levels of MUYV increase photoinhibition
and that excluding MUV decreases pho-
toinhibition in '*C productivity measure-
ments.

A quantitative analysis of our data (¢),
shows that the biological weighting func-
tion for photoinhibition of chloroplasts
(11) allows calculation of a biologically
effective dose which is consistent with
the measured photoinhibition. This pos-
tulated relative biological efficiency for
photoinhibition (PI), ep(A), is shown in
Fig. 1 where we have included the DNA
action spectrum (/2), epna(M), for com-
parison.

A distinguishing feature of ep(A) is
that, while it has a maximum in the
MUYV, it continues into the visible region
of the spectrum. For surface irradiance
[Eq4(A) in Fig. 1], a quantitative evalua-
tion shows (¢) that 25 percent of the pho-
toinhibition weighted dose is due to radi-
ation below 340 nm (the MUYV region),
50 percent of this dose is due to radiation
below 390 nm, and the remainder is due
to wavelengths longer than 390 nm. In
contrast, biologically effective doses, for
photoprocesses such as epxa (M), are com-
pletely due to radiation in the MUV re-
gion of the spectrum.

In Fig. 1 we have also plotted down-
ward spectral irradiance for two strato-
spheric ozone thicknesses (/3). The ef-
fect of a diminished ozone thickness is to
cause an increase in the irradiance at the

ocean surface in the MUV region. The

potential biological impact of this in-
creased MUYV is dependent on e(\), as
manifest in the respective amplification
factor. In Fig. 2 we have plotted the radi-
ation amplification factor, R, versus
stratospheric ozone thickness for ep(\)
and epna(A) (14). These curves show that
R is approximately 0.1 for photoinhibi-
tion, while it ranges between 2 and 4 for
photoprocesses weighted by epna(M).
Thus the radiation amplification factor is
20 to 40 times larger for epy, than for ep.

~If we accept the hypothesis that ep(\)
adequately describes the spectral
weighting of photoinhibition and the ef-
fects of excluded and enhanced MUV on
phytoplankton photosynthesis, as mea-
sured by the static bottle '“C technique,
then we can draw the following con-
clusions and observations: (i) possible
changes in the stratospheric ozone thick-
ness will cause only small changes in the
biologically effective photoinhibition
dose, Ep; (since Rp; < 0.1); (ii) even if the
biological amplification factor, for a pho-
toinhibition change in photosynthesis, is
as large as our estimate of 5, the total
amplification factor for a change in pho-
tosynthesis (ep; weighted) due to a
change in ozone will be less than 1; (iii) if
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photoprocesses other than photoinhibi-
tion can potentially affect natural photo-
plankton populations (for example,
MUYV absorption and damage to DNA,
which may not become evident for in-
cubation times that are short compared
to times of cell division), then the rele-
vant e(A) for these alternative photopro-
cesses must be identified in order to esti-
mate possible detrimental effects of in-
creased MUV; (iv) photoprocesses
having relative biological efficiencies
weighted toward the MUYV region of the
spectrum (for example, epya) have ampli-
fication factors greater than unity which,
when coupled with biological amplifica-
tion factors greater than unity, gives
them the potential for significant biologi-
cal impact with increased MUV, and (v)
conclusions regarding the possible impact
of reduced ozone, hence enhanced MUV,
with the use of this technique are limited
since the present '“C technique is not
adequate to assess photoprocesses hav-
ing a time frame longer than the limited
incubation period of this method.
RaymonDp C. SMITH
KAREN S. BAKER
Visibility Laboratory, Scripps Institution
of Oceanography, University of
California, San Diego, La Jolla 92093
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Cogeneration of Electric Energy and Nitric Oxide

Abstract. A solid electrolyte fuel cell operating on ammonia fuel has been con-
structed and tested. The yield of nitric oxide can exceed 60 percent with simultaneous
electric energy production. Two dimensionless numbers have been identified which
govern the product selectivity and power output of this fuel cell. The cell appears to
be a promising candidate for nitric acid and electric energy cogeneration.

The oxidation of NH; to NO in a fuel
cell has been a long-sought goal (/). It is
a highly exothermic reaction with a
Gibbs free energy AG of —64.5 kcal per
mole of NH; at 1000 K, yet it is also the
basic step for the industrial manufacture
of HNO;. [More than 6.8 X 10¢ tons of
HNO,; are produced annually in the
United States alone (2).] A Pt-Rh alloy is
used currently as the catalyst for the
conversion of NH; to NO. Because of
the high exothermicity of the reaction,
large amounts of thermal energy are gen-
erated. It would be extremely desirable
from an economic as well as an energy-

conservation point of view to obtain this
energy as electric rather than thermal en-
ergy.

Low- and medium-temperature NH;
fuel cells have met with no success since
N, was found to be the only oxidation
product 3). High-temperature fuel cells
operating on H, or CO fuel have been de-
veloped and tested ¢).

We have found that the primary prod-
uct of the high-temperature solid elec-
trolyte fuel cell

NH;,NO,N,,Pt/ZrO,
(8 percent Y,0,)/Pt,air
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operating at temperatures around 1100 K
is NO, although significant amounts of
by-product N, are also formed because
of the catalytic reaction betwéen NH,
and NO on Pt. The influence of this side
reaction can be minimized under optimal
operating conditions.

The fuel cell consists of an 8 mole per-
cent yttria-stabilized zirconia tube. Plati-
num electrodes were deposited on the in-
side and outside surfaces of the wall with
Engelhard A-3788 Pt paste and calcining
at 1300 K. The outside Pt electrode was
exposed to ambient air. Ammonia di-
luted with He was allowed to flow con-
tinuously through the tube. The stabi-
lized zirconia wall was fairly thick (~ 2
mm). The product composition of the
fuel cell was monitored continuously by
means of NH; and NO infrared ana-
lyzers. The NH; analyzer was also used
for reactant analysis. A gas chromato-
graph was used periodically to check the
results of the infrared analyzers. A
Matheson certified NH; standard diluted
with He was used as reactant. Pure He
was also available to dilute the standard.

High selectivity to NO was obtained
between 900 and 1200 K. Above 1200 K,
the direct NH; decomposition to N, and
H, becomes very fast. Using high NH;
flow rates (5), we obtained power out-
puts of the order of 10~ W per square
centimeter of 'solid electrolyte. Under
these conditions the selectivity to NO is
very low, less than 5 percent. However,
by decreasing the NH; molar flow rate,
either by increasing the dilution or by in-
creasing the residence time, we reached
selectivities (moles of NO produced per
mole of NH; reacted) of 97 and 64 per-

594

cent at 24 and 82 percent conversions,
respectively. Because of the very long
residence time used, the power output
dropped to 7 uW per square centimeter
of electrolyte. The cell overpotential was
shown to be almost entirely due to the
ohmic resistance of the solid electrolyte.
Therefore, the rate-limiting step for the
anodic reaction is the diffusion of O*"
through the solid electrolyte.

Over the range of temperatures inves-
tigated, the selectivity depends critically
(Fig. 1) on the dimensionless number M
defined as ‘

M =

Oxygen molar flux through electrolyte
NH; molar flux through cell

= —G02
GNH;,,f
When M < 0.75, corresponding to the

stoichiometric' O,/NH; ratio for N, for-
mation, the selectivity is quite small, less

0.8

Selectivity
°
>

o
P

0.2

B IR R N

0.0 4.0 8.0 12.0 16.0 20.0
N (=kSynwg, 1/G)

Fig. 2. Experimental and predicted selectivity
versus N at M = 0.75.

than 5 percent. When M > 0.75, the se-
lectivity to NO rises dramatically and
can reach 97 percent for M > 1. This can
be explained quantitatively (5) if the fol-
lowing two reactions take place at the
anode

2NH; + 50* — 2NO + 3H,O + 10 e~
(0))
2NH; + 3NO 5 52N, + 3H,0 ()

and reaction 1 is rate limiting because of
the slow diffusion of O?~ through the
electrolyte. At constant M the selectivity
is found, both experimentally (Fig. 2)
and theoretically, to be uniquely deter-
mined by a second dimensionless num-
ber N defined as )

N + kSysu /G

where k is the rate constant for reaction
2 (assumed first-order in NH; and NO), S
is the surface area of the anode, Yyy,. is
the mole fraction of NHj in the feed, and
G is the total molar flow rate.

Since M, and therefore selectivity, is
limited by the O?>~ flux through the elec-
trolyte, thinner electrolyte walls must be
used to maintain high selectivity at high-
er NH; molar flow rates. This would also
increase the power output proportionally
to the reduction in the electrolyte wall
thickness.

Improving the existing technology of
thin stabilized zirconia film deposition on
mechanically strong supports or using
other highly conducting solid elec-
trolytes can make the high-temperature
NH; fuel cell a commercially attractive
means for HNO,; and electric energy
cogeneration.

C. G. VAYENAS
R. D. FARrR
Department of Chemical Engineering,
Massachusetts Institute of Technology,
Cambridge 02139
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