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a b s t r a c t

Hydrogen production by Rhodobacter capsulatus is a photobiological anaerobic process

requiring light as energy source. In this study, the influence of visible and near-infrared

(NIR) parts of light spectra from incandescent lamp and LED panels on hydrogen produc-

tion was investigated. The results showed that the lack of the visible part of the incan-

descent lamp light spectrum (17% of the lamp light intensity) reduced hydrogen production

by 50%. NIR wavelength only partially sustained photofermentation due to light limitation

reached at low bacterial concentration. Hydrogen production with NIR light source was

only 58% of hydrogen obtained with an incandescent lamp used at the same irradiance. To

maximize hydrogen production and flow rate, visible and NIR wavelength should be used

concomitantly as light source. Using an energy-efficient LED panel with light spectrum

designed to promote photofermentation, hydrogen production and flow rate were equiv-

alent to the ones reached with incandescent lamp as light source.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Biological production of hydrogen (H2) by microorganisms is

considered more environmentally friendly than the tradi-

tional methods of H2 production (e.g., steam reforming and

electrolysis) [1], as the biological processes involved occur at

ambient temperature and atmospheric pressure. Depending

on the microbial pathway used, either gaseous waste con-

taining CO2 or organic wastewaters containing glucose,

lactate or other organic substrates (e.g., wastewaters from the

dairy industry or the paper industry) can be treated to yield

added value in the form of high energy-content H2. BioH2 can

be produced via one of four different metabolic processes: (i)

dark fermentation, which is carried out by a wide range of

anaerobic bacteria, including Clostridium sp.; (ii) direct bio-

photolysis by microalgae; (iii) indirect biophotolysis by cya-

nobacteria; and (iv) photofermentation by purple non-sulfur

bacteria (PNSB). Photofermentation is an anaerobic process

requiring the use of light as energy source and an organic

substrate, such as lactate, as carbon source to sustain growth

and H2 production. As for all photobiological processes,

finding optimal illumination conditions (light source selection

and photobioreactor design) is still a challenge due to the

complexity of both the biological systems (harvesting of

photons by pigments andmetabolic regulatory pathways) and
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the process design (reactor geometry, choice of materials,

mixing, etc.) [1e3]. A better understanding of the influence of

light composition and intensity on H2 production is an

important step towards finding means, such as light source

design or metabolic engineering of bacteria, to enhance H2

production and productivities [1].

The use of artificial light for H2 production by PNSB has the

dual purpose of providing a simple experimental setup for lab-

scale studies and of avoiding the shutdown of H2 production

during the night, which has been shown to be detrimental to

efficient H2 production when bioreactors are placed outdoors

[4]. Many different light sources have been tested over the past

decades for their capacity to sustain photofermentation and

to further improve hydrogen production by PNSB [4,5]. In-

candescent lamps and halogen lamps have been used suc-

cessfully to produce hydrogen with high flow rates, reaching

240 and 195 mL H2/L/h, respectively [6,7]. These two kinds of

lamps have similar light spectra [8] and their main difference

from other lamps, such as sodium vapor lamps, is their near-

infrared red (NIR) emission (780e1100 nm). In this respect,

they more closely approximate natural sunlight, which has a

strong infrared component. Since the major absorption peaks

of bacteriochlorophyll are between 800 and 900 nm, NIR

emission from incandescent and halogen lamps has been

suggested as the main factor promoting hydrogen production

[4,9]. A few studies have focused on the use of light sources

providing both visible and NIR wavelengths for photo-

fermentation and the results appeared to agree with this hy-

pothesis [6,10e14]. Indeed, red and NIR wavelengths (ranging

from 630 to 950 nm, representing 50% of total irradiance) were

shown to be responsible for 93% of total hydrogen production

by photofermentation of Rhodobacter sphaeroides with a tung-

sten (incandescent) lamp as light source [11]. However, NIR

wavelength represented less than 20% of total irradiance, so it

is uncertain whether NIR wavelength alone, without red

wavelength supplementation, could sustain hydrogen pro-

duction. Similarly, NIR wavelength absorption by R. sphaer-

oides led to very high hydrogen productivity, up to 240 mL H2/

L/h, in the first 0.5 cm depth of the culture [6]. However, the

authors pointed out that NIR wavelength were all absorbed in

thefirst 0.5 cmof thebioreactorand thereforenonecould reach

the deeper part of the reactor, reducing drastically hydrogen

flow rate. In addition, despite a high hydrogenflow rate, loss of

light energy was very high in this part of the bioreactor, prob-

ably as heat dissipation by the cells due to saturation of pho-

tosystems. Further investigations are still required to ensure

the relevance of using light sources supplying NIR wavelength

to improve hydrogen production by PNSB [15e17].

Despite the high hydrogen production observed with in-

candescent and halogen lamps, both light sources dissipate a

lot of input powerasheatdue tohigh IR emissionwhich, on top

of increasing the energy cost of the process, can lead to over-

heating the surface of the bioreactor so cooling systems are

required [18]. LED have been widely advertised as cost-

effective solutions for biological processes requiring light,

due to less dissipation of input energy, no overheating issue

and longer life span compared to incandescent and halogen

lamps [18].Moreover, the use of LED as light source provide the

opportunity to select precisely the appropriate wavelength

required to increase hydrogen production, since LED have a

narrow emission spectrum of 20 nm. A few studies have used

specific LED as light-source for H2-photoproduction, such as

NIR-LED for specific culture conditions (halotolerant bacteria

[10]), co-culture of fermentative and photofermentative bac-

teria [14]) or yellow (590 nm) LED panel (immobilized-cell PBR,

only LED emitting visible light were tested [19]). These studies

showed promising results that should be further investigated

to extend the rangeof culture conditionsaswell as thepossible

combinations of visible-emitting andNIR-emitting LEDpanels.

This work set out to further investigate the replacement of

incandescent lamps by LED panels specifically designed to

sustain photofermentation by Rhodobacter capsulatus IR3. This

strain can produce H2 at 50e60 mL/L/h under non-limiting

light conditions and up to 120 mL/L/h with optimal biomass-

light conditions using incandescent lamp as light source

[20,21]. Different optical filters were used to determine which

part of the light spectrum, visible and/or NIR, of the incan-

descent lamp was used to produce hydrogen. LED panels with

only visible wavelength (white-light) or NIR wavelength were

used separately, subsequently and concomitantly to better

understand the influence of the light spectrum parts on

hydrogen production. Finally, a LED panel designed to

improve hydrogen production was tested.

Materials and methods

Bacteria and pre-culture conditions

Pre-cultures of the H2-overproducing mutant strain R. capsu-

latus IR3 [20,21] were inoculated with cryopreserved bacteria

(�80 �C) in RCV medium at pH 6.8 supplemented with lactate

(30 mM) as carbon source and (NH4)2SO4 (7.5 mM) as nitrogen

(N) source [22]. After 2e3 days incubation at a light intensity of

2000e3000 lux and a temperature of 28e34 �C, the cultures

were transferred to the lab bench and sub-cultured weekly in

the same growth medium.

Culture conditions for hydrogen production during
photofermentation

All experiments were carried out in a cylindrical 1.2 L water-

jacketed bioreactor containing 1 L of culture. The bioreactor,

made up of 3-mm-thick borosilicate glass with an internal

diameter of 9.2 cm and an external diameter of 12.5 cm, was

sterilized by heating in an oven at 160 �C for 3 h. RCV salts

medium supplemented with Na-glutamate (5 mM, N limita-

tion conditions) was autoclaved at 121 �C for 20 min. After

autoclaving, sodium lactate and potassium phosphate buffer

(pH 6.8) were filter sterilized (0.2 mm pore size) and added to

final concentrations of 30 mM and 10 mM, respectively, and

the medium was transferred aseptically to the sterile reactor

vessel. Sterile argon gas (0.2 mm gas filter) was bubbled

through the growth medium for 30 min to remove air (O2 and

N2). The bioreactor was then sealed with a silicone rubber

stopper, inoculated with 10 mL of a stationary phase pre-

culture (1.5e2.0 mg cell dry weight/ml) and incubated for 6

days at 31 �C (using a Julabo F250 cryostat) under different

illumination conditions for hydrogen production, as described

below.
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