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en production by bioconversion of
biodiesel waste supplemented with ferric citrate
and its nano-spray dried particles

Saurabh Jyoti Sarma,a Satinder Kaur Brar,*a Jérémy Reigner,b Yann Le Bihanc

and Gerardo Buelnac

Increasing consumption of fossil fuels as well as the concern over pollution and global climate change has

accelerated the development of the sustainable biofuel industry. Biodiesel, bioethanol and biomethane are

already commercially available as alternatives of fossil fuels and the search for a more environmentally

friendly biofuel, preferentially produced from non-food raw materials and capable of fulfilling the

transportation energy requirement of the world for longer duration, is ongoing. In this context,

biohydrogen produced from waste biomass is an ideal option. It has higher energy content compared to

fossil and biofuels of equivalent mass and produces water as the only major emission during

combustion. In the present investigation, crude glycerol (CG) generated as by-product of the biodiesel

production process has been used as feedstock for biohydrogen production and different supplements

have been evaluated for increasing the product yield. Nano-spray dried ferric citrate particles have been

found to enhance the hydrogen production by 50.45%. Hydrogen production using extremely low CG

concentration of 100 mg L�1 has been found to produce 22.7 mol-H2 per kg CG; which is 2.75-fold

higher than 8.25 mol-H2 per kg CG, known for dark fermentation.
Introduction

Considering global energy security as well as greenhouse gas
emission reduction potential, increased production and appli-
cation of biofuels is inevitable. At this juncture, biofuel
production is not equally protable in all countries and hence,
different governments have applied encouraging policies, such
as tax exemption.1 Moreover, in order to ensure increased bio-
fuel consumption and replacement of fossil fuel, mandatory
blending of fossil fuels with 2–10% of biofuel has been targeted
in many countries.1 There are different types of biofuels pres-
ently in use; however, greenhouse gas emission reduction
potential, availability of raw materials and energy content of
these biofuels are not similar. Therefore, for long term
production and use, all of them may not be equally suitable.2 In
this context, biohydrogen could be considered as an emerging
biofuel with very high sustainability. It can be produced from a
diverse group of renewable raw materials and hence, does not
necessarily compete with food crop based biomass for feed-
stock. Additionally, during combustion, hydrogen is converted
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to water and does not produce any carbon based emission.2–4

Energy content of hydrogen is 142 kJ g�1, which is higher than
any fossil fuel of equivalent mass.2,4 Thus, hydrogen production
by bioconversion of low cost agro-industrial organic waste
materials has commercial importance. In the present study,
enhanced hydrogen production by bioconversion of crude
glycerol has been investigated. In the course of biodiesel
production by trans-esterication of vegetable oil, animal fat or
any other lipid based feedstock; crude glycerol (CG) is produced
as a by-product. By weight, the amount of glycerol generated by
the process could be as high as 10% of the biodiesel produced.5

Corresponding to increased global biodiesel production, crude
glycerol production is also increasing and consequently, CG
price has decreased to around $ 0.05 per pounds.5 Thus,
application of CG as a feedstock for hydrogen production by
anaerobic fermentation could be considered as a lucrative
option for its value-addition.

NiFe-hydrogenase and FeFe-hydrogenase are two crucial
enzymes responsible for microbial hydrogen production in
anaerobic environment.6–9 The active site of NiFe-hydrogenase
has one Ni and one Fe atom; whereas, two Fe atoms are
present in the active site of FeFe-hydrogenase.10,11 Therefore,
hydrogen production media should contain sufficient amount
of Ni and Fe, so that synthesis of these enzymes are not affected.
In CG, only a negligible amount of Ni may be present; whereas,
the amount of Fe presents in CG could be as low as 31.6 � 19.0
mg kg�1 to 44.41 � 16 mg kg�1.12 For hydrogen production by
This journal is © The Royal Society of Chemistry 2014
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crude glycerol bioconversion, the feedstock needs to be diluted to
an optimum concentration; which is usually around 10 g L�1.12

Hence, nal concentration of Fe in a biohydrogen production
medium prepared using only CG (10 g L�1) will be as low as 0.31 to
0.44 mg L�1. In this context, CG supplemented with Ni and Fe
might have benecial effect on biohydrogen production by CG
bioconversion. Therefore, the purpose of the present study was
to evaluate the effect of ferric citrate, ferrous sulfate, nickel
acetate, and nickel chloride supplements on hydrogen
production by CG bioconversion. Owing to their very large
specic surface area, nanoparticles are generally considered
to have higher reactivity.13 Therefore, aforementioned
supplements were used in nanospray dried form. For the
present investigation, Enterobacter aerogenes, a well-known
hydrogen producing microorganism has been used.14,15 CG
used in this investigation was supplied by Rothsay® (Canada)
and its detailed characterization could be found in Sarma et al.
(2013).12
Experimental
Microorganism and inoculum preparation

Enterobacter aerogenes NRRL B-407, a rod-shaped, gram-
negative, facultative anaerobic bacterium from Enter-
obacteriaceae family has been used for hydrogen production
experiments. It was collected from ARS, USDA, USA in freeze-
dried form. To subculture the organism and to prepare inoc-
ulum for the study, a synthetic medium composed of glucose
and casein peptone (5 g L�1 each); KH2PO4 (2 g L�1); and yeast
extract and MgSO4$7H2O (0.5 g L�1 each) was used. Serum
bottles of 125 mL with 50 mL of working volume were used to
culture the microorganism. Media taken in these bottles were
rst sparged with N2 gas for 2 min; the bottles were immediately
closed with aluminum crimp seals having silicon septa and
sterilized by autoclaving. Aer inoculation, the culture bottles
were incubated in an incubator shaker operated at 30 �C and
150 rpm and 5% (v/v) of microbial culture at its exponential
phase of growth was used as an inoculum for hydrogen
production.
Preparation and characterization of different nano-spray
dried particles

Ferric citrate, ferrous sulfate, nickel acetate, and nickel chloride
particles used in the present investigation have been prepared
by using a nano-spray dryer (Buchi B-90, Switzerland). For the
preparation of ferrous sulfate, nickel acetate, and nickel chlo-
ride particles, a solution of 50 g L�1 of each compound was
separately prepared in distilled water and subjected to nano-
spray drying process. For all particles, the respective solution
was fed to the nano-spray dryer at a ow rate of nearly 20mL h�1

(ow level 3). Similarly, in each case, the maximum temperature
of the spray dryer was kept constant at 120 �C and the air ow
rate was maintained at 120 L min�1. The spray cap used for
entire spray drying process was of 4.0 mmmesh size. During the
process, particles were accumulated on the internal surface of
the collecting electrode which was subsequently recovered by
This journal is © The Royal Society of Chemistry 2014
particle collecting accessories supplied with the instrument.
Collected nano-spray dried particles were used in hydrogen
production experiments. For preserving the particles, airtight
glass vials were used. For the preparation of ferric citrate
particles, almost similar process was applied. However, as ferric
citrate solution could not be prepared using water in room
temperature; either hot water or 1 N NaOH was used.

Zeta potential distribution of nano-spray dried ferric citrate
particles prepared using hot water was determined by a zeta-
sizer nano ZS system (Malvern instruments Ltd., UK). For this
purpose, small amount of the particles was dispersed in Milli-Q
water and 1 mL of this solution was analyzed.

A scanning electron microscope (Zeiss EVO® 50 Smart SEM)
has been used for morphological characterization of the nano-
spray dried particles prepared for this investigation. The ferric
citrate nano-spray dried particles were rst dispersed in Milli-Q
water; a small amount of dispersed nano-spray dried particles
was taken on a piece of aluminum foil, air dried and nally
transferred to SEM stub. Prior to SEM analysis, samples were
coated with gold by using a sputter coater.
Screening of different nano-spray dried particles for
biohydrogen production

Purpose of this investigation was to investigate the effect of
nano-spray dried particles prepared using ferric citrate, ferrous
sulfate, nickel acetate, and nickel chloride, on hydrogen
production by CG bioconversion. All the particle types were
prepared using aqueous solution as already mentioned in
previous section. CG stock solution was distributed in different
125 mL serum bottles in such a way that aer inoculating with
5% (v/v) inoculum, total volume of the medium and concen-
tration of CG in each bottle would become 25 mL and 12 g L�1,
respectively. About 50 mg L�1 of each nano-spray dried particle
type was separately added to different bottles and the medium
pH of each bottle was adjusted to 6. Aer bubbling the media
with nitrogen gas, the bottles were sealed, sterilized, inoculated,
and incubated in the same manner as described for inoculum
preparation. One mL of biogas containing hydrogen was
collected from the headspace of each bottle using a 5 mL
gastight glass syringe (SEG, Australia) and stored in 5.9 mL
airtight glass vials (Exetainer®, Labco, UK). Prior to storing the
gas samples, glass vials were ashed with ultrapure nitrogen gas
and evacuated using a needle tted vacuum pump.
Investigation of the effect of Fe-citrate particle preparation
method on hydrogen production

As already mentioned, two different types of ferric citrate
particles were prepared either by dissolving it in hot water or in
NaOH (1 N). About 10, 50, 100, 300 and 500 mg L�1 of both
particles were separately added to different serum bottles con-
taining 12 g L�1 CG and their effect on hydrogen production was
investigated by similar method mentioned in previous section.
RSC Adv., 2014, 4, 49588–49594 | 49589
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Investigation of the effect of CG concentration on H2

production using media supplemented with ferric citrate
particles

The purpose of this study was to investigate the effect of ferric
citrate nano-spray dried particles on hydrogen production by using
different concentrations of CG. From previous investigation,
100 mg L�1 of ferric citrate particles was selected for this investi-
gation. Media were prepared by using 100 mg L�1, 500 mg L�1,
1000mg L�1, 2000mg L�1, 5000mg L�1 and, 10 000mg L�1 of CG,
and 100 mg L�1 of ferric citrate particles were added to each
medium. Similar to different hydrogen production experiments
already discussed, serum bottles containing these media were
processed, inoculated, incubated, and gas samples were
collected, stored and analyzed.
Hydrogen analysis

Gas samples stored in 5.9 mL airtight glass vials were analyzed
by gas chromatography. The GC system used for this purpose
was of Varian 3800 model (USA), equipped with automatic
sample injector. The detector was a thermal conductivity
detector (TCD) and the column used was PoraPLOT Q® (Agilent
technology, USA). For this analysis, N2 was used as the carrier
gas and column temperature was kept constant at 100 �C. The
carrier gas ow rate of 3.5 mLmin�1 was used and the retention
time for hydrogen was determined to be 4.5 min.
Results and discussion
Characterization of nano-spray dried particles

SEM images of the ferric citrate particles used in the present
investigation have been presented in Fig. 1. A very broad particle
size distribution has been observed with the diameters ranging
from around 1.73 mm to 468 nm or smaller. Particles were
completely spherical and an aggregation tendency was observed
among them. Zeta potential distribution of these particles has
been presented in Fig. 2. From Fig. 2, the zeta potential was
determined to be more than �5 mV, which ruled out the
possibility of instant coagulation of the particles. However, it
Fig. 1 SEM images (at different magnification) of ferric citrate particles p

49590 | RSC Adv., 2014, 4, 49588–49594
was lesser than�40 mV, which implied that aggregation among
the particles was possible. Therefore, the observed aggregation
behavior of ferric citrate particles can be considered as normal.
By proper surface modication or by applying a stabilizer,
aggregation of the particles could be controlled. As aggregation
behavior of the particles may control their functional proper-
ties, as a separate study, the effect of ferric citrate particles'
aggregation on hydrogen production can be investigated.
Screening of different nano-spray dried particles for
biohydrogen production

In Fig. 3 cumulative hydrogen production by bioconversion of
CG supplemented with different nano-spray dried particles has
been presented. In general, nickel based particles were found to
be inhibitory for hydrogen production. As there are different
probable mechanisms for nickel toxicity in microorganisms;
nickel particles may be toxic to the bacterium used in this
investigation.16 It could be a reason for reduced hydrogen
production in the case of nickel acetate, and nickel chloride.
Compared to nickel containing particles, more hydrogen
production has been observed in the case of iron containing
particles. Between iron containing particles, particles made up
of ferric citrate were found to produce more amount (nearly 2.5
folds more) of hydrogen (Fig. 3) than ferrous sulfate particles.
Citrate moiety of ferric citrate containing 6 carbon and 5
hydrogen atoms might have served as an additional/easily
accessible substrate for the process and it could be a reason
for improved hydrogen production. During fermentation some
bacteria can use Fe(III) as electron acceptor;17 thus ferric citrate
might have additional benecial role for the process. Based on
this observation, ferric citrate particles have been selected for
further investigation.
Effect of Fe-citrate particle preparation method on hydrogen
production

The purpose of the present investigation was to compare the
effect of hot water based and NaOH based nano-spray dried
ferric citrate particles on hydrogen production. Different
repared using hot water.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Zeta potential distribution of ferric citrate particles prepared using hot water.

Fig. 3 Cumulative hydrogen production obtained after 48 h of incu-
bation. 50 mg L�1 of respective nano-spray dried particles were added
to 12 g L�1 of CG.
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amounts of these particles, ranging from 10 mg L�1 to
500 mg L�1 were tested as supplement for hydrogen production
by CG bioconversion and the results have been presented in
Fig. 4. From Fig. 4, it is clear that compared to ferric citrate
particles prepared using NaOH, hot water based particles are
more favorable as a supplement for hydrogen production. As
Fig. 4 Cumulative hydrogen production obtained after 48 h of incu-
bation. Different concentrations of two different types of ferric citrate
particles were added to 12 g L�1 of CG.

This journal is © The Royal Society of Chemistry 2014
shown in Fig. 4, corresponding to increased concentration of
NaOH based ferric citrate from 10 mg L�1 to 500 mg L�1,
decreased hydrogen production has been observed. In addition
to ferric citrate, NaOH based particles may also contain Na+ ions
in large number. Therefore, unfavorable ionic strength of the
medium supplemented with such particle could be one reason
of observed reduced hydrogen production. On the contrary, by
increasing the concentration of hot water based ferric citrate
particles from 10 mg L�1 to 500 mg L�1, hydrogen production
was increased by nearly 50.45% (Fig. 4). Based on this obser-
vation, 100 mg L�1 of hot water based ferric citrate particles
have been selected for further investigation. If relatively higher
concentration of the supplement (ferric citrate particles) is
used, medium pH will decrease and presence of higher
concentration of the particles might have negative effect on the
microorganisms used for hydrogen production. Thus, choosing
a relatively lower concentration of the particles will be an
appropriate option.
Effect of CG concentration on H2 production using media
supplemented with nano-spray dried ferric citrate particles

The purpose of this experiment was to determine the effect of
initial CG concentration on hot water based ferric citrate
particle supplemented hydrogen production process. Results of
this investigation have been presented in Fig. 5 and from the
gure it can be inferred that at constant ferric citrate particle
concentration (100 mg L�1), by increasing the initial CG
concentration from 100 mg L�1 to 10 g L�1, cumulative
hydrogen production can be increased by nearly 12 folds.
It is quite obvious as optimum CG concentration for a
batch hydrogen production process has been found to be
around 10 g L�1.12

As shown in Fig. 5, however, if total hydrogen production by
bioconversion of 1 kg of CG is considered; the amount projected
to be produced at initial CG concentration of 100 mg L�1 was
found to be nearly 8.20 folds more than that of 10 g L�1. In the
case of 100 mg L�1 CG, the amount of ferric citrate particles
(100 mg L�1) added to the process was equal to that of substrate
(CG). Therefore, for hydrogen production media prepared using
one kg of CG, nearly 1 kg of ferric citrate particles would be
RSC Adv., 2014, 4, 49588–49594 | 49591
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Fig. 5 Cumulative hydrogen production obtained after 48 h of incu-
bation. 100 mg L�1 of ferric citrated particles (prepared with hot water)
were added to different concentrations of CG. Projected hydrogen
yields by bioconversion of 1 kg of CG have also been shown for each
initial CG concentration.
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needed. However, if an initial CG concentration of 10 g L�1 is
used and 100 mg L�1 of the particles is added as supplement;
for 1 kg of CG, only 10 g of the particles would be required.
Therefore, 8.20 folds increase in hydrogen production projected
for 100 mg L�1 CG supplemented with 100 mg L�1 of ferric
citrate particles could be attributed to the additional amount of
the particles required for the approach.

In Fig. 6, cumulative hydrogen productions by only CG
(100 mg L�1); CG (100 mg L�1) supplemented with ferric citrate
(100 mg L�1) as well as CG (100 mg L�1) supplemented with
nano-spray dried ferric citrate particles (100 mg L�1) have been
presented. Fig. 6 demonstrates that by supplementing the CG
bioconversion process with ferric citrate or its nano-spray dried
particles, 17.18% to 31.71% percent improvement in hydrogen
production can be achieved. However, supplementation process
will involve additional process cost; hence, a proper cost benet
analysis of the approach is a prerequisite for its industrial trial.
Moreover, it should also be determined, whether the applica-
tion of ferric citrate or its nano-spray dried particle will be
appropriate for large scale hydrogen production using CG.
Likewise, process mode and hydrogen partial pressure in the
headspace of the reactor are known to have inuence on
Fig. 6 Cumulative hydrogen production obtained after 48 h of incu-
bation. Control is only CG (100 mg L�1).

49592 | RSC Adv., 2014, 4, 49588–49594
cumulative hydrogen production. Thus, in order to determine
the potential of the approach, unlike the closed batch process
used in the present investigation, hydrogen production using
CG supplemented with ferric citrate or its nano-spray dried
particle should also be evaluated using process with proper pH
control and at relatively low hydrogen partial pressure.

A summary of different reports on hydrogen production by
microbial conversion of crude glycerol have been presented in
Table 1. From the table, it has been observed that compared to
dark-fermentation, higher hydrogen yield has been reported for
photo-fermentation. It is well known that during dark-
fermentation different byproducts (acetic acid, butyric acid
etc.) are formed; which is not the case for photo-fermentation.
Theoretically, therefore, photo-fermentation has higher
hydrogen yield, and present observation is an example.
However, dark-fermentation is the mostly studied method of
biohydrogen production because; it has many technical
advantages over photo-fermentation and other processes.
Firstly, hydrogen production rate of dark-fermentation is higher
than photo-fermentation.24 It implies that compared to dark-
fermentation, photo-fermentation is a slower process.
Secondly, poor light conversion efficiency, high energy
requirement by the enzyme (nitrogenase) and the high cost
involved in construction and maintenance of bioreactors suit-
able for photo-fermentation are some other disadvantages of
photo-fermentation.25 Thirdly, dark-fermentation will be easy to
scale up since; a simple conventional anaerobic digester could
be used for this purpose. Additionally, if waste biomass based
highly turbid feedstock is subjected to photo-fermentation,
light penetration into the medium may be difficult. Thus, in
spite of relatively lower theoretical hydrogen yield, dark-
fermentation is mostly chosen for this purpose.

From the table, it is evident that compared to reported
maximum hydrogen yield by dark fermentation of CG (8.25 mol-
H2 per kg CG); by using an initial CG concentration of
100 mg L�1 with no supplementary nutrient, 2.75 folds more
hydrogen (22.7 mol-H2 per kg CG) could be produced. This
observation indicated that hydrogen production by using an
initial substrate concentration as low as 100 mg L�1 can
signicantly improve cumulative hydrogen production by
maximum feedstock utilization. This approach may enhance
hydrogen yield not only in the case of CG bioconversion but also
for any other substrate. Three possible reasons for this observed
improved hydrogen yield are discussed below. (i) Volatile fatty
acids (VFAs), such as acetate, butyrate etc., are produced as by-
products of fermentative hydrogen production.26 Production of
these byproducts can quickly decrease the pH of the medium to
trigger a metabolic shi, which may lead to decreased cumu-
lative hydrogen production.27 At low initial substrate concen-
tration (100 mg L�1), lesser amount of these VFAs will be
produced; hence, the concentration of these compounds in the
medium will be lower than a process with high initial substrate
concentration. Thus, inhibitory effect of VFAs could be avoided
if a relatively low initial substrate concentration is used. This,
approach has industrial signicance as it may reduce the
requirement of large amount of alkali and acid for process pH
control. (ii) Hydrogen partial pressure buildup in the headspace
This journal is © The Royal Society of Chemistry 2014
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of the reactor can reduce cumulative hydrogen production and
by periodically ushing out the accumulated gas, hydrogen
production can be increased.21 If an initial substrate concen-
tration as low as 100 mg L�1 is used, only a small amount of
hydrogen will be produced per liter of medium; therefore,
hydrogen accumulation in the headspace will be far lower
than a process with high initial substrate concentration such as,
10 g L�1. Thus, low partial pressure of hydrogen in the head-
space could be one of the reasons of improved hydrogen yield
per kg of substrate observed in the present investigation. (iii) In
the case of present investigation, initial CG concentrations
ranging from 100 mg L�1 to 10 g L�1 were used; however,
inoculum size was kept constant at 5% (v/v). Therefore, in the
case of the process with 100 mg L�1 of CG, the amount of active
microbial biomass introduced per kg of substrate (CG) was 100
times more than that of the process with 10 g L�1 CG. Thus, the
role of excess amount of biomass is undeniable.

Conclusions

Among nano-spray dried ferric citrate, ferrous sulfate, nickel
chloride and nickel acetate nano-spray dried particles, only
ferric citrate particles were found to have benecial effect on
hydrogen production. Two different types of ferric citrate
particles were prepared, either by dissolving it in hot water or in
NaOH solution. Between these two particles, hot water based
ones were found to enhance the hydrogen production by
50.45%. Apart from supplementation, initial substrate concen-
tration has been identied as a crucial factor to determine the
hydrogen yield. At extremely low initial CG concentration of
100 mg L�1, by supplementing the process with ferric citrate
particles, a hydrogen yield as high as 29.9 mol-H2 per kg CG has
been achieved. This yield is signicantly higher than the value
of 8.25 mol-H2 per kg CG; previously known for dark fermen-
tative hydrogen production.
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