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ABSTRACT

Solar energy conversions through the use of photosynthetic microorganisms do not incorporate the use of
complex systems or large quantities of factory manufactured products, and indeed have relatively minimal invest-
ment and resource requirements. Additionally, these technologies are largely dependent on the use of renewable
resources, thereby generating minimal amounts of waste. Although large amounts of solar energy areirradiated to
the earth’s surface, their actual utilization is pretty less. Algae-baceria biomass, small primitive green plants which
abundantly grow in or near aqueous environment and are otherwise notorius and main culprits for causing
microbial corrosion of steel structure can produce Hydrogen using sunlight in presence of bacteria during metabo-
lism. Hydrogen thusgenerated can be utilized in fuel cell where about 548 W.h energy can be obtained out of aliter
tank of hydrogen. Thusit would be anovel ideato utilize algae to create energy and simultaneously purifying the

global environment by fixing CO, cycle of the biosphere.

INTRODUCTION

Inrecent yearsresearch activity infue cell technol-
ogy hasincreased remarkably duetothe (i) Depletion
of earthfossil fuel resources(ii) Strict pollution lawsfor
cleaner trangportation fuels(iii) Restrict Petroleumim-
port & improve Economy (iv) Reducegloba warming,
ar pollution and offer anenvironmentaly friendly ater-
nativetofoss fuds. Fud cellspromiseto help reduce
globa warming, ar pollution They offer anenvironmen-
taly friendly dternativetofoss| fuels. In addition, un-
like batteries they do not need to be recharged and
consumetimefromthe user’s point of view. Approxi-
mately 5.7 x 10** J/Year of solar energy areirradiated
to theearth’s surface but Only 10% of the energy Uti-
lized. Hydrogen can be generated through solar energy
conversion by somemicroorganismsfrom domesticre-
newabl eresources, and usablewithout pollution. Hy-
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drogen fuel cellsaresimple, clean and can beregen-
erative. Algae possess an enzyme called hydrogenase
that iscapableof splitting water into hydrogen. Hydro-
genase, theenzymerespons blefor thishydrogen pro-
duction can be obtai ned from al gae and cynobacteria.

Fuel cell

Afuel cell workssimilar to abattery. In abattery
there are two electrodes, which are separated by an
electrolyte. At least one of theelectrodesisgenerally
made of asolid metal. Thismeta isconverted to an-
other chemica compound during theproductionof eec-
tricity in the battery. The energy that the battery can
producein onecycleislimited by theamount of this
solid metal that can be converted. Inthefuel cell an
electrodethat isnot consumed and afud that continu-
oudy replenishesthefuel cell replacethesolid metal.
Thisfuel reactswith an oxidant such as oxygen from
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theother electrode. A fuel cell can produceelectricity
aslong asmorefud and oxidant arepumped throughit.
At theanodethe hydrogen moleculesgive up dectrons
and form hydrogenions, aprocesswhichismade pos-
sibleby the platinum catalyst. Theelectronstravel to
the cathodethrough an externd circuit, producing elec-
trical current. The proton exchangemembranealows
protonsto flow through, but stops el ectronsfrom pass-
ingthroughit. Asaresult, whilethed ectronsflow through
an external circuit, the hydrogen ions flow directly
through the proton exchange membraneto the cath-
ode, wherethey combinewith oxygen moleculesand
theelectronsto formwater.

Theideal availabledectrical work (assuming no
losses by heat) from the el ectronsflowing through the
areuitis
W, =—nFE
wherenisthe number of equivalents, or electrons per
moleculeof fuel, Fisthe Faraday (96,493 Coulombs
per equivalent) and E isthethermodynamicreversible
voltage of the reaction (1.229 for this reaction)
Thus,Wmax comes out as 548 W.h. So theoretically
548 W.h of enrgy can be obtained out of aliter tank
of hydrogen.

Asillugtrated inTABLE 1, variouskind of fue cdll
have been devel oped but they are proneto problems
and limitation. M ost applications use expensive metal
platinum ascatayst and thereaction conditionsare usu-
aly harsh: high temperature and pressure, maybe
strongly acidicor akainesolutions.

TABLE 1: Typesof fud cells

Operating

Type Abbreviation Uses
temp
Solid Oxide SOFC 500-1000°C All sizes of CHP
. Buses, cars,
Direct DAFC 50-100°C  appliances, small
Alcohol
CHP
Polymer 5
Electrolyte PEFC 50-100°C  Buses, cars
Phosphoric ) o 200°C Medium CHP
Acid
Molten o
Carbonate MCFC 600°C Large CHP
Alkdine  AFC 50-2500c  Usedin space
vehicles

Microbial corrosion

Beforewegotothediscussionof H, fuel cell with

the help of microorganisms, it isnecessary to havebrief
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ideaof corrosion caused by microorganisms. Presences
of biological microorganismsaggravate corrosion, in
steel structuresin and around shore of lake/river or
sea. Increas ng problemsof marinefouling of sted struc-
turesareencounteredin Oil and Gasplatformor hull of
aship or apileon ajetty. A number of macro and mi-
cro-fouling organisms have beenidentified™. M oss2
pointed that the green and brown algae are the most
commonshipfouling.

Gall et a. reported cathodic hydrogen consump-
tion by sulphate reducing bacteria such as
Desulfovibrioisthefactor of anaerobic corrosion of
metalsin marineenvironment®. Both macroalgee and
microd gaeinteract with bacteriaduring fouling on stedl
substratein seawater¥. Continual growth and decay
of dga and other fouling organismsisamajor source
of nutrientsfor bacteria

Photobiological hydrogen

The above-mentioned microorganismsresponsible
for accel erated corrosion of steel structuresin or near
agueousenvironment may beeffectively utilized to gen-
erate H2, using solar energy. Photobiological produc-
tionof hydrogeninvolvesusing sunlight, abiological com-
ponent, catal ystsand an engineered system. Microdgee
areprimitivemicroscopic plantslivingin aqueousenvi-
ronments. Cyanobacteria, formerly knownasblue-green
algae, are now recognized as bacteriasincethe ana
tomical characteristics of their cells are prokaryotic
(bacterial type). Algae possess an enzyme called hy-
drogenasethat iscapabl e of splittingwater into hydro-
gen. Hydrogenase, the enzymerespons blefor thishy-
drogen production, catalysesthe following reaction.
Under certain conditions, afew groupsof microalgae
and Cyanobacteriaconsumebiochemica energy to pro-
duce molecular hydrogen

12H" 42X, guced = 6H 5 + 2X igines

Thedectroncarrier, X, isthought to beferredoxin. Since
ferredoxinisreduced with water asan el ectron donor
by the photochemical reaction, green algaaretheoreti-
cally water-splitting microorganisms. Gaffron and
Rubin® reported that agreen aga, Scenedesmus, pro-
duced molecular hydrogen under light conditions after
being kept under anaerobic and dark conditions. Asada
and Kawamurad® determined that cyanobacteriaalso
produce hydrogen gasauto-fermentatively under dark
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and anaerobic conditions. Spirulina speciesweredem-
onstrated to have the highest activity among
cyanobacteriatested.. Hydrogenases have been puri-
fied and partialy characterized in afew cyanobacteria
and microalgag”. Miyakeet a.l® proposed the com-
bined use of photosynthetic and anaerobic bacteriafor
the conversion of organic acids to hydrogen.. R.
Fohaeroideshasbeenidentified asthe bacterium hav-
ing the highest hydrogen-producing rate (260 ml/mg/
h)i¥, with aphotoenergy conversion efficiency (energy
yielded by combustion of produced hydrogen/incident
solar energy) of 7%, determined using asolar smula-
tor!®19), Biological hydrogen production incorporat-
ingartificia with chloroplast, ferredoxin, and hydroge-
nase; aheterocystous cyanobacteria system with oxy-
gen scavengers, and an algal systemin aday-and-night
cycle, have been studied in Japan(*Y. H2-photopro-
duction dependson low potentia eectronssuppliedto
ferredoxin by the photosynthetic el ectron-transport
chain®2%3, Unfortunately, thereversible hydrogenase
ingreenageeishighly senstiveto O2, (Figure 1) which
irreversbly inactivatestheenzyme.sactivity withinmin-
utesl. Asaconsequence, thedirect photoproduction
of H2 fromwater inagal culturesisdifficult to sustain.
To remove O, under ambient outdoor conditions™,
extensiveresearch activitiesarebeing carried out all
over theworld. Both chemica and mechanical meth-
ods have been devel oped to remove O2 produced by
the photosynthetic activity of theagd cells. Thesehave
included the addition of O2 scavengers, theuse of added
reductants,and the purging thecultureswithinert gases.
However, al these methods are expensive upon scale-
up and redlistically may not be applicableto applied
systems. To keep the cost of H2 production low, ap-
plied systemswill haveto operateunder ambient out-
door conditions. Oneof groups*® isworking to gener-
ate Chlamydomonasreinhardtii mutantsthat are suf-
ficiently tolerant to O2 to produce H2 under aerobic
conditionsby means of both classical geneticand mo-
lecular biology approaches. By cloning of Chlamy-
domonas reinhardtii, two genes Hyd A and Hyd B
cloneswereproduced (Figure 2). TheH2 production
activity of themutants showed up to 9timeshigher tol-
erance to O2 when compared to the parental strain
(TABLE 2). Another group achieved continuous pho-
toproduction of large volumesof H2 by down-regul at-
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ing O2 evolutionactivity inaga cdld* by temporarily
depleting thecdlsof sulfur. Green algaewere subjected
totheculturesto sulfur (intheform of sulfate) depleted
conditions. Under these conditions, thecdllsinducethe
reversible hydrogenase and produce H2 for up to 4
(Figure2)8, A metabolic switch that triggersa gaeto
turnsunlight into largequantitiesof hydrogen gas, avau-
ablefuel, isthe subject of anew discovery presented
by University of California, Berkdey, scientistsDr. T
Mélisandther Colorado colleagues during aFebruary
21, 2000. The key discovery was that depriving the
agaeof inorganic sulfur reversibly inectivated thefunc-
tioning of what’s known as photosystem II, which in-
cludesthe generation of oxygen. Without sulfur, the
metabolic pathwayschange, enablingthea gaetofunc-
tion without generating oxygen. After about 24 hoursof
sulfur deprivation, the plant becomes anaerobic, acti-
vating an enzyme that produces hydrogen in the
light. Without sulfur, “they’re utilizing stored compounds
and bleeding hydrogen just to survive,” said Melis. “It’s
probably an alternative form of breathing, an ancient
strategy that the organism developed to livein sulfur-
poor anaerobic conditions. Normally, algae cellsuse
light’s energy to perform photosynthesis which makes
sugar, oxygen and the high-energy moleculeATP (ad-
enosinetriphospate) from carbon dioxide and water.
ATPinturnisakey ingredient inthe plant’s ability to
cary out vital functions, including celular maintenance,
repairs and essential biosynthetic processesinthe ab-
senceof norma photosynthesisdueto thelack of sulfur
and absence of respiration due to the lack of
oxygen. Under those conditions, every other organism
would normally suffocate, explansMdlis. Thesegreen
agae, however, haveatrick: they activatetheaterna
tive pathwaysthat permit themto generate ATP, giving
off hydrogen asthe end product of the dternative pro-
cess. Mdisand hiscolleagues have demonstrated that
the hydrogen-producing enzyme stays activefor days,
producing hydrogeninthelightinasustainable process.
The microorganisms hel ping H2 production through
photosynthesis are of two classes Algae and
Cynobacteria (TABLE 3). Algae are the
photoautotropic, eukarytic soil microorganisms. They
habitat in wet soil and shallow water (Figure 3 & 4).
They can be separated and cultured in thelaboratory.
Cynaobacteria (blue-green algae) are also photo au-
Research & Reotews On
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totrophic, nitrogen fixing prokaryotesoccurring through-
out theworld and growingin adiversified habitat (Fig-
ure3). They arefoundinricefieldand soil. TABLE-
illustrates some of the characteristics of them. We have
been studying on formation and characterization of
Bioelectrochemical fuel cdl using different classes of
algaue collected fromrurd pond andricefield. Oneof
typesof dgae, known as Chlorophyceae (green dgae),
found in clean surface pond water gave potential as
highas750mV inasinglecd 11292,
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Figurel: Measurementsof hydrogenaseactivity, capacity
for photosynthetic O2 evolution and therate of H2 gascol-
lection by algal cellsasa function of incubation time under
sulfur-depleted conditions.ummoles gas * mg Chl-1 * h-1

Hydrogen separation & storage

Metd hydridescan absorb hydrogen selectively and
reversibly. They areideal for usein hydrogen separa-
tion. A special group of metalsand metal alloys can
react with hydrogen reversibly under moderate condi-
tions, like room temperature and atmospheric hydro-
gen pressure. Thereaction product isametal hydride.
Theterm metal hydride hasbeen used loosdly to mean
both the metal and the product. Examplesare palla-
diumandLaNi-Al aloys. Their reactionsmay beex-
pressed asfollows:

e Pd+x/2H2=PdHx+ heat(x =0tol)

LaNi4.25A10.75+ x/ 2H2=L aNi4.25A10.75Hx
(x=0t06)

For hydrogen separation, metal hydrides can be ap-
plied in atemperature swing absorption (TSA) pro-
cess. Inatypica TSA process,(Figire5) themetal hy-
drideispackedin ajacketed column (18). Thejacket
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can be heated and cooled to swing the column tem-
perature. During the absorption phase of acycle, the
columniscooled and the mixtureto beseparated isfed
into oneend of thecolumn. Hydrogeninthemixtureis
absorbed by themetd hydride. Theother gasessmply
pass through the column and can be discharged as
waste. Whenthemeta hydrideinthecolumnissatu-
rated with hydrogen, thefeed is stopped, and the col -
umnis heated to discharge the hydrogen. High purity
hydrogen can be produced.

Hyd & and Hyd B mERA Levels
Upon Anaerobio Induction
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Figure2: Quantitation of MRNA levelsof Hyd Aand Hyd B
upon anaer obicinduction of C. reinharditii cells(A) and over -
all hydrogenase activity

Thehigh porosity of thesegels(Figure6) provides
many pathsfor hydrogen gasto reach the encapsulated
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meta hydride particles. The poresizecana so becon-
trolled to screen out impurities other than hydrogen.
These possibilities have been studied in an earlier
project. Findings of that work have been published
(Heung, 1999).
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Figure4: Algae, cynobacteriaat edge of lake
Microboial fuel cell

Having obtained pure hydrogen, it canbeusedin
fuel cell to generate electricity. But here instead of
Chemical fud cdl, abiologica cdl will bemoreadvan-
tageous and economic (TABLE 4). A biological fuel
cell isadevicethat directly converts biochemical en-
ergy into e ectricity. Thedriving forceof abiological
fuel cell istheredox reaction of acarbohydrate sub-
strate such as glucose and methanol using amicroor-
ganismor an enzymeascatalyst. Working principleis
similar to that of chemical fuel cells. Themain differ-
encesarethat catalyst inthebiological fuel cell ismi-
croorganism or enzyme, therefore noble metal isnot
needed, and itsworking conditionsare mild: neutral

——— Review

solution and room temperature.
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Figure5: Hydrogen separation column

Figure6: Sol-Gel encapsulation of metal

Finally when three units, photobiologica H2 pro-
duction, itspurification and storage and aBiological
fuel are assembled together (Figure7), it produces
promising aternative renewabl e energy from biomass
using sunlight. Inthefuture, both smal-scaeindustria
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Figure7: Photobiological H2 production, itspurification and stor ageand a Biological fuel areassembled together

TABLE 2: Kinetic parameter sfor H2 photoproduction by sulfur-depleted algal cells

Sulfur Start of the Start of H2 the Specificinitial rateof H2  Total yield oh
concentrationa, yM  anaer obic phase, h photoproduction, h photo-production® H2at 140 h
Synchronizaed cultures
0 25-27 39-43 3.27+0.8% 80+ 31
12.5 35-36 38-39 5.15+0.26 219+43
25 35-38 38-41 5.94+0.56 241 + 56
50 35-37 39-40 3.96+0.30 109+9
100 - 68° - 56°
Unsynchronizaed cultures
0 31-40 41-49 5.74+0.30 86 + 19
125 30-37 39-47 6.40+0.39 127+ 14
25 35-37 44-47 5.31+0.16 152+ 11
50 32-38 43-49 3.99+0.26 191+ 27
100 - 144° - 43°
TABLE 3: Some of thehydrogen producing microorgan- TABLE 4: General characterigticsof chemical and biological
isms fuel cell
Species Class Shape  Source Items Chemé‘éﬂ' Fud  giglogical Fud Cell
Ellipsoidal, Ponds &
Scenedesmus CreenAlgae ¢ <tom Lakes Catalyst NobleMetals ~ Microorganism/ enzyme
Brackish H Acidic Solution  Neutral Solution pH 7.0-
. water P (pH<1) 9.0
Spirulina Cyanobacteria Helical inland Room Temperature 22-
Screw Lakes & Temperature over 200°C e
thtss%rillngs Electrolyte  Phosphoric-acid Phosphate Solution
Chlamydomonas 5 ., Algae Rodshape marine Capacity  High Low
reinhardtii —
water, lake Efficiency 40 - 60 % over 40 %
ia CYlindrical, Freshwater Natural H,, Any Carbohydrates and
Nostoc Cyanobacteria soherica lake Fuel Type oy gas, Ha, hyo?/rocarbon);
Research & Reotews On
-—

A Tudéan Journal




RREC, 4(1) 2013

Subir Paul 19

and commercial operationsand larger utility photo
bioreactor complexescan beenvisioned usingthispro-
cess. Indiabeing an agriculture based country pro-
duces huge biomass, research activities should be di-
rected for further devel opment of thisprocessto mini-
mize expensive petroleum import and upgrade
country’s economy.
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