µmol H2 h-1]/[W m -2])
2.87 2.20 0.89
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6.3. Approaches for Improvement of Photo-Hydrogen Production 

There are several factors that can be optimized for improvement of photo-hydrogen 

production in the spectral-selective photosystem activation strategy: 

 

Dilution rate:  The dilution rate cannot be increased to sustain anoxia and high 

performance in photo-hydrogen production in the sulfur-deprivation strategy. Meanwhile, 

an increase in dilution rate theoretically has the opposite effect for the spectral-selective 

photosystem activation strategy, i.e., an increase in dilution rate improves the 

sustainability of anoxia in the photo-hydrogen production reactor. The estimates shown in 

Table 8 were derived from the data obtained from a batch system in the current study, 

which meant zero dilution rate. Thus, the photo-hydrogen production rate obtained was 

theoretically lower than the expected rate in the continuous system since cells with 

reduced photo-hydrogen production capability were not being replaced. Thus, greater 

photo-hydrogen production would be expected with increased dilution rate. 

 

Cell Concentration: Similarly, the data for longevity (Table 6) and the photo-hydrogen 

production rate used in the simulation were obtained from results using cell suspension at 

a cell density of 20 mg chl L-1 in the current study. Kosourov et al. (2002) reported that 

the photo-hydrogen production under sulfur deprivation in C. reinhardtii was 

significantly decreased when the cell concentration was increased. For example, 

according to their results, approximately 50% increase in photo-hydrogen production rate 

could be expected by decreasing cell density from 20 mg chl L-1, which was the 
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concentration used in the current study, to 10 mg chl L-1, which was the optimized 

concentration used in the sulfur deprivation method. Thus, the optimization of cell 

density for further improvement in photo-hydrogen production is required. 

 

Acetate Requirement:  The addition of acetate (CH3COO-) in the medium is critical for 

photo-hydrogen production in the sulfur-deprivation strategy (Fouchard et al., 2005). 

However, if the hydrogen-production strategy requires the use of substrates, then the 

fermentative hydrogen production using some bacterial species such as Enterobacter sp. 

and Clostridium sp, (Rachman et al., 1997; Chen et al., 2005) become preferable. 

Although bacterial fermentative hydrogen production results in concomitant to CO2 

generation, bacterial fermentative hydrogen production still offers significant advantages 

in terms of cost and high hydrogen productivity. Also, since bacterial fermentative 

production is completely light independent, continuous hydrogen production systems 

using such bacterial species have an engineering advantage. 

 

The spectral-selective photosystem activation strategy, which does not require organic 

substrates, appears to be a more promising strategy than the sulfur-deprivation strategy. 

  

Light Environment: The PSI-spectral-selective radiation for the spectral-selective 

photosystem activation strategy requires further refining to optimize photo-hydrogen 

production. In the current study, photo-hydrogen production occurred at most 3-6 hours 

in the Red+BPF treatment. This indicates that photosynthetic oxygen production was 
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greater than respiratory oxygen consumption after approximately 3-6 hours. Meanwhile, 

photo-hydrogen production occurred approximately 40-60 hours in the sulfur deprivation 

strategy in a batch system. This indicates that the longevity of photo-hydrogen production 

with the spectral-selective photosystem activation strategy could theoretically be 

sustained longer if its photosynthetic oxygen production was suppressed better over time. 

This can be achieved by further optimizing the radiation quality and waveband. Cinco et 

al. (1993) reported that oxygen production rate was only decreased to approximately half 

(from approximately 11 to 6 mmol mg-1 chl h-1) by decreasing light intensity 51 times 

(from 130 – 2.4 W m-1) to under 58 ppm CO2 condition in C. reinhardtii. This indicates 

that photosynthetic oxygen evolution in C. reinhardtii is more sensitive to the light 

quality rather than light intensity. Indeed, Boichenko and Bader (1998) reported that 

oxygen production was decreased from about the maximum level to less than 10% of the 

maximum as the light quality shifted from 680 to 700 nm in C. reinhardtii. In the current 

study, radiation used in Red+BPF treatment had a peak at 692 nm and still overlapped 

with the part of PSII action spectra where PSII activity remains relatively high. A shift of 

radiation to slightly longer waveband would be suggested. 

 

6.4. Challenges 

The biggest challenge in spectral-selective photosystem activation strategy is designing 

its light source. Figure 28 shows the typical spectral distribution of solar radiation 

measured by specroradiometer in Tucson, AZ and the radiation transmitted through 

different optical filters used in the current study. The light intensity of 15 W m-2 used in 
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Red+BPF cannot be obtained from direct solar radiation without concentrating solar 

radiation. The maximum radiation through the 690-nm bandpath filter under direct solar 

radiation of 2000 µmol m-2 s-1 PAR is only 9.66 W m-2, and which is approximately 65% 

of what was used in the current study. Thus, use of solar radiation collectors or artificial 

lighting system such as LEDs and lasers would be necessary to develop continuous 

photo-hydrogen production system when radiation in a long wavelength range was 

required. In the current study, LEDs were used as light source instead of conventionally 

used xenon lamps or incandescent lamps because: (1) LEDs generate less heat; (2) 

radiation with LEDs does not contain undesired spectral noises; (3) light intensity is 

controlled by simply adjusting the input current; (4) numerous light qualities are 

commercially available; and, (5) radiant energy is in a narrow waveband. LEDs also have 

numerous advantages such as long life, fast response, physical strength, etc. Further, the 

variety of radiation quality has been achieved using different materials in LEDs, and the 

maximum emission has been improved rapidly. For example, a research group at WPI 

Advanced Institute for Materials Research, Tohoku University, recently reported that the 

luminosity of their newly developed p-type MgZnO LEDs in 2010 is more than 10000 

times stronger than their previously developed p-type ZnO LEDs in 2004. Thus, in the 

future, the technical problems regarding light quality and light intensity encountered in 

the current study could be solved by ongoing rapid the development of LED technologies. 
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Figure 28. Energy-based spectral distributions (W m-2) in 350 – 800 nm waveband 
from direct solar radiation (solid line), direct solar radiation through RG695 long-pass 
filter (dotted line), and direct solar radiation through 690 nm bandpath filter (dashed line) 
obtained under 2000 µmol m-2 s-1 direct solar radiation. Energy based light intensities (W 
m-2) in 400 – 720 nm were summarized (right table). 
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7. CONCLUSION 

The conclusions of the study were as follows: 

1. The implementation of the newly designed spectral-selective PSI-activation/PSII-

deactivation strategy resulted in actual and relatively sustained photo-hydrogen 

production in C. reinhardtii cells, which had been dark-adapted for three hours 

immediately prior to exposure to a PSI-spectral selective radiation, which had a 

spectral peak at 692 nm, covering a narrow waveband of 681-701 nm, and was 

applied at 15 W m-2; 

2. The designed PSI-spectral-selective radiation with a spectral peak at 692 nm, 

worked effectively in large part since its waveband of 681-701 nm tightly 

embedded within it the target waveband of 685-696 nm which had been 

associated with maximal photo-hydrogen production; 

3. The optimal condition for the application of the PSI-spectral-selective radiation 

(692 nm) corresponded with a cell mass density of 20 mg chl L-1 and a 

temperature of 25⁰C thus far; 

4. At the optimal condition, the PSI-spectral-selective radiation (692 nm) effected a 

maximal initial hydrogen production rate of 0.055 mL H2 mg-1 chl h-1 which 

statistically matched that achieved under white light (with dark adaptation) of 

0.044 mL H2 mg-1 chl h-1, which represented the maximum attainable initial 

photo-hydrogen production rate under a given set of conditions; 
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5. The PSI-spectral-selective radiation (692 nm) effected a maximal total hydrogen 

production of 0.108 mL H2 mg-1 chl which significantly exceeded that under 

white light (with dark adaptation) of 0.066 mL H2 mg-1 chl; 

6. The PSI-spectral-selective radiation (692 nm) effected a maximal gross radiant 

energy conversion efficiency for hydrogen production of 0.515 µL H2 mg chl-1 L-1  

that statistically matched that under white light (with dark adaptation) of 0.395 µL 

H2 mg chl-1 L-1; 

7. The study successfully demonstrated the reversibility feature of the novel strategy, 

allowing for the algae cells to alternately engage in photo-hydrogen production 

and to recover by simply switching on or off the PSI-spectral-selective radiation; 

and, 

 

With further optimization, especially in refining the waveband and intensity of the PSI-

spectral-selective radiation, the novel spectral-selective PSI-activation/PSII-deactivation 

strategy for photo-hydrogen production could constitute a viable strategy for photo-

hydrogen production. 
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