Biomass Conversion and Biorefinery (2023) 13:3929-3952
https://doi.org/10.1007/513399-021-01377-1

ORIGINAL ARTICLE ;.)

Check for
updates

Process optimization and mathematical modelling

of photo-fermentative hydrogen production from dark fermentative
cheese whey effluent by Rhodobacter sphaeroides 0.U.001 in 2-L
cylindrical bioreactor

Raman Rao " - Nitai Basak'

Received: 18 December 2020 /Revised: 10 February 2021 / Accepted: 11 February 2021 / Published online: 23 February 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

In this study, organic acids present in dark fermentative cheese whey effluent (DFCWE) were utilized to produce biological
hydrogen via photo fermentation by R. sphaeroides O.U.001 cells in 2-L double-walled cylindrical PBR with a working volume
of 1.5 L. Plackett-Burman design-based analysis revealed organic acid concentration (OA), temperature, and light intensity as the
most significant variables. Experiments were performed at different conditions of (OA, 8-16 g L, temperature (25-37 °C), and
light intensity (8—12 klIx). Optimum values were obtained by Box-Behnken design matrix (BBD) based on the impact on
hydrogen production rate (HPR) and under optimum values (OA concentration, 12 g Lt temperature, 31 °C; and light intensity,
10klx); HPR of41.94 mL L™ h™" was obtained, which lies in close proximity with the predicted production rate of 41.65 mL L™
h™! with the correlation coefficient (R*) and coefficient of variance as 0.9801 and 0.0521, respectively. PBR performance for
treating DFCWE was checked by performing mathematical modelling using four models. Kinetic study of DFCWE consumption
and growth profile of the bacterial cell were investigated by fitting experimental values into Monod and logistic equations,
respectively. Parameters of the modified Gompertz equation and Luedeking-Piret models gave proper simulated fitting with
experimental H, production obtained under optimized bioprocess variables. Metabolite analysis revealed that acetic and lactic
acids were utilized to produce biohydrogen under uncontrolled pH. Findings of the current investigation could be a promising
strategy for obtaining better hydrogen productivity in photo fermentation.

Keywords Cheese whey effluent - Photo fermentation - Photobioreactor - Box-Behnken design - Hydrogen production rate -
Kinetic study

Highlights

« Batch hydrogen production from dark fermentative cheese whey
effluent in 2-L double-walled cylindrical photobioreactor;

» Total organic acid concentration, temperature, and light intensity affect
hydrogen production rate;

« Fermentation experiment was designed using Box-Behnken design of

1 Introduction

Microbial production of hydrogen (H,) has been used exten-
sively by the research fraternity around the globe as a suitable

RSM;

« Optimal hydrogen production rate was 41.65 mL L' h™! at total organic
acid concentration of 12 g L™, temperature 31 °C, and light intensity 10
klx;

* Modelling of photo fermentation by unstructured models at statistically
optimized variables gave satisfactory fitting with experimental data;

« Statistical and mathematical modelling of biohydrogen production may
provide useful insights for waste to hydrogen endeavors.
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alternative to thermochemical-based methods for generating
H, gas equivalent to fuel grade [1, 2]. These methods can be
broadly divided into two main categories: algal- and
cyanobacteria-based biophotolysis of water and fermentative
route using organic compounds either in the absence (dark
fermentation, DF) or in the presence of light source (photo
fermentation, PF) [3-5]. Fermentative H, production could
occur at different temperatures, from the psychrophilic to ther-
mophilic ranges [6, 7], and is based on the utilization of cheap
and abundant renewable organic feedstock [8]. Significant
research in this area has been reported earlier [4, 9—11].
Depending upon the metabolic activity of H,-producing
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bacteria during DF, the main volatile fatty acids (VFAs) re-
ported are acetate and butyrate along with lactate, propionate,
and ethanol [12]. These metabolites, if not recovered, inhibit
the growth of H,-producing bacteria, and as a result, the H,
yield is lowered. In order to improve the yield, the VFAs can
be further utilized as a low-cost potential feedstock (after pre-
treatment if required) in other bioprocesses such as in PF,
electricity production in microbial fuel cell, methanogenesis,
and electrohydrogenesis for H, production [13]. In this con-
text, sequential dark-photo fermentation is a salient approach
which has the potential to overcome the limitations of lower
H, yield of single-step DF and PF. The mixture of gases con-
taining carbon dioxide and hydrogen, stored in the head space
of a bioreactor during DF, is collected and purified. The left-
over acids present in the spent media of DF (Eq. 1) is then fed
to another bioreactor in second-stage PF (Eq. 2) after certain
adjustments in terms of composition of VFAs, pH, and
filtration/centrifugation to remove any dark fermentative bac-
terial cell debris. Subsequent PF is mediated by various pho-
tosynthetic bacteria such as purple nonsulfur bacteria (PNS) at
a high degradation rate as compared to DF [14].

CgH106(glucose) + 2H,0—2CH;COOH + 2CO,1 + 4H,1 (1)

2CH;COOH (acetic acid) + 4H,0—8H,1 +4C0O,1  (2)

Requirement of two separate bioreactors in sequential fer-
mentation has an advantage in that optimization in operating
parameters for each fermentation process can be done inde-
pendently, which could enhance the overall biohydrogen
yield. Integration of DF and PF can yield up to 12 mol of H,
per mol of glucose and could be an ideal blueprint for deriving
additional H, [15]. Specialized literature showed that
Rhodobacter sphaeroides O.U.001 were able to ferment ace-
tate, butyrate, and lactate as the sole source of carbon (either
individually or in mixture form) to produce H, [16]. The pro-
cess occurs under anoxygenic conditions and requires opti-
mum light intensity, coming from either natural (in outdoor
conditions) or artificial sources of light (tungsten bulb, LED
lights, etc. in indoor environment). On a theoretical basis, the
complete photo conversion of commonly used organic acids
into H, by PNS bacteria is shown in Table 1 [17]. It is evident
that malic and lactic acids are the most preferable substrates
having a positive effect on the biohydrogen production rate.
The organic acids shown in Table 1 are generally found in the
waste stream of food processing industries and can be utilized
positively by PNS bacterial cells for H, production.

PF has the advantage that produced biogas is significantly
pure and contains H, content equivalent to 80% [18]. The
PNS microbial cells such as R. sphaeroides 0.U.001,
R. sphaeroides-RV, and Rhodopseudomonas palustris are
prominent in oxidizing the different organic acids which are
present in enormous quantity in the dark fermentative waste
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Table1 Theoretical photo-fermentative biohydrogen yield using differ-
ent carbon source

C4HgOs(malic acid)+3H,0— 6H,+4CO,
C,H,4O,(acetic acid)+2H,O0—4H,+2CO,
C,H,40,(acetic acid)+2H,0—4H,+2CO,
C4HgO,(butyric acid)+6H,O0— 10H,+4CO,
C3HgO3(lactic acid)+3H,0— 6H,+3CO,

stream via adenosine triphosphate (ATP)-dependent biochem-
ical reaction [13, 19, 20]. These acids include malic acid,
acetic acid, butyric acid, lactic acid, propionic acid, and up
to a lesser extent succinic acid also. Utilization of these acids
in the PBR towards effective H, generation depends upon
operating conditions viz. substrate concentration, fermentative
temperature, pH, inoculum age of PNS bacteria, light source,
and illumination intensity [10, 21, 22]. The main hurdle en-
countered during PF process is to improve the H, yield and
HPR, which can be achieved by optimizing as many culture
variables as possible. Response surface methodology (RSM)
has been used in recent times to optimize photo-fermentative
H, yield in batch mode [23-27]. OA concentration is an im-
portant parameter during PF because an excess of substrate
concentration may increase the viscosity of fermentation me-
dia, which in turn disturbs the mass transfer of substrate to-
wards bacterial cells and H, production is inhibited [28].
Different operating parameters such as pH, fermentation time,
and temperature are known to govern the stability of fermen-
tative H, production system and composition of OA [29]. pH
regulates the metabolic activity and H, production capability
of microbes since various physiological parameters such as
membrane potential and proton motive force of the cells are
dependent upon the change in external pH [30]. Another im-
portant operating parameter is temperature which affects the
H,-producing potential of PNS cells. Any fluctuation in the
optimum temperature range (30-35 °C) of PNS bacteria neg-
atively affects the HPR and H; yield [31]. The growth of PNS
bacteria starts at a minimum threshold value of light intensity,
followed by increase in HPR with increase in light intensity.
Maximum growth happens at an optimum level, then the sat-
uration effect decreases the growth rate due to excess of ATP
and FD,.4. Different species among PNS require different
light intensities to grow and produce H, effectively due to
variation in their photo-adaptation capability [32]. Therefore,
in order to maximize the productivity of H,, it becomes nec-
essary to optimize the light intensity.

During literature survey, we observed that most studies
involve the optimization of simple acids by using a statistical
tool [24, 33-36]. But statistical optimization of OA concen-
tration present in dark fermentative spent media has not been
much explored. Mishra et al. [37] applied BBD to determine
the effect of dark fermented palm oil effluent concentration,
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light intensity, and agitation rate on biohydrogen production
by using R. palustris cells. Similarly, Uyar et al. [16] used a
mixture of volatile acids (malic, acetic, butyric, lactic, and
propionic acid) present in dark fermentation liquor for
photo-fermentative H, generation by R. sphaeroides O.U.
001 cells, but optimization of operative parameters was not
performed. Although, significant work has been done in uti-
lizing spent media of DF for the subsequent PF process (either
in a sequential manner in two different reactors or by com-
bined fermentation in a single reactor) to improve H, yield [4,
38-40]. CW has also been explored for producing
biohydrogen via both DF [9, 41-43] and PF [42, 44] process-
es. Rai et al. [45] have used spent media of dark fermented
CW wastewater (containing mainly acetic and butyric acid) as
the PF substrate for producing biohydrogen by R. palustris
BHU 01 cells, but the optimization of concentration of OA
along with temperature and illumination intensity was missing
in this communication.

The complexity of the metabolic pathway adopted by
PNS bacteria and its growth characteristics during photo-
fermentative H, production can be better understood by
applying unstructured mathematical models. These models
help in interpretation/integration of the experimental data of
H, production and provide more in-depth understanding of
the complex fermentation system [46]. Mathematical tools
demonstrate the important processes inside the PBR such as
pH, temperature, feedstock degradation, and biomass
growth and also assist in acquiring knowledge for building
efficient PBR for H, production [47]. In this context, re-
searchers around the globe have put forward different math-
ematical models to explain the fermentation behavior dur-
ing H, production [48, 49]. But only few studies have done
the kinetic analysis of biohydrogen production in terms of
microbial growth, formation of product, and consumption
of substrate under optimized engineering parameters [46,
50]. After reviewing the literature, it was observed that most
of the kinetic studies on biohydrogen production system
have been done in the case of a dark fermentative system,
and very limited number of publications is available related
to mathematical modelling of photo-fermentative H, pro-
duction under statistically optimized operating conditions.
Use of an unstructured kinetic model for determining the
behavior of the PF system as a function of the fate of sugar
containing waste effluent as a substrate, growth of photo-
fermentative bacteria, and product formation has not been
explored much to date. The present study tried to fill this
void for modelling the photo-fermentative microbial system
with the help of four well-known kinetic models, namely,
the Monod model, logistic model, modified Gompertz
equation, and Luedeking-Piret model. An attempt was
made to study the kinetics of batch H, fermentation in
2-L cylindrical PBR under optimized conditions of
bioprocess variables.

Monitoring of cell growth profile of R. sphaeroides
0.U.001 during PF has been investigated on the basis of
a logistic model. Use of a logistic model in the current
study was attributed to the fact that it has the additional
advantage of representing the entire growth curve, includ-
ing the lag phase, the exponential growth, and the station-
ary phases [47, 51], and takes into account growth inhi-
bition in the stationary phase of growth as well.
Expression of substrate utilization kinetics (consumption
of DFCWE) by R. sphaeroides O.U.001 was obtained by
applying the Monod model. Further, to analyze the profile
of H, formation during batch fermentation, modified
Gompertz equation, and Luedeking-Piret model were ap-
plied. Validation of these mathematical models was done
by comparing with the observed data of H, production
under optimized conditions. The value of kinetic parame-
ters of the logistic fit model (apparent specific growth
rate, K. in h; maximum biomass concentration, X, in
g dry weight L' and 1 — X,/X,ax), modified Gompertz
equation (maximum cumulative H, produced, Py ; in
mL; maximum rate of H, production, R,.x in mL L!
h'; lag time of bacteria, £ in h) were obtained by non-
linear curve fitting of the mathematical models with the
experimental data during batch PF. The outcome of math-
ematical modelling based on lab scale data will signifi-
cantly help the researchers around the globe in scaling up
the batch PF process by giving useful information related
to designing of the PBR, analysis of microbial behavior of
PNS bacteria, relation between H, production and growth
rate of H, producing bacterial cell, etc.

In view of the above, it was observed that to the best of the
authors’ knowledge, statistical optimization of OA concentra-
tion, temperature, and light intensity in the subsequent second
stage of the DFCWE-based PF system followed by its math-
ematical kinetic studies has not been pointed out till now.
Additional novelty of the present work towards photo-
fermentative biohydrogen production is also provided by the
fabrication of a 2-L prototype form of commercial PBR. It
resembled with the commercial bioreactors in having a cylin-
drical shape, magnetic stirrer-based agitation, and presence of
a double chamber along with various ports. Given the limited
number of reported studies related to the mathematical model-
ling of a PF system at optimum conditions, the present com-
munication is believed to open the path for further research for
the economical production of biohydrogen and has the follow-
ing two objectives based on the analysis of the research gap in
the area of PF: (1) study of individual and interactive effects of
OA concentration, temperature, and light intensity on HPR
using 3K BBD matrix from DFCWE in 1.5-L fermenta-
tion volume by growing cells of R. sphaeroides
0.U.001; (2) use of fermentation models to understand
the behavior of DFCWE-based photo-fermentative H,
production system in batch mode.
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2 Materials and methods
2.1 Microorganism and culture conditions

R. sphaeroides O.U.001 cells (from the Department of
Biotechnology, Indian Institute of Technology, Kharagpur,
India) were used as source of inoculum for PF and were cul-
tivated photo-heterotrophically in modified Biebl and
Pfenning’s media containing DL malic acid 1.0 g L' and
glutamic acid 1.48 g L' [52]. Cells were grown in 100 mL
of media with initial pH adjusted to 6.8 £ 0.2, and the flask
was incubated at 32 + 2 °C in anaerobic conditions. Uniform
light distribution of 8-10 klx was achieved by placing a
Philips LED bulb (60 W). Periodic sparging of argon gas
(99.99% purity) was done in the flask to maintain anaerobic
conditions. Cells were preserved in the anaerobic environment
as the stabbed culture in nutrient agar. Further gram staining
and microscopic observation was done to ensure the purity of
R. sphaeroides cells, and suspension culture was generated by
picking a single colony of bacterial cells.

For initializing biohydrogen production, 48-h-old
R. sphaeroides O.U. 001 cells fully grown on modified Biebl
and Pfenning’s media were centrifuged at 6000 rpm for 20 min,
and collected cells were transferred to media containing DFCWE
with the following composition (per liter): glutamic acid 0.3 g;
NaCl 0.4 g; yeast extract 0.4 g; MgS0O,.7H,0 0.2 g; KH,PO,4 0.5
g; CaCl,.2H,0 0.05 g; ferric citrate 5 mL; and trace element
solution 1 mL (having in mg L™": ZnCl, 60; H;BO; 60;
MnCl,.4H,0 100; CoCl,.6H,0 200, CuCl,.2H,0 20;

NiCl,.6H,0 20; (NH,4),M00,4.2H,0 40; and HCI (25 % v/v) 1
mL L™"). Preadaptation of bacterial cells in DFCWE was repeat-
ed three times by transferring into fresh media to acclimatize
bacterial cells with production media, towards maximum H,
production.

2.2 Set-up of double-walled 2-L cylindrical PBR

The PBR was constructed from glass material (with height
280 mm, outer diameter without water jacket 93 mm, and
thickness of 12 mm) having fermentation volume of 1.5 L.
Figure 1 depicts the design of PBR used along with its asso-
ciated set-up. The PBR was fitted with mainly three ports: one
for monitoring temperature during fermentation, one port for
sparging argon gas, and another port for collecting evolved
gas during fermentation. Uniform temperature was main-
tained by connecting the outer jacket of PBR with a circula-
tory water bath (Julabo ME F33). Mixing between
R. sphaeroides cells and substrate inside PBR was achieved
by stirring the production media at 200 rpm by a magnetic
stirrer (Tarson). Sample to determine bacterial cell density,
residual organic acid concentration, and pH during PF was
collected at regular intervals of time from the designated sam-
pling port attached to the outer layer of PBR, under aseptic
conditions. Produced gases from PBR were collected by
downward displacement of 5% (w/v) K,Cr,O5 solution at am-
bient temperature and pressure after passing the gas stream
through 50 mL of 7 M KOH solution to remove CO, traces
from the gaseous mixture.

IDouble walled cylindrical photobioreactor
(with associated set up)

1. Circulatory water bath

2. Temperature sensor probe

3. Argon sparging probe

4. Gas outlet

5. Gas trapper

6. 40% KOH solution for
absorbing carbon di oxide

7. Hydrogen gas collector

8. Potasium dichromate solution
(5%) —®—
9. & 10. Inlet & outlet for media
11. & 12. External light source 1
(Philips)

13. % 14. Water inlet and outler
for water jacket

15. Outside water jacket

16. Cylindrical space for media
17. Magnetic bead

18. Magnetic shaker

» Gas meter

Front view

Distance between A and B is 280 mm

Total volume: 2 L, working volume: 1.5L 10 mm

>

Top view

03 mm 10 mm

Fig. 1 Schematic design of fermenter-type cylindrical PBR used for biohydrogen production by R. sphaeroides O.U.001 cells in batch mode
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2.3 DFCWE generation and its subsequent PF

Fresh CW was collected from a local dairy industry in
Jalandhar, India. It had carbon content, total carbohydrate
content (measured after autoclaving), and lactic acid concen-
tration of 46.72% (w/w), 47.5+2.0 g L', and 0.45 + 0.05 g
L', respectively. Fermentation media contained fresh raw
cheese whey having a concentration of 32.5 g lactose L'
and was supplemented with beef extract 0.75 g L', yeast
extract 1.5 g L', peptone 7.5 ¢ L', and NaCl 0.75 g L'\,
Fermentation was carried out at a working volume of 1 L, and
inoculation was done into the bioreactor with 10% (v/v) of
E. aerogenes 2822 free cells, harvested at the exponential
phase at 31 =2 °C and 200 rpm. Anaerobic conditions inside
the bioreactor were maintained by flushing the nitrogen gas
for 10 minutes. Initially, pH was adjusted to 6.8 £+ 0.2 by 0.5 N
NaOH solutions. The pH of fermentation media was not con-
trolled during the operation.

DFCWE obtained after dark fermentation was centrifuged
at 1000 rpm for 20 minutes to remove any colloidal particles
that may inhibit light penetration. After centrifugation, the
supernatant was filtered through a 0.22-micron cellulose
membrane to remove any suspended particles from the media.
It was sterilized at 121 °C and steam pressure of 1.05 kg cm 2
for 15 minutes. The supernatant obtained after the centrifuga-
tion was stored in a deep fridge at 4 °C, and it was replenished
with the fresh sample if any sign of acidification was shown.

DFCWE had major fraction of acetic and lactic acids with
some fraction of formic acid and butyric acid and exhibited
high concentration of organic acid equivalent to 10 g L™" (120
mM) out of which concentration of acetic acid and lactic acid
was 2.5+ 0.1 gL' 40mM+ 1 mM)and 7.5+0.1 gL'
(80 mM £ 1 mM), respectively. Before PF, bacterial cells were
pre-activated by growing on DFCWE media in order to make
the cells capable of growing in different organic acids present
in DFCWE. After 216 h of adaptation, R. sphaeroides cells
showed improved growth. Production media contained same
strength of micronutrients as required for routine growth of
PNS bacteria except the carbon source. The medium was in-
oculated with 10 % (v/v) of 24-h-old R. sphaeroides cells, and
fermentation was carried out at 1.5 L of working volume in an
anaerobic condition. The bacterial cells were illuminated with
multiple external light sources, i.e., Philips CFL bulb (23 W)
and LED bulb (60 W). Overall light intensity of 8—10 klx was
maintained by placing three packs of each LED and CFL
bulbs at a distance of 25 cm from the surface of PBR. The
initial pH of the fermentation medium was controlled by using
1.0 N of NaOH solutions. Concentration of biohydrogen, pro-
duction rate, and pH were regularly measured over the total
duration of the batch fermentation. Each batch test was per-
formed in triplicates with the same source of CW, and results
were expressed with a range of standard deviation within 5%
to get reproducible results.

2.4 Analytical methods

Bacterial cell population in PBR was measured with the help of a
UV-Vis spectrophotometer (Eppendorf BioSpectrometer Kinetic,
USA) at 600 nm and path length of 10 mm. The value of pH was
observed with the help of a glass electrode (MAC, India).
Composition of H, in evolved gas was analyzed by injecting
100 pL of a gas sample from the headspace of PBR into a gas
chromatograph as described earlier by Basak et al. [53].
Concentration of VFAs and residual substrate was quantified by
performing Reverse Phase Agilent 1260 Infinity HPLC
(RPHPLC). 10 mL of fermentation broth was taken from the
PBR and was centrifuged at 10000 rpm for 20 min in a refrigerated
centrifuge (Eppendorf 5810R, Germany) at room temperature.
Supernatant obtained after centrifugation was analyzed using a
C-18 column (Agilent Eclipse Plus, 4.6 * 250 mm, organosilane
ligands, pore size 5 um) and diode array detector (A = 210 nm,
temperature = 25 °C, Agilent 1260). Column temperature was set
at 55 °C, and 0.05 moles of H,SO, (filtered and degassed) was
used as a mobile phase with a flow rate of 0.4 mL min". Light
intensity was measured with the help of a luxmeter (Lutron,
Taiwan). HPR which is equivalent to the amount of H, gas pro-
duced per liter of culture per hour (mL L™ h™") in each batch
performed was calculated as shown in Eq. 3:

_ Vhydrogen (3 )

Hydrogen production rate (mL L™'h™") Ve i
BR

Where Viygrogen 18 the volume of H, produced in mL, Vig is the
working volume of the bioreactor (L), and ¢ is the time of H,
production (h).

3 Optimization design and statistical analysis
3.1 Plackett-Burman design

The purpose of using the Plackett-Burman statistical design was
to identify the most important process parameters for PF which
affect the HPR capability of PNS bacteria. A total of 7 parameters
were selected including OA concentration (X7 ), temperature (X5),
pH (X3), agitation rate (X;), inoculum age of culture (Xs), inocu-
lum concentration (Xg), and light intensity (X7) as shown in
Table 2. Each of the process variables was assigned —1 for low
level and +1 for high level, and a total of 12 fermentation exper-
iments were used for screening purposes. Table 3 represents the
fermentation experiment along with experimental values of HPR
(response). The experiments were performed in triplicate, and an
average of HPR after 96 h of fermentation was taken into con-
sideration. The significance of the each parameter was deter-
mined at 95% confidence level (P < 0.05). On the basis of results
of the Plackett-Burman design, the process variables for H, fer-
mentation were further optimized by RSM.
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Table 2 Plackett-Burman design and regression analysis for screening important fermentative parameter for H, fermentation

Source Low level (1) High level (+1) Sum of square df Mean square F- P value (prob > F)
value

Model - - 332.587 7 47.512 11.59 0.016

X;: OA concentration 10 14 113.283 1 113.283 27.63 0.006?

X>: temperature 25 37 1.740 1 1.740 042 0.023*

X;:pH 5.5 7.5 25.433 1 25.433 6.20 0.067

Xy: agitation rate 150 250 3.819 1 3.819 0.93 0.389

Xs: inoculum age 24 48 105.317 1 105.317 25.68 0.007

Xs: inoculum concentration 5 10 77.673 1 77.673 18.94 0.012

X7: light intensity 8 12 5.320 1 5.320 1.30 0.031*

R* =95.30%; R* (adjust) = 87.08%

2 Significant at 5% significance level

3.2 BBD matrix

BBD of RSM was used to optimize the screened param-
eters as suggested by the Plackett-Burman design for
improving HPR. Minitab software 16.0 was used for
this purpose. Based on the results of the Plackett-
Burman design, the optimum level of OA concentration,
temperature, and light intensity for maximum response
and their effects as a function of linear, cross products,
and quadratic interaction on H, production were deter-
mined by applying the BBD matrix. The range of three
process parameters, dependent variables, and their cor-
responding levels for developing the regression model
are shown in Table 4. The produced H, gas in the
headspace region of PBR was measured after every 4
h. The total duration of PF was 96 h for each batch of

Table 3 Experimental matrix of Plackett-Burman design for HPR

Runorder X; X» X35 Xo Xs X¢ X, HPRmLL'hY

2525
20.76
22.00
12.24
25.20
16.10
23.16
18.22
16.00
10.50
20.90
21.00

[N e N S SR
—_
—_
|
—_
—_
—_
|
—_
—_

— = = O
N = O
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—_ = —_

o= |
—_ —_ =
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| | | -
—_ =
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| — —
—_

e |
—_ —_
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H, fermentation. Thereafter, HPR (mL L' h™') was
computed from the experimental data. Thereafter, re-
gression analysis of the experimental HPR values was
performed as a function of second order polynomial
equation as shown in Eq. 4:

k
y = a + Yaxi +
~1

=~

k k k
> Y apxix; + Y ai[x? 4)
i=1 j=1 =1

Here, “Y” is the predicted response, x; are the input vari-
ables, a- is a constant term, and a;, a;;, and a;; are the ith linear
coefficient, ijth cross product coefficient, and quadratic coef-
ficient respectively.

The model coefficients (linear, quadratic, and cross product
terms) in the above equation can be calculated from the ex-
perimental value of HPR. In the case of three independent
process variables with HPR as a response, Eq. 4 can be rewrit-
ten as

Volumetric hydrogen production rate
=B, + BiX1 + BoXa + B3 X3 + B1XT + B3
+ B33X3 + BX1X2 + Bi3X1X5 + B3 XX (5)

Coefficient 3o in Eq. 8 is offset coefficient; 3; to (33 are
linear coefficients; 311, 22, and (33 are quadratic coeffi-
cients; and 35, 313, and (3,3 are interaction coefficients.

Here “—1” denotes the variation below the level giving
maximum H, yield; “0” signifies the level of variables giving
maximum H, yield; “+1” signifies the variation above the
level of variable producing maximum H, yield
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Table 4 Independent variables
and its corresponding levels for Independent variables Parameters Unit Low levels Center levels High levels
optimization of photo- _ )
fermentative H, production X OA concentration g L 10 12 14

X5 Temperature (°C) °C 25 31 37

X3 Light intensity Klux 8 10 12

4 Development of mathematical models
of photo-fermentative H, production system

4.1 Biochemical kinetics study of cell growth during
PF by R. sphaeroides 0.U.001 cells

Theoretically, the cell growth rate is expressed as follows:

dx
7 (6)

Where, X denotes the cell dry weight concentration in g L™
and p corresponds to the specific growth rate in h™' which
depends upon the concentration of the limiting substrate along
with other factors.

In the present work, we developed an equation on the basis
of a logistic model (nonstructured models used extensively to
study microbial growth kinetics in a complex fermentation
process) for determining the cell growth characteristics of
R. sphaeroides 0.U.001 cells during PF.

During the exponential phase, Eq. 6 gives

()
In{ —
_\XN/

(—t1)

(7)

fe =

Where . represents specific growth rate in the exponential
phase and X; and X, are the cell concentrations in g L!at
times #; and f,, respectively.

The cell growth kinetics during the entire growth curve
(lag, exponential, and stationary phases) of R. sphaeroides
0.U.001 were calculated as per logistic equation [54]:

p= Kc(l—Xf:ax) (8)

Here, 1t denotes specific growth rate in h™', k.. is the appar-
ent specific growth rate in h™!, and X, is the maximum cell
dry mass concentration in g L™".

By inserting Eq. 8 into Eq. 6 followed by integration, the
following equation was obtained:

Xoexp(K.t)
1=(X /X max) (1—exp(K 1))

X =

4.2 Substrate consumption kinetics during H,
production using Monod model

Substrate utilization during batch fermentation is determined
as per Eq. 10:
ds 1
= X 10
i@ (10)
Here, dS/dT is the rate of substrate utilization, Y, is the
yield coefficient, 1, is the specific growth rate in h™', and X is
the cell dry mass concentration in g L™
Dependency of R. sphaeroides O.U.001 growth rate during
PF on DFCWE concentration was determined using the
Monod model [55] as per Eq. 11:

1 Ks 1 1

Mmax

=— (11)
My Hinax [S]

Values of maximum specific growth rate (Lmax, h'!) and
dissociation constant (K, g L") were calculated with the
Lineweaver-Burk linearized equation.

4.3 Kinetics of product formation and its relation with
biomass growth during PF by R. sphaeroides 0.U.001

Cumulative biohydrogen produced during PF was determined
by fitting the modified Gompertz equation as per experimental
data (Eq. 12):
P; = Ppayx,i €Xp {7 exp [% “A-t)+ 1]} ( 12)

Where P; is the H, accumulated (mL) at time ¢ (h), Py ; 1S the
maximum cumulative H, (mL), R, is the maximum HPR
(mLL 'h™"), £ is the lag time (h), ¢ is the incubation time (h),
and e = 2.718. The values of these kinetic parameters were
determined by nonlinear fitting of cumulative H, production
data using Origin pro software (version 8.5).

Further, relation between biohydrogen production at opti-
mized conditions and growth of H,-producing bacterial cells
was determined by using the Luedeking-Piret equation [56].

dp;  dx

a - i X

(13)
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Here, «; and (3; denote growth-linked and nongrowth-
linked constant in h™', P; is the cumulative H, production in
mL, X is the cell dry mass concentration (g Lfl), and 7 is the
fermentation time (h).

On further rearranging Eq. 13:

1dP;,  1dx

xa “xath =

Here, 1/X dX/dt is the specific growth rate (1) and 1/X dP;/
dt denotes specific HPR (v). Value of «; and {3; can be deter-
mined from the slope and intercept of 1/X dP;/dt versus 1/X
dX/dt (during the exponential phase), respectively.

5 Results

5.1 Screening of important operational parameters
for photo-fermentative H, production by using
Plackett-Burman design matrix

The data of HPR as per experimental matrix of Table 3 indi-
cated that there was a notable variation in H, production rang-
ing from 10.50 mL L 'h't02525mL L h!. Therefore,
we felt the need of optimizing fermentation parameters for
enhancing H, productivity. The parameters with the

confidence level greater than 95% and less than 95% were
considered to have positive and negative impacts on H; pro-
ductivity, respectively. As a result, the effect of OA concen-
tration (X;), temperature (X,), and X5 (light intensity)
displayed a positive impact on HPR, whereas pH (X3), agita-
tion rate (X), inoculum concentration (Xg), and inoculum age
(Xs) displayed a negative impact on HPR, which were not
further included in the optimization study by the BBD matrix.

5.2 Optimization of fermentation parameters using
BBD model for photo-fermentative H, production by
R. sphaeroides 0.U.001 cells

A total of 15 experimental combinations with three central
points were performed in triplicate. The fermentation ex-
periment designs along with experimental and predicted
values of HPR are shown in Table 5, and HPR (mL L'
hfl) recorded at different combination of OA, tempera-
ture, and light intensity was the average of data having
variation within the range of 5%. The relationship be-
tween three fermentation parameters of H, production
(OA concentration, temperature, and light intensity)
was determined by BBD of RSM. Equation 15 repre-
sents the quadratic regression analysis for HPR, on the
basis of actual data in coded form by using the software
Minitab 16.0:

Table 5 15 BBD experimental

matrix with three replicates Run  OA concentration Temperature (X3, °C) Light intensity (X3 klx) HPR (mLL™'h™")

defining OA concentration (g L', X, gL

X)), temperature (°C, X3), and

light intensity (klx, X3) as Coded Actual Coded Actual Coded Actual Actuala  Predicted

independent variables and their value value value value value value

corresponding HPR
1 -1 10 -1 25 0 10 21.34 20.75
2 +1 14 -1 25 0 10 26.70 28.44
3 -1 10 +1 37 0 10 19.32 17.50
4 +1 14 +1 37 0 10 17.67 18.18
5 -1 10 0 31 -1 8 25.90 27.66
6 +1 14 31 -1 8 27.50 26.93
7 -1 10 31 +1 12 20.43 20.92
8 +1 14 31 +1 12 31.88 30.04
9 0 12 -1 25 -1 8 33.56 32.27
10 0 12 +1 37 -1 8 29.70 29.64
11 0 12 -1 25 +1 12 34.60 34.58
12 0 12 +1 37 +1 12 22.50 23.71
13* 0 12 0 31 0 10 41.10 41.61
14> 0 12 0 31 0 10 41.94 41.61
15> 0 12 0 31 0 10 41.92 41.61

 Average value of three experimental run

® Center points
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HPR = 41.6533 +2.0950 X —3.3762X,—0.9062X 3—12.0292X?
—8.3667X3-3.1967X3-1.7525X | X5 + 2.4625X 1 X3-2.0600X .X 3

(15)

Here, HPR was the predicted response, and X7, X5, and X;
were coded variables for OA concentration, temperature, and
light intensity. Similarly, Eq. 16 represents the quadratic re-
gression analysis for HPR, on the basis of actual data in un-
coded form by using Minitab 16.0 software:

HPR=-718.961 + 71.5935 X + 17.3157X, + 13.4644X3-3.00729X7
—0.232407X3-0.799167X7—0.146042X 1 X5 + 0.615625X 1.X3-0.171667X X 3

(16)

Here, HPR is the experimental response, and X7, X5, and X3
were actual values of all the three process variables. Based on the
experimental results, minimum and maximum HPR was found
tobe 17.67mL L™ h ' and 41.94 mL L' h™", respectively.

The importance of each model term in the quadratic re-
sponse surface model for the photo-fermentative H, produc-
tion system was explored using statistical analysis such as
analysis of variance (ANOVA), and their significance was

examined by checking the P value as shown in Table 6. The
R? value for BBD matrix was 98.16% which means that only
1.84% variation in the PF system could not be explained by
the chosen model. R* measures the goodness of fit of the
model, and its value of 1.0 indicates that the regression model
accurately fits the experimental data [57], though the adjusted
R? value is more accurate in order to observe the accuracy of
regression model. A good consistency was noted between
adjusted and predicted R* values (94.84% and 91.20%, re-
spectively) which implies that the chosen BBD model fits well
with the experimental values of photo-fermentative H, pro-
duction (Table 4). High Fisher variance ratio (F-value) of the
model (129.61) and P value less than 0.05 implied that the
regression model was significant. Lack-of-fit value was ob-
served to be 24.86 which implies that the model was signifi-
cant, and there were 1.9% chances that model F-value could
occur due to noise. CV is the ratio of standard deviation (SD)
of estimated data to the mean value of observed response. CV
values notify about relative variability corresponds to the
mean value, and a model having a value of CV less than
10% is considered reliable [58]. CV of 5.21% indicates that
the chosen model is accurate in terms of linear, square, and
interactive effects of process variables. ANOVA results re-
vealed that at the «-level of 0.05, the BBD model was strongly

Table 6 ANOVA of quadratic

polynomial model for HPR (mL Factors df' Sum of squares® Mean square’ F-value* P value
L' h™") by R. sphaeroides prob > F°
0.U.001 in BBD matrix
Model 9 937.644 104.183 129.61 0.001
X, (OA concentration , 1 35.112 35.112 9.98 0.025
X5 (temp, °C) 1 91.193 91.193 25.92 0.004
X; (light intensity) 1 6.570 6.570 1.87 0.230
X2 1 468.578 534.280 151.87 0.000
X2 1 244.946 258.466 73.47 0.000
X2 1 37.731 37.731 10.72 0.022
XiXo 1 12.285 12.285 3.49 0.121
X1X3 1 24.256 24.256 6.89 0.047
XX 1 16.974 16.974 4.82 0.029
R - - 0.9816 - -
Adj-R? - - 0.9484 - -
Pred R’ - - 0.9120 - -
Residual error 5 17.591 3.518 - -
Lack of fit 3 17.131 5.710 24.86 0.019
Pure error 2 0.459 0.230 -
Correlation total 14 955.235 - - -
CV - 0.0521
! df degrees of freedom
% Adj SS sum of square
3 Adj MS mean square

# F-value: Fisher-Snedecor distribution value

> P value: prob > F
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statistically significant as the P value was less than 0.05. In
this study, the linear effects of OA concentration, temperature,
and quadratic effect of the three model terms, i.e., [OA con-
centration]?, [temperature]”, and [light intensity]*, were highly
significant (P value < 0.05). It was found that the linear effect
of light intensity and cross interactive effects of operational
variables (OA concentration, temperature, and light intensity)
on photo-fermentative HPR was antagonistic in nature based
on their P values (P value > 0.05). On the other hand, inter-
action between OA concentration and light intensity was
found to have a synergistic effect on HPR during PF (P value
= 0.047). None of the insignificant model terms has been
eliminated from the ANOVA table in this work.
Subsequently, the maximum predicted value of HPR
(41.65 mL L' h™') was obtained by solving the

regression Eq. 19 at optimum conditions of X, X,
and X3 with 12 g L', 31 °C, and 10 klx, respectively.

5.3 Combined effects of OA concentration,
temperature, and light intensity on HPR

Study of the interactive effect of operational parameters, i.e.,
OA concentration, temperature, and light intensity, on HPR
during photo-fermentative H, production was evaluated by
visual inspection of three-dimensional response surface and
two-dimensional contour plots generated by Minitab 16.0 on
the basis of Eq. 20 as shown in Figs. 2, 3, and 4. The graphs
were generated by changing two continuous variables within
the experimental range at a time and keeping the third variable
at a constant value. The elliptical and circular shape of contour

Fig. 2 The 3D response surface
plot (a) and its 2-dimensional
contour plot (b) for photo-
fermentative HPR (mL L' h'™h)
by R. sphaeroides O.U.001 in 2-L
cylindrical PBR: interactive ef-
fects of OA concentration (g L™
and temperature (°C)

40

HPR (mL/L/h)

20

10

11

Surface Plot of hydrogen production rate (mL/L/h) vs organic acid conc. Temp.

Hold Values
Light intensity (klux)

10

35

30 Temperature (°C)

12 25
1S 14

Organic acid conc. (g/L)

Contour Plot of hydrogen production rate(mL/L/h) vs organic acid conc., Temp.

35.0

32.5 -

30.0 -

Temperature (°C)
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Organic acid conc. = 12.0122
Temperature = 30.9851
HPR (mL/L/h) = 41.6740
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Fig. 3 The 3D response surface
plot (a) and its 2-dimensional
contour plot (b) for photo-
fermentative HPR (mL L' h'™h)
by R. sphaeroides O.U.001 in 2-L
double-walled PBR: interactive
effects of OA concentration (g
LY and light intensity (klx)
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diagrams indicates significant and insignificant interactions
between the process variables under observation [59].
Figure 2 shows the response surface and contour lines gener-
ated to evaluate the interactive effects of OA concentration
and temperature by changing their values in a range of 10—
14 g L ™" and 25-37 °C, respectively. Minitab holds the third
variable (light intensity) at a constant level of 10 klx while
calculating the fitted response value of HPR by R. sphaeroides
cells. Statistically, the individual effects of OA concentration
and temperature were found to be significant in improving
HPR (P value = 0.025 for OA concentration and 0.004 for
temperature). Presence of a clear peak in the response surface
plot (Fig. 2a) suggests that the optimum conditions for OA
concentration and temperature fell inside the design matrix.

11

12 13 14

Organic acid conc. (g/L)

With the change in the concentration of OA, the HPR changes
which is almost similar to the surface with the change in tem-
perature, thus demonstrating that both the parameters have a
positive impact on the PF process for H, generation. When the
value of OA concentration was kept fixed, HPR first increases
up to a certain point, and then a decrease was observed on
further increasing the temperature. Similarly, on keeping the
temperature at a constant value, HPR first increases, and then
decrease was observed on further increasing the OA concen-
tration. Maximum predicted value for HPR was observed at
the central peak point with OA concentration of 12 g L' and
temperature of 31 °C. Rate of H, production was increased
with increase in OA concentration from 10to 12 g L™ follow-
ed by a decline in production rate when the concentration of
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Fig. 4 The 3D response surface
plot and its 2-dimensional contour
plot for photo-fermentative HPR
(mLL'h?h by R. sphaeroides
0.U.001 in 2-L cylindrical PBR:
interactive effects of temperature
and light intensity

40
HPR (mL/L/h) 35
30
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30

Surface Plot of hydrogen production rate (mL/L/h) vs Temperature, Light intensity

Hold Values
Organic acid conc. g/L 12

Light intensity (klux
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Contour Plot of hydrogen production rate (mL/L/h) vs Temperature, Light intensity
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Light intensity (klux)

Temperature = 31.0831

Light intensity = 9.99273
HPR (mL/L/h) = 41.6083

Hold Values
Organic acid conc. g/L 12

8 T
25.0 27.5

the substrate was increased beyond 12 g L', This is expected
because a higher concentration of OA in the fermentation
media resulted in substrate inhibition which leads to decrease
in pH inside PBR. This inhibits the H, production efficiency
of PNS bacteria. Further evidence related to dependency of H,
production on substrate concentration is available in the liter-
ature. Sangyoka et al. [57] were of the view that going beyond
the optimum concentration of the substrate in the PF system
leads to the accumulation of partial pressure of H, gas in the
headspace of PBR. As a result, the mechanism of bacterial
cells is shifted towards the production of solvent instead of
H, gas. It is an established fact that the rate of photo-
fermentative H, production increases on increasing concen-
tration of the substrate [60]. However, it has been noted that
too much concentration of feedstock in the PBR could result

@ Springer
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in higher concentration of bacterial cell thereby decreasing the
biohydrogen yield. Previous research has studied the effect of
substrate concentration on biohydrogen production by pure
bacterial cells. Hitit et al. [61] reported the production of
biohydrogen from potato juice by Rhodopseudomonas sp.
and observed maximum H, production at a substrate concen-
tration of 15 g L™". The PF process was inhibited on increasing
the substrate load at a level higher than 15 g L™". This agrees
with Sun et al. [62] who observed biohydrogen production
with sucrose as the carbon source by co-culture of
Clostridium acidisoli and R. sphaeroides during PF.
Maximum hydrogen 5.08 mol mol ' hexose was obtained at
an optimum substrate concentration of 11.43 g L™'. Further,
ability of bacterial cells to produce biohydrogen deteriorated
when increasing the concentration of sucrose beyond 11.43 g
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L', The 2D contour plots of HPR versus OA concentration
and temperature (Fig. 2b) was found to be elliptical in shape
with maximum response occurring within the central contour
region. This demonstrated the significant effect of their inter-
action on HPR. The same has been reported in literature where
the elliptical nature of contour plots has resulted in significant
interaction between the independent variables [37].

The graphical representation in Fig. 3 demonstrates the
method to visualize the interactive effect of OA concentration
and light intensity on H, production potential of R. sphaeroides
0.U.001 to determine the optimum conditions. It can be ob-
served from the response surface plot (Fig. 3a) that OA concen-
tration and light intensity has greatly influenced the H, produc-
tion. Temperature was kept constant at its central point, and the
other two variables, i.e., OA concentration and light intensity,
were varied within their experimental range of 10~14 g ™" and
8—12 klx, respectively. The highest HPR of 41.65 mL L' h™!
was produced by PNS bacteria at optimal concentration of OA
and light intensity (12 g L™" and 10 klx, respectively), keeping
the temperature of the fermentation reaction constant at its un-
coded value of 31 °C. Further increase in any of the two vari-
ables resulted in decline in HPR. This could be due to the fact
that on further increasing the substrate concentration above 12 g
L', the viscosity of the fermentation media is increased which
in turn may affect the mass transfer of the substrate to H,-pro-
ducing bacterial cells. It is evident from the literature that PNS
bacteria are sensitive to the operational parameters such as tem-
perature, pH, presence of higher content of organic acid in
fermentation medium, inhibition in the activity of nitrogenase
enzyme due to high nitrogen load, and light intensity [13, 63].
Optimum range of light intensity is required by R. sphaeroides
cells to achieve maximum HPR. From Fig. 3a, it can be ana-
lyzed that HPR is increased when illumination intensity is in-
creased from 8 kix to 10 kix and then started to decrease on
further increase of the values above the optimum point. The
possible explanation for this behavior could be the availability
of more ATP and ferredoxin at a higher light intensity (at 10
klIx). This finding was found to be similar with a previous work
[35]. In the current work, the maximum HPR was obtained at a
light intensity of 10 klx beyond which the decline in production
rate was noted. The light intensity was found to be in agreement
with the optimal range of light intensity in previous reported
works [23, 64]. Decrease in HPR on increasing the light inten-
sity above 10 klx happened because at the light intensity above
the optimum value, the bacterial cells experienced a cell shad-
ing effect and their photosynthetic apparatus is damaged due to
which the overall light conversion efficiency is lowered thereby
affecting the H, productivity. PNS bacteria have antenna mol-
ecules, i.e., up to 100 bacteriochlorophyll in each reaction
center which helps them to survive during low availability of
light [65]. But when the light intensity is abundant, there are
chances that these antenna molecules may capture more pho-
tons than the capacity of photosynthetic machinery. As a

result, theantennamoleculesare compelledtolosethe H ions
in the form of heat/fluorescence due to which the cells which
are presentin the deep region inside the PBR encountered cell
shading effect and their light conversion efficiency is ham-
pered [66]. Therefore, during PF, illumination intensity of
PBR is of great importance, and it must be controlled at an
optimum level so thatthe metabolic pathway of PNS bacterial
cells remains intact towards the production of H, gas. The 2D
contour plot of interactive effects between OA concentration
and light intensity on HPR by R. sphaeroides O.U.001 (Fig.
3b)wasellipticalinshapeindicatingtheirsynergisticeffecton
HPR. This was further confirmed by ANOVA results in
Table 5 in which the P value for X,.X; was 0.047 (P value >
0.05). Castillo-Morenoetal. [23] reported 30.1mLL 'h™' of
HPR using Rhodobacter capsulatus and a mixture of lactose
and lactate as the substrate. The optimum concentrations of
lactose and lactate were 19.17 and 2.61 g L™, respectively.
These values were lower than the production rates obtained in
the current study. Al-Mohammedawi et al. [35] observed
higherHPR 0f41.74mLL™"'h™' usingmalicacidasasubstrate
by R. sphaeroides DSM 158 cells which was slightly lower
than the values obtained in the current work.

The combined effect of temperature and light intensity on
photo-fermentative H, production is shown in Fig. 4. It is
evident that at a fixed OA concentration of 12 g L', opti-
mized temperature of 31 °C, and light intensity of 10 klx,
maximum HPR achieved was 41.65 mL L' h™' (Fig. 4a).
The optimum value of temperature in the current work falls
in the reported range of temperature as mentioned in other
studies [67, 68]. Temperature has an important role to enhance
the fermentative H, yield during PF. It was seen that increase
beyond the optimum value of fermentation temperature and
light intensity produced a negative effect on the production
rate of H,. Also, any increase above the optimum value ad-
versely affects the metabolism of PNS bacteria due to heat
stress effect and inactivation of cellular proteins such as pro-
teases and chaperones, which in turn force the bacterial cell to
revive its metabolic activities rather than produce biohydrogen
[69]. On the other hand, when decreasing the temperature
below the optimum level, there occurs a loss of cell fluids
which in turn damages the viability of bacterial cells and H,
productivity is negatively affected [70]. This is supported by
previous research in which increasing the temperature above
its optimum level during PF degenerates the nitrogenase en-
zyme activity which is a primary enzyme responsible for pro-
ducing biohydrogen present in PNS bacteria and lowers the
H, yield [26]. In the present work, significant interaction was
observed between temperature and light intensity according to
the shape of contour plots (Fig. 4b) and P value for X>X3
(0.029 determined by ANOVA).

Occurrence of a significant peak in the above-mentioned
3D response plots (Figs. 3, 4, and 5) and presence of clear
maxima in their corresponding contour plots lead us to the
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conclusion that the maximum value of predicted HPR could
be identified within the design range.

5.4 Regression model analysis: correlation plot, the
Anderson-Darling test, and residual plots for HPR

Predicted values of HPR at different experimental combina-
tions in the cylindrical PBR were calculated by solving the
regression Eq. 19. The correlation between experimental and
predicted response at optimized conditions of OA concentra-
tion, temperature, and light intensity was found to be in good
agreement (R* value 0.98) as shown in Fig. 5. The calculated
value of R? indicates that the regression model is able to ex-
plain 98% of the variability in the response. The residuals
(difference between predicted value and experimental value)
help in knowing the important characteristics of the quadratic
regression model. In this context, two residual plots, i.e.,
Anderson-Darling (AD) statistic normal probability plot and
plot of residuals, versus the observed predicted value were
used to confirm the fitting of the BBD model. The logic be-
hind conducting the AD test was to confirm the normal distri-
bution of residual error (predicted HPR minus experimental
HPR). The associated P value of AD statistics was 0.435 and
is proven to be significant (greater than «-level of 0.05) in
determining normal distribution of the residual error as a func-
tion of OA concentration, temperature, and light intensity over
the factorial space under consideration (Fig. 1 in
supplementary materials). This confirms the suitability of the
chosen BBD model for optimization purpose in the current
work. Generally, residual plots are employed to determine
the goodness of fit in the regression model and ANOVA.
The plot between residual and fitted values helps in verifying
the assumption that variance of the residuals at all the data
points remains constant. The plot between residuals and pre-
dicted HPR (as shown in Fig. 2 in supplementary materials)
revealed that the data points in the residual plot do not follow
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any regular trend and are found to be randomly scattered.
Variance in the residual plot is found to be constant for all
values of predicted HPR. This indicates the better suitability
of the chosen model in determining maximum predicted value
of HPR at optimized values of independent variables.

5.5 Validation of experimental conditions for the BBD
model

In the current study, we aimed to obtain the optimum condi-
tions of three independent parameters for maximum HPR in
the cylindrical PBR. The optimum conditions for better pro-
duction rate suggested by the regression model were as fol-
lows: OA concentration 12 g L™, temperature 31 °C, and light
intensity 10 kix. At these optimal values, predicted HPR of
41.65 mL L' h™! was obtained (by solving the regression
equation). To confirm the reliability of the chosen BBD mod-
el, confirmatory experiment in triplicate was done at the opti-
mum values of variables. At these conditions, cumulative H,
production of 6050 mL L™ of media was produced with ex-
perimental HPR 0f 41.96 mL L' h™", which was found to be
in reasonable agreement with predicted value of 41.65 mL L™
h!. Profile of cumulative H, produced, change in pH, and
substrate utilization are shown in Fig. 6. Production of H; in
PBR started after 7 h of inoculation which can be considered
as the lag phase of bacterial cell towards fermentation media.
Growth of PNS cell followed the expected pattern of expo-
nential and stationary phases. The notable decrease in initial
pH (from 6.75 at 7 h to 6.54 h at 16 h) was also observed after
the lag phase which continued up to 80 h and thereafter be-
comes almost constant. The same pattern was observed in the
case of photo-fermentative H, production. After 7 h, the cells
in the logarithmic period utilized OA for producing H,, and
significant increase in H, production, i.e., from 200 mL at 7 h
to 6050 mL L ! at 88 h, was observed up to the time the cells
enter into the stationary phase. Consumption of OA by PNS
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bacteria from the fermentation media under optimal condi-
tions was 32%, 57%, 70%, and 75% at the corresponding time
interval of24 h, 48 h, 72 h, and 96 h, respectively, with 3 g L!
of residual concentration of OA (75% utilization yield).
Hence, the utilization of DFCWE for subsequent PF by PNS
bacterial cells in the batch mode and statistical optimization of
technological variables for H, production by RSM model
were practical and valid. Further, the optimization result con-
firmed the validity of the second-order polynomial regression
equation used in the current work for enhancing photo-
fermentative HPR.

6 Fitting of mathematical models parameters
with experimental data of batch H,
fermentation under optimized conditions

6.1 Kinetics of R. sphaeroides 0.U.001 cells during PF

Use of logistic Eq. 9 shows that the R. sphaeroides cell inside
PBR follows a typical growth pattern under optimum condi-
tions of fermentation parameters. Values of maximum cell
biomass concentration (X,,,,) and apparent specific growth
rate (K,.) were modelled by fitting experimental cell mass con-
centration to the logistic equation, giving their respective
values as 18.06 g L ! and 0.04 h™'. Values of X, and K,
were found to be quite similar to that of experimental values.
Biomass concentration (g L") simulated by the logistic model
gave an adjacent R? value of 99.3%, illustrating adequate
agreement of the logistic model in terms of growth profile of
H,-producing cells as shown in Fig. 7a.

6.2 Mathematical modelling of substrate
consumption in PF by R. sphaeroides 0.U.001 using
Monod model (DFCWE as substrate)

The Monod model was employed for determining the
consumption of DFCWE during PF by R. sphaeroides
0.U.001. Estimation of the specific growth rate ([max)
and saturation constant (K;) was done by using the
Lineweaver-Burk plot, and their values were found to be
0.92 h! and 12.45 g L', respectively. Value of Uy is
dependent upon the fermentation temperature and pH of
fermentation media [71]. Although temperature was kept
constant at 31 °C, pH was decreasing with time which
lowered the p,,. Experimental values of DFCWE utiliza-
tion were fitted into Eq. 14 which gave an adj. R* value of
99.8%, thus confirming a satisfactory correlation between
the model and experimental values as shown in Fig. 7b.
Further, in the current work, concentration of the initial
substrate during batch PF was less than the value of K|,
which signifies the positive growth of H,-producing mi-
crobes under optimum conditions of process variables.

6.3 Kinetics of H, formation during PF by
R. sphaeroides 0.U.001 (DFCWE as substrate) using
modified Gompertz equation

Cumulative H, obtained during PF were simulated by
nonlinear fitting into the modified Gompertz equation,
and values of kinetic parameters (Hax, Rmax, and A) were
calculated by best fitting the experimental data of HPR
into Eq. 12. Higher R* value of 99.76% as shown in
Fig. 8a indicated strong correlation between experimental
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values and the modified Gompertz equation to interpret
H, production kinetics in the current work. However,
some difference in the values of cumulative H, production
and lag phase was observed. The experimental value of
cumulative H, production was found to be 6050 mL un-
der optimum operational conditions in the presence of
12 g L' of DFCWE with a lag phase of 8.5 h, whereas
the predicted value of cumulative H, production by mod-
ified Gompertz equation was 6080.9 mL with a lag phase
of 6.55 h. Further, the predicted value of HPR during the
total batch time of 96 h was 36.68 mL L' h™' as com-
pared to the experimental HPR of 41.94 mL L' h™'. The
variation in predicted and measured values of kinetic pa-
rameters of the modified Gompertz equation was due to

@ Springer

the viability of H,-producing microbes. However, there
exists variation in the value of kinetic parameters due to
different experimental conditions such as feedstock and
time taken by bacterial cells to adapt to environment be-
fore producing H,.

6.4 Kinetic relationship between biomass growth and
H, production during batch H, fermentation by the
Luedeking-Piret model

Experimental cumulative H, obtained during batch fer-
mentation were fitted into Eq. 14. The correlation coeffi-
cient (adj. R?) was 95.41% indicating proper fitting of the
experimental data with the Luedeking-Piret model. Values
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of « (constant for growth-linked product) and (3 (constant
for nongrowth-linked product formation) were found to be
144.62 mL L' and 0.94 mL h™', respectively, which
show that R. sphaeroides O.U.001 exhibited mixed
growth-associated product formation as shown in Fig.
8b. Moreover, the magnitude of « could be used to deter-
mine the H, productivity in batch PF, and it further ex-
plains the dependency level of H, production on the spe-
cific growth rate. Table 7 shows the comparison of differ-
ent kinetic parameters of the logistic model, Monod mod-
el, modified Gompertz equation, and Luedeking-Piret
model obtained in the current work with those reported
in the literature.

7 Discussion

It is evident from the literature that quite a number of signif-
icant studies related to photo-fermentative H, production have
been carried in the past years using different bacterial strains
(pure culture or microbial consortia) and feedstock (ranging
from simple sugars to industrial effluents) under different sets
of operation parameters. A comparative study of optimum
conditions of process variables (with or without statistical op-
timization tool) obtained in the present work with the literature
is summarized in Table 8. The table shows that fermentation
was performed at different sets of operating conditions such as
inoculum concentration, temperature, pH, light intensity, and

@ Springer
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agitation rate which was responsible of the difference in opti-
mum values of process parameters and HPR. The rate of
biohydrogen production varies from 6.1 mL L' h™' which
was obtained using a mixture of acetate, propionate, and bu-
tyrate as carbon source at 30-35 °C of temperature, initial pH
of 6.8, and light intensity of 5 klx [82] to 41.9 mL L' h™"
acquired using pure malate as the carbon source by
R. sphaeroides O.U.001 cells at 32 °C of temperature and
initial pH of 6.5 under the illumination of 102 W m 2 of light
intensity [81]. Also, the working volume of PBRs in the stud-
ies mentioned in the table is in the range of 0.05-1 L.
Comparative analysis shows that malic acid has been a pref-
erable choice for producing biohydrogen during PF. Also,
pure lactose and lactate [23] have produced more biohydrogen
than butyric [64] and acetic acid alone [34]. The photo-
fermentative HPR obtained in the current study using
DFCWE was found to be impressive as compared to other
reported research. The HPR achieved by R. sphaeroides cells
at optimal conditions of OA concentration, temperature, and
light intensity in the current work was quite high as compared
to those obtained by Basak et al. [33], Basak et al. [53], Al-
Mohammedawi et al. [35], Zagrodnik et al. [81], Uyar et al.
[78], and Uyar et al. [16] while working with the same bacte-
rial strain having a working volume of PBRas 1 L, 1L, 0.12
L,0.17 L, 0.55 L, and 0.055 L respectively. Basak et al. [53]
reported HPR of 7.0 mL L' h™' from malic acid substrate by
R. sphaeroides O.U.001 cells at a substrate concentration,
temperature, and light intensity of 2.68 g L', 33 °C, and
15 W m , respectively. In another work done by Androga
et al. [34], full factorial design matrix was used to optimize the
process parameters, and maximum HPR of I3 mL L™ h™" was
achieved by R. capsulatus DSM 1710 at acetic acid concen-
tration, temperature, and light intensity of2.40 g L', 27.5°C,
and 4.2 klx, respectively. Castillo-Moreno et al. [23] used a
central composite design of RSM and reported HPR of 41.5
mL L' h™! at a substrate concentration of 22.84 g Lfl, tem-
perature of 30 °C, and light intensity of 23.35 klx. Also, the
experimental HPR in the present work was higher than those
produced by other H,-producing bacterial cultures such as
R. capsulatus [23, 34, 77, 84], Rhodopseudomonas sp. [39,
64, 80, 83], and mixed consortia [82] (Table 8). Nevertheless,
the HPR was smaller than those by R. sphaeroides DSM 158
[85] and R. sphaeroides ZX5 [86]. For example, HPR of
10233 mL L' h™" was recorded by Li et al. at 4 g L' of
malic acid, fermentation temperature of 30 °C, and light in-
tensity of 4-5 klx [86], whereas in the present study, HPR of
41.94 mL L' h™! was obtained at 12 g L%, 31°C, and 10 kix
of organic acid concentration, temperature, and light intensity,
respectively. The usual justification for getting variations in
the results from different studies is the composition and extent
of utilization of different carbon and nitrogen sources and
experimental conditions, specifically the source of light and
its illumination intensity. Mishra et al. [37] and Al-
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Mohammedawi et al. [35] also explained that the concentra-
tion of substrate, its composition (simple sugar or agricultural
waste, etc.), and illumination intensity should be optimized
carefully as a change in both of these parameters can affect
the activity of nitrogenase enzyme present in PNS bacterial
cells. With the same optimization tool, the cumulative amount
of biohydrogen produced at optimum operative variables in
the current work was 6050 mL L' which was higher than
those reported by Dolly et al. [24], Al-Mohammedawi et al.
[35], and Garimella et al. [67]. Hence, utilization of DFCWE
as a raw material for producing biohydrogen by PNS bacteria
in double-walled cylindrical PBR (with a working volume of
1.5 L) has certain reference value. Further use of the BBD
matrix for designing the PF experiment was found to be useful
for optimizing the three important process parameters.

8 Conclusion

In the current work, dark fermentative cheese whey effluent
(DFCWE) was used as feedstock for photo-fermentative H,
production using R. sphaeroides cells. The HPR was investi-
gated at varying levels of OA concentration, temperature, and
light intensity by response surface methodology. The maxi-
mum HPR of 41.94 mL L™" h™" was obtained under the opti-
mized conditions: OA concentration 12 g L™", temperature 31
°C, and light intensity 10 kIx. The validation experiment for
the obtained optimal conditions for H, production from
DFCWE had adequate agreement with the predicted values
41.65mL L™ h™". 3D response surface plots revealed that the
optimal point for all the three variables fell inside the bound-
ary range. Further, modelling of the photo-fermentative sys-
tem revealed that the experimental data for the consumption of
substrate and biomass concentration and for batch H, produc-
tion analysis by PNS bacteria gave satisfactory simulated re-
sults. The Lineweaver-Burk plot for substrate utilization by
PNS bacteria in PF gave the values of W« and K, as 0.92
h™' and 12.45 g L', respectively, under uncontrolled pH of
production media. Values of logistic constant, i.e., X, and
K., as a function of fermentation time, during the batch test,
were 18.06 g L' and 0.04 h™', respectively. Also, nonlinear
curve fitting of observed H, with modified Gompertz equation
was in close agreement with the predicted values of cumula-
tive H, produced (Pyax ), maximum HPR (R,,,,), and lag time
(A) as 6080.9 mL, 36.68 mL L' h™', and 6.55 h, respectively,
at an optimized concentration of 12 g L' of OA. The exper-
imental results may offer valuable knowledge for upscaling
photo-fermentative H, production process and for designing
efficient PBRs for better photo-fermentative H, productivity.
Some of the future recommendations based on the current
outcome are (i) immobilization of the R. sphaeroides bacterial
cell using transparent matrix; (ii) building and selection of H,
impermeable PBR by keeping in mind uniform distribution of
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light at each corner of the PBR; (iii) implementation of genetic
engineering in order to manipulate key enzymes (hydroge-
nase, nitrogenase) and upgrade light conversion efficiency of
PNS bacteria; and (iv) enhancing photo-fermentative H, pro-
ductivity by applying CFD simulation in order to predict flow
pattern, distribution of light, and temperature of fermentation
liquid inside the PBR.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13399-021-01377-1.
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