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Abstract: Aiming for promoting cell-immobilization in the bioreactor and enhancing continuous hydrogen production,

a novel groove-type flat panel photo-biological reactor ( GFPR) was developed. Photosynthetic bacteria ( PSB) strain of

Rhodopseudomonas palustris was successfully attached on the groove-type surface of transparent material and generated PSB

type biofilm. Strategies on improving continuous photo-biological hydrogen production within GFPR were comprehensively

investigated. Experimental results revealed that hydrogen production rate, substrate degradation efficiency and light

conversion efficiency of GFPR were obviously increased to 1. 17 mmol/(L-h), 77.5% and 20. 15% under the specific

operating conditions of 590 nm of light wavelength, 9 W/m” of light intensity, 55 mmol/L of inlet substrate concentration

and 960 mL/h of flow rate with glucose-based medium. Methods such as choosing proper light wavelength, light intensity to

accelerate photophosphorylation for photosynthetic bacteria to accomplish hydrogen production metabolism and enhancing

substrate transportation using convective mass transfer process were proved to be the effective way to promote performance of

photobiological hydrogen production within the cell immobilized reactor operated under continuous flow mode.

Key words: groove-type surface; photo-biological hydrogen production; biofilm; convective mass transfer; light conversion

efficiency

0 Introduction

With the highest energy intensity of 122 kJ/g and
free of unfriendly environmental products during
various energy conversion processes, hydrogen was
regarded as the most appropriate alternative energy that
met future demand. While deficiencies of traditional
methods on hydrogen production lay on fossil fuels
consumption and accompanied with pollution emission.
Recently, more attractions have been drawn on photo-
biological hydrogen production using photosynthetic
bacteria ( PSB) due to its merits of coupling green
energy production with environmental improvement and
easy operating under normal pressure and temperature
and it is considered to be a feasible technology to

[1-2]

realize massive hydrogen production

Received date;2015 —11 =06 Accepted date;2015 -12 - 13

Investigations on efficient photo-biological bioreactors
for hydrogen production are essential steps to attain
photo-biological hydrogen production in large scale.
Reactors of panel, tank and tube types have been
employed in previous researches. Methods on biomass
increasing and operation optimization were used to
improve performance of these various bioreactors”’.

A novel panel-type reactor with higher rate of
illuminating area to volume was developed for photo-
biological hydrogen production by Gibert'*'. Due to its
special natures of tiny, light and slow growth, it is
difficult for PSB cells to self-immobilize and separate
from liquid. Thus, many reactors used for photo-
biological hydrogen have to be operated in batch and
suspended culture manner, which not only lead to the
production, but also are

unsteady  hydrogen
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unavoidable of losing PSB cells. Coupling appropriate
cell-immobilization ~ approaches  with  hydrogen
production under continuous flow manner was the
efficient solution to keep adequate biomass with
sufficient metabolic activity and stability in the PSB-
based reactors for steady and sufficient operation in
long term. Researches on professional procedures for
cell-immobilization of biofilm and gel embedding
revealed that higher performance was attained for
immobilized PSB cells in hydrogen production than that
in suspended culture way. But deficits of poor light
supply, higher mass transfer resistance and mechanical
strength shortage within gel embedding particle were
indicated by some researches’®'.  While biofilm
technology can enhance hydrogen production of
bioreactor for its particulate advantages of intensify
biomass, eliminate poor light transmit and additional
mass transfer resistance caused by gel embedding. But
few packed or fluid beds using cell-immobilization
technology can provide homogeneous sufficient light
distribution within bioreactor for satisfying the PSB
biofilm

Nevertheless, the mass transfer resistance aroused from

requirement on  hydrogen  production.
biofilm itself restricted substrate transport and thus

suppressed performance of bioreactors operated in
7-10]

continuous flow mode"

A novel groove-type flat panel bioreactor ( GFPR)
was developed to solve particular problems mentioned
above. More illuminating surfaces manufactured in the
GFPR can provide sufficient uniform and inhibit light
attenuation. More grooves can also increase the area of
surface for biofilm formation and realize high intensity
cell immobilization within bioreactor. ~ Moreover,
substrate transport can be enhanced by fluctuant groove
surfaces under continuous flow operating conditions
which facilitate to accelerate substrate convers to

hydrogen.
1 Materials and methods

1.1 Bioreactor and experimental system
A novel groove-type flat panel bioreactor (GFPR) ,

as shown in Fig. 1, was developed in the present
11]

study' It was made of polymethyl methacrylate
(PMMA ), which was transparent light material with
excellent mechanical property. Regular rectangular

grooves with 10 mm in depth and 10 mm in width were

mechanically fabricated on the panel wall at intervals of
10 mm. The GFPR was a sealed vessel with working
volume of 350( H) x40(D) x200( W) mm’ that got

136. 6 m ™" in specific surface.
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Fig. 1 Schematic of groove-type flat

panel photobiological reactor

A schematic description of the experimental system
was shown in Fig. 2, which consisted of GFPR, LED
lamps, a peristaltic pump, a gas-liquid separator and a

hydrogen collector.

| uuoon

Fig.2  Scheme of experimental apparatus
1. Glucose-based substrate container 2. Peristaltical pump 3. LED
light 4. GFPR 5.H, collector 6. Liquid-gas separator 7. Liquid

effluent container

1.2 Microorganism and medium

An indigenous photosynthetic  bacterium  cell
identified as Rhodopseudomonas palustris was used for
continuous photoheterotrophic  hydrogen production.
Glucose was used as the sole carbon resource for cell
growth and hydrogen production. Other elements in the
medium for experiments were (g/L): KH,PO, 1. 006,
K, PO, 0.544, MgSO, 0.2, FeSO, 0.041 7, (NH, )Mo,
0.001, ZnSO, 0.001, NaCl 0.2, CaCl, 0. 01, sodium
glutamate 0.5 and urea 1. 667.
1.3 Analysis methods

The composition of the produced biogas was analyzed
using a gas chromatograph (SC-2000) equipped with a
thermal conductivity detector (TCD) and a 2 m porous

styrene polymer beads packed column. Argon gas was
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used as the carrier for the gas chromatograph. The
temperatures of gas chromatograph oven and TCD were
maintained at 55 °C and 100 °C, respectively. The
electric current of TCD was adjusted to 70 mA. The
concentration of substrate was measured by the 3,5-
dinitrosalicylic acid method using UV spectrophoto-
meter (756-MC). The pH value was measured using a
pH meter. The light wavelength and intensity were
measured using spectrometer ( WSB-2000) and digital
luxmeter ( SA-190 ),

analytical balance ( BP-114) was used to determine the

respectively.  An electronic
quantity of elements in the substrate. The maximum
relative errors in hydrogen and glucose measurements
were +3.5% and £5.1% , respectively.

The performances on hydrogen production within
GFPB were evaluated by hydrogen production rate,
substrate consumption rate, light conversion efficiency

and substrate degradation efficiency. Definitions of

these parameters are''> ™'
AH,
Hyp ==
AG
Ser = na
33.61py,Vy,
a0y x 100%
Cin B Cout
Spp =" G x 100%

where H,, is hydrogen production rate, mmol/(L+h) ;
S¢x 1s substrate consumption rate, mmol/(L-h); L.,
is light conversion efficiency, % ; S, is substrate
degradation efficiency, % ; AHy, is the total hydrogen
evolved, mmol; AG is total substrate consumed,
mmol ; ¢ is the time that the experiment lasted, h; Vis
the volume of GFPR, L; py is the density of
hydrogen, g/L;
hydrogen, L; I is the intensity of light, W/m”; A is

Vy, is the volume of evolved

the illuminating area within GFPR, m*; C,, is the inlet
mmol/L; C

substrate concentration, mmol/L.

substrate concentration , is outlet

out
All experiments were repeated three times to

eliminate random error in measurement. Then, the

mean standard deviation and analysis of variance were

calculated and the results can be expressed as the

mean * standard deviation.

1.4 Start-up of GFPB

Prior to inoculation, the photosynthetic bacteria were

pre-cultured to harvest at the actively exponential
growth phase. Then, they were inoculated in the GFPR
by the proportion of 1: 10 in volume. A low circulate
flow rate was employed at the start-up stage of
bioreactor to help these suspended cells to attach
repetitively on groove walls to form the stable PSB-type
biofilm.
substrate were utilized by the attached PSB cells and

To ensure the nutrient elements within

avoid nutrition-competition by suspended cells, cell
concentration in the liquid phase of the bioreactor was
regularly detected by the ODgy, value. The anaerobic
atmosphere within bioreactor was maintained by the
pumped argon gas. Hydraulic resistance ability of
biofilm was strengthened by a higher circulate flow rate
employed at the later start-up stage. The evolution of
H, production and glucose consumption rate in GFPR
were examined at all start-up stage. Both the hydrogen
production rate and glucose consumption rate achieved
nearly constant after about 30 d. It was indicated that
stable biofilm was formatted on groove-type surface
within GFPR. Then, the PSB-biofilm morphology was
monitored by scanning electronic microscopy ( SEM)

as shown in Fig. 3.

Fig.3 SEM image of PSB-biofilm

1.5 Continuous hydrogen production stage

Continuous hydrogen production can be carried out
GFPR  after

immobilization. Investigations on mechanism of photo-

within accomplishment  of  cell-
biological hydrogen production revealed that efficient
molecular hydrogen production required large amount
of reducing power (protons) and ATP. While protons
were derived from substrate degradation by PSB cells
and ATP was converted through the photophospho-

14=151 " Therefore, the performance of

rylation process
continuous photo-biological hydrogen production within
the GFPR was a comprehensive response of PSB
biofilm to the coupled light conversion process with

substrate transfer and utilization process. Operating



4 TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY 2016

parameters associated closely with these processes
should be investigated in detail. To keep the PSB
biofilm stable, every operating parameter was adjusted

back to

experiment was carried out.

start-up state for 24 h before another

2 Results and discussion

2.1 Light wavelength

Energy of photo-protons were absorbed by antenna
and transmitted to light reaction centers of PSB cells to
generate energetic electronics. Then ATPs produced
these generate electronics by the phosphorylation

processes provided energy needed for hydrogen

production. It was indicated that particulate antenna
with different pigments just absorbed the photo-protons

with specific light wavelength to the photosystem

(1

reaction center®’. Since major energy of sunlight was

focused within visible light zone, which is suitable for
PSB cells. LED lights with four light wavelengths of
460 nm, 530 nm, 590 nm and 620 nm were examined.

Results were shown in Fig. 4.
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Fig.4 Effect of light wavelength on performance of GFPR

It was shown in Fig. 4a that hydrogen production rate
was not increased obviously in the range of 460 nm to
530 nm, while it was increased obviously when the
light wavelength attained to 590 nm. But further
increase of light wavelength to 620 nm resulted in
decrease of hydrogen production rate. The same trend
of substrate consumption rate was presented in Fig. 4b.
The distinct absorption peak of 590 nm within visible
light zone was found by full length scan on PSB cells
absorbance.

As the incident light wavelength varied from 460 nm
to 590 nm, light energy within longer light wavelength
coincided with the requirement of light absorption

compound within light antenna, which led a distinct

stimulate on photosystem reaction center, and more
ATPs were produced for hydrogen generation. While
further increase of incident light wavelength to 630 nm
led to insufficient ATPs produced and failed to
stimulate photosystem reaction center.
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Fig.5 Absorption spectrum of intact cells of

Rhodoseudomonas palustris

2.2 Light intensity

Light intensity was another key factor affecting
metabolism of hydrogen production within PSB cells.
Enough photo protons and ATPs were essential for
photosystem reaction

hydrogen  production  in

[17]

center' "'. Moreover, light intensity was the required

parameter for bioreactor operating. Thus six light
intensities (2 W/m*, 3.5 W/m*, S W/m*, 7 W/m’,
9 W/m” and 11 W/m’) with the same light wavelength
of 590 nm were selected to be investigated, results

were shown in Fig. 6.
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Fig.6  Effect of light intensity on performance of GFPB

Hydrogen production rate was improved from
0.56 mmol/(L+h) to 1. 17 mmol/(L-h) as the light
intensity was added from 2 W/m’ to 9 W/m’
(illustrated in Fig. 6a). But hydrogen production rate
was significantly decreased by 0. 49 mmol/ (L-h) when
light intensity was further increased to 11 W/m’,
which was coincided with previous studies on light

. 18
saturation phenomenon[ L
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The reason that light conversion efficiency was
decreased with the increase of light intensity (as shown
in Fig. 6b) was part of light energy within the
increased incident illumination can ultimately be
transformed to hydrogen energy. It can also be shown
in Fig. 6b that light conversion efficiency remained a
low value between 24. 5 % and 20. 15% when the light
intensity varied from 5 W/m’ to 9 W/m>. The result
indicated that GFPR can keep high activity on
hydrogen production with low light intensity. It was the
uniform light distribution within biofilm zone caused by
reflection and scattering effects occurred among these
groove surfaces that promoted the activity of hydrogen
production within the whole cell-immobilization region
in GFPR.

2.3 Substrate concentration

The process of substrate degradated and metabolized
to hydrogen within GFPR was coupled with substrate
transferred from fluid flow zone to biofilm zone under

Thus,

performance of substrate transport within bioreactor was

the continuous flow operating condition.
a key factor related to hydrogen production performance
of GFPR. From the view of mass transfer, it was the
primary photo-bioreaction within the PSB biofilm that
led to a driven difference for mass transfer and decided
the substrate transportation performance of GFPR. Inlet
substrate concentration was one of key factor related to
mass transfer difference of GFPR.

Effect of inlet substrate concentration (45 mmol/L,
50 mmol/L, 55 mmol/L, 60 mmol/L and 65 mmol/L)
was examined, experimental results was shown in
Fig.7. As inlet substrate concentration was increased
from 45 mmol/L to 55 mmol/L, hydrogen production
rate was increased from 0.4 mmol/( L « h) to
1. 17 mmol/(L-h). While further increment of inlet
substrate concentration to 60 mmol/L resulted in
decrease  of  hydrogen  production rate by
0.44 mmol/(L-h). When the inlet

concentration was increased to 65 mmol/L, the

substrate

hydrogen production rate of GFPB was decreased
further to 0.2 mmol/(L - h).

substrate

From the view of

transportation,  when inlet  substrate
concentration was increased from 45 mmol/L to
55 mmol/L, the mass transfer difference between fluid

flow zone and biofilm zone within GFPB was increased

simultaneously. More substrate for hydrogen production
was transferred to biofilm zone, which led to the
increase of hydrogen production rate. While further
increment of inlet substrate concentration to 60 mmol/L
caused more substrate to transfer to biofim. But
capacity of hydrogen production within biofilm was
decided by activity of enzyme associated with hydrogen
production. As mass transfer rate was greater than
primary photo-bioreaction rate for hydrogen production,
redundant substrate would be accumulated in biofilm
zone , which would cause dehydration in PSB cell wall.
Thus, substrate inhibition occurred and depressed

activity of hydrogen production ultimately.
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Fig.7 Effect of inlet substrate concentration

on performance of GFPR

When the inlet substrate concentration was increased
from 45 mmol/L to 55 mmol/L, as illustrated in Fig. 7,
substrate degradation efficiency of GFPR was increased
from 56. 5% to 77. 1% . But further increment of inlet
substrate concentration to 65 mmol/L led the decrease
of substrate degradation efficiency to 37. 5% . This was
similar to substrate inhibition caused by high substrate
concentration, which indicated the close relationship
between hydrogen production process and mass transfer
and degradation processes. The reason for light
conversion efficiency of GFPR varied with the same
trend as hydrogen production was the fixed light
operating condition. So the maximum light conversion

efficiency of 20. 15% was achieved in GFPR.
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2.4 Flow rate

A necessary pathway to realize photo-biological
hydrogen production in large scale was to operate the
bioreactor in continuous flow mode. Therefore, flow
rate was one of the key operating parameters that
should be carefully determined.

Flow rate was also one of key factors related to
substrate transportation in the continuous operating
bioreactor. From the view of convective mass transfer,
flow rate determined the mass transfer coefficient
between fluid flow zone and biofilm zone within GFPR.
It can affect the convective mass transfer resistance
outside of PSB biofilm. Various flow rates of 320 ml./h,
640 mL/h, 960 mL./h, 1 080 mL./h and 1 600 mL./h
(corresponding to Sh, 2.5h, 1.67h, .48 hand 1 h
in hydraulic retention time) were selected. Results
were shown in Fig. 8. Hydrogen production rate of
GFPR was increased gradually when flow rate was
increased from 320 mL/h to 960 mL/h, as illustrated
in Fig. 8. While further increment of flow rate to
1 600 mL/h led to decrease of hydrogen production
rate. Moreover, substrate consumption rate of GFPR
varied with the same trend as hydrogen production
rate, as shown in Fig. 8. Investigation on relationship
between hydrogen production process and substrate
transportation process within GFPR revealed that high
flow rate within certain range was necessary to maintain
appreciate micro-circumstance for immobilized PSB
cells within GFPR to produce hydrogen. Because high
both  the

transportation from fluid flow zone to biofilm zone and

flow rate could enhance substrate

products transported reversely.
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Fig.8 Effect of flow rate on performance of GFPR
with  other

reactors used for hydrogen production

2.5 Comparison photo-biological
Experimental results were compared with other
photo-biological hydrogen production reactors using
PSB strains, as shown in Tab. 1. It showed that various
factors such as substrate, light source and operating
had
hydrogen

mode remarkable effects on performance of

production  within  different  reactors.
Compared with reactors using carbon sources of acetate
or malate, glucose was the appreciated one for PSB
strain used in this study that attained high hydrogen
production rate. Compared with other light sources that
emitted hybrid light wavelength, combined effects of

using the appropriate light wavelength with diffusion

Tab.1 Comparison of hydrogen production performance with other photo-biological reactors

Strains Substrate Light source Operation/Cell state Hpp/ (mmol-(L-h) - Lep/ % Reference
R. sphaeroides malate tungsten Continuous/immobilized 0.49 0. 60 [19]
R. palustris acetate sunlight Continuous/immobilized 0.53 - [20]
R. palustris butyrate incandescent Batch/suspended 0.20 0.30 [21]
Rhodopseudomonas sp. lactate halogen Batch/suspended 0.48 0.40 [22]
Rhodopseudomonas palustris WP3-5 acetate tungsten Continuous/immobilized 0. 62 1. 16 [23]
R. palustris acetate halogen Continuous/immobilized 0.11 0.10 [24]
Rhodopseudomonas palustris glucose LED Continuous/immobilized 1.17 20. 15 This study
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and scatter effects caused among grooved surfaces to
promote uniform light distribution within PSB biofilm
were proved to be sufficient in improvement of the light
conversion efficiency. Moreover, cell-immobilization
and continuous flow operating way within GFPR were
proved to be effective in maintaining proper micro-
environment  for due to

hydrogen  production

enhancement of both substrate and products

transportation.
3 Conclusions

(1) Both photosynthetic bacteria cell immobilization
and uniform light distribution were realized on novelty
groove surfaces, which combined biofilm carrier with
light transmit medium.

(2) With appropriate light spectrum and groove
light
performance of hydrogen production within GFPR was

surfaces used for intensity  enhancement,
obviously improved to get hydrogen production rate and
light conversion efficiency of 1. 17 mmol/(L-h) and
20. 15% , respectively.

(3) Strategies of adjusting operating parameters
aimed for enhancement on mass transfer were proved to
be effective to maintain the suitable and stable micro-
circumstance for hydrogen production by the PSB

biofilm.
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Characteristics of Continuous Hydrogen Production within

Groove-type Flat Panel Photo-biological Reactor

Zhang Chuan' Wang Baowen' Wang Weishu' Song Xiaoyong' Cheng Min®  Zhang Quanguo’
(1. Institue of Electric Power, North China University of Water Resources and Electric Power, Zhengzhou 450011, China
2. Key Laboratory of Low-grade Energy Utilization Technologies and Systems, Ministry of Education ,
Chongqing University, Chongqing 400030, China
3. Collaborative Innovation Center of Biomass Energy in Henan Province, Zhengzhou 450002, China)

Abstract; Aiming for promoting cell-immobilization in the bioreactor and enhancing continuous hydrogen
production, a novel groove-type flat panel photo-biological reactor ( GFPR ) was developed.
Photosynthetic bacteria ( PSB) strain of Rhodopseudomonaspalusiris was successfully attached on the
groove-type surface of transparent material and generated PSB type biofilm. Strategies on improving
continuous photo-biological hydrogen production within GFPR were comprehensively investigated.
Experimental results revealed that hydrogen production rate, substrate degradation efficiency and light
conversion efficiency of GFPR were obviously increased to 1. 17 mmol/(L-h) ,77.5% and 20. 15% ,
respectively , under specific operating conditions of 590 nm of light wavelength, 9 W/m? of light intensity
55 mmol/L of inlet substrate concentration and 960 mL/h of flow rate with glucose-based medium.
Methods such as choosing proper light wavelength, light intensity to accelerate photophosphorylation for
photosynthetic bacteria to accomplish hydrogen production metabolism and enhancing substrate
transportation using convective mass transfer process were proved to be the effective way for promoting
performance of photo-biological hydrogen production within the cell immobilized reactor operated under
continuous flow mode. The experiment results were introduced to further research photo-biological reactor

for practical hydrogen production.
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Fig. 1 Schematic of groove-type flat panel

photo-biological reactor
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Fig.2 Experimental apparatus of groove-type flat
panel photo-biological reactor
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W4 0.5 o/ L, JR 2 1. 677 o/ L, BE 85 1.0 ¢/LL.
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Fig.4 Effect of light wavelength on performance of GFPR
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Tab.1 Comparison of hydrogen production performance of GFPR with other photo-biological reactors

S (el )
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