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The enormous economical growth on a global scale in the last century has lead to extensive use
of fossil fuels, such as coal, oil and natural gas. The result was strong emissions of carbon
dioxide and greenhouse effect with consequent climate changes. The extensive use of fossil fuels
that developed and stored in Earth interiorfor millions of years has made it no possibleto revive
vegetation and process the emitted carbon dioxide with the help of photosynthesis.

One of the ways to cope with this global problem is to close the carbon cycle in the nature
through the use of renewable fuels enabling to recycle the sources of biological origin for
generating energy and absorbing emergent carbon by photosynthesis. Another perspective source
of energy is the hydrogen sulfide accummulated in deep waters of the Black Sea. It can be
converted into electric energy by sulfide-driven fuel cells. The generated energy could be directly
used or employed for hydrogen generation by electrolysis fed by the produced electric energy.
The present work demonstrates all of these opportunities based on our experimental data and

scientific results available.
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Introduction

The building of future based on clean and
sustainable energy sources is one of the most
urgent contemporary tasks of mankind.
Presently, worldwide research efforts and
energy policy of industrially developed
countries are focusing on the development of
effective clean-up technologies and search for
alternative fuels, whose utilization does not
give rise to toxic and harmful emissions. The
extensive use of fossil fuels which are formed
and stored underground for millions of years
deprived the present vegetation worldwide of
the opportunity to treat the emitted carbon
dioxide in a natural way.

Recently, the biomass-derived fuel (bio-
ethanol, biodiesel, bio-glycerol and biogas)

Ethanol

The interest in ethanol as alternative to
the fossil fuels (like gasoline) came from its
relatively high energy capacity and its anti-
knocking effect on the engine operation. The
fermentative way of ethanol production from

has received a lot of research interest due to its
innate advantages over conventional fossil
fuels [3]. Biomass is renewable, clean, carbon
neutral and widely available. Moreover, the
carbon dioxide released by human activity
could be more easily disposed by vegetation
through theuse of photosynthesis and, hence,
to close the carbon cycle and thus reduce the
greenhouse emissions considerably.

There are various types of biomass-derived
fuels but the most important and the most
abundant are ethanol, biogas and biodiesel.

In the present work we shall consider and
compare their advantages and drawbacks with
own results and data from the literature.

natural  carbohydrate  sources  became
important and superior to the synthetic
methods after the climbing oil prices in the

1960s.

KiMYA PROBLEMLORI Ne 1 2017


mailto:vbeschkov@yahoo.com

10 V.BESCHKOWV et al.

Using ethanol-blended fuel for
automobiles  can  significantly  reduce
petroleum use and greenhouse emission.

The first step was to use cereals as raw
materials (mostly corn) but this competed the
use of cereals as food and lead to very high
prices on the world market. That is why, the
next step was to replace cereals by “second
generation” raw  materials, i.e. by
lignocellulosic waste (grass, sawdust, wood

chips, straw). The conversion includes two
processes: saccharification by hydrolysis of
cellulose to fermentable reducing sugars, and
fermentation of the sugars to ethanol. The first
step is accomplished either by sulfuric acid or
by enzymes. The enzyme hydrolysis is usually
catalyzed by cellulase enzymes, and the
fermentation is carried out by yeasts or
bacteria. A flow-sheet of a typical ethanol
production from lignocellulosic origin is
shown in Fig. 1.
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Fig. 1. Schematic overview of biomass-to-ethanol conversion process [1].

Cellulases are usually produced by
fungi,like Sclerotium rolfsii, P. chrysosporium
and species of Trichoderma, Aspergillus,
Schizophyllum and Penicillium[2-4]. Of all
these fungal genera, Trichoderma has been
most extensively studied for cellulase
production [4].

The second step is the fermentation of
the hydrolysed carbohydrates to ethanol,
usually accomplished by yeastSaccharomyces
cerevisiae and the
bacteriumZymomonasmobilis,  suitable for
hexoses, like glucose as a substrate. Another
strain i.e. the yeast Pachysolen tannophilus
was isolated [5] to digest xyloses (i.e.

penthose) which is product of hemicellulose
saccharification.

In our work we have used dry distiller
grains with high cellulose content after ethanol
distillation as a substrate and we have tested
different hydrolytic methods: hydrolysis by
sulfuric acid, sodium hydroxide (for lignin
removal), ammonium hydroxide and enzymes
(a-amylase, amyloglusidase and cellulose) and
combination of these methods. Some of the
results obtained after treatment with 1%
sulphuric acid samples previously hydrolyzed
by NaOH or NH4OH are shown below, cf. Fig.
2.
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Fig. 2. Increase of reducing sugars yields after acid treatment of samples treated by NaOH and
NH,OH.Variant 1 — 1% NaOH; variant 2 — 2% NaOH; variant 3 — 3% NaOH; variant 4 — 1% NH,OH;

BapuauT 5 — 2% NH,OH; variant 6 — 6% NH,OH.

Obviously, sodium hydroxide is
preferred to ammonium hydroxide and
especially at lower concentrations where 70%
increase is observed. There are data for the
effect of enzyme treatment after chemical

hydrolysis, shown in Fig. 3 and 4. Figure 3
shows data for the treatment by amylolytic
enzymes and Figure 4 — the reducing sugars
after treatment by cellulase.
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Fig. 3. Reducing sugars after treatment by a.-amylase and amyloglucosidase.
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Fig. 4. Reducing sugars after consecutive treatment by o-amylase,
amyloglucosidase and cellulase.Comparizon with asid hydrolysis
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Fig. 5.Ethanol and reducing sugars at fermentation after acid hydrolysis.

There are data on ethanol fermentation
of sample after acid hydrolysis only are shown
in Fig. 5. In our work the yeast Saccharomyces
cerevisiae ~ was used.  Although the
concentrations are not too high there are
indications for the perspectives of this process.

There are two main drawbacks to this
ethanol fermentation: first, the very low
product concentrations due to product

inhibition and second, problems with the waste
disposal.

The first one is usually solved by
genetic manipulations giving ethanol-resisting
strains enabling higher concentrations. The
second one is solved when the ethanol plant is
coupled to biogas equipment based on
anaerobic digestion of organic waste.

Biogas production

The process of anaerobic digestion
employs specialized bacteria to break
downorganic waste, converting it to a stable
solid and biogas, a mixture of carbon dioxide
and methane. AD takes place naturally and it
is frequently used to solve two big problems
simultaneously: to get rid of organic waste and
to solve partially the problem of energy
shortage. The biogas generated at these sites is
used to produce electricity and heat that is then
sold to utilities, making the facilities
profitable. Additional environmental gains
include improvements in water and air quality
over current practices of waste management.
In the recent practice, as substrates of cattle
manure, poultry litter and activated sludge are
the most commonly used ones. In our case we
tested the possibilities for use of the stillage
resulting of ethanol distillation as a substrate.
The biogas production is a very sensitive
process comprising several consecutive steps,
Fig. 6.Methanogenic bacteria operate in

neutral media, namely at pH within 6 and 8.
Overloading by organic substrate may lead to
over-acidification and inhibition of the target
process of methanogenesis. That is why,
suitable bioreactor and stream optimization is
required to avoid the undesired acidification.
We have chosen a cascade bioreactor with
separated compartments and a substrate feed at
the one end, cf. Fig. 7. A feed-batch strategy
was employed. The bioreactor volume was
270 liters. It was separated to 8 compartments
of equal size. The produced biogas was
collected in the common gas space and
transferred to gas holder where its volume was
measured and samples were taken for analysis.

Hence, the consecutive processes are
more or less distributed along the reactor
starting with hydrolysis in compartment 1 and
ending with methanogenesis in compartments
7 and 8. So one can minimize or even to avoid
the undesired acidification in the last two or
three compartments.
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Fig. 7. Multi-stage bioreactor for biogas production.

Some results of the experiments with
alcohol stillage are shown in Fig. 8. More
important are the data for the intermediate
product profile and the microbial profile along
the bioreactor, cf. Fig. 9. One can see that
volatile fatty acids (acetic and propionic ones)
are in considerable concentrations in the first
three  compartment  where  hydrolysis,
acidogenesis and acetogenesis take place.
Methanogenic bacteria prevail in

compartments 5, 6 and 7, where acids are too
low and therefore methane formation should
be expected. There are practically no active
microbes in compartment 8, i.e. it is useless.

The biogas production rate was pretty
high, reaching 4 1/I/day. The COD decrease
was up to 95%. The methane content in the
produced biogas was between 65 and 80%
(vol.) which is a very good achievement,
compared to the traditional 50-55%.
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Fig. 8. Partial time profile of accumulated biogas with corn stillage as substrate.
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Fig. 9. Acid and microbial profiles along the compartments in the bioreactor.

Waste glycerol from biodiesel production

Crude glycerol is the main waste
product from biodiesel manufacturing. Its
amount is about 10% of the produced biodiesel
and exceeds the traditional market demands.
On the other hand this waste product contains
about 20% water and it is contaminated by the
catalyst (potassium hydroxide) and some
methanol. Since the market is interested only
in pure glycerol new applications of this waste
product as a source for value-added chemicals
are considered [7,8]. Many of them study the
production of various chemicals by chemical
conversions, like2,3-butanediol, 1,3-
propanediol, some derivatives suitable as
additives to gasoline and diesel, e.g., glycerol

tertiary butyl ether (GTBE) [9], etc.. Also,
some carboxylic acids used as monomers for
biodegradable polymers, like lactic acid, are
available [10].

Another way of waste glycerol
utilization is biogas production by anaerobic
digestion as described above. The advantage is
that along with the biogas production some
useful chemicals could be produced.

We studied the possibility of the use of
crude glycerol treatment for simultaneous
biogas and target chemicals production, like
2,3-butanediol [11]. Experiments have been
carried out in a fed-batch mode in the
bioreactor shown in Fig. 7, and samples taken
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from each compartments and analysed
for 2,3-butanediol and carboxylic acids by
HPLC. Acetic and propionic were present in
the reactor. No other acids have been detected
in measurable concentrations.

Some concentration profiles with the
pH variations along the reactor compartments
are shown in Fig. 10.

One can see that pH-values in
compartments 2-5 are below pH 6.This fact

coincides with the high concentrations of
propionic acid in these compartments.
Probably, the low values of acetic acids is due
to its decarboxylation to methane although at
low reaction rate. The supplementary product,
i.e. 2.3-butanediol is accummulated in
compartments 4-6 with sharp decrease in
compartments 7 and 8, possibly due to
degradation processes.
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Fig. 10. Concentration profiles along the bioreactor compartments. 14 days after innoculation.
Fed-batch process, 1 kg glycerol weekly.
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Fig.11. Rate of biogas production and accumulation from crude glycerol, Fed-batch process, 1
kg glycerol weekly.

The time evolution of the obtained biogas

and the production rate are shown in Fig. 11. It

can be seen, that production rate is oscillating
but around one constatnt value.
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The general conclusion of this research
that glycerol maybe used for energy and

chemicals production simultaneously in the
selcted bioreactor type.

Hydrogen sulfide as renewable energy source

The Black Sea water contains significant
amount of hydrogen sulfide at depths below
150 m. Its amount is estimated around 4.6
billion tons [12]. Due to the very high toxicity
ofhydrogen sulfide, beneath this depth the sea
is practically dead. A lot of efforts were made
to utilize and decompose it to harmless
products [13-19]. Some of them propose the
decomposition of hydrogen sulfide to
hydrogen and elemental sulfur by photolysis
[15,16], thermolysis [12,17] or by plasma
methods [18]. However, in all of these cases
the energy consumption is comparable or even
higher than thegained energy as produced
hydrogen. On the other hand the accumulation
of sulfur as a sideproduct is inconvenient
because of the necessity of suitable market for
1t.

Water

| ¢

SO

i_ | AU
T - -

NS

g

1

(a)

There are some articles for the use of
the oxidation energy of sulfide to
elementalsulfur in fuel cells [19,20]. The
problem in such a set-up is the accumulation
of sulfur which isinhibitor and passivates the
anode. Another drawback of this process is the
relatively lowenthalpy of sulfide-to-sulfur
conversion (263 kJ/mole).

The possibility of using the oxidation
energy of H,S into a fuel cell oxidizing
thesulfide to sulfate in genuine marine water
has been analyzedby us within the last 4 years.
The purpose is to transform the sulfide species
into sulfate ones, thus gain more energy(788
kJ/mole), resolving the problems with the
elemental sulfur and returning harmless
sulfateions into the sea entering again into
their natural cycle. A scheme of the proposed
fuel cell isshown in Fig. 12.
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Fig. 12. A sketch of the proposed fuel cell with proton exchange (a) and
hydroxylic anion exchange (b).

We have made a lot of experiments at
different initial concentrations (10-1000 mg
dm™), testing different  ion-exchange
membranes and catalysts, based on some
heavy metal oxides (cobalt oxide, zirconia,
etc.). As supporting electrolytes solutions of
sea salt (i.e. crystallized from marine water)
with concentrations 14-18 g dm>, similar to
the one of the genuine marine water, were

used. In some experiments sodium chloride
was added to improve the electrolyte
conductivity.

Mainly graphite was used as electrode
material both for anode and cathode. Two
different types of cell construction were tested:
cylindrically shaped with circular membrane
and ones of rectangular shape coupled in a
stack. Air or pure oxygen were used as
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oxidizer blown in the cathode space. A pilot-

scale stack is shown in Fig. 13.

Fig. 13. Pilot equipment of stack of two parallel fuel cells.

In situ experiments with genuine Black Sea
water have been carried out and the results
indicated in [21].

Some experimental results are shown in
Fig. 14 and 15. In both cases membrane
Celgard 3501 was used.

The cell ohmic resistance depends on the
membrane area and the cell thickness. The cell
conductivity log (6T) in our experiments was
estimated above 2 reaching values close to 3.
For a reference, those values for traditional
fuel cells operating in gaseous phase are below
2 [22].

Overpotentials were estimated from the
polarization curves. In all of our experiments

overpotentials proved to be lower than 10 mV,
i.e. the Butler-Volmer equation could be used
in its linear approximation:
n= Li Jo=i/A
(o, +a, )Fi,

The exchange current densities jowere
calculated dividing the exchange current iy by
the membrane area A.

The product (a, + a.)jowas estimated
between 10~ and 10 A/cm?., Assuming that
the sum of symmetry coefficients a, + o is
about unity we can suppose similar exchange
current densities joto those estimated for the
traditional fuel cells [22].
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Fig. 14. Polarization curves for sulfide-driven fuel cell. Membrane area — 7 cm’. Sulfide concentration

241 mg dm’3). Maximum current density 9,4 A/m’,
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Fig. 15. Polarization curves for sulfide-driven single fuel cell. Membrane area — 650 cm’. Sulfide
concentration 230 mg dm™. Maximum current density 3,4 A/m’.

All these results showed that the new sulfide-
driven fuel cells could be perspective for

practical applications if higher power densities
would be attained.

Conclusion

The results cited above illustrate the
advantages of the renewable fuel sources
based on biomass and natural hydrogen
sulfide. One can say that biomass-based fuels
are quite distributed throughout the world;
however, all these are related to much
expenses when growing crops and investing
funds in equipment (except biogas). Moreover,
their use is concerned with carbon dioxide
emissions to be considered further.

For a comparison, hydrogen sulfide
taken from the marine water is carbon-free
fuelindependent of the climate changes to
produce clean electricity which could be used
for different purposes: connection to the grid,
hydrogen production by splitting water, etc.
The problem is to improve the cell power
density. It is a matter of new selective catalysts
and more appropriate membranes with higher
ion conductivities.
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3nauumenvuwlli pocm SKOHOMUKU 8 2NI0DATLHOM Macuimabe 8 nocieOHem Cmoemuu npugei K
UHMEHCUBHOMY UCNOTIb30BAHUIO UCKONAEMBIX 20PIOYUX MAMEPUALO8, MAKUX, KAK Y20/lb, He(hmb u
NpUpooHblil 2a3z. Pezynbmamom 5moco AGUAUCH CUNbHASL IMUCCUA OUOKCUOA Yenepooa u
NApHUKOBbIL d¢hghekm ¢ nocredyiouum uzmenenuem Kiumama. HumencusHoe nompeobieHue
UCKONAEeMbIX 20pPIOYUX MAmepuanos, 00pa308asuUxXcs U XPAHAWUXCA 68 Heopax 6 medeHue
MUNTUOHOB J1lem, COeNaN0 HeB03MONCHOU HACMOAWYIO 8e2emayuto Ha 3emie ¢ nepepadomroul
8b10eIUBULE20CS QUOKCUOA Yenepoda ¢ nomowbio omocunmesa. OOHum uz nymeti 0is moeo,
YMoobblL CNPABUMBCSL C IMOU 2100ATbHOU NPOOIEMOL, ABIAENCI 3AMbIKAHUE Y2NePOOH020 YUKILA 8
npupode ¢ UCNONbL30BAHUEM BO300HOBNAEMO20 MONIUBA, NO3BOIANOWE20 NepepabomKy
UCMOYHUKO8 OUONOSUYECKO20 NPOUCXONCOCHUSI C NPOU3BOOCMBOM DHEPeUU U NO2AOUeHUeM
obpaszyrowezocs yenepooa ¢ nomowwlo pomocunmesa. Jpyeum nepcnekmueHbiM UCTOYHUKOM
9Hepeuu A811emcs Cyib@uo 6000po0d, AKKYMYIUPOBAHHbI 8 2yOuHHbIX 800ax YepHoeo mops.
On  modicem Oblmb KOHBEPMUPOBAH 6 INEKMPUYECKYIO DHEPSUID C NOMOWbIO  CYAbpuUo-
cooepocawyux — MONIUBHLIX — dNeMeHmos. | eHepuposannas  duepeus  Modcem — ObiMb
HEeNnocpeoCmeeHHO UCNOIb308AHA OISl 2eHepayuu  8000po0d ¢ HNOMOWBIO  INEeKMpOU3d,
nUMaemo2o NoJy4eHHoU diekmpuieckol snepeueli. Hacmoawasa paboma oemoncmpupyem éce
MU BO3MOINCHOCMU, OABUPYIOWUECS HA HAUUX IKCHEPUMEHMATbHBIX OAHHBIX U OOCHYNHBIX
HAYYHLIX pe3yIbmamax.

Knwueswvie cnosa: cyropuo 600opoda, Ouokcuo yenepooda, 60300HOGNAeMOe MONIUBO,
buomacca, buozas, Ymano..

Iocmynuna 6 pedaxyuro 21.11.2016.
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