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Abstract: Glycerol is a by-product of biodiesel production in a yield of about 10% (w/w). The present
study aims to improve the dark fermentation of glycerol by surface immobilization of microorganisms
on supports. Four different supports were used—maghemite (Fe2O3), activated carbon (AC), silica
gel (SiO2), and alumina (γ-Al2O3)—on which a newly isolated co-culture of Enterobacter spH1 and
Citrobacter freundii, H3, was immobilized. The effect of iron species on dark fermentation was also
studied by impregnation on AC and SiO2. The fermentative metabolites were mainly ethanol, 1,3-
propanediol, lactate, H2 and CO2. The production rate (Rmax,i) and product yield (Yi) were elucidated
by modeling using the Gompertz equation for the batch dark fermentation kinetics (maximum
product formation (Pmax,i): (i) For each of the supports, H2 production (mmol/L) and yield (mol
H2/mol glycerol consumed) increased in the following order: FC < γ-Al2O3 < Fe2O3 < SiO2 < Fe/SiO2

< AC < Fe/AC. (ii) Ethanol production (mmol/L) increased in the following order: FC < Fe2O3 <
γ-Al2O3 < SiO2 < Fe/SiO2 < Fe/AC < AC, and yield (mol EtOH/mol glycerol consumed) increased
in the following order: FC < Fe2O3 < Fe/AC < Fe/SiO2 < SiO2 < AC < γ-Al2O3. (iii) 1,3-propanediol
production (mmol/L) and yield (mol 1,3PDO/mol glycerol consumed) increased in the following
order: γ-Al2O3 < SiO2 < Fe/SiO2 < AC < Fe2O3 < Fe/AC < FC. (iv) Lactate production(mmol/L) and
yield (mol Lactate/mol glycerol consumed) increased in the following order: γ-Al2O3 < SiO2 < AC <
Fe/SiO2 < Fe/AC < Fe2O3 < FC. The study shows that in all cases, glycerol conversion was higher
when the support assisted culture was used. It is noted that glycerol conversion and H2 production
were dependent on the specific surface area of the support. H2 production clearly increased with the
Fe2O3, Al2O3, SiO2 and AC supports. H2 production on the iron-impregnated AC and SiO2 supports
was higher than on the corresponding bare supports. These results indicate that the support enhances
the productivity of H2, perhaps because of specific surface area attachment, biofilm formation of the
microorganisms and activation of the hydrogenase enzyme by iron species.

Keywords: glycerol; biohydrogen; support; Enterobacter; Citrobacter freundii; maghemite; activated
carbon; silica gel; alumina

1. Introduction

Hydrogen is now accepted as an attractive, clean, and renewable energy carrier. It is
an important area of bioenergy production and bioremediation [1,2]. At present, most H2
is generated by thermochemical processes that use fossil fuels such as natural gas, thermal
cracking and coal gasification [1]. However, these processes emit CO2.

Lately, a considerable amount of attention has been paid to biological processes such as
biophotosynthesis, photodecomposition and anaerobic fermentation routes to harmless H2
from renewable sources such as water, waste organic matter and organic compounds [3,4].
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Of all these processes, dark fermentation seems to be the best, because it is not only the most
stable but also the most rapid. Additionally, unlike photofermentation, it can be carried out
in the absence of light [1,5]. It also uses obligate and facultative anaerobic microorganisms
to convert organic materials into H2 from the general anaerobic metabolism.

Dark fermentation can use various organic wastes as substrates for biohydrogen
production. Glycerol is an attractive, cheap resource, as it is a by-product of biodiesel
production with a yield of about 10% (wt/wt). In addition to being widely available [6]
and economic, it also has the potential to mitigate environmental hazards and reduce
greenhouse gas (GHG) emissions. The main advantage of using glycerol in dark fermenta-
tion is the production of fuels and chemical products at a higher yield than the common
sugars such as glucose and xylose, due to the high redox state of the carbon in the glyc-
erol [7]. Henceforth, the production of H2 through dark fermentation is an alternative for
conventional fossil fuels. However, it has one major drawback: a low yield of hydrogen
production [1]. In order to improve the performance of dark fermentation using glycerol,
new biological activities such as support immobilization can be used as one strategy to
enhance the yield of hydrogen production.

Cell immobilization technology has been used in fermentation and enzymatic transfor-
mation [8]. Gungormusler et al. [9] showed that entrapped cells of the Clostridium intestinale
strain URNW produced more hydrogen than suspended cultures, and Chen [10] found that
carrier supports were effective at stimulating cell growth and the production of targeted
metabolites. Likewise, the immobilization of Enterobacter aerogenes on carbon fiber and
activated carbon enhanced both the hydrogen production rate and hydrogen yield [11].
In previous work, Lee et al. [12] showed that the addition of an appropriate amount of
solid carrier, such as activated carbon, to the fermentation broth could markedly stimulate
cell growth and H2 production in dark fermentation. Other reports also showed that solid
carriers were effective at stimulating cell growth and target metabolite production of, for
example, H2 and biosurfactants [13–16]. Carriers are thought to provide more surface
attachment sites, which enhance the formation of biofilms [17] and granular sludge [14,18].
Solid carriers can also provide buffer capacity for extreme conditions such as high organic
loadings, pH shock, etc. [17,18]. Like immobilized cells, carriers can enhance cell reten-
tion for continuous cultures, thereby preventing cell wash-out while operating at a high
dilution rate (or a low hydraulic retention time) [19,20]. On the other hand, the type and
concentration of the carbon substrate are critical factors that affect the fermentation kinetics
of biohydrogen production [21]. The structure and morphology of the micro-beads have
a considerable influence on physical properties and, therefore, on the reactivity of the
functional sites [22].

The glycerol bioconversion pathways to H2 are based on a simple redox reaction:
2H+ + 2e−↔H2 [23]. This reaction is catalyzed by hydrogen-producing enzymes, namely
[NiFe]-hydrogenases and [FeFe]-hydrogenases, which are mostly present in anaerobic
bacteria [23–27]. This process takes place after glycerol enters the glycolysis pathways to
produce pyruvate. Pyruvate then breaks down to acetyl-CoA via reduction of a ferredoxin
(Fd) catalyzed by pyruvate ferredoxin oxidoreductase [28,29]. The hydrogenase enzyme
(E.C.1.12.7.1) then oxidizes the reduced ferredoxin (Fd) to produce molecular hydrogen [24].

Hydrogenase enzymes are clusters of FeFe or NiFe. Therefore, it is to be assumed that
iron species can affect their activity. Some studies have reported that the in vivo activity
of the hydrogenase decreases with iron depletion [29,30] and that hydrogen production
improves with iron addition [31,32]. However, these studies mainly focused on biochemical
production with glucose as a substrate and little work has been done on H2 production with
glycerol as a substrate. In addition, surface attachment immobilization techniques have
not been widely adapted to H2 production through dark fermentation from glycerol [33].
Hence, a study is needed in this field to evaluate the yield of hydrogen from glycerol by
immobilizing iron species on the surface. Our previous study showed that Enterobacter
spH1 and Citrobacter freundii metabolize glycerol to hydrogen [34]. However, the hydrogen
rate production and glycerol conversion were low; therefore, in this study, we intend to
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increase the rate of H2 production and increase glycerol consumption by incorporating
support to the cells.

In this paper we also aimed to assess the effectiveness and feasibility of the surface
cell immobilization of a co-culture (1:1) of Enterobacter and Citrobacter sp on four different
porous solid supports: maghemite (Fe2O3), activated carbon (AC), silica gel (SiO2) and
alumina (γ-Al2O3) via batch dark fermentation. These supports are selected because they
have been proven to provide good surface area attachment sites in catalytic processes and
cell immobilization [35,36]. Some previous studies also show these kinds of supports will
stimulate cell growth and hydrogen production, provide buffer capacity, and enhance cell
retention times. The effect of iron species on the dark fermentation for H2 production was
also investigated on AC and SiO2.

2. Materials and Methods
2.1. Fermentable Substrates and Chemicals

Pure glycerol (molecular biology, purity ≥ 99%) and all other chemicals of analytical
grade were purchased from Sigma Chemical Co., Madrid, Spain. Support materials were
supplied by Merck, Madrid, Spain: activated carbon ref. 2518 and silica gel ref. 2518.

2.2. Microorganism, Medium and Culture Conditions
2.2.1. Microorganisms

Enterobacter spH1 and Citrobacter freundii H3 (isolated from San Carles de la Rapita,
Spain), which are known to be able to produce H2 from glycerol, were used as a co-
culture [34]. Standard microbiological and safety procedures were followed while the
cultures were being handled.

2.2.2. Culture Medium

The mixed (1:1) co-culture was cultivated in synthetic medium consisting of (amounts
are in grams per liter of deionized water): 7.0 g K2HPO4; 5.5 g KH2PO4; 1.0 g of (NH4)2SO4;
0.021 g of CaCl2·2H2O; 0.25 g of MgSO4·7H2O; 0.25 g of MgSO4·7H2O; 0.021 g of CaCl2·2H2O;
0.12 g of Na2MoO4·2H2O; 2.0 mg of nicotinic acid, 0.172 mg of Na2SeO3, 11.9 g HEPES
(N-2-hydroxyethylpiperazine-N-2 ethanesulphonic acid); 0.5 g of yeast extract (YE); 10 mL
of trace element solution containing 0.5 g of MnCl2·4H2O, 0.1 g of H3BO4, 0.01 g of
AlK(SO4)2·H2O, 0.001 g of CuCl2·2H2O and 0.5 g of Na2EDTA per liter; 0.5 g/L of cysteine
hydrochloride as reducing agent and 1 mg resazurin, which was used as a redox indica-
tor. Anaerobic conditions were achieved by flushing the headspace of the serum bottles
with Ar gas before inoculating for about 3–4 h until the resazurin changed to colorless.
Additionally, before inoculating, the medium pH was adjusted to 6.5 for each strain using
10 mM NaOH.The medium used was appropriate for H2 production since it contained the
minimum nutrients required [37].

2.2.3. Support Materials

The mixed co-culture of Enterobacter spH1 and Citrobacter freundii H3 was used to
examine the effect of support on the dark fermentation of glycerol to produce H2. Four
different supports were used: maghemite (Fe2O3), activated carbon (AC), silica gel (SiO2)
and alumina (γ-Al2O3). The effect of impregnating iron species on AC and SiO2 on the
dark fermentation was also studied. Iron supported on AC was prepared by incipient
wetness impregnation with aqueous solution and ferrous sulphate (FeSO4·7H2O) as a
precursor. The iron load was 10 wt%. After impregnation, the solids were left for 2 h
at room temperature (RT), dried for 15 h at 60 ◦C and finally calcinated at 200 ◦C for
4 h [38]. Before use, each support was washed with distilled H2O to remove all suspended
fine colloidal particles and then autoclaved for 20 min at 121 ◦C to eliminate microbial
contaminants.
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2.3. Batch Dark Fermentation

Batch cultivations were performed in 100 mL serum bottles fitted with gas-tight crimp-
top rubber septa and flushed with Ar for 15 min. They had a working volume of 25 mL,
were kept at a constant temperature of 37 ◦C and were shaken at 200 rpm. Cultures were
inoculated with 10% (v/v) pre-culture. The effect of the six different assisted carriers (2%
(w/v)) on the fermentation was tested for mixed culture. A control batch experiment was
done for each support (2% (w/v)) without culture to measure the adsorption capacity (Q)
of each support. The control and main experiment were prepared with the same synthetic
medium containing 25 g/L glycerol.

2.4. Analytical Methods
2.4.1. Biomass Growth

For the carrier-assisted batch dark fermentation, the biomass growth was determined
using the sum of the cells which grow freely in the liquid culture and the cells attached
to the support. An 0.8 mm filter was used to separate the attached cells from the freely
suspended ones. Samples for analysis were taken at the beginning and at the end of
fermentation.

The residue on the filter was washed with 10 mL deionized water and centrifuged
(600× g, 15 min at 4 ◦C), and the supernatant was discarded. The cells attached to the
support remained as a residue on the filter and were then re-suspended in 2 mL ultrapure
water and dried for SEM and N2 physisorption analysis. A total of 1 mg of this residue
(containing attached cells and the support) was used for scanning electron microscopy
(SEM) morphological studies. The number of cells attached to the support carrier were
estimated per m2 by direct cell counting from the SEM pictures using ImageJ 1.46 r software.
The total of the attached cells was obtained by multiplying by the cells counted per m2 of
the support.

Cell growth was determined using an optical density at 600 nm (OD600). After filtering,
the optical density (OD) of the filtrate was measured at 600 nm, which corresponds to
the unattached cells. Additionally, cell dry weight (CDW) was used to quantify the
amount of biomass in the serum bottle. CDWs were determined in technical duplicates.
2 × 15 mL cultures were sampled and centrifuged (600× g, 15 min at 4 ◦C). Each pellet
was resuspended in 2 mL ultrapure water. CDWs were determined after the samples had
been dried for 1 day in an oven at 105 ◦C. OD600 and CDW were then correlated using
CDW = 857.716 × OD, with R2 = 0.8782.

2.4.2. Analysis of Gas Production

During batch experiments, the H2 and CO2 in the serum bottle headspaces were
quantified by GC-14B GC, with a thermal conductivity detector (TCD) and a Carbosive
column and a 80/100 Porapak-Q column (Merck, Madrid, Spain) with argon (Ar) and
helium (He) as carrier gas and a flow rate of 30 mL/min. The operational temperatures for
the injection port, oven and detector were 150, 80 and 200 ◦C, respectively.

A gastight syringe was used to sample the gas produced from the processed anaerobic
bottle. The syringe has a valve that can be closed to trap the gas inside. A total of 0.3 mL of
gas was taken and equilibrated at atmospheric pressure. The system was calibrated using
an H2 standard to determine the volume of gas as a percentage. The H2 gas was identified
by using GC equipped with a thermal conductivity detector (TCD). The peak corresponds
to a certain volume percent of H2. The volume fraction of H2 in the syringe was equivalent
to the volume fraction of H2 in the headspace when the gas from the processed serum bottle
was sampled. The total volume of H2 was calculated by multiplying the volume percentage
by the headspace of the serum bottle, so the ideal gas law can be used to calculate the
number of moles of gas produced.
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2.4.3. Analysis of Liquid Metabolites

Fermentation products were identified by HPLC, using a Transgenomic column,
(ICSep ICE-COREGEL 87H3, Chrom Tech, MN, USA) equipped with diode array (DAD)
and refractive index (RID) detectors. Aqueous sulfuric acid (H2SO4) adjusted to pH 2.2
was used as the mobile phase. Operating conditions for the HPLC column were 50 ◦C
with a mobile phase flow rate of 0.6 mL/min. Prior to analysis, the liquid samples were
centrifuged at 9800 rpm for 15 min and filtered through a 0.2 µm disposable filter. The
injection volume of the sample was 20 µL. The sample eluted completely within 40 min.
Concentrations of fermentation metabolites were determined using standard curves of the
respective compounds.

GC-MS was equipped with an HP PLOT column (divinylbenzene/styrene polymer,
30 m long, 0.32 mm ID, 20 µm film thickness, Agilent, CA, USA) and operated at an inlet
temperature of 200 ◦C, a pressure of 6.1 psi and an oven temperature of 35 ◦C for 5 min
increasing to 150 ◦C at 5 ◦C/min. Prior to the CG-MS analysis, the liquid samples were
centrifuged at 9800 rpm for 15 min and filtered through a 0.2 µm disposable filter. The
injection volume of the sample was 5 µL. Glycerol and product fermentation metabolites
in the liquid phase were confirmed by GC-MS.

2.4.4. Support Characterization

The morphology of the mixed culture cells attached to each carrier was examined
by scanning electron microscopy (SEM, JEOL JSM-840, Tokyo, Japan) at 20 kV and a
working distance of 15 mm. Prior to SEM observation, samples were fixed with 2% w/w
glutaraldehyde and dehydrated in graded series of ethanol. Finally, the samples were dried
with a critical point dryer (EMS-850, Tokyo, Japan) coated with gold [39].

N2 physisorption adsorption–desorption isotherms at 77 K were measured using
Micromeritics ASAP 2000 (GA, USA) equipment for the analysis of specific surface area
(SBET), average pore volume and pore size. Prior to the physisorption measurements, all
the samples were degassed under vacuum (10−4 Pa) at 393 K. N2 physisorption was used
to reveal information about the texture properties of each carrier before and after the batch
fermentation.

X-ray diffraction (XRD) analysis was used to determine any changes on the surface
of the carrier before and after fermentation. The XRD analysis of the carrier was recorded
using a Siemens D5000 diffractometer (Rubí, Spain) (Bragg–Brentano geometry and vertical
θ-θ goniometer) with an angular 2θ diffraction range between 3◦ and 90◦. The samples
were placed on a Si (510) sample holder. The data were collected with an angular step of
0.03◦ at 5 s per step and sample rotation. Cu Kα radiation (λ = 1.54056 Å) was obtained from
a copper X-ray tube operated at 40 kV and 30 mA. The crystalline phases were identified
using JCPDS powder diffraction files as data references.

2.4.5. Total Organic Carbon Analysis

The concentration of total organic carbon (TOC) before and after batch fermenta-
tion was measured using a Total Organic Carbon Analyzer (Analytik jena, Multi N/C
2100, Jena, Germany). Prior to analysis the liquid sample was filtered through a 0.2 µm
disposable filter.

2.5. Data Analysis
Data Analysis and Kinetic Parameters

The adsorption capacity of the adsorbents (support) was calculated from the change in
glycerol concentration in the solution using Equation (1), where Q is the adsorption capacity
(mg/g), Ms is the amount of adsorbent, QGly cons,f is glycerol consumed by microbes and
QGly,i and QGly,f are the glycerol concentrations before and after fermentation, respectively
As mentioned above, glycerol concentration was determined by HPLC.
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Q =
( QGly,i −QGly, f ) +

(
QGly cons, f

)
Ms

(1)

A modified Gompertz equation Equation (2) [40,41] was used to estimate the maxi-
mum production rates and the maximum production potentials of such fermentation end
products as: ethanol, acetate, lactate, propionate, succinate, 2, 3 butanediol, CO2 and H2:

S0 − S(t) = Smax. exp
{
− exp

[
Rmax,S .e

Smax
(λS − t) + 1

]}
(2)

where Pi(t) is the cumulative production (mmol/L), λ the lag-phase time (h), Pmax,i the max-
imum production potential (mmol/L), Rmax,i the maximum production rate (mmol/L*h),
t the incubation time (h), and e the exp(1) = 2.718. This equation was found to be suit-
able for describing the progress of the cumulative production of compounds during the
experiments.

Accordingly, for the consumption of glycerol a modified Gompertz equation
Equation (3) [40] was used:

S0 − S(t) = Smaxexp
{
−exp

[
Rmax,S e

Smax
(λS − t) + 1

]}
(3)

where: S0 is initial substrate concentration (mmol/L), S is substrate concentration (mmol/L)
at time t, Smax is maximum concentration of consumed substrate (mmol/L) and Rmax,S is
maximum rate of substrate consumption (mmol/L×h). The fermentation data was fitted
using SigmaPlot version 12.3, CA, USA,where the accuracy of fit was given by correlation
coefficients (R2).

For batch cultivation yields of the fermentation end-products, expressed in mole
product per mole of glycerol consumed, the experimental data of the substrate adsorbed in
Equation (1) was considered in the yield calculation (Equation (4)).

YP max, i =
Pmax, i

S0 − (Smax − Sads)
(4)

where: YPmax,i is substrate yield for fermentation product i, S0 is initial glycerol concen-
tration (mol/L), Smax is maximum glycerol consumption (mol/L) and Sads is maximum
glycerol adsorbed by the support (mmol/L).

Maximum specific production or consumption (qmax,i) were calculated using the
values obtained from the data fits (Equations (2) and (3)), according to Equations (5) and (6)
respectively, and the ratio of the maximum production rate or substrate consumption rate
to the maximum dry cell weight (DCWmax).

qmax,i =
Rmax,i

DCWmax
(5)

qmax,s =
Smax,i

DCWmax
(6)

where: qmax,i is the specific production or consumption rate i (mmol/L*h), Rmax,i is the
maximum production rate i, Smax,i is the maximum substrate consumption rate (mmol/L*h)
and DCWmax is the maximum dry cell weight (g/L).

Carbon balances (C-balance) and degree of reduction balances (ε-balance) were calculated
according to Oh et al. and Converti et al. using the elemental biomass composition
CH1.74O0.33N0.23 [34,37]. This corresponds to a biomass carbon content of 53.6% and a
degree of reduction of 4.32 electrons per C atom. The degree of reduction (ε) was calculated
from the following Equation (7) [42,43].

ε = 4C + H − 2O− 3N (7)
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where C, H, O, and N denote the atomic coefficient of the chemical formula of a compound.
Glycerol conversion (E) by the strains was calculated using the following equation

Equation (8):

E =
S0 − (Smax − Sads)

S0
× 100 (8)

Determining hydrogen and CO2 production. The number of moles of gas (n) injected into
GC at room temperature was calculated using the ideal gas law in Equation (9).

PV = nRT (9)

where P is atmospheric pressure, V is the volume determined by the injection, R is universal
gas constant and T is RT.

3. Results and Discussion
3.1. Textural Characteristics of Supports

The textural characteristics of each support used for dark fermentation are summa-
rized in Table 1. The N2 physisorption of the carrier was performed before and after the
dark fermentation.

Table 1. Textural properties of the Enterobacter spH1 and Citrobacter freundii H3 co-culture supports used in the dark
fermentation.

Carrier Before Dark Fermentation After Dark Fermentation

* SBET (m2/g) Porous Volume (cm3/g) Porous Size (nm) SBET (m2/g) Porous Volume (cm3/g) Porous Size (nm)

Fe2O3 205 0.779 13.99 158 0.403 2.897
γ-Al2O3 253 0.450 4.54 105 0.192 2.271

SiO2 685 0.822 3.32 202 0.347 1.872
Fe/SiO2 440 0.540 2.84 150 0.251 1.871

AC 1195 0.675 1.69 462 0.269 1.614
Fe/AC 736 0.413 0.84 382 0.085 0.807

* SBET stands for specific surface area Brunauer–Emmett–Teller measured in nitrogen adsorption.

Table 1 shows the surface area, pore volume and pore size for the different carriers
before and after the dark fermentation. The addition of iron species to the SiO2 and AC
carriers decreased the surface area and pore volumes for both supports, which suggests that
impregnation with iron species presumably blocks the carrier pores. Maghemite (Fe2O3),
silica gel (SiO2) and alumina (γ-Al2O3) exhibited the typical mesoporous type IV isotherms
(Figure 1a–c) according to the Brunauer–Deming–Deming–Teller (BDDT) classification.
Activated carbon (AC) (Figure 1d) exhibited a microporous structure with type I isotherms
characterized by a plateau that is nearly horizontal to the P/P◦ axis.

After dark fermentation the total surface area, pore volume, and porous size of all
materials decreased presumably because of the growth of the microorganisms and the
adsorption of organic metabolites.

Several studies that have used AC as the catalyst reveal a significant modification
in both the texture and surface group distribution of the original AC in the course of the
experiment [44].
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Figure 1. N2 adsorption–desorption isotherms for support before and after the batch dark fermentation: (a) Fe2O3; (b)
γ-Al2O3; (c) SiO2 and Fe/SiO2; (d) AC and Fe/AC.

3.2. Support Characterization

As can be observed in Figure 2a, no other species other than carbon is observed for
activated carbon before the fermentation. This XRD pattern shows that only the graphite
phase is present in the activated carbon. This indicates the purity of the activated carbon
used in the experiment, and this will help compare the AC after the experiment depicted
in Figure 2b.

After the dark fermentation, the XRD profile of the activated carbon support (Figure 2b)
shows the crystallographic phases of the Ramsbeckite (JCDPS 39-0365). This copper species
probably comes from the adsorption of metal species such as copper in the culture medium.

The XRD profile of all the supports (Figure 2c) after the dark fermentation also shows
the crystallographic phases of the Ramsbeckite (JCDPS 39-0365). This copper species
probably comes from the adsorption of metal species such as copper in the culture medium.
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3.3. Morphology and Count of Cells Attached to the Support

The surfaces of the immobilized cells were studied by scanning electron microscopy
(SEM). The number of bacteria attached was counted using ImageJ 1.46 r software, MD,
USA. Figure 3 shows the random distribution of cells on each support. The number of
attached bacteria is higher after fermentation; however, alumina shows the lowest density.
The support surfaces look different showing distinct images of bacterial attachments.

Effect of Supports on Bacterial Surface Attachment

As can be observed, Figure 4 presents the attached cell counts of mixed cultures. It
shows that the cell population improves in the following order: AC > SiO2 > Fe/AC ≥
Fe/SiO2 > γ-Al2O3 > Fe2O3. This might be due to the surface area and roughness. There
was a qualitative increase in the number of attached cells on the AC than the other supports.
Attached cells or biofilms are defined as matrix-enclosed bacterial populations, which
adhere to each other and the support surfaces [45]. Biofilm-attached bacteria predominate
numerically and metabolically in virtually all ecosystems [46]. Costerton et al. [43] reported
that the substratum structure promotes the attachment of bacteria to the surface, and
there is considerable evidence that attachment increases with increasing surface roughness
or rugosity of the support. Other factors, such as the coating of the substratum with
biomolecules, e.g., proteins and polysaccharides, and the hydrodynamic flow velocity im-
mediately adjacent to the substratum, also influence biofilm formation. In addition, cellular
properties of bacteria such as the presence of fimbriae and flagella, and the production
of extracellular polymers increase bacteria attachment [47,48]. Indeed, the sugar analysis
of exopolysacharides isolated from Citrobacter freundii showed the presence of mannose
and glucose [49]. The concentrations of nutrients in the aqueous medium surrounding the
attached cell also affect biofilm development.
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Previous laboratory studies indicate that there is a correlation between an increase
in nutrient concentrations and increased numbers of attached bacterial cells [50]. Indeed,
it has also been speculated that surface associations offer selective growth advantages
for attached cells, particularly during periods of nutrient limitation [51]. Overall, it was
apparent that the mixed culture preferred to attach to the support. Of all the assisted
carriers (supports) presented in this study, the cell count was highest in AC. This could be
attributed to the fact that its surface area is higher than that of the others.
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Balance 
ξ-

Reduction 
  (mmol/L)  (%) (%) (%) 

  Smax Pmax,EtOH Pmax,Lact Pmax,1,3PDO Pmax,Suc Pmax,ActPmax,But Pmax,CO2 Pmax,H2 
Specific 

Area (m2/g) 
   

FC 266.8 195.7 111.8 56.2 44.3 1.9 4.6 3.2 63.7 120.1  72 109.8 108.5 
Fe2O3 276.2 213 143.1 49 35.1 5.2 3.2 2.4 67.2 156 205 78.4 107.7 107.6 
Al2O3 264.7 196.6 165.3 28.2 17.1 3.3 3.8 3.8 55.9 135 253 72.3 104 107.2 
SiO2 275.6 226.4 182.9 29 17.4 3.9 3.1 3.1 73.3 174.8 685 83.3 100.6 102.7 

Figure 4. OD measurement for free cells and counts of attached cells on the support.
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3.4. Effect of Supports and Iron on Glycerol Fermentation Products

Fermentative profile of glycerol metabolism by co-culture with and without support
(the control) is shown in Figure 5a–g). The kinetics of the production of the fermentation
product, H2, in the carrier-supplemented cultures are also shown in Table 2. The use of
assisted carriers in dark fermentation appeared to enhance the H2 evolution, H2 production
rate, H2 yield, and glycerol conversion efficiency in comparison to control (support-free)
culture. Even though there were fewer cells attached in the Fe/AC and Fe/SiO2 they
produced significantly more H2. This could be due to the contribution of iron to the
metabolic pathways. Iron-sulfur species have an effect on protein functions primarily
as electron carriers. Iron can also induce metabolic change and be involved in Fe–S and
non-Fe–S proteins operating in hydrogenase [52]. The effect of each of the assisted carriers
and the involvement of the iron species are discussed in more detail below.
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Figure 5. Glycerol fermentation profiles for a co-culture of Enterobacter spH1 and Citrobacter freundii H3 on support: (a)
control without support (FC); (b) Fe2O3; (c) γ-Al2O3; (d) SiO2; (e) Fe/SiO2; (f) AC; (g) Fe/AC. Residual glycerol (
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Furthermore, as an end metabolite, ethanol was observed to be higher in all assisted
carriers (Figure 5b–f) compared to the FC (Figure 5a), meanwhile the other fermentation
products, such as lactate, acetate, 1,3-propanodiol, butyrate, succinate and formate, are
synthetized at lower concentrations (lower than 50 mM). Thus, this co-culture provides
H2 and ethanol as potential industrial products. This suggests that Enterobacter spH1
benefited from cell attachment in the co-culture. This is more consistent with our previous
study [34], which found that Enterobacter spH1 was a higher producer of ethanol. A similar
phenomenon has been noted in biofilms containing Enterobacter and Citrobacter and other
mixed-species that occur naturally in water and food, where proportions of Citrobacter spp.
are generally lower than Enterobacter spp [46,53,54].

3.5. Effect of Supports and Iron on H2 Production and Metabolites
3.5.1. Effect of Supports on H2 Production

According to the modified Gompertz equation (Equation (2)), the Rmax (the kinetic
characteristics of H2 production at the highest production rate) was found to be slightly
higher for Fe/AC (7.8 mmol/L/h) than AC (7.6 mmol/L/h), Fe/SiO2 (7.3 mmol/L/h) and
SiO2 (4.4 mmol/L/h) (Table 2). All the assisted carriers (supports) presented higher H2
production than the carrier-free cells (FC) for which H2 production was 1.8 mmol/L/h.

In order to find an explanation for why the assisted support enhanced the H2 mecha-
nism, we monitored the morphology of the support surface before and after fermentation.
Scanning electron microscopy (SEM) showed that cells attached to the surface of the AC
support formed biofilms on the surface of the reactor. This suggests that the solid support
may provide extra surface area for attached cell growth and possibly increase the mass
diffusion transfer of the substrate and somehow increase H2 production. Similarly, recent
studies showed that biofilm formation on carriers (e.g., activated carbon and silica gel)
plays a key role in enhancing biosurfactant production from Bacillus subtilis [55] and Serratia
marcescens [56]. Additionally, the cell growth rate increased when solid carriers were added,
especially when AC was used (Figure 4). This is consistent with previous reports which
indicate that solid carriers such as silica gel and b-cyclodextrin could be effective growth
stimulants [56,57]. The detailed mechanism of the carrier-induced promoting effects on
dark fermentative H2 production has yet to be clearly identified [33]. During the course
of batch fermentation, the pH did not vary significantly compared with the FC (Table 2).
Therefore, the two carriers (AC and SiO2) were impregnated with iron and used for further
investigation to determine their effect on H2 production. The results indicate that the
addition of iron can markedly enhance H2 production in all categories (Tables 2 and 3).
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Table 2. Maximum consumption and production.

Support Initial Substrate Maximal Consumption (Smax,i) and Production (Pmax,i) * Support Glycerol Conversion C-Balance ξ-Reduction

(mmol/L) (%) (%) (%)

Smax Pmax,EtOH Pmax,Lact Pmax,1,3PDO Pmax,Suc Pmax,Act Pmax,But Pmax,CO2 Pmax,H2 Specific Area (m2/g)

FC 266.8 195.7 111.8 56.2 44.3 1.9 4.6 3.2 63.7 120.1 72 109.8 108.5
Fe2O3 276.2 213 143.1 49 35.1 5.2 3.2 2.4 67.2 156 205 78.4 107.7 107.6
Al2O3 264.7 196.6 165.3 28.2 17.1 3.3 3.8 3.8 55.9 135 253 72.3 104 107.2
SiO2 275.6 226.4 182.9 29 17.4 3.9 3.1 3.1 73.3 174.8 685 83.3 100.6 102.7

Fe/SiO2 278.8 228.8 182.6 38.1 21.8 4.2 3.9 3.3 71.9 183.5 440 84.2 104.1 106.2
AC 266.3 251 210.9 36.3 34.3 4.2 2 1.8 68.3 184.2 1195 92.4 107.8 112.9

Fe/AC 277.7 242.5 185.7 43.1 36.4 4.8 3.4 3.2 62.4 191.7 736 89.3 108 111.6

Support Initial Substrate Maximal Consumption (Rmax,i) and Production Rate (Rmax, i) Support Dry Cell Weight (DCW) Final pH

(mmol/L/h) (g/L)

Rmax,S Rmax,EtOH Rmax,Lact Rmax,1,3PDO Rmax,Suc RmaxAct Rmax,But Rmax,CO2 Rmax,H2

FC 266.8 4.5 1.9 4.8 1.1 0.1 0.1 0.1 0.8 1.8 FC 1.25 5.39
Fe2O3 276.2 14.1 10.5 2.5 2.2 0.1 0.1 0.1 0.6 2.4 Fe2O3 1.58 5.61
Al2O3 264.7 2.4 3.2 0.4 0.2 0.1 0.1 0.3 0.7 2.1 Al2O3 1.65 5.81
SiO2 275.6 15.9 8.6 1.3 0.8 0.1 0 0.1 0.8 4.4 SiO2 1.88 5.82

Fe/SiO2 278.8 15.2 9.1 0.8 0.6 0.2 0.1 0.1 0.9 7.3 Fe/SiO2 2.05 5.72
AC 266.3 24.1 13.1 2.7 2.2 0.2 0.1 0.1 1.8 7.6 AC 2.22 5.87

Fe/AC 277.7 16.2 9.7 2.1 1.3 0.1 0.1 0.1 0.9 7.8 Fe/AC 2.19 5.66
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Table 3. Maximum specific productivity and production.

Support Maximal Specific (qmax,i) and Production Rate (qmax, i)

Specific Area (m2/g)
(mmol/gDCW × h)

qmax,S qmax,EtOH qmax,Lact qmax,1,3PDO qmax,Suc qmaxAct qmaxBut qmax,CO2 qmax,H2

FC 3.6 1.5 3.8 0.9 0.1 0.1 0 0.6 1.4
Fe2O3 205 8.9 6.6 1.6 1.4 0.1 0.1 0.1 0.4 1.5
Al2O3 253 1.4 2 0.2 0.1 0 0.1 0.2 0.4 1.3
SiO2 685 8.4 4.5 0.7 0.4 0.1 0 0 0.4 2.4

Fe/SiO2 440 7.4 4.2 0.4 0.3 0.1 0.1 0.1 0.4 3.6
AC 1195 10.8 5.9 1.2 1 0.1 0 0 0.8 3.4

Fe/AC 736 7.4 4.4 1 0.6 0.1 0 0 0.4 3.6

Support Molar Yields Biomass Yield

Specific Area (m2/g)
(mol/mol) gDCWmax/mol

YEtoH YLact Y1,3PDO Ysuc YAct Ybut YCO2 YH2

FC 0.57 0.29 0.23 0.01 0.02 0.02 0.33 0.61 6.4
Fe2O3 205 0.67 0.23 0.17 0.02 0.01 0.01 0.32 0.73 7.4
Al2O3 253 0.84 0.14 0.09 0.02 0.02 0.02 0.28 0.69 8.4
SiO2 685 0.81 0.13 0.08 0.02 0.01 0.01 0.32 0.77 8.3

Fe/SiO2 440 0.8 0.15 0.1 0.02 0.02 0.01 0.31 0.8 9.0
AC 1195 0.84 0.14 0.14 0.02 0.01 0.01 0.27 0.74 8.8

Fe/AC 736 0.77 0.18 0.15 0.02 0.01 0.01 0.26 0.79 9.0
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3.5.2. Effect of Iron on Glycerol Metabolites

The end liquid fermentative metabolites were of the same type, mainly 1,3-propanediol,
ethanol and lactate with gaseous H2 and CO2. The effect of the support-assisted carrier in
terms of surface area attachment and iron involvement can be seen in Tables 2 and 3 and
Figure 6.

(i). Maximum H2 production (mmol/L) and yield (mol H2/mol glycerol consumed)
increased in the following order: FC < γ-Al2O3 < Fe2O3 < SiO2 < Fe/SiO2 < AC <
Fe/AC.

(ii). Maximum ethanol production (mmol/L) increased in the following order: FC < Fe2O3
< Al2O3 < SiO2 < Fe/SiO2 < Fe/AC < AC and the yield (mol EtOH/mol glycerol
consumed) increased > > > > > FC < Fe2O3 < Fe/AC < Fe/SiO2 < SiO2 < AC < γ-Al2O3

(iii). Maximum 1,3-propanediol production (mmol/L) and yield (mol 1,3PDO/mol glyc-
erol consumed) increased in the following order: γ-Al2O3 < SiO2 < Fe/SiO2 < AC <
Fe2O3 < Fe/AC < FC.

(iv). Maximum lactate production (mmol/L) and yield (mol lactate/mol glycerol con-
sumed) increased in the following order: γ-Al2O3 < SiO2 < AC < Fe/SiO2 < Fe/AC <
Fe2O3 < FC.
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Figure 6. Effect of area and iron species on H2, ethanol, 1,3-PDO and lactate production.

In previous work, we observed that the addition of 20–30 mg of Fe2+ (FeSO4) also
enhanced total hydrogen production [58]. Other studies have reported that iron-sulfur
species have an effect on protein functions primarily as an electron carrier and it is involved
in the oxidation of pyruvate to acetyl-CoA, CO2 and H2. Iron can also induce a metabolic
change and may be involved in Fe–S and non-Fe–S proteins in hydrogenase.

3.6. Effect of Support on Glycerol Adsorption

In our reference experiments (only support), it was observed that H2 or other metabo-
lites were not produced without the culture. Due to adsorption, however, glycerol de-
creased over time. Figure 7 shows the capacity of each support to adsorb glycerol, calculated
from the change in glycerol concentration in the solution according to Equation (1). As can
be seen, the maximum amount of glycerol adsorbed is 150 mg/g of AC. Some reports on
phenol adsorption tests also show a maximum capacity of 370 mg ph/gAC at 20 ◦C for the
same active carbon support [44].
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4. Conclusions

This study demonstrates that both support supplementation and iron played crucial
roles in dark fermentation to produce H2 from glycerol. Addition of iron species to the
supports increased the H2 production rate and yield when compared to the carrier-free
culture.

Surface area attachment and iron involvement have been shown to have an effect on
support carriers:

(i). For each of the supports, H2 production (mmol/L) increased in the following order:
FC (120) < γ-Al2O3(135) < Fe2O3(156) < SiO2 (174) < Fe/SiO2 (183)< AC (184) < Fe/AC
(192).

(ii). Ethanol production (mmol/L) increased in the following order: FC(112) < Fe2O3 (143)
< γ-Al2O3 (165) < SiO2 (182) < Fe/SiO2 (183) < Fe/AC (186) < AC (211).

(iii). 1,3-propanediol production (mmol/L) increased in the following order: γ-Al2O3 (16)
< SiO2 (17) < Fe/SiO2 (22) < AC (34) < Fe2O3(35) < Fe/AC (36) < FC (45).

(iv). Lactate production (mmol/L) increased in the following order: γ-Al2O3(28) < SiO2
(29) < AC (36) < Fe/SiO2 (38) < Fe/AC (36) < Fe2O3(49) < FC (56).

The H2 yield (mol H2/mol glycerol consumed) was observed to be highest for Fe/AC.
Assisted carriers all follow different pathways, so the influence of the support on the

enzymes participating in the metabolic activity needs to be studied in more detail.
The detailed mechanism of the support-induced effects on dark fermentative H2

production has yet to be clearly identified and will be the focus of our future studies.
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