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Abstract

Fuel cells (FCs) are mainly applied for electricity generation. This paper presents a review of specific FCs with ability to produce useful chemic,
at the same time. The chemical cogeneration processes have been classified according to the different types of fuel cells. Thus, it is shown t
flow alkaline FC (AFC) is able to produce hydrogen peroxide. In aqueous acid or neutral FCs, hydrogenations, dehydrogenations, halogenat
and oxidations, together with pollution abatement solutions, are reported. Hydrogen peroxide and valuable organic chemicals can also be obtz
from polymer electrolyte FCs (PEFCs). A phosphoric acid FC (PAFC) allows the selective oxidation of hydrocarbons and aromatic compoun
and the production of industrial compounds such as cresols. Molten salt FCs (similar to molten carbonate or MCFCs) can be applied to ob
acetaldehyde with high product selectivity from ethanol oxidation at the anode. Solid oxide FCs (SOFCs) are able of chemical cogenerat
of valuable industrial inorganic compounds such as nitric oxide with high yields. Although the number of related papers in the literature
small, the potential economic interest of this emergent field, related to the recent commercial development of fuel cells, is demonstrated in sc
cases, and the corresponding results encourage the development of FCs with electrocogeneration of useful chemicals with high added valu
electricity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cells (FCs) are devices that continuously produce elec-
tric energy and heat whereas a fuel and an oxidant are being

R fed to the electrodes. Chemical energy is directly converted into
* Corresponding author. Tel.: +34 93 403 92 36; fax: +34 93 402 12 31.

E-mail address: p.cabot@ub.edu (P.-L. Cabot). electricity and heat W'I'[hOU'[ mvo!vmg combusthn cycles. Thus,
1 present address: CIDETEC, RViiramon 196, 20009 Donostia-San the thermal-mechanical-electric sequence with Carnot’s theo-
Sebastin, Spain. rem limitations used in the conventional indirect technology is

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.11.041



48 E Alcaide et al. / Journal of Power Sources 153 (2006) 47—-60

Table 1
Types of fuel cells according to the electrolyte employed and their main characteristics

AFC PEFC DMFC PAFC MCFC SOFC
Temperature®C) 60-90 80-110 80-110 160-200 600-800 800-1000
Electrode material Metal or carbon Pt-on-carbon Pt-on-carbon Pt-on-carbon Ni+Cr 2QNIHYIO,
Electrolyte NaOH/KOH Polymer membrane Polymer membrane 3;P® LiCO3-K,CO3 ZrOy with Y203
Primary fuel H H, reformate CHOH H, reformate H/CO reformate H/CO/CH, reformate
Oxidant Ql/air Oy/air (0] Oy/air CQO/Oy/air Oy/air
Practical efficiency (%) 60 60 60 85 55-6% 60-63

@ The production of additional electric energy by means of thermal energy cogeneration is not considered.

avoided[1]. The overall efficiency in FCs to produce profitable

energy is about twice that obtained by means of conventional

combustion engines. In addition, selective reactions with small \7

environmental impact take place. As they do not have mobile A

parts, they do not produce noig. As a result, FCs have many : P

real applications. ‘
Usually, fuel cells are classified according to their working Fuel Call chemicals

temperature or to the electrolyte employéd. There are fuel reactor

cells of low and high temperature. In the first group we found

agueous FCs (such as alkaline or AFCs), direct methanol FCs

(DMFCs), polymer electrolyte FCs (PEFCs) and phosphoric <

acid FCs (PAFCs). The molten carbonate FCs (MCFCs) and

solid oxide FCs (SOFCs) operate at high temperatures (from

500°C). The electrolytes can be aqueous, molten and solid.

The aqueous electrolytes are used in the low temperature FEig. 1. Principles of operation of a fuel cell reactor generating chemicals and

(the temperature can be increased in pressurised systems). THE"Y-

molten electrolytes are usually employed at high temperatures

and the solid electrolytes (such as oxide mixtures), at quite Many cogeneration processes for different types of FCs have

higher temperature3able 1shows different types of fuel cells, been described. Most of the chemicals obtained have been

classified according to the electrolyte employed, together witthought to be commercially attractive because they appear to be
their main characteristics. interesting from the economic and/or the environmental point of

A fuel cell is essentially an energy converter, but it may beview, and have been patented. This review describes and com-
also considered as a chemical reactor depending on the opdiares the main cogeneration processes reported in the literature.
ating mode: (i) electric power generation (properly working Reactions in FCs are quite selective and thus, their reactions are
as a FC); (ii) generation of electric power plus useful chem<lassified by the type of reactants and products obtained. In each
icals; (iii) generation of only useful chemicals as electrolytic Section, the inorganic products are considered first. Afterwards,
cell, resulting from the consumption of external electric powerthe generation of organic compounds through reactions such
The fuel cell technology can be successfully employed in elecas hydrogenations, dehydrogenations and oxidations, involving
trolytic applications: for example, when the generation rate ofiydrocarbons, benzene, alcohols, ketones, and their derivatives,
the corresponding product is desired to be increased, just as tMéth increasing complexity, is described. Depending on the sys-
hydrogen production (towards a hydrogen-based economy)_ em, the fuel cell performance to obtain the indicated pl’OdUCtS
this case, the electrolysis voltage (and therefore, the consumll be characterized by its current efficiency, its selectivity with
tion of electricity) required for splitting water into hydrogen and respectto the product obtained, and/or its current and power den-
oxygen by the fuel cell electrolyzer can be significantly loweredsities.
with available heat from e.g., burning cheap natural gas, thus
reducing the cost. This is based on high temperature fuel cel Electrocogeneration processes
[3]. In this review, however, we will only consider the second
operation mode, which we will refer to chemical cogenerationor The cogeneration processes require favorable thermody-
electrocogeneratiod,5]. In the cogeneration process, the main namic and kinetic conditions. On the other hand, the operation of
products are the chemical compound of interest and the curretite cogenerating devices for a suitable production of energy and
delivered. chemicals need the use of aspects involved in the fuel cell tech-

As shown in the schema d&fig. 1, chemical cogeneration nology. Thermodynamics is a useful tool to start trying devices
processes basically involve a conventional fuel cell (the fuel celfor cogeneration, but practical kinetic aspects will finally deter-
reactor), in which the fuel and the oxidant are separately intromine the cell performance.
duced, an external load for using electrical energy or dissipate Electrogeneration processes have been developed according
it, and a system for recovering the useful chemicals producedto different needs:
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e To simplify a complicated chemical industrial process in aNOg) + 5H@q)+ 56~ — NHg(ag)+ H20y) (4)
one-step production.
e To develop alternative process when the demand of a final The selectivity for each path depends on the catalyst and
product decays. potential. In general, reactiqf) is favored above 0.5V versus
e For environmental reasons. the reversible hydrogen electrode (RHE), whereas reac{8)ns
and(4) predominate at potentials below this potential. The pro-

The processes cogenerating energy and chemical substanébgtion of hydroxylamine by reactid8) has received particular
are very similar to those involved in conventional heterogeneouattention, since itis an intermediate in the production of Nylon-6
catalysis. In this sense, it appears that the catalysts used in h&fd its chemical cogeneration may solve some manufacturing
erogeneous chemical processes can serve as a guide to chdié@blems. In this case, anpHNO cell containing two porous Pt
suitable electrocatalysts for cogeneration processes. The mapfck electrodes and HClgq) as the electrolyte was utilized

advantages of the cogeneration methods over the conventiorldll- Anodic reaction was hydrogen oxidation to protons related
catalytic ones are the following: to the overall reactiondR1)—(R3)listed inTable 2with standard

emf values of 1.59, 0.50, and 0.84V, respectively. Hydroxy-

o The reactants are fed separately and therefore, they do nl@mine can also be electrogenerated in gas pf@s@he FC
compete for the same catalytic sites, the explosion dangé_pactorthen conS|sFed ina proton-co_nductmg separator (a_ solu-
is reduced and safety increases, the reactor can be reduclef Of H2SOs held in a silica-wool disk) between a graphite-
in size, and the products can be easily separated from tHfRTFE-Pt anode and a carbon whisker-PTFE-Fe phthalocyanine
reactants. cathode. NO was carried with helium into the cathode com-

e Cogeneration of electricity and chemical products is efficientPartment, while K and water vapor were circulated through

e The use of the reactants is efficient and they can be recircfhe anodic compartment. After 2 h of operation in short-circuit,
lated room temperature, and atmospheric pressure, a mean current

: . . i 2 G 2

e The electrochemical devices can operate at temperatur&€nsity of 8.9 mAcm circulated and I}JO(O.?GMmglzcm ),

much smaller than many of the conventional catalytic pro-NH3 (13.4umolcm™), and NFBOH (189umolcm™) were

cesses. generated. Selectivity to NMDH was 93%. It has also been

« When necessary, the use of separators in the electrochemic@@imed that NO present in power plant effluents and automo-
cells avoids undesirable reactions. bile emissions can be processed in sucH&C

« Corrosion of reactors and pipelines is smaller. The cogeneration of sulfuric acid allows controlling pollu-

« Production in the electrochemical reactor is mainly controlledion from mining operations or effluent streams from stationary
by the external load. power plants, both sources of ${9]. This requires the use of a

e The selectivity of the process can be controlled by changiné""ided flow cell with the electrode compartments separated by

the external load (which can vary the electrode potential) of ation exchange membrane and 3.0 M8y (aq)as circulating
the electrode catalyst. electrolyte. Relatively high conversions, between 89 and 55%

could be achieved using planar or GDESs catalyzed by platinum,

Earlier systematic cogenerative studies started in the midd@t low sulfur d|0X|dg concentraﬂons.. The correspond.lng anode
of the XXth century. They consisted of an exploratory evaluatiorfd cathode reactions at the catalytic electrodes are:

of FCs as reactors for producing chemicals at low temperaso2 + 2H,0 + -

) . . n — HaSOyagrt2H 5q) + 2€ 5
ture. Main attention was focused in hydrocarbons and petroleum (o) 20 ) ®)
derived fueld6], as well as in their oxidation mechanism, inter- O2(g) + 4Hzraq) +4e" — 2H,0y) (6)

mediates and products.
leading to the overall reactidiiR4) in Table 2(the standardmf

of the cell ist° =1.06 V). Currents close to 0.125 A crhwere
obtained at room temperature and about 0.2 A¢at 60°C, in

Fuel cells with acid, alkaline, and neutral aqueous electrolyte§Ontrast with the temperature of 400 utilized in the conven-
have been proposed for different applicatiffis20]. Hydroxy-  tional process. In addition, oxidation of dissolved sulfur dioxide
lamine[7,8], acidg[9,10], and hydrogen peroxidé1-13] have N Ilqu_|d phase was su<_:cessfu|ly carried out in a hybrid cell that
been obtained from inorganic reagents using different medigt0mbines a gas diffusion cathode and a packed bed anode cat-
Complex organic compounds have also been produced frofyzed by platinum. Currents of 80 mA crh were generated
organic fuel§14—18] The first FC reported in this field involved Working at room temperature with 0.5M $0O

2.1. Chemical cogeneration in aqueous electrolyte FCs

the electroreduction of NO in acid medi& 8] according to the Hydrogen chloride has many applications as a chemical inter-
following reactions: mediate in the hydrochlorination of rubber, in the production of
vinyl and alkyl chlorides, in the separation of cotton from wool,
2NOQ) + 2H(+aq) +2€ — N20() + H20) (1)  and for etching semiconductor crystals. HCI and electricity can
be obtained by a H#Cl, acidic FC represented by the diagram
2NOg) + 4H g+ 46” — N2(g) +2H20() (2)  PHy(g)HCl(ag)Cl2IRN [10], in which the overall reaction is

(R5) in Table 2 The cell operates at 5C with gas diffusion

+ —
NOg) + 3H(ag) + 3¢ — NH2OH(aq) (3 electrodes (GDEs), a separator, and 3.0 M Eipés electrolyte.
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Table 2
Selected chemical cogeneration processes involved in different types of FCs, classified according to the electrolyte
FC reactor Reactions Electrocatalysts References
Aqueous FC
HClO4(aq) 2NQ) + Ha(g)+ — N20(g)+H20y) (R1) PEP [7,8]
HCIO4(aq) 2NO(g) + 3Hz(g) + 2H{zq) — 2NH0H - H) (R2) PRbD [7-9]
HClO4(aq) NO(g) + 3Hz(g) = NH(aq)+ H200) (R3) pg-b [7.8]
H2S04(aq) 250y(g) + Oz(g) +2H200) — 2H250n(aq (R4) P [0l
HCl(ag) Ha(g) + Cl2@g)— 2HClg (R5) P£and RR [10]
OHeg) Ha(g) + Oz(g) + OH,q) = HO 5y + H20y) (R6) Pfand @ [11-13]
HClIO4(aq) Ha(g) + RCH = CHR(j) - RCH;CHR' (R7) pg-b [14]
KCl(ag) CoHag)+ Clagy— CICH,CH,Cly, (R8) pg.b [15]
KCl(aq) CoHyg) + Clog) + H20gq) — CICH2CHOH(j) 4+ HClgq) (R9) pab [15]
HClO4(aq) 3Hzg) + CsHes(g) = CsHai2() (R10) pg-b [16]
H2$O4(aq) O2(g)+ 2C4Hg(g) = 2CH3COGH5() (R11) pg.b [17]
H2SOy(ag) 2CH50H + Og(g)— 2CH3CHO + 2H>O( (R12) Pt-blackP [18]
PEMFC Ho(g) + O2(g)— H202() (R13) PEand @ [21-23]
CeHsNO2(y + 3Hz(g)— CsHsNHz() +2H20y) (R14) PP [26]
CHz = CHCH,OH + Hz(g)— CHzCHCH,OH, (R15) pgb [27]
PAFC GHe(g) + O* + Oz(g)— CH3COOHg) + H20g) (R16) Pt-blacR and Pd-black + VO(acag) [30,31]
CsHg(g) + O +(1/2)0; — CH3COCHg(g) + H20(g) (R17) Pt-blacR and Pd-black + VO(acag) [30,31]
CHa(g)+ COg) + Hz(g)— CH3zCH,CHO() (R18) Pt-blacR and P¥, NagPOsP [32]
2CHy(g)+ Oz(q)— 2CHsCHO(g) (R19) Pd-blackand Pt-black [33,34]
2C3Hg(g)+ O2(g)— 2CH3COCHg(g) (R20) Pd-black and graphite [33,34]
2CH3OH(g) 4+ Oz(g)— HCOOCH(g) + 2H20(q) (R21) I and PP [36]
CsHe(g) + O2(g) + H2(g) > PhOHg) +H20(g) (R22) Pd-black and Pt-black [39]
PhCHs(g) + Oz(g)— PhCHQg) + H20(g) (R23) Pt-black and Pd-black [40]
Molten salt FC 2GH50H(g) + Oz(g) > 2CH3CHQ(g) + 2H20g) (R24) Transition metal compoufdnd Pg [43]
SOFC 4NHy(g) + 502(g) — 4NOyg) + 6H20(q) (R25) Pt-RA and PP [44]
2CHy(g) + 2NHz(g) + 302(g)— 2HCN(g) + 6H20(g) (R26) Pt-RR and PP [45,46]
2HS(g) + 302(g)— 2SOy(g) + 2H20(g) (R27) pg.p [47]
2CsH5—CH,CHz(g) + Oz(g) > 2CsHs—CH = CHy(g) + 2H0(g)(R28) pg.b [48]
2CH3OH(g) + Oz(g)— 2H2CO(g) + 2H20(g) (R29) AP [49]
2CHa(g) + Oz(g)—~ CoHa(g)+ 2H20(g) (R30) Adf, Smp03—CaO-Ag and A [50]
4CHa(g) + Oz(g) = 2C2He(q) +2H20(g) (R31) Lay sAl0.203%Lag 5S0.15MNO3” [51]
2CHg(g) + O2(g) — 2C2H4(g) + 2H20(g) (R32) Aga'b [52]
4C3Hg(g) + 302(g) —~ 2CsHe(g) + 6H20(g) (R33) (B03)0.85(L8203)0.15™" [53]
2CHa(g)+ Oz(q)— 2CQyg) + 4Hz(g) (R34) NP and La Sf.4C00s” [54]

2 Anode electrocatalyst.
b Cathode electrocatalyst.

Chlorine is reduced at the Rh-on-C cathode, whereas hydrogdayer and a carbon black layer with 10% Pt, and ardi¥usion
is oxidized at the anode. The cell produced 0.51 W &mwith cathode, in which the carbon cloth was covered by an uncat-
a cell voltage of 0.5V, and the main source of polarization wasilyzed carbon-PTFE layer. The electrolyte was KOH, which
the ohmic overpotential. was circulated to extract the hydroperoxide ion. A scheme of
There is an increasing interest in the applicability of hydro-this cell is depicted irFig. 2, in which the overall reaction in
gen peroxide to a wide variety of industrial processes, becaushort-circuit through an external load is represented. The anode
of the notable reduction of the environmental impact caused bgnd cathode reactions were:
similar processes with other typical chemical oxidants. Elec- _ _
trogenerated hydrogen peroxide is now employed for bleachinblz(g) +20Hqq) —~ 2H20() + 2€ ()
and brightening of chemical pulp in the pulp and paper industryO
water and wastewater treatment, food processing and oxidation
of organic compounds, among other uses. On the other handiving the overall reactiofR6) in Table 2 The cell can oper-
there is an increasing demand of new electrochemical deviceste either in batch or in continuous mode. Under circulation of
with high efficiency and low cost for on-site hydrogen peroxideHO>~ + KOH solutions in open circuit, the flow AFC behaved as
production. In this way, we have proposed a novel electrochena two-electron reversible system. When the cell was shorted with
ical method for on-site production of hydroperoxide ion (##Q  an external resistance, a quasi-steady behavior was observed
the basic form of hydrogen peroxide) in an undivided flow alka-when a fresh KOH solution was continuously injected through
line fuel cell (AFC)[11,12] The electrodes were gktliffusion  it, supplying a spontaneous current, while $fOwas electro-
anode, composed of a carbon cloth covered with a carbon-PTHgenerated and accumulated in the circulating electrgly2g

2(g) + H20() + 2™ — HOj5)+ OHggg) (8)
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H,0 +HO; in KOH 4 Langer et al[14—-18]have investigated different cogeneration

processes involving hydrogenations, dehydrogenations, halo-

genations and oxidations. For example, the hydrogenation of

load unsaturated hydrocarbons takes place according to the follow-
[ ing anode and cathode reactidtg]:

Hz(g) — ZHz—aq) + 2€” (9)

RCH = CHR{g) + 2H{,q) + 26~ — RCHCHoR' (10)

with the overall reactiofR7)in Table 2 The electrolyte was per-
chloric acid and both electrodes were porous catalytic Pt black
bonded with PTFE. During the FC operation, hydrogen ions
have to be transported through the electrolyte.

Halogenations are other cogeneration processes with com-
mercial potential intere$1.5]. In such cells, the reactions at the
anode can be:

Viton O-ring

OH in KOH,,,,

Fig. 2. Scheme of the aqueous alkaline flow fuel cell for on-site production 01RCH = CHR + 2X(_aq) - XRCHCHRX(') +2e” (11)

hydroperoxide ion, the conjugated base of hydrogen peroxide. The anode is a
Pt-catalyzed carbon-PTFE hydrogen diffusion electrode, whereas the cathode/ _ _
an uncatalyzed carbon-PTFE oxygen diffusion electrode. Hydroperoxide ion i§CH = CHR + 2X(aQ) + H20(|) - XRCHCHROH(l)

produced in the electrolyte and can be collected in the cell outlet. Adapted from

Ref.[12]. + HX(aq) + 26~ (12)
whereas the cathode reaction is:
For example, when using 1.0 mol dfhKOH with a flow of Xog) + 26 — zx(*aq) (13)

20mLmin~! and an external load of 0.X® at 25.0°C, the ) ] ]

current density through the electrodes of the same section was 1ne overallreactions corresponding to reactidrigand(12)

0.10 Acnt?2 and the productivity of hydroperoxide ions was &re-

1.89 mmolcn2h~1, These values increased with temperature gy — cHR + Xa(g)— XRCHCHRX ) (14)

at45.0°C, a currentdensity of 0.12 A cm and a hydroperoxide

ion productivity of 2.15 mmol cm? h—1 were obtained. When ;

air was employed instead of pure oxygen, the current densit)RCH = CHR + Xa(g)+H20q)

and hydroperoxide ion productivity decreased to 0.06 A&m — XRCHCHROH) + HX (aq) (15)

and 1.11 mmolcm?h~1, respectively. The current efficiency _ _

for hydroperoxide ion production was close to 97% in all these I @n ethylene—chlorine fuel cell, with Pt black electrocat-

cases. The main experimental parameter controlling the HO alysts as el_ectrodes and aqueous KCl as electrolytt_a, the corre-

productivity is the external resistance connected between thgPonding dicloroalkane and chlorohydrin were obtained (reac-

electrodes, since it can regulate the voltage and current densitins (R8) and(R9)in Table 2. The last product was dominant

supplied by the flow AFC. Whe#<0.200V the process was at.hlgh cell voltages. In an.ethylene-bromlne fuel cell, Wlt'h bro-

under ohmic-type control, whereas a more complex behaviomide as electrolyte, the dibromoalkane and bromohydrin were

was found between 0.650 and 0.200V, which was related t@roduced. In this case a porous graphite electrode was utilized

mixed charge transfer plus ohmic-type control of the process. &S the cathode. - o _ o
Yamanaka et a[13] have reported a #+0, fuel cell divided Cyclohexane is used mainly in the synthesis of ad.|p|c.aC|d

by a cation exchange membrane in two sections, each one filld@r Nylon-6/6 and caprolactam for Nylon-6. Other applications

with NaOH, which produced $0, at 93% selectivity. The mcludelt_s use as_asol\_/e_nt (mlaboratoryz for rubb_er manu_facture

anode was fabricated from hot-pressed vapor-grown carbon fibnd vamishes), insecticides and plasticizers. This chemical can

(VGCF), PTFE® and Pt black. The cathode had the same comPe obtained by the hydrogenation of benzene in a way similar

position, but contained some quantity of carbon black instead dP the unsaturated hydrocarbons, in a cell using a filter paper

platinum. Using this FC reactor, 4@, was generated at a rate Wetted with 3.0 M HCIQg)as electrolyte. Benzene vapor was

of 2.0mmol cn? h~1 with a concentration of 7wt.%. The cur- fed to the cathode, where it was reduced to cyclohexap

rent density, stabilized by pumping NaOH continuously into the! N€ standardmf of the cell isE®=0.17V (reaction(R10) in

anode compartment, was 0.1 At with a current efficiency Table_ 2, \{vhere the anode reaction is react{®yand the cathode

of 93% after 2 h of operation. However, the cell performancg€action is:

decreased when the cathode was fed with air. Hydrogen pero 6H* 66~ — CeH 16
ide was then formed at 1.3 mmol édm—1, with a concentration 6716(g) * OFag) e (16)
of 6.5wt.%, a current density of 0.078 Acry and a current Methyl-ethyl-ketone is a chemical widely used in the man-

efficiency of 88% after 3 h of operation. ufacture of solvents, resins, artificial leather, rubbers, lacquers,
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varnishes and glues. Its production by chemical cogeneratioerly considered a semi-fuel cell, and operated in short-circuit
would suppose a reduction in the energy cost of about 25% witat room temperature and atmospheric pressure. The electrolyte
respect to the conventional chemical prodds3. The fuel cell was sodium sulfate set to pH about 3 by addition of sulfuric
reaction involves the oxidation of butene in a porous Pt anodacid.

with a hydrophobic backing layer. Atthe cathode, oxygen can be

reduced to water. The electrolyte could be aqueous 10 M sulfurig 2. Chemical cogeneration in PEFCs

acid. The anode reaction in the FC can be written as follows:

In acidic medium, Otsuka and Yamanaka have reported a
divided fuel cell made with Nafidh 117 electrolyte, a pro-
the cathode reaction is reacti¢®) and the overall reaction is ton exchange membrane (PEM), with Pt deposited on one face,
(R11)in Table 2(E° = 1.16 V). The ketone can be obtained with Where H is oxidized, and graphite or Au-mesh adhered on the
a selectivity greater than 90%, with about 50% of the currenpther face, where £is reduced to hydrogen peroxif#l]. The
from oxidation of the butene causing @@rmation in the only  structure of the cell is shown iRig. 3(a). Pure H is fed to
side reaction. The product is recovered by gas stripping from théeposited Pt whereas;@s bubbled through an aqueous HCI
circulating electrolyte, where it is accumulated. solution. For an optimum 0.1 mol dri HCI solution in contact

Alcohol oxidation to aldehydes and ketones is importantwith the cathode, a current density over 10-30 mAénwas
because they can be employed in the synthesis of other chentibtained with a current efficiency sharply dropping from 100 to
cals. Forexample, acetaldehyde is applied in silvering of mirrors{0% during 3 h of operation. In this case, the anode reaction is
leather tanning, fuel, glue, dyes, plastics and synthetic rubberggeaction(9) and the cathode reaction is:

The oxidation of ethanol to acetaldehyde can be made in a celé.)
divided by a cation exchange membrane, with 3.0 BBy (aq)
as electrolyte and porous catalytic Pt black electrod®).  yhereas the overall reaction (®13) (seeTable 3. The max-
The diagram of this cell would be fLHsOH, CHCHO, H',  imum H,0, concentration in this system was only 0.2wt.%
H20|cation exchange membraht, H0|Oz()|Pt. The corre- (59 mmol dnt3), with final current efficiencies smaller than
sponding anode reaction is: 10%, due to the acceleration of hydrogen peroxide reduction
2C,HsOH — 2CHsCHO+ 4Hzraq) 1 de (18) f[o Waterwhe_n its concentrati(_)n in_crea$@ﬂ]. This system was
improved using an oxygen diffusion cathode made with active
the cathode reaction is reacti¢®) and the overall reaction is carbon (AC), VGCF, and PTFE inthe cell represented by the dia-
(R12)in Table 2 Ethanol can be fed dissolved in the electrolytegram PHHCI|Nafior® 117HCI|AC + VGCF + PTFE. This cell
or contained in a vapor stream. When the cell runs with ethandk schematized ifrig. 3(b) and its reactions are the same as in
vapor (75%) at 38C, a molar flow rate of acetaldehyde in the Fig. 3(a), i.e. reactiong9) and (19). After 6 h of operation, a
anodic effluent of 5a.mol min—1 is obtained (current efficiency H,O, concentration of 0.32 mol dnf was accumulated with a
of 61%). The electric power delivered was 8.7 mWdm current efficiency of 40%.

A patrticular application of aqueous electrolyte fuel cells  Another divided fuel cell to obtain hydrogen peroxide was
result from the fact that they can spontaneously produce strondescribed23]. It was composed of a polyfluorosulfonic acid
oxidizing radicals such a%OH and HQ*®, which can destroy ionomer membrane sandwiched betweenadHfusion anode
aromatic pollutant§19,20]. In this case, no synthesis is per- and an @Q-diffusion cathode with different catalysts, in which a
formed, but the aromatic pollutants are mineralized, i.e. they arevater flow mixed with Q was directly injected to the cathode.
transformed into C@and inorganic compounds, thus allowing This system yields hydrogen peroxide concentrations exceeding
decontamination of wastewaters. The cell contained a Fe ano@e3 mol dnt3 with selectivity up to 70%. Regarding this sub-
and an Q-fed carbon-PTFE cathode, reason why it is prop-ject, some new bipolar membranes (acidic in the anode side and

C4Hg + H20() — CH3COGHs + ZHEraq) + 2e” a7

2(g) T ZHqu) +2e — HxOyy (19)

T o
Hz (6] 2 EE EE
i . 2y
H, 4 HCly H [ 5;1-[2023_% 0,
o) '
e cathoce Pt anod AC VGC:\PTFE
(deposited Pt) (Au mesh) anode + +
cathode
(@) Nafion membrane (b) Nafion membrane

Fig. 3. Fuel cells with acidic electrolyte forJ®, production. (a) The electrolyte is a Nafion membrane with deposited Pt on the left side and with an Au mesh on
the right side. (b) The HCI solutions of the anode and the cathode compartment are separated by means of a Nafion membrane. In b@hisassedted in
the electrolyte of the cathode. Adapted from R§2&,22]
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alkaline in the cathode) have been proposed recently to produ@ad maintained under a pressure of 0.15 MPa. Aqueous reactants
H20, in a Hy|O5 fuel cell[24]. solutions, with a typical concentration of 2.0 moldf were
It is possible to directly oxidize some hydrocarbons like recirculated through the cathode compartment. The OCV of the
ethane (GHg), propane (gHs), and butane (§H10) ina PEFC  cells Hy|alcohol or Bacid investigated were around 0.2V at
under mild conditiong25]. Such kind of cell can be repre- room temperature. Maximum current densities between 5 and
sented as Pt-on{BydrocarbotNafior® 117 Oy(g)|Pt-on-C. The  40mA cnm2 were reported and power densities of 1 mWem
membrane electrode assembly (MEA) includes two Pt-on-C catwere achieved with allyl alcohol, 2-buten-1,4-diol and acrylic
alyzed GDEs and a Nafi6i17 membrane. Using ethane as fuel acid at about 0.050 V. In this fuel cell reactor, the electrochem-
and oxygen as oxidant, with 20% Pt-on-C as catalyst and phosecal hydrogenation of olefinic double or triple bonds was made
phoric acid treated membrane, the maximum power of the cellith a high selectivity, because the analysis of the catholyte
at 80°C and ambient pressure was 0.69 mW¢émand the max-  showed that only the hydrogenated product was obtained. Nev-
imum current density output was 7.3mAc#h In the case of ertheless, it seems that current efficiencies less than 100% were
propane, the maximum power and the maximum current densitglue to the hydrogen evolution at the cathode.
were 1.47 mWcm? and 0.016 Acm?, respectively. Finally,
using butane, the maximum power output was 1.33mW<m 2.3. Chemical cogeneration in PAFCs
with a maximum current density of 0.017 A cvh With regard
to the possible reactions products, as well ag @Pmation in Selective oxidation under mild conditions of organic chemi-
all reactions, ethane would yield hexanesK{z4) and octane cals such as hydrocarbons and benzene-based compounds has ¢
(CgH1s), propane would yield hexane and butane would yieldgreat interestin Green Chemistry. Partial oxidation of propylene
octane. to acrolein and acrylic acid was already carried out in a fuel cell
Cyclohexylamine is applied as corrosion inhibitor and as metusing aqueous 25%4P0, as electrolyte at temperatures in the
alworking fluid. Selective reduction of nitrobenzene to cyclo-range 23-80C [29]. In this case, the Pt catalyst in the anode
hexylamine with simultaneous production of electric power haof a conventional 0O, fuel cell was replaced by a Pd black
been performed in a PEFC reactor which uses ethanol as salatalyst, but a poor selectivity to each particular product and a
vent and platinum as electrocatalj®6]. The overall reactionis unclear influence of temperature and anode potential on prod-
(R14)shown inTable 2 After 2 h of operation, a selectivity of uct distribution were found. Afterwards, PAFCs were employed
57.3% to cyclohexylamine and a selectivity of 28.2% to aniline,more or less successfully to oxidize light alkaf®® 31], olefins
with 8.2% conversion of nitrobenzene, were obtained &7Z0 [32—-35] methano[36], cyclohexang37], benzen¢37-39]and
Changing external loads, the current density varied from 1.6 téoluene[40-42]
24 mA cnt 2, with amaximum power delivered of 1.5 mW cfh Partial oxidation of light alkanes such as methane, ethane
at15mAcnt?. and propane during 44O, cell reactions at room temperature
The hydrogenation of allyl alcohol (3-hydroxypropene) to 1-have been carried out using different cathodes, presumably due
propanol can be done in a PEFC made with two Pt-catalyzetb their reaction with reductive activated oxygen (30,31]
GDEs (1.0mgcm? of catalyst loading) and a Nafi6n117  The best cathode for the partial oxidation of propane into ace-
membrane as electroly27]. The FC reactor operates in a batch tone was the carbon whisker without additij@88]. CO, was
recycle mode. The anode reaction corresponds to rea(@jon the only product when using methane, and the main prod-

and the cathode reaction can be expressed as follows: uct, together with small amounts of acetaldehyde, when using
. B ethane. In the cell Rt +H20|1.0 mol dnT3 HzPOy(aq) (sil-
CH, = CHCHOH() + 2H(yq) + 26 — CHsCH2CHOH) ica wool disk)light alkane + Q|Pd + VO(acag)+ VGCF [31],

(20)  methane oxidation also yields only GOn contrast, ethane and
propane oxidation mainly produce acetic acid (raw material for
The overall reaction i$R15)in Table 2(E°=0.4177V). In  vinyl acetate and cellulose acetate production) and acetone (used
the optimum conditions of anodicHlow at 20mLmimt and  as solventin paints, laboratory, electroplating, etc.), respectively
feeding of 2 mol dm® aqueous allyl alcohol at 3mL mitinto  (the exact reaction mechanisms were not clarified, but the proba-
the cathodic compartment, the FC yield 1.22 mmol (2.04% conble reactions are given IfiR16)and(R17)in Table 9. The rate of
version) ofL-propanol with a selectivity of about 100% after the alkane oxidation increases in the orderyGHC,Hg < C3Hsg.
2 h of reaction time at 50C. The maximum power density was When operating with ethane atroom temperature, the production
5.7mWcnt? at a current density of 0.064 Acm, obtained rate of CHCOOH was 4.fumol cm2h~1 (12.2% selectivity)
when the cell was shortened by a copper wire. and delivered 0.011 A cnf. With propane, the production rate
In a recent worK28], hydrogenation of several unsaturated of CH3COCH; was 11.5.molcm?h~1 (25.7% selectivity).
alcohols (allyl alcohol, 2-butene-1,4-diol, 2-butyne-1,4-diol andHowever, the maximum oxidation efficiency for the formation
propargyl alcohol) and acids (acrylic, crotonic, acetylene dicarof products (acetone, acetic acid and L @om propane was
boxylic and maleic acids), were carried out in a conventionall8%, too low to expect industrial applications.
PEFC. The fuel cell reactor was built up with commercial Ptcat- Hydroformylation of olefins, the reaction with synthesis gas
alyzed GDEs (loading of 0.35-0.50 and 4 mg&forthe anode  being called Oxo process, can be used to cogenerate alde-
and the cathode, respectively) and Nafiahl7 membrane as hydes or alcohols. The reaction in the presence of homoge-
electrolyte. Inthe anode compartment, hydrogen was humidifiedeous catalysts using rhodium and cobalt chlorides is per-
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formed at high pressures. However, the same reaction in a F@raphite (a cathode without metal). NO was added to the O
using HBPtCk as catalyst could be performed in mild condi- streaminthe cathode and current densities and formation rates of
tions. For example, hydroformylation of ethylene allows syn-CH3CHO were 45-55mA cr? and 720-90@.mol cnm2h—1,
thesizing propionaldehydf82], which is used in the manu- respectively, i.e. over 10 times higher than that of the system
facture of plastics, in the synthesis of rubber chemicals, andescribed above, thus attaining a selectivity greater than 95%.
as a disinfectant and preservative. The cathode reaction Bimilarly, the oxidation of propene in ag8g—0O; cell at 80°C

the cell Pt-black + graphite + PTHEz|H3POy(ag) (silica wool  yields acrolein (gH40) and a current density of 2mA cr,
disk)|CoH4 + COJH,PtCls + graphite + PTFE is: which increased to 12 mA cn? using a GHg—(Oz + NO) cell.

Under these last conditions, however, the product was ace-
+ — ' ’
CoHag) + CO) + 2Hagq + 26" — CHCHCHO) (1) 450 (reaction(R20) in Table 2, with a production rate of

the anode reaction is reactig@) and the overall reaction is 678umolcm2h=* (95% selectivity), due to the change in the
(R18)in Table 2 A gas mixture of ethylene and carbon monox- oxidation state of the Pd of the anode when adding NO to
ide passed through the cathode, while hydrogen and watdhe O stream. Another way to oxidize alkenes in gas phase
vapor passed through the anode. AP8Qthe electrode current is the use of a self-shorted fuel cell, which excludes electric
density was 1.4 mA c? and CHCH,CHO was generated at parts[35]. This cell is schematized ifig. 4b) and consists
1.2pmolcnm2h~1 with a selectivity of 13.4% and a current of a mixed conductor of Hand €, prepared by impregnating
efficiency of 4.7% (GHg was obtained as by-product). This HaPOag)into a carbon-PTFE matrix, which separates the cat-
approach is still far from commercial application. Better resultsalyst layers for alkene oxidation and for, @eduction. It can
could be probably obtained by improving the selectivity and theo€ represented by the diagram Pd + VGC#H,4 + H2Omixed
rate of propionaldehyde formation upon sodium salts additiofonductofO, + NO|graphite, so that, the anode and cathode are
(especially NgPQy), together with a better preparation of the shorted through the electron conducting channels of the mem-
electrocatalyst and a better design of the electrode-electrolyerane, whereas protons are transported through the electrolyte
system. channels. This system showed a catalytic activity as good as that
Cogeneration of acetaldehyde from ethylene could avoidf the industrial catalyst and it could be applied to other catalytic
some disadvantages of the Wacker procg&3]. For the reactions such as oxidative dehydrogenation of alcohols, selec-
cell PdCyH4 +H20[14.7 moldnt® H3POu(aq) (silica wool  tive hydrogenation of unsaturated compounds, hydroformyla-
disk)|O2|Pt, schematically shown iRig. 4a), the anode elec- tion of alkenes, etc.

trocatalytic reactions are: Methyl formate is utilized as solvent; fumigant and lar-
N B vicide for tobacco, dried fruits and cereals; as intermediate
CaHa(g) + H20(g) — CH3CHO(g) + 2H(5q) + 2€ (22)  in organic synthesis, in preparation of antileukemic agents
_ d as a hardener for phenol esters. Selective oxidation of
CaHagg) + 4H20(g) — 2C 12H, )+ 126 23) AN . ’ .
2Hag) + 4H200) = 2COg) + 12Haq) + (23 methanol into methyl formate (reactiofR21) in Table 2

whereas the cathode reaction is reac{®yand the overallreac- and dimethoxymethane had been performed with the gas-
tion to produce acetaldehyde, with°(=1.04V at 80°C), is  phase reactor |[€H3OH +H,0, HCOOCH;, CH(OCHg)a,
given by(R19)(se€Table 2. Ethylene and water vapor were car- CO|H3PQOy(ag)O2 + H20|Pt, at 70-100C [36]. Methanol and

ried into the anode of the cell with helium, while oxygen was fedwater vapor were carried into the anode compartment of the
into the cathode. The rate of GBHO formation at 100C was  cell, while a mixture of oxygen and water vapor were fed into
97umol cm2h~1, with 100% selectivity, a current density of the cathode compartment. The best results were obtained with
9mA cmi 2 and a current efficiency of 82%. Better results werea combination of Ir—-Pt electrocatalysts, which is specifically
obtained with the cell Pd + VGGE,H4 + Ho0|14.7 mol dmr3 resistant to the methanol cross-over. Working at@0the rate
H3POs(aq) Oz + NO|VGCF [34], which uses VGCF instead of for methyl formate production was 47umol cn~2h=2, with

mixed conductor

2 CH;CHO 5 £y 2 H,0
4.
2 C2H4 +2 HzO o 4 k) (+NO)

oxidation reduction
catalyst catalyst

(a) H3POsaq) (b)

Fig. 4. PAFCs for partial oxidation of alkenes. In plot (a) a Pd + VGCF anode is separated from a VGCF cathode by a silica wool disk containing 1237 mol dm
H3PQu(aq), and in plot (b) the external circuit is removed due to the use of a mixed conductdrafde, prepared by impregnatingsROaq)into a carbon-PTFE
matrix (self-shorted cell). Adapted from Ref84,35]
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49.7% selectivity and 32% current efficiency. In these condi-generation of PhCHO, PhGE@H, and cresols was 0.09, 0.08
tions, the cell gave 0.016 A cmi. and 2.1umol cm? h~1. In this case the oxidation efficiency was
Selective oxidation in liquid phase of cyclohexane and ben9%. Mixtures of carbon whisker with active carbon enhanced the
zene, at room temperature and atmospheric pressure, can alsdfbenation of PhCHOH.
performed at the cathode of aHO; fuel cell with HsPOy(aq)as Catalytic oxidation of toluene with oxygen is difficult to con-
electrolyte by reductive activated (87,38], in a similarway as  trol and selectivity is not satisfactory. This could be improved
for light alkanes in gas pha$g0,31] In this case, oxygen was using a FC. Selective oxidation of toluene (Ph{Iidroduced
bubbled through the cathode compartment, which contained thgenzaldehyde (PhCHO), as shown in reac{iR@3)in Table 2
liquid reagents. The anode compartment was fed with a mixturevhich finds application in the production of pharmaceutical
of hydrogen and water vapor. Partial oxidation of cyclohexanentermediates, plastic additives, perfumes and flavored drinks,
[37] was performed in a cell with a powder graphite-PTFE-Pttogether with benzoic acid (PhCOOH), a raw material in the
anode and an oxidized carbon whisker cathode, which was dopguloduction of caprolactam, glycol dibenzoate plasticizer esters
with FeCk. Partial direct oxidation of cyclohexane yielded and food preservatives, when NaCl was added to the anode
0.51umolcm2h~1 of cyclohexanol (used as solvent and in [40]. Toluene vapor was carried with helium to the anode
wood stains and varnishes) and 1040l cm2h~1 of cyclo-  compartment and oxygen with water vapor was injected to
hexanone (utilized in the synthesis of adipic acid and pesticideshe cathode compartment. During the cell operation a ratio
with a current density of 6.6 mA cn?. The oxidation efficiency, of 9.25:1 of PhCHO to PhCOOH + PhGBAH was obtained.
defined as the sum of the products with respect to the amou@O, was negligible. At 70C, the production rate of PhCHO
of water produced, was 1.3%. Similarly, benzene was convertedtas 2.4umolcm2h=1 (90% selectivity) and the cell gave
in a Pd—-FeG}—carbon whisker cathode into phenol (PhOH) in 0.5 mA cnt2 with a current efficiency of 53.1%. In addition,
one ste38], following reaction(R22) shown inTable 2 as  cyclic shorting an open-circuit operation improved the current
an alternative method to the Cumene process. Phenol is usedaéfficiency up to 93%. A similar system could be usecdfeallyl-
the synthesis of chemicals and drugs, disinfectants and germidiype oxidations of olefins. Propylene can thus be converted to
dal paints. Partial oxidation of benzene led faréiol cm2h—1 acrolein (primarily used in polyurethane manufacture, polyester
of phenol, the current density was about 5.9 mAémand the  resins and herbicides), and butene to methyl-vinyl-ketone (used
oxidation efficiency was 13%. as anintermediate in chemical synthesis, an alkylating agent and
Phenol can also be obtained from gas phase oxidation af monomer in resins, soil disinfectant and in varnish for auto-
benzene in the cathode of @+D, fuel cell, again by reductive mobiles) and crotonaldehyde (utilized as a warning agent in fuel
activated O*. The reaction is performed when the electrolytegases, in the preparation of rubber accelerators, in leather tan-
solution flows constantly through the diaphragm between botining and as an alcohol denaturant).
electrodes (1.0 mol dr? H3POy) and a carbon whisker-PTFE
catalyzed by Pd black cathode is employ@4l]. Thus, benzene 2.4. Chemical cogeneration in molten salt FCs
vapor was carried to the cathode compartment with a mixture of
O, and Ar. A mixture of b and Ar was supplied to the anode ~ Partial oxidation of ethanol to produce acetaldehyde is an
compartment. During the FC operation, the cathode reactiotinportantchemical reaction that can be carried outin a FC based

was: onthe supported molten-salt electrocatalyst (SMSEC) technique
. B . (homogeneous liquid-phase catalyqg#3], operating between
Oz(g) + 2H(aq) + 267 — O 4+ H20(g) (24) 57 and 165C, and around 1.5 atm of pressure. This cell is not a
MCFC, buta molten salt is utilized to support the electrocatalyst,
CeHe(g) + OF — PhOHg) + HQ, (25) PP Y

which can also be utilized as electrolyte. This technique allowed

Phenol (PhOH) and hydroquinone (HQ) were obtained ithomogeneous catalysis in FCs for the first time. Different cell
a molar ratio 17:1 at 70C with a phenol formation rate of configurations are possible. Asillustratedrig. 5 the anode and
4.1pmol cm2h~1 (2% current efficiency) and a current density cathode can be SMSEC, separated by a Nafion membrane, which
of 0.011 AcnT?2. is impregnated with a low melting molten salt possessing good
Benzaldehyde (PhCHO) and benzyl alcohol (PhOH) are ~ protonic conductivity and a low electronic conductivity (such
used in the manufacture of perfumes, dyes and drugs. The&s tetrabutylammonium chloride). The Nafion membrane could
chemicals can be obtained from partial oxidation of toluene irlso be impregnated with another proton conducting electrolyte
liquid phase also by reaction with reductive activated O* in thesuch as phosphoric acid. The anode was prepared using a molten
cathode of a 05 fuel cell [41]. Similarly, cresols, which are salt (tetran-buthylammonium trichlorostannate) containing a
used in the manufacture of plastics, can be obtained from toluerféispersed transition metal complex catalyst (RaGCuCh),
in one-stef42], thus simplifying the production process. The which was coated onto the walls of a porous support such as a car-
product distribution depends on the kind of cathode used and tHeon cloth or an uncatalyzed GDE. Ethanol or an ethanol-water
reaction conditions. For examplé1], using a carbon whisker Vvapor mixture was carried to the anode with helium and the
cathode, PhCHO, PhQZ:IEDHland cresols were obtained at 2.0, anode reactions were:
0.25 and 0.4.molcm~=h™+, respectively. The oxidation effi- 2 _
ciency was 11.3%. However, when the cathode was made GACK™ + C2HsOH(g) > CH3CHO) + Pd + 2HCI + 2C
carbon whisker, active carbon and Fe(42], the respective (26)



56 E Alcaide et al. / Journal of Power Sources 153 (2006) 47—-60

Toad NH3 diluted in He (at a concentration of 4.59%), which flowed
2¢ A L— WV 2e through the cell whereas the oxygen cathode was exposed to

air. Oxygen is dissociatively adsorbed at the cathode, where it
is reduced to oxide ions. The oxide ions pass through the elec-
trolyte to the anode, where they react with NAThe cell can be
represented by Pt—RXH3, NO, N2|ZrO»(8% Y203)|air|Pt. Its
anode and cathode reactions are:

)

H,0 in He RS : % O,

H,0 B _
CH,CHO ’ 2NH3(g)+50°~ — 2NOyg)+ 3H,0(g) + 10€ (30)

Op(g)+4e — 207~ (31)

i and the corresponding overall reactiofR25)given inTable 2
Nafion membrane The cell currents were in the order @A cm~—2 and at 727C,
carbon impregnated with carbon . L . .

molien salt the main source of polarization was ohmic overpotential. In the
éemperature range from 427 to 922, NO was the primary

Fig. 5. Schematic diagram of a supported molten-salt electrocatalyst (SMSEC di duct. | fi ti diti itri id
fuel cell. Reactants and products are transported through the very thin SMSE nodic product. In opuimum gperating condiions niiric oxide

film. In this scheme both electrodes are SMSEC, but the cathode can be a cop@s obtained with a yield over 60%. Significant amounts of

ventional GDE with heterogeneous catalyst. Adapted from [R8. by-product N were also formed due to the catalytic reaction
between NH and NO on Pt.

2CI~ + Pd + 2CuCh — PdClL%™ + 2CuCl (27) Another process that involves a SOFC is the chemical cogen-
eration of hydrogen cyanide, used in the synthesis of adiponitrile

CuCl + HCl — CuCh+H" +e” (28)  (for Nylon 6/6), in fumigation, as insecticide, in electroplat-

ing, metallurgy and photograph#5]. This system utilizes a
mixture of methane and ammonia, both diluted in helium, as
C2HsOH(g) — CH3CHO(g) +2H" + 26~ (29)  fuel. The cell was also made with a tube of YSZ enclosed in

. - . a quartz tube, containing a porous Pt electrode as the cathode
Different cathodes giving reactiof6) were tested and and a porous rhodium and platinum electrode as the anode. The

the overall reaction wagR24) shown in Table 2 The best SOFC can then be represented by PtNgts, CHy, HCN, CO,

results were obtained using the cell represented by the dig; o ; ) . ) )
gram SMSEC-on-{CHsCH0H, H0|NafionOs|Pt-on-C, in qt?gllzt;?fe(f g;a\gzeqsnampt, in which the following anode reac
B :

which a conventional carbon supported GDE catalyzed by
was employed and the Nafion membrane was impregnate@H4(g)+ NHa(g)+ 30~ — HCN(g) +3H0(q)+ 66~ (32)

by 5% phosphoric acid. At 9@C, the power density was

0.35mW cnm? and the product selectivity to acetaldehyde wasthe cathode reaction is reactidB1) and the overall reac-
83%. With tetrabutylammonium chloride impregnating Nafiontion is (R26) (seeTable 2. The reactor operated in the range
at 165°C, the power density was about 0.26 mWemin gen-  800-1000C at an overall pressure of about 1atm. At these
eral, atemperature increase improved the FC output. The curretgmperatures, the ohmic overpotential is the dominant source
density—voltage curves showed a linear region indicating ohmiof polarization. The product selectivity is a function of the fuel

which lead to the following overall anode reaction:

control. composition, temperature and current density. The cell selec-
tivity to HCN could exceed 75%. For the currents tested, the

2.5. Chemical cogeneration in solid oxide fuel cells only by-products formed were CO and ldnd approximately

(SOFCs) 0.01Wcn1?2 of power density was delivered. It was found

that the cell could operate without external heat supply for the
Allthe cogeneration systems discussed above operated at IdiH4/NH3 feed ratio higher than 1.286].
or moderate temperature. However, the use of high temperature The oxidation reaction of & to SQ, a basic step of the man-
has sometimes some advantages: for example the minimizatiafiacture of sulfuric acid, has also been carried out successfully in
of polarization losses and of the effect of impurities such#8,H a SOFJ47]. The FC reactor is schematizedHig. 6, operating
as well as the possibility of internal reforming. Many chemicalat atmospheric pressure and temperatures from 650 t6@G00
cogeneration processes to obtain inorggde-47]and organic  using porous Pt electrodes. Hydrogen sulfide was oxidized on
[48-56]products have been proposed from SOFCs. the working electrode, whereas the Pt reference electrode on the
The experimental evidence of the chemical cogeneration impposite side was employed to control the anode potential in the
SOFCs was firstly shown by Farr and Vayerj44] with the  experiments at constant anode current or potential. The diagram
production of nitric oxide from oxidation of ammonia and recov- of this reactor is RH,S, (1/2)Q, SG|ZrO,(8% Y203)|air|Pt.
ering part of the emitted energy as electricity. The cell was dlydrogen sulfide, diluted in He, was used as fuel and ambient
high temperature yttria-stabilized zirconia (YSZ) tube FC. Theair was used as oxidant. The respective anode reaction is:
electrodes were porous Pt and the oxygen-ion conducting solid
YSZ electrolyte was placed between them. The feeding gas wad12S() + 307" — SOy(g)+2H20(q) + 6" (33)
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water-cooled Pt lead wir part, i.e. the working electrode of the three-electrode system,
stel Ca"\ [ toworking was the anode for the methanol oxidation:
N —L <«— feed CH3OH(g) + o — HZCO(g) + Hzo(g) +2e” (35)
effluent +— === | (HaS
S%rggim) ?;lf{t:;i One of the electrodes in the external part, the au'xiliary elec-
trode, was the cathode forpQeduction from reactior{31),
i o whereas the second electrode in the external part was the ref-
————— do-Bboo Ui - N erence electrode, used to measure the anode overpotential. The
quartz tube overall reaction i§R29)in Table 2 with £°=1.091V at 923 K.
T 170 e Typical power density outputs obtained were about 1 mWZm
Zgélfr‘gge @ HS || e vSZ wbe The two main contributions to polarization were activation and
\‘E__": _____ qhmic overpotential, at low gnd high current dens_ities, respec-
o B tively. The methanol conversion was above 30%, with selectivity
. : ~ reference to formaldehyde of 85—-92%. The main by-products were CO and
auxiliary electrode (Pt)
electrode (Pt) 03 (air) COe.

Oxidation coupling of methane or reforming reaction rep-

Fig. 6. Schematic diagram of the zirconia SOFC reactor used to producgesents an effective chemical use of natural gas. The oxidative
formaldehyde from methanql. The working, reference and auxiliary electrodegjimerization of methane to ethylene angliydrocarbons leads
were made of porous deposited Pt. Adapted from R4S} to a yield values up to 85 and 88%, respectively, for methane

conversion up to 97% at 80C [50] when it was carried out
while the cathode reaction is the same as rea¢Bdhand the  in a SOFC with a Zr@(8% Y,0s) tube. Two types of anodes
overall reaction i§R27)given inTable 2 At low current densi-  were used: a porous Ag film and a porous cermet consist-
ties (<10 mA cnT?) the selectivity to S@remains below 15% ing of SmpO3 doped with CaO and Ag. Methane diluted in
and elemental sulfur, (1/2)g), is the main product. However, helium was used as fuel. Oxygen was fed into a porous Ag
at high current densities (>40 mA ctf), the product selectiv- cathode. During the cell operation, ethylene, ethane; O®
ity to SO; increases over 90%. The current density at @30 H,O were the only detectable products. The anode reaction
at the maximum power density delivered by the FC (aboutyas:
2.6mW cnt?) was 6mAcnt2. Fuel cell stability increased
with the ratio of the flow of &~ anion with respect to 5. 2CHy(g)+ 20~ — CoH 4(g)+ 2H0(g) + 4€~ (36)

Considering the formation of organic compounds, styrene

can be obtained by electrochemical oxidative dehydrogenatioand the cathode reaction was react{8), giving rise to the
of ethylbenzene in the SOF@8] represented by the diagram overall reactior(R30) (seeTable 2.

PiCgH1o, CgHg, H20|ZrOz(Y203)|air|Pt, with the following On the other hand, a bifunctional reaction system was pro-
anode reactions: posed[51]. This reactor can be represented by; balg2
O3|CHy4, CoHg4, CoHg, CO, CQ|Zr0O2(8% Y,03)|air|Lag.gs
CeHs—CHaCHg(g)+ 0%~ — CgHs—CH = CHy(q) Sip.15MNn03. The SOFC operated between 700 and @@t
+H0(g) + 26~ (34)  atmospheric pressure and converted methane iitty @ccord-
ing to reactionR31) (seeTable 3, with high selectivity.
The cathode reaction is again react{8f). This cell operates Ethane oxidative dehydrogenation on boron oxides sup-

in the range 575600°C with porous Pt electrodes and YSZ as ported on YSZ lead to ethylene in the cell &Hg,
electrolyte with the overall reactiofR28) shown inTable 2 CoH4|B203(YSZ)|02|Ag operating at 550C and atmospheric
Ethylbenzene is diluted with helium, and styrene, water, anghressure balanced with H&2]. In this case, the overall reaction
other by-products (mainly C£are formed. However, although is (R32)(seeTable 2.
dehydrogenation rates increased with anodic current, total con- Other solid electrolytes are used in high temperature FCs to
version was limited to 15% or less. obtain chemicals. For example, the oxidative dehydrogenation
The partial oxidation of methanol to formaldehyde (appliedof propylene to 1,5-hexadiene and benzene (used in gasoline,
as fertilizer, dyes, disinfectants, germicides and preservatives) isks, oils, paints, plastics, and rubber, manufacture of deter-
another important industrial reaction that has been reproducegents, explosives, pharmaceuticals, and dyes among others)
successfully in a SOFC with the diagram |8d130H, H,CO,  has been reported in a SOFC, which uses a variety of bis-
COp, Hp, H20|ZrO,(8% Y203)|air|Ag [49]. The experimental muth oxide-based catalysts and a solid oxide ion conductor as
cell was similar to that shown iRig. 6. In this case, porous Ag (Bi203)0.85(La203)0.15in the form of a metal oxide digb3]. A
was deposited on both sides of the bottom of the YZS tube anthixture of 20% of propylene in helium was used as fuel, while
the system was introduced in a furnace to operate at atmosphea@ was passed through the cathode of the FC reactor. The cell
pressure and temperatures in the range 547269®lethanol  operated at 600C and atmospheric pressure. The selectivity for
vapor diluted in high-purity He was introduced in the inner partthe production of 1,5-hexadiene and benzene was 77% at 3.2%
of the YSZ tube through the feed. The Ag electrode in the inneconversion. The cell can be represented gid3¢-CsH10, CsHs,
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COy, CO, CHy|(Bi203)0.85(La2x03)o.15/air. Its anode reactionis: trate the feasibility of the process in which electrical energy and
useful products are produced together, but they do not aim to
CsHe(g)+ 0*" — Cadimers+ 2e” (37)  evaluate their economic aspects. Accordingly, no effort is gen-
erally made to optimize the fuel cell reactor and the working
’ i | ) conditions, to scale-up the fuel cell, or to determine sources of
tion of benzene takes place according to readi®RB8)givenin  g|actrical inefficiency. Fuel cells are recently being tentatively

Table 2 ) . introduced in the market because they appear as important alter-
SOFCs can be used as cogeneratqrs to produce 'mermed'aF%ﬁive for meeting future energy requirements. The commercial
of further products. In this way, partial oxidation of methaneprogress of fuel cells has been very slow, mainly due to the fact

to synthesis gas can be achieved in a high temperature FC tyyg,'energy is being obtained at smaller cost with conventional
reactorf54] (reaction(R34)in Table 2. The resulting synthesis o -pnojogies. It is not then strange that electrocogeneration in

gas is the most useful for hydrocarbon and methanol manufagye| ce|is covering both, scientific and economic aspects has
ture. The FC reactor consists of a single planar type SOFC. Thgaan, the object of only limited number of studies. In this sec-
electrolyte is a LaGagbased oxide. L@68ro_4COO_3 and Ni tion, the attempts made in the literature to evaluate the economic
were used as the cathode and the anode, respectively. A gase%%ects of electrocogeneration processes are reviewed.
mixture of CH; and N> was employed as the fuel, whileoO Only a few economic models have been develojs@d59]

was used as the oxidant. -:_Tge FC gave at T@@ maximum  4th4gh with interesting results. Spillman et[&i7] used sim-
power density of 526 mW crtf, which could be higher depend- ) igje expressions for power and chemical production in elec-

ing on doping, if the oxide ion conductivity was increased iny.,chemical cells, obtaining the following ratio between the

this form. The yield of synthesis gas was around 20% in all thg}, o o retical operating current densiymaxand the current den-

cases studied. _ sity related to the maximum power outgit(which gives the
On the other hand, the effect called nonfaradaic electrochen?ﬁaximum profitability):

ical modification of catalytic activity (NEMCA) can enhance

activity and selectivity of catalyst surfaces in SOFC, so the reacsy, nax M (Kp — Krm) 1
tor can then operate at temperatures as low as@@hd extend Jp =1+ { (_AGO) X <KE> } =1+ Mh
economic potential of cogeneration to a large number of reac- (38)
tions[55,56] It is accomplished when a porous metal catalyst

film is deposited on one side of a solid electrolyte and a Sma\'/vhereM is the molecular weight of the chemical produkt
. 2 .
voltage or current density of a fewA cm™ is applied between the unit electrical energy price in $kWHh, Kp the unit price

the catalyst and an auxiliary electrode deposited on the othef. o chemical product in $ (as it emerges from the cell), and
side. NEMCA effects in different catalytic reactions have beenKRNI the unit price for the raw material in $kg. The term

found when the catalyst is the positive terminal and also whe@: 1+ 1/ is a dimensionless ratio of the net chemical product
it is the negative terminal. lons of the solid electrolyte migratevauue Kp — Krw) to the electrical energy value-Ke AG°/M)

(spill over) onto the catalyst surface (positive current) or there,,q it s very sensitive to the relative value of chemicals to
is a negative ion removal from the catalyst surface (negat'v_%ower. According to this model, the value $fdetermines in
current), but the metal work function changes and the catalyti,ich mode the electrogeneration plant can most profitably be
properties of the metal vary dramatically in a reversible man”eroperated' reverse electrolysis ok 1, fuel cell for—1<S<0
There is an increase in the catalytic activity accompanied b%ogenerator for-1<S<1 and fo_rwérd electrolysis fof > 1’
changes in product selectivity. Although some energy is sacriNOne of the reactions that they analyzed gswalues clearly
ficed, there is no significant electrolysis and the conversion of thg, the cogeneration range. Their main conclusion was that as
reactants is due to a heterogeneous chemical reaction. Therefor'gmg as chemicals continue to be more valuable than their elec-

the cost of the energy required to induce NEMCA is negligi-yico| energy equivalent, cogeneration will be less attractive than
ble in comparison with the values of the chemicals producedyirg electrolysis. However, changes in the prices of chemicals

From a practical viewpoint, a SOFC-type reactor ConSumes gnj electricity could make electrocogeneration interesting, in
very small electrical energy to operate and product generatiog, icjar for low molecular weight species and for reactions

is not limited by Faraday’s law. This type of catalytic reactions,, i, AG® highly negative, when the difference in raw material

has also been studied using the reactor showign6, where 54 hroduct values is low and the power rates are high. In fact,

a potentiostat-galvanostat is employed in this case. A typic} js necessary that thermodynamic requirements are favorable,
example with very high NEMCA effect is the production of 4,041 kinetics requirements, most of all related to the cat-

CO; from ethylene and ©on the Pt catalyst using the YSZ v qts " itimately decide the outcome. This would be the case

electrolyte and temperatures in the range 260450 of those processes based in the use of precious metals as cata-
lysts, in which the type and quantity affect the cost of the overall
3. Economic evaluation of electrocogeneration procesg60].
processes On the other hand, Vayenas et @8] examined within the
context of differential economic analysis, the relative profitabil-
The most part of the papers found in the literature dealingty of a cogeneration SOFC in relation to a chemical reactor of
with electrocogeneration in fuel cells, summarized here, illusthe same capacity giving the same product composition. The

and its cathode reaction corresponds to readtd. Produc-
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model derived showed that such a relative profitability dependglifferent electrocogeneration processes appear to be possible in
mainly, on the value of the dimensionless numbedefined as  practice, with adequate current efficiency and product selectiv-

follows: ity, and depending on the relative value of chemicals to power
240(Ke — Kn)tc of the historical moment, with probable better profitability than
V= l:OlCC—CR:| (39)  in chemical or electrolytic reactors.

whereKE is again the unit electrical energy price (in $ kWi,

K the price per thermal unit produced in ($kwW4, rc the ~ References
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