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Abstract A scale-up study has been performed with three different size reactors to establish the
optimum operating conditions for the hydrogen production from synthesis gas by biological water-gas
shift reaction using the photosynthetic bacterium Rhodosprillium rubrum. Optimum medium compo-
sition and operating conditions previously determined in a bench scale 1.25 L continuous stirred tank
reactor (CSTR) were used for this study with geometrically similar 2.5, 5.0 and 14.0 L. CSTR. The
hydrogen production rate, cell concentration and carbon monoxide (CO) conversion were monitored
in this scale-up study. The light energy supply was linearly increased with the working volume of the
reactors. The agitation rates were determined by the equal power/volume rule. There were good
agreement between the calculated agitation rates and the experimentally observed values for all the
three different reactors. A 70% carbon monoxide conversion was obtained with 30, 60 and 150 sccm
gas flow rate for the 2.5, 5.0 and 14.0 L fermentors respectively. At 70% CO conversion the 2.5 and
5.0 L reactors showed 25% improvement in performance and the 14.0 L reactor showed 11%
improvement. The estimated mass transfer coefficients for all four reactors showed very similar
values under the optimum operating condition (average K a= 117 h-1). A 664 h long performance of
the process show very stable behavior.

Key Words  Bioreactor Scale-up, Water-gas Shift, Hydrogen Production, Rhodospirillum Rubrum,
Photosynthetic Bacterium

OS5 00 i 551 03 e s cor g (Sles Ll 13 5 o jo 3T g0 5 IS o3by8 Pl S 1
oud ity S Lane oS 342 plnil Rhodosprillium rubrum (2 gleg 25U i eolinal b 8- bl
(12055 igat (odid L3 (80 b5 s (5 VIV 1935 10 1o LS Pl 5 dage sl 15
g e 3y 1) AraSgin S8 o o0 5 4y Calé o055, g5 e CSTR g5 51 6,20 V¥ 5 8 (Y70
ol gl 1 Al 513 1 55510 ol A1 3151 05 gt gl e 5 5 i
2 7 S b (e o dslone S s 5 003905 (65 3 1935 g 0 1 55 (651 3 51 e ety
S50 a0, Ve S8 193 0m 53 CO Jaad lime - ai2dls SusS b 95 loms sl il lo o3Il b 9351500
S b oy TN 5,2 V1935500 30 Sl (el oy RIS YD g ) 8 31D o 5T 10 45
5005 eSS KL A= VAV 090 155 K0S 40 Koo 5 aigry il Ll 3 cos o 5550 ez 002
ol (55Tt ke Gl o 65 830 6,720 VB 5150 135 el Y Slabat gt Yol

392 519,93

INTRODUCTION 2CO +4H, — C,H,OH + H,0

@)

Biomass has the potential to be converted to synthe-
sis gas [1,2] (principally H,, CO, and CO) which
in turn can be converted to liquid fuels. Synthesis
gas needs to have an H,: CO ratio of at least 2:1 to
produce liquid fuels [3].

CO +2H, — CH,OH ¢
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The hydrogen content of the synthesis gas can be
increased by employing the water-gas shiftreaction [4]:

CO+H,0 - CO, +H, 3)

In order to improve the H, content of the synthesis
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gas, the biological route has been considered. Bio-
logical water-gas shift reaction may be an altemative
to catalytic processes for the conversion on biomass
to fuels and chemicals [3,5,6].

The purple non-sulfur bacterium Rhodospirillum
rubrum [7] has been used for the production of
hydrogen from syngas [5,6]. Ithasbeen observed that
Rhodospirillium rubrum canconvert carbon monox-
ide in light or darkness, but light is essential for
growth [5]. It should be noted that carbon monoxide
is not the limiting carbon source for growth. Instead,
growth occurs on yeast extract and other organic
carbon sources (e.g. sodium acetate) present in the
medium. The optimum operating conditions for this
biochemical process of hydrogen production has
been discussed elsewhere [3].

A scale-up of the process is necessary to evaluate
the economic feasibility of the process against the
conventional process. Most scale-up in industrial
practice are conducted by keeping selected
parameters constant with change in scale [8].
The most common parameters used are: (1) equal
power / volume ratio; (2) equal K a; (3) equal
shear; (4) equal mixing; (5) combination of K a,
shear and mixing. Most methods assume geometric
similarity, though in practice minor adjustments are
made to keep all relevent parameters within desired
ranges.

The method of equal/volume ratio has been used
for this fermentation system as a primary scale-up
parameter. It is known that power/volume require-
ments decrease with an increase in scale.

The objective of this scale-up study in the stirred
tank fermentors is to verify the conditions for bacte-
rial cell growth and the desired level of CO conver-
sion to produce hydrogen developed in a 1.25 L
bench-scale fermentor. The mass transfer coeffi-
cients were estimated [9] for each reactor under the

condition of ~70% CO conversion.
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MATERIALS AND METHODS

Rhodospirillum rubrum [7], ATCC 25903, was ob-
tained from American Type Culture Collection
(Rockville, MD). It was grown on a basal medium
containing: yeast extract (Difco) 0.5 g, Pfennig's
minerals solution [10], 50 mL; Pfennig's trace metal
solution [11], 1 mL; B-vitamins solution; 5 mL;
ammonium chloride, 3 g; sodium acetate, 3H,0, 6 g;
and sodium bicarbonate, 3 g, in one liter of medium.
The liquied medium was autoclaved at 121°C and 2
atm pressure.

The continuous stirred tank reactors (CSTR) used
for the experiments were two New Brunswick Scien-
tific (Edison, NJ) BioFlo Ilc fermentors equipped
with temperature, pH and agitation control and a
Virtis model 43-100 fermentor (Virtis Co, Gardiner,
NY). The agitation system in the reactors has two
disk type turbine impellers. The liquid working vol-
umes in the reactors were 2.5, 5.0 and 14.0 L, respec-
tively, and the overhead gas volumes were 0.8, 1.6
and 6.0 L, respectively. Illumination necessary for
growth was supplied by two tungsten lights (60 w
lamps for BioFlo reactors and 100 w lamps for virtis
fermentor). The incident light intensities on the outer
wall of the reactors were measured with an LX-101
digital lux meter (Cole-parmer, Chicago, IL). The
incident light intensity from each lamp were 2500,
5000 and 9000 lux for the three reactors, respectively.
Experiments were carried out at pH 7 and at a tem-
perature of 32°C. The feed gas was a mixture of H,,
Ar, CO, CO, (20/15/55/10% v/v) and was continu-
ously fed to the reactors. Liquied medium was also
supplied on a continuous basis.

Typically experiments were started with constant
agitation rate, gas flow rate, light illumination and
liquid flow rate. The cell concentration, hydrogen
production and percentage of carbon monoxide con-

version were monitored and several data were col-
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lected to establish steady state condition.

Experiments were performed to establishthe scale-
up procedure at optimum operating conditions for
cell growth, percent carbon monoxide conversion
and hydrogen production obtained from the 1.25 L
reactor. Light illumination was increased linearly
with the liquid working volume of the reactors.
Agitation rate was determined by the equal power/
volume rule [8, 12-14]. Once each reactor was oper-
ated under the optimum condition determined previ-
ously, experiments were performed condition deter-
mined previously, experiments were performed to
investigate carbon monoxide conversion and hydro-
gen production at different gas flow rates under the
operating condition. A time duration study was also
performed to show the stability of the 2.5 L and
14.0 L reactors at optimum operating condition.

A concentrated medium (seven times concen-
trated) along with sterile deionized water used for the
14.0L Virtis fermentor (Figure 1). The filtered water
was used to maintain the liquid dilution rate. A sterile
filter with a porosity of 0.2 pm (Gelman. Ann arbor,
Michigan) was used for the filtration of deionized
water. Prior to filtration, the water was purged with
helium for 4 hours in order to take out any dissolved
gas.

The dry cell weight concentrations (mg/L) were
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Figure 1. The Schematic diagram of the 14 L fermentor.
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determined by measuring optical density at 540 nm in
a Spectronic 21 spectrophotometer (Milton Roy Co,
Rochester, NY) and converted to dry weight cell
concentration using a calibration curve.

Gas compositions were measured by a gas chro-
matograph (Sigma 300, Perkin Elmer, Norwalk,
CT) with a 1.8 m x 3 mm carbosphere (Alltech,
Deerfield, IL) 60/80 mesh column. The carrier gas
was helium with a flow rate of 40 mL/min. The oven
temperature was maintained at 100°C, while injec-
tor and thermal conductivity detector temperatures
were 170°C. Acetate in the liquid phase was mea-
sured by a gas chromatograph (HP 5890 series II
with HP chemstation data processing software,
Hewlett-Parckard, Avondale, PA) with a 1.5 mx 3
mm column packed with porapak QS (Alltech), 100/
120 mesh column. The carrier gas was nitrogen at a
flow rate of 55 mL/min. The oventem perature
was maintained at 190°C, while the injector and
flame ionization detector temperatures were 240 °C.
1-propanol was used as the internal standard for
acetate analysis.

RESULTS AND DISCUSSION

The equal power per unit volume rule was applied for
the scale-up of geometrically similar in the continu-
ous stirred tank reactors (CSTR) for hydrogen pro-
duction using R. rubrum. Table 1 presents the geo-
metric dimensions of the reactors used for this scale-
up study. In the first stage of the scale-up study, a2.5
L CSTR was used. The operating conditions were
chosen based on the performance of a 1.25 L CSTR
[3]. The liquid dilution rate was chosen by keeping
the liquid retention time constant. The light require-
ment was in the range of 500-1100 lux forthe 1.25L
reactor; therefore, 2500 lux light energy was suffi-
cient for the 2.5 L reactor. Since the liquid working
volume was doubled, it was expected that the gas
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TABLE 1. Geometric Dimensions of Fermentors.

v v D D, D,/D,

L G t

(L) (L) (em)  (cm)

1.25 0.35 12.0 540 0.45
25 0.80 133 6.50 0.49
5.0 1.60 17.1 7.18 045

140 6.00 248 | 114 0.46

flow rate may also be doubled for the same level of
CO conversion. However the gas flow rate was
increased by 25% for the same level of CO conver-
sion in the 2.5 L CSTR. Figure 2 shows the gas flow
rate variation studies in this reactor. At a gas flow rate
of 30 scem (83.33 min gas RT) a 70% CO conversion
was obtained. As the gas flow rate was increased to
89 sccm (28.1 min gas RT) CO conversion dropped
to 24%. Hydrogen production increases linearly at
low gas flow rate. At higher gas flow rates, hydrogen
production rate remained constant. Also, fluctuation
ofhydrogen production has beenobserved at 74 sccm
(33.78 min gas RT) gas flow rate.

Figure 3 presents the data for the liquid dilution
rate variation study with 2.5 L reactor. A 40% im-
provement in CO conversion was observed as the
liquid dilution rate was tripled. However, the cell
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Figure 2. The Effect of gas retention time on cell concen-
tration, CO conversion and H, production using R. rubrum
in the 2.5 L CSTR.
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H/MD, HM, | HD,  H/D N

1.12 0.76 0.53 1.20 2

143 1.07 0.53 1.27 2
1.40 1.07 0.49 1.59 2

1.10 0.84 044 112 2

concentration was gradually decreased. The liquid
dilution rate was varied in order to show the effect of
liquid dilution rate on CO conversion. The hydrogen
production rate was stable as the liquid dilution rate
was varied. The CO conversion was 50% at the liquid
dilution rate of 0.21 day. As the liquid dilution rate
was increased to 0.67 day™ the CO conversion im-
proved to 70%.

Figure 4 presents the agitation rate variationstudy
with the 2.5 L reactor. The hydrogen production rate
was low at low agitation rate. As the agitation rate
was increased to 540 rpm or above, the CO conver-
sion reached 70% and the hydrogen pfgduction rate
was also improved. At high agitation rates, the CO
conversion and hydrogen production rate remained
constant. The cell concentration fluctuated during

agitation rate variation studies (the average cell con-
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Figure 3. The Effect of liquid dilutionrate on cell concentra-
tion, CO conversion and H, production using R. rubrum in
the 2.5 L CSTR.
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Figure 4. The effect of agitation rate on cell concentration,
COconversionand H, productionusing R. rubruminthe 2.5
L CSTR.

centration was about 1200 mg/L). The optimum
agitation rate was compatible with the value obtained
by the rule of constant power per unit volume. The
optimum agitation rate for the 2.5 L fermentor was
540 rpm. It was the same as the calculated agitation
rate based on constant power required per unit vol-
ume.

Figure 5, shows the stability of the 2.5 L fermentor
for 664 hours of operation, running at optimum
operating conditions. The CO conversion was prac-
tically constant at 70%. There were small fluctua-
tions onhydrogen production rate and cell concentra-
tion. The average cell concentration was 1250
mg/L.. The average hydrogen production rate was
425 4 mol. min™,
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Figure5. Thestability of 2.5 CSTR for cell concentration,
CO conversion and H, production using R. rubrum.
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Figure 6. The effect of gas retention time on cell concen-
tration, CO conversion and H, production using R. rubrum
in the 5.0 L CSTR.

The optimum operating conditions of 1.25L reac-
tor also utilized to scale up the 5.0 L CSTR. The
effects of gas flow rate and agitation rate were studied
in this reactor. Figure 6 shows the gas flow rate
variation between 25 and 140 sccm (200 and 35.7 min
gas RT). As the gas flow rate was increased, the CO
conversion was linearly decreased and the hydrogen
productionrate was increased. The cell concentration
was constant, except in the beginning when there was
mechanical problem with the nutrient pump. There
was a small drop in cell concentration during that
period. The average cell concentration was 1280 mg/
L. The optimum gas flow rate for70% CO conversion
was 60 sccm (83.33 min gas RT) forthe 5.0 . CSTR.
Comparisonof2.5 L and 5.0 L fermentors shows that
the gas flow rate can be doubled as the working
volume is doubled for the same level of CO conver-
sion.

Figure 7 represents the agitation rate varied from
300 to 800 rpm, while other parameters were fixed.
Based on equal power per unit volume rule, the
calculated agitation rate for the 5.0 L reactor is 490
rpm. The calculated agitation rate was compatible
with that experimental data. The CO conversion and
hydrogen production were improved as the agitation
rate was increased. At high agitation rate, the CO
conversion and hydrogen production rates were con-
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Figure 7. The effect of agitation rate on cell concentration,
conversion and H, production using R. rubruminthe 5.0 L
CSTR.

stant. The cell concentration was in a constant level
during this set of experiments. The hydrogen produc-
tion rate was 1000 1 mol. min™! with a gas flow rate
of 60 sccm, agitation rate of 490 rpm, and CO
conversion of 70%.

Figure 8 shows the gas flow rate variation studies
in a 14 L CSTR fermentor. As the gas flow rate
increased the CO conversion was gradually decreased.
The cell concentration was quite stable at 1200
mg/L. The hydrogen production rate was linearly
increased as the gas flow rate was increased. The CO
conversiondropped to 46% at the gas flow rate 0f402
sccm (34.83 min gas RT). A 70% CO conversion was
obtained with 150 sccm of gas flow rate (93.33 min
gasRT). The hydrogen production rate was increased
to 5100 n mol. min! as the gas flow rate was in-
creased to 402 sccm (34.83 min gas RT). The agita-
tion rate was also calculated based on equal power
per unit volume rule. A constant agitation rate of 400
rpm was used for the 14 L CSTR.

Figure 9 shows the stability of the 14.0 L fermen-
tor for 440 hours of operation, running at optimum
operating condition. The nutrient used was a seven
times concentrated media and deionized filtered wa-

ter for liquid dilution and cells wash out purposes.
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Figure 8. The effect of gas retention time on cell concen-
tration, CO conversion and H, production using R. rubrum
in the 14.0 L CSTR.

After 140 hours of operation, the reactor was toxicated;
therefore, the CO conversion, cell concentration and
hydrogen production rates were gradually dropped.
The reactor was restored by replacing regular media
and the operation was continued for another 150
hours. A five times concentrated media was re-
placed with deionized and filtered water for 150
hours of operation. The CO conversion was main-
tained above the 70% with the gas flow rate of 150
sccm, concentrated media flow rate of 1400 mL
day' and water flow rate of 8160 mL day. The total
liquid dilution rate was 0.68 day’'. The hydrogen

production rate was 2500 p mol. min"! during the

experiment.
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Figure 9. The stability of 14.0 L CSTR for cell concentra-
tion, CO conversion and H, production using R. rubrum.
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TABLE II. Mass Transfer Coefficients for Different Agitation Rate.

Gas Flow

1.25 L Reactor

Agitation %CO H,/CO K a, h!
Rare, rpm | Rate, sccm | Conversion

200 7.035 20.56 0.70 5.30

300 7.035 26.55 0.90 7.80

400 7.035 39.96 1.20 14.64

500 7.035 60.00 2375 33.16

600 7.035 81.35 5.37 106.00

700 7.035 72.55 353 63.71

800 7.035 65.75 2.60 44.00
_2.5 L Reactor

300 29.00 17.65 0.79 9.40

400 29.65 53.20 2.09 56.74

500 29.57 60.94 245 78.20

540 29.03 71.10 3.70 122.82

600 29.00 71.26 3.78 125.10

700 29.24 72.23 374 130.32

800 32.05 65.91 2.99 107.34
5.0 L. Reactor

300 61.95 2943 1.01 19.65

400 61.71 5437 2.05 60.79

490 59.13 70.24 3.68 121.24

500 60.79 67.58 3.10 107.29

600 60.33 69.21 3.44 117.98

700 60.69 67.79 3.30 110.63

800 60.89 68.53 3.25 115.72
14.0 L Reactor

400 150.75 72.02 3.15 116.43

The mass transfer coefficients were constant for 120 h?!
the scale up study. They were 106.0, 121.24,
122.82 and 116.43 h! for the 1.25, 2.5, 5.0 and 14.0 CONCLUSIONS

L reactors, respectively. The masstransfer coeffi-
cient obtained from the 14.0 L reactor was
averaged with constant gas retention time of 93.3
min. Table 2 represents the mass transfer coeffi-
cients obtained with different agitation rates. At
a low agitation rate, the reactors were less produc-
tive; therefore, low mass transfer coefficients were
shown. The maximum productivity was obtained
at the desired condition with high mass transfer
coefficient. The constant mass transfer coefficient

for the scale up purpose in the above reactors were at

International Journal of Engineering

The operating conditions media composition
developed in a bench scale smudy has been utilized
for a bioreactor scale-up study for water-gas shift
reaction with photosynthetic bacterium R. rubrum.
A steady state approach was employed to obtain
stable condition. Maximum hydrogen production
with CO conversion of 70% at gas flow rate of 30,
60 and 150 sccm were obtained in 2.5, 5.0 and 14.0
L reactors. High gas flow rates yielded high hydro-

gen production rates as CO conversion was gradu-
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ally dropping.
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NOMENCLATURE
D diameter, cm
H height, cm
N number
Vv volume, L
SubscriptS
b bottom
G gas
i impller
L liquid
t tank
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