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Measurements of NH3 and CO2 with distributed-feedback
diode lasers near 2.0 mm in bioreactor vent gases

Michael E. Webber, Ricardo Claps, Florian V. Englich, Frank K. Tittel, Jay B. Jeffries,
and Ronald K. Hanson

Measurements of NH3 and CO2 were made in bioreactor vent gases with distributed-feedback diode-laser
sensors operating near 2 mm. Calculated spectra of NH3 and CO2 were used to determine the optimum
transitions for interrogating with an absorption sensor. For ammonia, a strong and isolated absorption
transition at 5016.977 cm21 was selected for trace gas monitoring. For CO2, an isolated transition at
5007.787 cm21 was selected to measure widely varying concentrations @500 parts per million ~ppm! to
10%#, with sufficient signal for low mole fractions and without being optically thick for high mole
fractions. Using direct absorption and a 36-m total path-length multipass flow-through cell, we achieved
a minimum detectivity of 0.25 ppm for NH3 and 40 ppm for CO2. We report on the quasi-continuous field
measurements of NH3 and CO2 concentration in bioreactor vent gases that were recorded at NASA
Johnson Space Center with a portable and automated sensor system over a 45-h data collection window.
© 2001 Optical Society of America
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1. Introduction

The Crew and Thermal Systems Division at NASA
Johnson Space Center ~JSC! in Houston, Texas, has
been developing an advanced water recovery system
~WRS! for implementation aboard manned space-
craft.1 The WRS will be used to convert wastewater
into potable drinking water and includes a biological
waste processor ~or bioreactor! that removes carbon
content from wastewater. NASA is motivated to de-
velop a spaceboard water treatment system because
of the closed nature of spacecraft, which prevents
astronauts from simply discarding waste out of the
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spacecraft, and because of the expense associated
with shipping fresh drinking water to the astronauts.

The bioreactor is currently in ground tests for de-
velopment and optimization, during which NASA is
interested in monitoring the NH3 and CO2 content in
the bioreactor’s vent gases.2 In this paper we de-
scribe the design of a diode-laser sensor used to
record gas-phase NH3 and CO2 mole fractions, ex-
plain the motivation to measure these species, and
present results from demonstration field measure-
ments at NASA JSC over a multiday data collection
window. The sensor used direct absorption and a
36-m total path-length multipass flow-through cell to
interrogate the n3 1 n4 and n1 1 2n2 1 n3 combination
bands at 2 mm of NH3 and CO2, respectively. The
minimum detectivity that we achieved using this sen-
sor was 0.25 parts per million ~ppm! for NH3 and 40
ppm for CO2, which is suitable for the expected vent
gas concentrations.

2. Theory

The fundamental theory that governs absorption
spectroscopy for narrow-linewidth radiation
sources is embodied in the Beer–Lambert law, Eq.
~1!, and is described thoroughly in Ref. 3. The ra-
io of the transmitted intensity It and initial ~refer-

ence! intensity I0 of laser radiation through an
absorbing medium at a particular frequency is ex-
ponentially related to the transition line strength
20 August 2001 y Vol. 40, No. 24 y APPLIED OPTICS 4395
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Si @cm y~atm cm!#, line-shape function f ~cm!, to-
al pressure P ~atm!, mole fraction of the absorbing
pecies xj, and the path length L ~cm!:

It

I0
5 exp~ 2 SifPxjL!. (1)

he normalized line-shape function describes the ef-
ects of thermal motion ~Doppler broadening! and in-
ermolecular collisions ~collisional or pressure
roadening!, which have Gaussian and Lorentzian
ine shapes, respectively. Ammonia and carbon di-
xide absorption transitions at room temperature
nd subatmospheric pressure will have line shapes
hat are described by the Voigt function, which is a
onvolution of the Gaussian and Lorentzian func-
ions. Because the line shape is normalized, if we
avelength tune the laser across an isolated absorp-

ion transition and integrate the area under the line
hape, we obviate the need for detailed broadening or
ine-shape analysis.

The line strength as a function of temperature for
particular transition i is governed by its line

trength Si at a reference temperature T0, the parti-
ion function Q~T! of the absorbing molecule ~CO2 or
H3!, the frequency of the transition n0,i, and the

lower-state energy of the transition Ei0. This rela-
tionship is given by

Si~T! 5 Si~T0!
Q~T0!

Q~T! (T0

T DexpF 2
hcEi0

k S1
T

2
1
T0
DG

3 F1 2 expS 2 hcv0,i

kT DG
3 F1 2 expS 2 hcv0,i

kT0
DG21

. (2)

The partition functions for NH3 and CO2 are avail-
ble in Refs. 4 and 5, respectively.

3. Line Selection

The design of a laser-based sensor for NH3 and CO2
in the bioreactor vent gases requires careful selection
of optimum transitions that offer adequate sensitiv-
ity over the range of expected populations and isola-
tion from potential interfering species. The main
constituents of the bioreactor vent gases include N2,
less than 10 ppm of NH3, 500 ppm to 10% CO2, and
saturated water vapor. For trace NH3 detection, the
strongest available and isolated transitions need to
be selected. For CO2 detection, an isolated transi-
tion needs to be employed that offers sufficient signal
at the low concentration end ~500 ppm!, yet is not
optically thick for high concentrations ~.5%!. The
NH3 transitions need to be isolated from saturated
water vapor and CO2, whereas CO2 transitions need
to be isolated from saturated water vapor and NH3.

Figure 1 shows the line strengths of NH3, H2O, and
CO2 in the near infrared between 1.4 and 2.5 mm.5–7

The line strengths in the 2-mm region are approxi-
ately 100 times stronger for CO2 as compared with
396 APPLIED OPTICS y Vol. 40, No. 24 y 20 August 2001
the telecommunication wavelengths near 1.6 mm,
nd the NH3 line strengths at 2 mm are approxi-

mately three times stronger than at 1.5 mm. Thus,
use of diode lasers at the longer wavelengths offers
the opportunity for more sensitive detection. Figure
2 shows the survey spectra of NH3 recorded with an
external-cavity diode laser from 4900 to 5100 cm21

~1960–2040 nm!. The survey was used to qualita-
tively confirm the transition strengths and locations
that are listed in the HITRAN96 database. The CO2
bands near 2 mm were confirmed with previously
published survey spectra.8

Calculated spectra of NH3, CO2, and H2O were
used to select optimum transitions for isolated spe-
cies detection. The best choice for sensitive NH3
monitoring in the presence of CO2 and H2O is the
PP3~3!s transition at 5016.977 cm21. This transition
is part of a doublet that offers the third strongest
absorption in the measured survey spectra at 2 mm,
but as Fig. 3 illustrates, is also isolated from H2O
interference. The selected feature does have some
overlap in the wings from the P~32! transition of CO2
for large CO2 concentrations. This slight overlap
enables the opportunity for a single scan to yield
measurements of NH3 and CO2 for cases during
which the CO2 concentration is greater than approx-
imately 3%.

For bioreactor gas samples containing smaller

Fig. 1. Calculated NH3, H2O, and CO2 line strengths in the near
nfrared at 296 K.5–7

Fig. 2. Measured survey spectra of pure NH3 near 2 mm recorded
with an external-cavity diode laser. The transition that was se-
lected for bioreactor monitoring is indicated on the plot.
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amounts of CO2 ~,3%!, the isolated R~50! transition
at 5007.787 cm21 has a line strength suitable for

etection with direct absorption. Figure 4 shows the
alculated peak absorption for the R~50! and P~32!

transitions at 5007.787 and 5017.030 cm21, respec-
tively, for typical conditions in multipass sampling
cells ~L 5 36 m, P 5 100 Torr, T 5 296 K! and for the
ange of expected CO2 concentrations in the bioreac-
or gas samples ~500 ppm to 10%!. By operating at

different diode temperatures, we can access both
transitions with a single laser. The peak absorption
of the P~32! line varies from approximately 0.3% at
XCO2

5 3% up to 0.8% for XCO2
5 10%. The peak

absorption for the R~50! transition varies from
roughly 1% at XCO2

5 500 ppm to 80% at XCO2
5 8%;

hus it offers the dynamic range necessary to track
he varying concentrations up to 8% without being
ptically thick at the high end nor undetectable at the
ow end. Moreover, the transition is isolated from

2O and NH3 and offers the added simplicity that it
can be approximated with a single Voigt profile, in
contrast with many other transitions of CO2 in the
-mm band that overlap with 13CO2 transitions and

thus require multi-Voigt curve fits.
Absorption from a flowing gas mixture of 9 ppm

NH3, 74% CO2, and a balance of N2 through a
3600-cm multipass cell was measured with a single
sweep of the laser from 5016.7 to 5017.1 cm21 ~see
Fig. 5!. The absorption spectra show five clear fea-

Fig. 3. Calculated spectra near 5017 cm21 for 1 ppm NH3, 5%
CO2, and 2% H2O ~standard humidity!.

Fig. 4. Calculated peak absorption for the CO2 R~50! feature at
007.787 cm21 and the CO2 P~32! transition at 5017.030 cm21

versus concentration for the range 500 ppm to 10% by use of typical
sampling cell conditions ~296 K, 100 Torr, 36 m!.
tures, two from the PP3~3! NH3 doublet and three
from neighboring CO2 lines. These measurements
confirm the following: ~1! the NH3 transition at
5016.802 cm21 suffers from significant CO2 overlap,
~2! the NH3 transition at 5016.977 cm21 is isolated
from CO2 interference at reduced pressures, and ~3! a
single scan can be used to measure trace NH3 and
major populations ~.3%! of CO2 simultaneously.

4. Spectroscopic Results

Before an absorption sensor could be implemented,
the line positions, lower-state energies, and line
strengths of the selected transitions need to be known
accurately. We determined the line strengths at a
given temperature by integrating the area of Voigt
fits to each measured absorption transition for a
range of pressures between 20 and 150 Torr for CO2
and 1 and 10 Torr for NH3. The integrated absor-
bance of an individual transition increases linearly
with pressure; thus we can determine the line
strength by performing a linear fit on the integrated
areas at various pressures and using the slope to
calculate the line strength. Because zero pressure
corresponds to zero absorbance, the linear fit was
constrained to pass through the origin.

Using the process described above, we determined
the line strengths for the five NH3 features near 5017
cm21 because these transitions blend into one feature
even at subatmospheric pressure. A high-resolution
image of the five absorption features measured in a
static cell is depicted in Fig. 6. Four of the five tran-
sitions in Fig. 6 were assigned to the PP1~2! and
PP3~3! doublets, and the fifth feature was assigned as
the RQ3~7!s transition; all are from the n3 1 n4 per-
pendicular combination band.5,9–11

The results from these line-strength measure-
ments are summarized in Table 1 along with pub-
lished values. The total uncertainty for the
individual line-strength measurements was esti-

Fig. 5. Demonstration measurements with a distributed feedback
diode laser confirm that the NH3 transition at 5016.977 cm21 is
solated from interfering H2O and CO2 absorption. The capacity
o measure NH3 and CO2 simultaneously with a single laser sweep
s also evident.
20 August 2001 y Vol. 40, No. 24 y APPLIED OPTICS 4397
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mated to be approximately 3%, resulting from mea-
surement uncertainties of 1% in the total pressure
and 2% in the area under each Voigt profile. The
measured line strengths agreed with the published
values at best within 60.9% for the transition at
5016.471 cm21 and at worst within 63.4% for the
ransition at 5016.665 cm21, both of which are well

within the combined uncertainty from the measure-
ments ~63%! and published values ~5–10%!. Be-
cause these high-resolution measurements had
smaller uncertainties than those listed in HIT-
RAN96, we consider the measured values to be an
improvement. The measured line strengths for the
CO2 transition at 5007.787 cm21 were previously
published12 and are listed in Table 2.

Measurements of line strength at various temper-
atures are shown in Fig. 7. The individual data
points are overlaid with a solid curve that indicates
predicted values based on the measured room-

Fig. 6. High-resolution measurement of the NH3 transitions near
5017 cm21.

Table 1. Comparison of Measured and Published Param

n0
a Transitionb J9c K9c J0d K0d

5016.471 PP1~2!a 1 0 2 1
5016.665 PP1~2!s 1 0 2 1
5016.802 PP3~3!a 2 2 3 3
5016.977 PP3~3!s 2 2 3 3
5017.211 RQ3~7!s 7 4 7 3

aLine center from HITRAN96 ~cm21!.
bStandard spectroscopic transition notation: DKDJK0~J0!s.
cUpper-state symmetric top rotational quantum numbers.
dLower-state symmetric top rotational quantum numbers.
eTransition symmetry: symmetric ~s! or asymmetric ~a!.
fLower-state energy ~cm21!.
gLine strength from HITRAN96 @cm21y~atm cm!# at T0 5 293 K
hMeasured line strength @310221 cm21y~molecule cm22!# at T0
iMeasured line strength @cm21y~atm cm!# at T0 5 293 K.
jStandard deviation of the measured line strength S0,M @cm21y~
kDifference between the HITRAN96 and the measured line stre

Table 2. Comparison of Measured and

n0 ~cm21! Transition E0 ~cm21! S0

5007.787 R~50! 994.1913

aReferences 5 and 12.
398 APPLIED OPTICS y Vol. 40, No. 24 y 20 August 2001
temperature value, published lower-state energy,
and ammonia’s partition function. The measured
and predicted values agree within the measurement
uncertainty and thereby confirm the line assignment
and lower-state energy of this particular transition.
The same agreement was determined for the other
four features near 5017 cm21. Note that all the
measured line positions agreed with HITRAN96 val-
ues within the experimental uncertainty.

Using the measured line strengths, published
lower-state energy, and published broadening coeffi-
cients, we predicted the minimum detectable mole
fraction for the feature at 5016.977 cm21 for varying
pressures at 296 K ~see Fig. 8!. As the graph re-
eals, 100 Torr is the optimum pressure for sensitive
etection. At higher pressures the NH3 population

increases and the neighboring lines become blended,
but the peak signal remains roughly the same, so
higher pressures do not offer increased ability to dis-

Fig. 7. Measured line strengths at various temperatures for the
PP3~3!s NH3 feature at 5016.977 cm21 overlaid with predicted val-
ues.

for the Ammonia Transitions near 5017 cm21 ~1993 nm!

E0f S0,H
g S0,M*h S0,M

i sS
j DS0

k

56.7 0.0649 2.59 0.0643 0.0003 20.9
55.9 0.0381 1.48 0.0368 0.0003 23.4
86.7 0.2227 8.81 0.2185 0.0013 21.9
86.9 0.2227 8.71 0.2160 0.0007 23.0

521.6 0.0271 1.06 0.0263 0.0002 22.8

3 K.

cm!#.
s ~%!.

hed Parameters for the CO2 Transitiona

21y~atm cm!# S0,M @cm21y~atm cm!# DS0

.001268 0.001355 6.9%
se

a
s
a
s
s

.
5 29

atm
ngth
,H @cm

0
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tinguish absorption signals from background noise.
At lower pressures, the population of NH3 mole-
cules decreases, giving less overall signal. The
minimum detectivity at 100 Torr and 296 K is
roughly 0.25 ppm for NH3 at 5016.977 cm21 and 40
ppm for the CO2 transition at 5007.787 cm21 ~as-
suming a minimum detectable absorbance of 5 3
1024, limited by the presence of interference fringes
in the multipass cell!.

Fig. 8. Predicted minimum detectable mole fraction by use of
peak absorption calculations for the NH3 feature at 5016.977 cm21

for varying pressure conditions. MDA, minimum detectable ab-
sorbance.

Fig. 9. Schematic of the NASA advanced WRS for water process
dashed rectangle. psig, pounds per square inch ~gauge!.

Fig. 10. Schematic of the sensor system to mo
5. NASA Bioreactor

NASA’s advanced WRS is comprised of the feed tank
~or waste tank! that holds the wastewater with high
total organic carbon ~TOC! and ammonium concen-
trations, the biological waste processor ~BWP!, and a
postprocessing system, as depicted in Fig. 9 ~see Refs.
2 and 1 for a detailed description of the bioreactor!.

he objectives of the bioreactor are the removal of
OC and nitrification of NH3 as the critical first steps

for safe potable H2O recovery. In the process of
cleaning the wastewater, gaseous N2, CO2, and trace
amounts of NH3 are produced. Aboard spacecraft,
these gases will be vented into the cabin and thus
might adversely affect the indoor air quality because
of potentially toxic levels of NH3. NASA is inter-
ested in monitoring NH3 during the ground tests to
assess the risks associated with venting the bioreac-
tor gases into the cabin. CO2 measurements for the
round tests are valuable as a rough indicator of the
acked-bed reactor’s overall health, for which CO2

concentration is approximately related to the reac-
tor’s ability to convert wastewater TOC to bacteria
and can be used to track carbon balances.

The vent gases were primarily composed of trace
NH3 ~single-digit ppm or lower!, CO2 ~500 ppm to
10%!, N2, and saturated water vapor. The sensor
design needs to record trace NH3 and varying mole

board spacecraft. The BWP includes the equipment within the

bioreactor vent gases. DAQ, data acquisition.
ing a
nitor
20 August 2001 y Vol. 40, No. 24 y APPLIED OPTICS 4399
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fractions of CO2 over extended measurement periods
to assess the changes in concentration as a result of
different bioreactor conditions.

6. Experimental Setup

The experimental schematic for the sensor system
developed by Rice University is shown in Fig. 10 ~see

laps et al.2 for a thorough description!. A 5-m
polypropylene vent line from the gas–liquid separator
in the BWP brought bioreactor vent gases to the Rice
sensor system at a flow rate between 10 and 50 cm3y
min, yielding gas transport times from the vent to the
multipass cell between 3 and 15 min. A water trap
midway through the sampling line allowed for any
condensate to be separated from the gases, leaving
the N2, CO2, NH3, and remaining water vapor to be
transported to the sensor.

The sensor was comprised of a 0.3-l multipass cell
with 36-m optical path length and gas residence
times between 6 and 30 min. Valves at the entry
and exit of the cell in combination with a miniature
vacuum pump controlled the cell pressure and flow
rate. An operational pressure of 100 Torr was im-
plemented for optimum NH3 detectivity, as deter-
mined from Fig. 8. An MKS Baratron pressure
gauge monitored the cell pressure at all times. A
heat jacket was wrapped around the cell and oper-
ated at a steady temperature of approximately 38 °C,
as monitored with two thermocouples at each end of
the cell. This operational temperature was selected
because it is hot enough to prevent water condensa-
tion on the walls and mirrors in the cell, but low
enough to prevent thermal damage to the cell’s seals
and optical components and to prevent significant
reduction in line strength.

Radiation from a fiber-pigtailed distributed-
feedback ~DFB! diode laser operating at 1993 nm for

H3 measurements and 1997 nm for CO2 measure-
ents was coupled into the multipass cell for a 36-m

lignment, then focused onto an extended-
avelength response InGaAs detector by use of a
arabolic mirror. The detector used a battery power
upply to reduce electrical noise and was connected
irectly to the data-acquisition system of a laptop
omputer. The laptop computer collected spectra
nce per minute during the data collection window.
he diode laser was scanned at a 125-Hz repetition
ate continuously, and data were sampled at a fre-
uency of 87,500 Hz to provide 500 data pointsy
weep. We used 1000 consecutive averages to
educe electrical noise for NH3 detection, yielding an

overall measurement time of 8 s; 500 averages were
used to detect CO2, yielding a 4-s measurement time.

7. Bioreactor Measurements

A. 2-mm Diode-Laser Sensor Results

Using the Rice sensor system and 2-mm detection, we
made measurements of NH3 and CO2 concentration
over a 45-h period at NASA JSC, starting near 9:00
Central Daylight Time ~CDT! on 30 August 2000 and
ending near 6:00 CDT on 1 September 2000. Sam-
400 APPLIED OPTICS y Vol. 40, No. 24 y 20 August 2001
ple measurements of NH3 and CO2 concentration are
illustrated in Figs. 11 and 12, respectively. For the
first 23 h, measurements of NH3 concentration were
made every minute ~see Fig. 13!, with the exception of
ne 2.5-h and one 6-h window during which the sen-
or software locked up. The 23 h of NH3 measure-

ments were followed by 6 h of CO2 measurements,
with one small window during which adjustments to
the software were made. NH3 monitoring resumed
for another 16 h after the CO2 collection time ended.

Figure 13 reveals the sensor’s ability to operate
successfully for automated long-term and remote
monitoring of sampled gases. The laser demon-
strated little frequency drift or power variation and
operated reliably over the 45-h measurement win-
dow, during which it scanned continuously. The
concentration trends in Fig. 13 show the sensor’s ca-
pacity to track bioreactor events. Three of these
events are listed on the plot at the time of occurrence.
First, the bioreactor was switched into a recycle mode
at 14:00 CDT on the first measurement day, during
which fresh samples of wastewater were not added to
the system. Approximately 4 h later, the NH3 con-

Fig. 11. Sample measurement of 3.7-ppm NH3 in the bioreactor
vent gases. SNR, signal-to-noise ratio.

Fig. 12. Sample measurement of 540-ppm CO2 in the bioreactor
vent gases. SNR, signal-to-noise ratio.



t
c
l

f
r
a

t
b
w
t
a
t
F

a
d
m

centration began a steady decline. At approxi-
mately 21:00 CDT, nitric acid was added to lower the
pH of the bioreactor and thereby reduce NH3 concen-
ration. The NH3 concentration in the vent gases
ontinues to drop, but whether that drop is due to the
ower pH, the recycling, or both is difficult to discern.

At 8:00 CDT on the second measurement day, a
resh 1-l sample of wastewater was added to the bio-
eactor to replace a sample that was removed for
nalysis. The CO2 measurements indicate a slight

rise in concentration within 2 h of that sample addi-
tion, which is consistent with the increased TOC con-
version under way in the BWP. The resumed NH3
measurements at 14:00 CDT on the second day show
NH3 concentration at the limit of detectability, indi-
cating that NH3 levels continued to drop during the
CO2 measurement window.

From the bioreactor test data, we infer that the
NH3 sensor is quite stable. With the long residence
ime of sample fluids in the water recovery system,
ioreactor events produce variation in the vent gases
ith a time constant of several hours. Gas residence

imes for the multipass cell are between 6 and 30 min,
s described above. Thus variations over shorter
ime frames are indicative of sensor performance.
igure 14 shows the NH3 mole fraction measure-

ments over a 1-h period on 30 August 2000, with
statistical variations about a mean of 4.2 ppm.
Overlaid on the minute-by-minute measurements is
a 15-min running average, which is half the gas res-
idence time for the slowest flow rates that were used.
The typical variation from one measurement to the
next is 3%, whereas the largest variation is less than
7%. The standard deviation of the measurements
over this hour is 0.1 ppm. Thus we conclude that
oscillations in measured NH3 mole fraction between 1
and 6 ppm during the first day of data collection are
the result of real variations in the gas contents rather
than from drift in the sensor system.

The noise-equivalent ammonia detectivity for this
system, when only direct absorption is used, is ap-

Fig. 13. Concentration measurements of
proximately 0.25 ppm, as determined by the magni-
tude of the residuals to the Voigt fits. In
comparison, companion measurements made with di-
ode lasers near 1531 nm by Claps et al.2 ~see Subsec-
tion 7.B! achieved a detectivity of 0.2 ppm. Claps et
al.’s comparable results were accomplished by use of
the same sensor system and with weaker absorption
transitions because a balanced detection scheme was
implemented. Previously published research with
Fabry–Perot diode lasers near 2 mm ~at 1951 nm!13

achieved 3 ppmym detectivity ~approximately 0.08
ppm if extrapolated to a 36-m path length! with
weaker transitions by use of wavelength modulation
spectroscopy and second-harmonic detection, al-
though this sensitivity was not demonstrated in the
presence of interfering species H2O and CO2. When
wavelength modulation-spectroscopy or balanced de-
tection strategies are used instead of direct absorp-
tion as was used for this study, the detection limits
achieved with the ammonia line at 5016.977 cm21

can most likely be improved by a factor of 5 or better.

and NH3 versus time over a 45-h period.

Fig. 14. NH3 mole fraction records over a 1-h period overlaid with
15-min running average that corresponds to half the gas resi-

ence time in the cell. The standard deviation of the measure-
ents during this period is less than 0.1 ppm.
CO2
20 August 2001 y Vol. 40, No. 24 y APPLIED OPTICS 4401
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Table 3. Aqueous-Phase Measurements of NH Concentration in the

4

B. Comparison Measurements

1. 1.5-mm Diode-Laser Sensor Measurements
Measurements with diode-laser sensors at 1531 nm
were performed in the days prior and subsequent to
the results in this study and are presented by Claps
et al.2 The measurements made with lasers near 1.5
mm were not made simultaneously with the 2.0-mm

easurements presented here; thus a direct compar-
son cannot be made. However, the results from the
horter-wavelength measurements do provide a
ough estimate for the order-of-magnitude concentra-
ions that could be expected in the vent gases. For
everal days before the beginning of the 2.0-mm de-
ection and for one week thereafter, the NH3 concen-

trations in the bioreactor vent gases oscillated
between 0 and 5.6 ppm. A similar oscillation is ev-
ident in Fig. 13 on 20 August Day between 10:00 and
18:00 CDT. The remainder of the NH3 data in this
study are dominated by the switch of the reactor to
the recycle mode and the change in pH. The subse-
quent Rice data beginning 1 September show simi-
larly low concentrations of NH3 mole fraction before
the bioreactor was switched on again and the oscil-
lations in NH3 mole fraction resumed. That the re-
ults of the 2-mm laser sensor smoothly fit the overall
ime sequence of Rice data further suggests compa-
able sensor performance.

. Aqueous-Phase Measurements
n addition to the 1.5-mm diode-laser results, mea-
urements of aqueous ammonia concentrations in
he packed-bed reactor were made once daily by the
dvanced WRS research team at NASA JSC in the
ornings using standard wet-chemistry tech-
iques. These concentrations, in units of milli-
rams per liter, can be converted to gas-phase
quilibrium concentrations by use of Henry’s law.14

Table 3 summarizes the values for the days of the
measurements in addition to one preceding day and
one following day. Because these measurements
were made at one instant in the day and in the
packed-bed reactor, they serve as only a rough in-
dicator of the order-of-magnitude concentration
that can be expected in the bioreactor vent gases.
These mole fractions varied from nearly 8.3 ppm
down to 2.4 ppm over the five-day period including
the measurement window. A distinct reduction in
NH3 concentration from 8.0 ppm on 30 August 2000

3

Bioreactor and their Corresponding Equilibrium Gas-Phase
NH3 Concentrationsa

Date NH3~Aq! ~mgyl! XNH3
~ppm!

29 Aug. 20.7 8.3
30 Aug. 19.9 8.0
31 Aug. 10 4.0
1 Sept. 14.5 5.8
2 Sept. 6.1 2.4

aT 5 291 K, P 5 25 psi ~gauge!.
402 APPLIED OPTICS y Vol. 40, No. 24 y 20 August 2001
to 4.0 ppm on 31 August 2000 is consistent with the
results from the Stanford diode-laser sensor, which
shows a diminishing NH3 population in the vent
gases beginning at 18:00 CDT on 30 August and
continuing through midday 31 August.

8. Conclusions

Sensors were designed for detection of trace NH3 and
arying concentrations of CO2 in the vent gases of a

bioreactor. A DFB laser operating near 2 mm of-
ered significant gains in accessible absorption inten-
ities, so the optimum transitions in that region were
elected for use with an automated and portable sen-
or system developed at Rice University. The Rice
ensor system employed a multipass cell, which in-
reased sensitivities and allowed for low-pressure op-
ration to isolate the different absorption transitions,
nd direct absorption. We adapted the sensor sys-
em for operation at 2 mm by changing the laser and
he detector and operating it over a 45-h period for
uasi-continuous measurements of NH3 and CO2

concentration. A detection limit of 0.25-ppm NH3
and 40-ppm CO2 was demonstrated. Measurements
of NH3 concentration agreed roughly with values re-
corded by a 1.5-mm system in the days preceding and
following the 2-mm measurements and with once-
daily aqueous-phase measurements of ammonia.
Trends in NH3 and CO2 concentration were consis-
tent with different bioreactor events during the mea-
surement period.
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