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1.0 INIRODUCTION
This is the final report summarizing the ectivitfes and results in the
development of a formaldehyde analyzer for motor vehicle exhaust emissions. This

work proceeded under the suthority of the Environmental Protection Agency. The

contractusl designation was CPA 70-170.

t’ﬂ\e purpose of-this—effoxt wes to develop en electrochemical transducer
which would selectively oxidize formsldehyde in the midst of all of the other gas
species present in the exhaust stream of internal vombustion englnes. The current
generated by this device would be amplified and displayed in 2 manner which would
pexmit quantitarive analysis of the formaldehyde comcentrationm.

~ The sensor which was developed was not as selective as proposed. However,
1ts lack of selectivity applies only to wmembers of the aldehyde family, It is
equally sensitive to all aldehydes.

Development of the final semsor was accomplished by means of a thorough
screening_ -pro;rm in vhichr hundreds of potential electrode-electrolyte-membrane
combinations were evaluated end assessed for potential utility., The musber of
alternatives in the selection of the final configuration was scverely limited by
;t-x:—fa—c-t—-t_l:at glectro-oxtdation was poseible only in a basic electrolyte. Since
this solution was not compatible with a severely acidic combustion environmemt
certain compromises were wade to effect a workable sensor. Basically, the sample
was diluted and the sensitivity of the sensor was increased. |

The problem of evaluating the sensor's performance necessitated the com-
pletion of two other gignificant achievements: 1. P-roductlon of a relieble
formaldehyde standard in the ippm concentration range; and 3. Developwent of a
wet method of analysis which would give accurate yet fairly rapid measurements
at this low level of pollutamt. The firat requirement was satisfied by the crea-
tion of ap alpha-polyoxymethylene permeation tube, the second by a wunique applica-
tion of the chremotropic acid method of analysis. .

ol=
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2.0 DISCUSSION
2.1 Blectrochemical Trensducers

The heart of the formaldehyde detection system 1s the transducer; s self-
contained, long-life, totally enclosed electrochemical cell. It is a current
generating device in which the absorbed gas molecules are oxidized at & sensing
electrode. The current which is produced is directly proportiomal to the partial
pressure of the gas in the wmixture under analysis.

A eloplified echematic of an elecivochemical transducer is depicted in
Figure 1, The Eormaldehyde moleculea diffuse through the protective gemipermeable
membrape into the thin film of alectrxolyte. The dissolved species then diffuse to
the sensing electrode where they undergo electro-oxidation. Since the rate of
response 15 dependent on the rate of diffusion through these two mediums, it is
necessary to keep the total thickness to 8 minimum.

The sensing electrode is conmected externally through the bias metwork
depicted in Figure 2 to the counter electrode. The counter electrode material
usually has a higher oxidation potential than the pollutant. The sensing electrode
is a peolarizable electrode which agsumes & selective potential maintained by the
counter electrode and adjusted through the use of a stable D.C. power source. &
mercuxy battery is used so that the potential remains constant when the instrument
pover is off. The pollutant molecules upon reaching the sensing electrode encounter
o potentisl higher than that required for their oxidation. Electrochemically, while
the pollutant io being oxidized at the sensing electrode, a corresponding reduction
reaction occurs at the counter electrode., The tesulting current is diffusion
limited and is o function of the concentration gradient between the membrane and
the sensing electrode. Since this gradient is directly proportional to the partial
pressure of the formoldehyde in the sample (a relationship derived through Fick's
Law of Diffusion), tha oxidation current is directly proportional to the formalde-

hyd cc-. amzrerion. Thuo we oxe oble to expreso the formaldehyde concestration by
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meapuring the geperated current. The diffusion current $s expressed by the equation:
< BFADC
t [

Where 1 18 the current in amps, n is the numbexr of exchanged electrons
per mole of pollutant, F is the Faraday conatant (96,500 coulombs), D is the dif-
fusion coefficient of the gas in sz/sec., C is the concentration of the formalde-

hyde in the sample and § is the thickness of the diffusion layer.

2.2 Sweep Voltsmmetry
2.2,1 Principles

The use of sweep voltammetry as a tool in selecting the most promising
candidate electrclytes has been adopted as standard procedure in this laboratory
for sometime, The technique permits the scanning of an entire voltage range in
a8 matter of minutes. The same process with an experimental transducer would take
days. The resultsnt scan is a record of the current changes, due to electrochemical
reactions at the gensing electrode, as a function of the potential of the electrode,

In the evaluation of gsweep voltammograms the most useful parasmeters are
the potentfals at which oxidations or reductions occur and the rate of current
change.,

The approximate potential of an reduction or oxidation reaction is deter-
mined at the maximum curremt value for that reaction. This fs usually the value
at the apex of a pesk, which is referred to in the text of this report as the peak
potential. This current peak results from a localized depletion of the reacting
species at the electrode site and 1s not to be confused with a discentinuance of
the reaction at ensuing potentials. For an oxidation reactlon the peak is a good
iodication of the minimum potential which must be used to achieve efficient oxida=
tion. In the case of & reduction it represents the maximum potentfal wvhich can

be applied before the reductiom pr b inefficient. The value of the

peak potential is @ function of the scan rate. In comparison analyais this
e
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parameter should be kept constant.

The efficiency and rate of a reaction can be evaluated by the shape of
the reaction curve. An efficient reaction is characterized by a peak as opposed
to a plateau or continuous slope. A fast reaction rate is indicated by a sharp
peak. A slow reaction is characterized by a broad hump.

Sweep voltammetry is also useful in evaluating electrode kinetics and
the compatibility of the electrcde-electrolyte couple. Eueep voltemmetry wae
utilized during this contract to find an electrolyte which showed selective oxida

tion for formaldehyde end which displayed the properties of an efficient oxidatio
medium,.

2,2,2 Instrumentation

A schematic of the instrumentation package assembled for cyclic Ivoltame
measuremente is shoun in Figure 3. A potentiostat maintains the voltege between
reference electrode and the working electrode at a value equal to the sum of the |
reference and function generator voltages. The potentiostat accomplishes this by
controlling the curreat between the working and coumter electrodes. It senses the
difference between the reference and working electrode voltages and compares it t:
the reference input voltages by meaus of a high gain amplifier system. The outpwt
15 fed through the working electrode-counter electxode pair. The system permits
the measurement of current-voltage-time relationships umder well-defined counditior
Ho voltage change is possible at the reference electrode. Thus, the measurements
reflect conly the veltege changes at the working electrode-electrolyte interface,
iudeperdent of chmic losces through the electrolyte and polarization at the count
electrode.

Voltage sweep measuremsnts agre made in a ‘two compartment cell with three
electrodes (Figurec €). The referenca chamber costains the reference electrode &mc

18 +7nr -ted to cha maln compartme~? via a smsll capillary which acta as the
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electrolyte bridge. For most electrolytes a saturated calomel reference electrode
is satisfactory. The working electrode and counter electrode are situated in the
main compartment. The workimg electrode is usually a noble metal such as a gold
or platinum since the same material would be used as the sensing electrode in the
final transducer. The dimensions are held constant at 1.0 x 0.3 cm for ease of
comparison between different materials. The tip of the Luggin capillary is notched
in a vertical direction to allow reproducible positioning of the working electrode.
The working electrode is totally enclosed by a platinum counter electrode to ensure
an omnidirectional charge distribution. Both compartments of the cell are filled

vith the same electrolyte.

2,2.3 Experimental Procedure

The sweep voltammetry cell is initially washed with an industrial deter-

- gent, rinsed with distilled water, immersed in 507 HNO; acid, and cleaned again

with distilled water. It is then rinsed with the electrolyte to be used in the
experiment and filled with electrolyte. Normally, for subsequent determinations,
the cell need only be rinsed with distilled water and treated with the electrolyte
to be investigated.

The working electrodes are cleaned in hot 507 aqueous HNO3, rinsed with
water, immersed in hot 457 aqueocus KOH, rinsed with water, and washed finally with
the electrolyte.

The reference electrode is washed with distilled water and electrolyte
before use. The platinum commter electrode is flame annealed and then rinsed.

In the process of generating sweep curves the first step is usually to
record the background current for the plain electrolyte. Next, known amounts of
the molecule to be studied axe added either as a solid or a gas. The solution is
then serated with nitrogen W. The nitrogen flow
is stopped and the P is recorded

9=
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3.0 PER RESULTS

3.1 Sweep Voltammetry Studies

Many sweep curves were made to evaluate the feasibility of rapid, selec-
tive oxidation of formaldehyde. The shape of the various curves allowed us to
predict which electrolytes would be most promising for the rapid detection of
formaldehyde, The potentials of the reactions allowed us to select those electro-
lytes which would permit selective oxidation of formaldehyde. Background traces
were used to determine possible interference from the electrolyte itself.

Determinations were made with gold and platinum electrodes to determine
the relative value of each. All curves were made at a sweep rate of 50 seconds per
cycle. Voltammograms were also made of 0 and NOj containing solutions since these
two exhaust stream components, by themselves, would most likely determine the poten-
tial et which selective oxidation of formaldehyde would have to take place. A
brief explanation of this statement should suffice. Oxygen has a definite reduction
potential which camnot be eliminated. Thus all determinations must be made above
this potential. Nitrogen dioxide is usually both reduced and oxidized over a very
narrow potential range. The transition potential or plateau between the oxidation
and reduction is usually the only voltage where selective oxidation can be recorded
unless the NO; can be scrubbed from the sample. With formaldehyde this option was
not available because the chemical reactivity of the molecule prohibits the presence

of any type of scrubber in the sampling system.

3.1.1 Acidic Electrolytes
The initial supporting solutions studied were acids.
a.) Aqueous organic acids - Typical curves for the 1.0 N acetic acid
system are shown in Figure 5. The solid curve shows the oxidation-
reduction reactions of 1.0 N acetic acid at a gold electrode after
treatmecat with nitrogen. At 0.4 V acetic acid is reduced to ethanol.

t 0.6° 7 iz ie oxidized .o acetaldehyde. The upper limiting potential
>10=
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in this medium is 0.88 V, a value well below the potential of the most
commonly used counter electrode. As can be seen by the broken line curve
the formaldehyde oxidiation overlaps the acetic acid at +0.6 V. Since
the formaldehyde concentration in the curve is 1000 times larger than
the concentrations found in the sensor it can be seen that if acetic acid
were employed in the transducer an abnormally high and unstable background
current would make the detection of formaldehyde difficult, Electrolytes
composed of 1.0 N formic acid and 1.0 N butyric acid gave very similar
results., It is apparent that most partially oxidized organic molecules
are electrochemically active in the 0.4 to 0.8 potential range in an
aqueous acidic medium. This property makes the use of aqueous organic
electrolytes as a sensing medium impractical,

b. Sulfuric Acid

(1)

1.) Platinum sensing electrode - It was reported by Buck and Griffith
that the reproducibility of the black platinum electrode in electro
chemical applications was seriously impeded by the formation of
platinum oxides. For sweep voltammetry evaluations this property
was not an obvious impairment. A sweep of 1.0 N H250; at a platinum
electrode after treatment with nitrogen is presented in Figure 6.
The oxidiation of platinum commences at 0.75 V. Reduction of the plat-
ioum oxides occurs at 0.72 V. Absorbed hydrogen peaks can be plainly
seen at the lower potentials, 0.1 - 0.3 V. The sensitivity for this
curve was 100 times greater than normal.

The curve for formaldehyde at a platinum electrode is shown in
Figure 7. The primary oxidation peak occurs at 0.89 V during the posi-

tive sweep. The positive peak which appears during the negative sweep

(1) Journal of the Electrochemical Society, Nov. 1962 - p. 1005.
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13
/\ is not part of the oxidation sequence of formaldehyde. It is an

anomaly which was observed throughout the sweep studies. Its poten-
I

12

f\ tial was found to be independent of pH and solute species. Its

disappearance was observed only in hydroxyl bases.
9
/ The oxidiation peak at 0.89 V was sharp enough to be indicative

FORMALDEHYDE A \ of a fast reaction. However, the oxidation potential was about the

6 \’ same as carbon monoxide., Unless a highly selective membrane could

be found this interference would make the use of a platinum electrode
/ \\ ¥ impractical,
3 g [ ;
Nz 2.) Gold Sensing Electrode - A potential sweep of a formaldehyde
] B,
oo — ] — solution in 1.0 N HyS0, with a gold electrode yielded a curve
0 —f— = = (Figure 8) very similar to that obtained with platinum. The gold
electrode was not as efficient however. The area under the oxidation
0.29 0.4 0.51 0.62 0.73 0.84 0.89 0.95 1.06 1.17

peak was four times smaller than platinum. It should be moted that
POTENTIAL, VOLTS (N.H.E.) the electrode system for the detection of formaldehyde must be very

FIGURE 8 efficient. The absorption factor for formaldehyde in most aqueous

SING ELECTRODE
OXIDATION OF FORMALDEHYDE IN 1.0 N H,S0, AT A GOLD SEN

solvent systems is 100%. If all of the absorbed formaldehyde is not

o4 immediately oxidized at the sensing electrode the system will be non-
.58

r-\\ 1 linear and plagued by very slow recovery rates. The gold electrode

was superior to platinum in that interference from carbon monoxide

was not as great a problem,

«15
/ \/9 Interference from NO and NO; would not be a problem either as

)%

evidenced in Figure 9, but it was certain that in instances where
\

e
/7

SO was contained in the gas stream a gross interference would be

.83
a confronted.
—
e PRSI [ U S s e B et o
|
‘ - -
0.5 c.6 0.62 0.7 0.8 0.87 0.9 1.0 1.1 15

OTENTIAL, VOLTS (N.H.E.)
-14-
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OXIDATION CURRENT, Mlcnz 3.1.2 Basic and Neutral Solutions
'_ — N w a.) 10% Aqueous Sodium Hydroxide - Formaldehyde exhibits one oxidation
(@] o (@) o o s

peak with a gold electrode at -0.172 V in 107% NaOH (Figure 10). The peak
at 40.1 V is not due to formate oxidation. Later studies with sodium

hydroxide and sodium formate did not reveal any substantial formate oxi-

020

dation peaks in this region. The formate reduction which starts at <0.55V

was verified with a formate solution. It was also observed that the re-

durtion did not occur until after a formaldehyde oxidation sweep was made.

A voltage sweep of oxygen in this electrolyte revealed that a lower limit-

09'0 0vO0

ing potential of +0.1 V would prevent oxygen inteference in the detection
of formaldehyde.

b.) 2% NaOH plus 0.5 N Sodium Formate - Sweep voltametric studies of this

08°0

3

(*Z"H'N) A “IVIINZIOL

electrolyte using a gold electrode, Figure 11, revealed that formate oxida-
tion or reduction peaks are absent in the potential range -0.45V to +0.5V.
The oxidation of formaldehyde in this electrolyte occurs at -0.188V. The
oxygen reduction wave begins at +0.1V.

¢.) 10% Aqueous Potassium Carbonate - Investigation of formaldehyde oxida-

ozl

tion in carbonate and bicarbonate mediums was undertaken because of the

anticipated incompatibility of a hydroxide medium with the CO; in the gas

FAOLLOTTA ONISNES TT09 V IV TOS°H N 0°T
NI %0s anv ON ‘“ON 40 NOLLVAIXO
6 TENOTL

oVl

stream, Carbonate and bicarbonate solutions derive their basicity from

disassociation equilibriums due to the weak acidity of carbonic acid.

09l

 —— (1) RyC05 + H)0 ——p KHCO3 + KOH
(2) KHCOj + Hj0 —> KOH + HpCO3
(3) HC03 —3p H0 + COp

08’

The possibility that the carbonate and bicarbonate mediums would be

neutralized by CO, was considered to be unlikely, or at the worst, minimal,

-l7=-
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Voltammograms of formaldehyde oxidiation in these twu solutions were 51 Formaldehyde Oxidation

made with gold and platinum electrodes (Figure 12). The formaldehyde Formate Oxidati
= on

oxidation curve for gold is broad with a gentle slope indicating a slow
reaction. The curve for platinum is quite the opposite. The peak at
0.001 V is fairly sharp. In addition, an oxidation peak occurs at 0.4V.

This is most likely an overvoltage catalyzed oxidation which would be

fairly fast. The negative sweep oxidation peak was missing with platinum Formaldehyde

but was conspicuously present with gold. This was not expected since / Oxidation

the pH of the carbonate solution was greater than 1l. The only difference

between the carbonate and the sodium hydroxide electrolytes was the in-

Current (Arbitrary Units)

direct origin of the hydroxide ion. The sensitivity of 107 KCO3 to

PLATINUM ELECTRODE

formaldehyde was sufficient enough to warrant further investigation.

Reduction of 02 did mot occur above +0.2V and a plateau at +0.45V was 0

e 2

=
1 0 o1 .2 -3 .4 D) .6
observed between the oxidation and reduction of NO2. Selective oxidation

of formaldehyde in a carbonate media would most likely take place at this

potential.

d.) 50% Aqueous Potassium Carbonate.- The pH of this solution was slightly 4
greater than 12, A potential shift of -0.2 V was observed from the voltages Formaldehyde

Oxidation \

obtained with 107% K2C03. The slope and magnitude of the peaks were roughly
equivalent.

e.) 10% Potassium Bicarbonate - Oxidation of formaldehyde in 10% bicar-

Formate
Oxidation

bonate at a gold electrode was a very slow reaction. The hump was so broad
that a peak as such was not clearly defined. At a platinum electrode the

reaction appeared to be more reversible. The primary oxidation peak was at

“ullCuL (ArviLrary vnis)

.225V, the secondary peak was at 0.68V. The shape of the curve was almost

identical to that obtained in 107 K2COj. GOLD ELECTRODE

-20- Potential (NHE)
=21
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£.) 10% Potassium Bicarbonate plus 10% Potassium Carbonate - Sweep curves 1 g
— (] — !
obtained in this mixture at a gold electrode were for some reason much b b b (@]
1
better than those obtained in the individual solutions (Figure 13). The
primary oxidation peak was at 0.6V. The peak, although sharper than those g
obtained fn K2C03 or KHCO3 still did not have the properties associated
with a rapid reaction. o
(]
g.) IN Potassium Chloride - Sweeps conducted in this neutral electrolyte !
i
did not reveal any distinguishable oxidation or reduction peaks. o |
o i N
3.1.3 Selected Electrolytes i
The most promising electrolyte-sensing electrode combinations as determined (@) ;
. T
w i
by sweep voltammetry were: i
a.) Platinum Electrode - IN H2S0y !
ol g
b.) Gold Electrode - 10% KOR op)
c.) Platinum Electrode - 107 K2C03
d.) Platinum Electrode - 10% KHCO3 g
Platinum was selected with H2S04 because of its efficiemcy. Potassium 4
hydroxide was selected in lieu of sodium hydroxide because of its greater solubility. @) /
00
3.2 Standard Formaldehyde Source
3.2.1 Evaluation of Various Sources (@1 o &
(Ye
Pure, dry formaldehyde is stable only at temperatures of 80 to 100°C. At
ordinary temperatures the dry gas polymerizes slowly depositing a white film of \
- ;
polyoxymethylene. This polymerization reaction is best described as a polymolecular O U
surface reaction at pressures lower than 200 mm. It must also be noted that the

polymerization process is strongly catalyzed by trace amounts of water.
The snalytical properties of a formaldehyde detector could not be evaluated
without the uge of a dependable formaldehyde source. Thus, in the course of this

scuny ir wa. necessary to prepar¢ rormaldehyde gas streams of known concentratioms.

«22
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The possibility of preparing standards by passing nitrogen over or through Accordingly a search was made for a polymer characterized by uniform
a formaldehyde solution (13 methanol) was evaluated. This source of formaldehyde chain lengths, @ high degree of polymerieation, o well defined erystelline struc-
was found, as previously reported, unsuitable. The main drawback was the methamol ture, and low water coutent. These properties were found in alpha-polyoxymethylene
interference on the selective sensing of formaldehyde, Properly prepared, it typically hag a formaldehyde content of 99.7 to 99.9%2. The
A second method was based on the generation of a CHy0 pressure by heating degree of polymerization is believed to be an average chain lemgth of 200,
paraforualdehyde (P-(CH20)n) to 120°C in a stainless steel tank. The liberated The alpha-polyoxymethylene was prepared by adding potassium hydroxide to
formaldehyde was then transferred to another heated stainless steel tank which had 40% wethanol-free squecus formaldehyde solution. The KO pellets were slowly added
been evacuated. Once the desired CHpO pressure was obtained, the tank was presaur- until & 1 RKOH/500 Cn20 molar ratio was reached. The alpha-polyoxymethyleme so
ized to 1500 pounds with nitrogen. obtained was vacuum filtered, washed with ethanol and ether, and stored in a
Verious difficulties were emcountered in the preparation of CH30 gas desiccator. The operation was-repeated twice at RKOR/CR20 molar ratios of 1:100
streams by this wmethod. The results obtained were not consistent indicating the and 1:2¢.
possibility of polymerization. The equilibrium pressures have already been well-defined in the range 80
Another of the methods investigated consisted of passing dry nitrogen over to 100°C by Ivesa and Imoto$?). fThese pressures follow the equation:
permeation tubes maintained at constant temperature. Initial tests on permeation log Pe = 12.02 - 3.57 %9-3-
tubes involved the use of paraforwaldehyde. A reproducible formaldehyde standard where Pe 1o the CH0 partial pressure end T° is temperature.
cound mot be obtained from paraformaldehyde for two important reasons: Permestion tubes were comstructed with 15 cm lengths of 1/4" commercial
1. Paraformaldehyde has a water content of 2 to 4% even after desiccation. teflon tubing with a wall thickmess of 0.03 inches. The tubes were filled with
This high amount of water caused the polymerization of formaldehyde in the alpha-polyoxymethylene. The ends were closed with teflon plugs and clamped ghut,
848 stream. Teats were conducted st temperatures of 100 and 130°C. The gas stream was nitrogen
2. The structure of parsformaldehyde is characterized by low molecular used at a flow rate of 1.0 SCFH. Calculations of the permeation rates were made
weight oligomers, which lend emorphous random properties to the crystal- via weight loss measurements every 24 hours at 100 and 130°C. A gas stream con-
line state, tefning 97 ppm H3CO was obtained at 130°C with a variance of *2%. At 100°C a
The partial pressure of paraformaldehyde and other polymeric forms of concentration of11.5 ppm was obtained. Tests vith a 10 cm length of 1/8" tubing
formaldehyde 1s due to "unzippering™ depolymerfzation reactions at the hydroxyl end at 100°C yielded a gan stream conteining 1.0 ppm HyCO.
groups. The rate of thermal decomposition is accordingly depend on the b
3.2.2 Characteristics of Formaldehyde Source
and availability of end groups. The attainment of equilibrium partial pressure is
A test program was set up to establish the reliability of the alpha-
extremely diff{cult with a polymer such as paraformaldehyde since it is characterized
polyoxymethylene permeation tubes,
by widely varying chain lengths and ill-defined golid state surface structures. 25-
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Permeation tubes comtaining alpha-polyoxymethylene were prepared by a
standard method for the evaluation. All of the tubes were identical in configura-
tion. They were prepared from L/4" O.D. commercial tefion tubing with a wall
thickness of 0.03". They were designed to have a sample chamber exactly 15 em
long. A typical tube contaimed 1.2 grams of alpha-polyoxymethylene.

Tests were conducted to characterize the following four properties of the
tubes:

1. Variation in permeation rates from tube to tube.

2, Stability of the permeation rates of selected tubes for one week at

temperatures of 100°C and 130°C.

3. Variation in permeation rate with respect to flow rate.

4, Variation of permeation rate with respect to temperature. Except

vhere noted tests were conducted with dry nitrogen at a flow rate of 1.0

SCFH at 130°C.

Variation fn the permeation rate between different tubes was found to be
£7% with respect to the srithmetical mean. This deviation is attributed to the
physical properties of the tubing since the vapor pressure of alpha-pclyoxymethylene
is well characterized in this temperature region.

The permeation rate stability was determined individually for three tubes.
The rates were found to be constant within 322 for each of the tested tubes at
both 100 and 130°C. This veriation was decreased to 10.5% by placing a stainless
steel coil in froat of each of the tubes to minimize the effect of the carrier gas
temperature. During this test it was determined that each permeation tube has a
1ife expectancy of 12-14 days when used continuously at 130°C and 6-8 months at
100°¢.

By varying the dry nitrogen flow rate from 0.5 to 5 SCFH it was demonstrated
that the permcation rate in this flow ranga is independent of the rate of removal of
for awacxyda frar ¢hoe carface of tho permeation tube.

=260

Permeation rates do vary with temperature and the properties of the tefion
tubing. Thus it is necessary to calibrate each tube in order to obtain accurate
formaldehyde concentrations. A typical weight-loss temperature curve is presented
in Figure 4. A complete calibration curve fs ocutlined in Figure 15. Since the
permeation rate is not a function of the carrier's flow rate, & single point cali-
bration may be sufficient for & tube which is to be used to supply formaldehyde

over a narrow concentration range.

3.2.3 Wet Chemical Analysis of Formzldehyde

Evaluation of the permeation characteristics of the permeation tubes was
achieved primarily through the use of weight loss techniques. At the lower concen-
tration levels this method was not always reliable. Weight losses were often less
than 1 mg/day and the weights obtained were accurate only within 0.2 mg. For this
reason an effective vet chemical method for the direct determination of formalde-
hyde from low concentration gas streams was developed.

The spectrophotometric analysis developed for this purpose was based on -
the reaction of chromotropic acid with formaldehyde.

The normal procedure for employing this method is to remove the formalde-
hyde from the gas stream with a sintexed glass gas scrubber filled with water.
This method has many drawbacks, chief among them being the following:

1.) Water-filled scrubbers are inefficient, absorbing only 70-75%.

addition of a basic wedium increases the efficiency somewhat but it

interferes with the subsequent analysis which takes place in & stromgly
acidic soluticn.

2.) Final analysis of the scrubbed sample requires at least a 50 to !

dilution. This increases the size requirezents of the sample tremendously.

-27-
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An innovative method of analysis was evolved and substituted to eliminate 3.) Cool and read the absorption at 570 m: with a colorimeter or
these problems. The chromotrvopic acid is dissolved directly in concentrated Beckman D.T,
gulfuric acid, The scrubber is filled with this solution. A 125 ml scrubber 4.) Construct s standard curve and extract the concentration of the
with 35 ml of solution was found to be adequate, sample simply as total grams formaldehyde in the sample.
Concentrated H,50, is very viscous and has & high surface tension. As 5.) Calculations: ]
the gas stream bubbles through, a foam of bubbles 2-3" thick forms on top of the Gas Stream Conc. (PPM) = CH20 in sample (8) X 10

Flow rate ;—;_x ;‘}24 71 X 3_09_ X Time (hr,)
mixture. This increases the scrubbing efficiency to almost 100%. (A second ° m

Agreement between this method of analysis and the weight loss method was
scrubber placed in series with the first was found to be void of formaldehyde.)

exceptionally good. The direct method usually ran 4% lower than the weight loss
The scrubber solution is weshed into a 50 ml volumetrie and the color development y 8

wmethod at small concentratioms.
is made directly on this sample without dilution., Results were found to have

very little variance. Linmearity of the standards was perfect over the range 3.3 Evaluation of Membranes
tested. The complete procedure is given in detail below. 3.3.1 Screening Studies
Reagents: The membrane is an fntegral part of the electrochemical transducer.

Chromotropic Acid: Dissolve lg chromotropic acid in 500 ml concentrated Although its most important pxoperty ie the permeability of the gas to be analyzed,

R250; with heat and magnetic stirring. Dilute to 1000 ml with concen- it bas many other important functions. It must: contain the electrolyte resovoir

trated HpS04. of the cell; have a low evaporation rate to insure the life of the eell; have a

Standard: Dissolve 100 mg. alpha-polyoxymethyleme in 100 ml concentrated certain degree of selectivity for the pollutant; be chemically and physically inert

B3S0;. Dilute 5-100 with concentrated HyS0,;. This is the standard stock to the electrolyte aud the sample stream; and have a fast diffusion rate.

solution. A fairly complete selection of membranes was assembled for evaluation.
Sample Preparation: FPlace 35 ml of sample solution in a 125 ml scrubber. 8.) Permesbility - The criterion of permeability eliminated many of these

Bubble the sample through to get 25 ug of formaldehyde. For & 2 ppm gas at the beginning of the tests. Formaldehyde would not permeate through:

atream this tekes about 18 minutes. Wash the solution into a 50 ml volu- 1.) 1 mil polyvioyl chloride

metric and bring to volume, 2.) 1 mil palyvinyl acetate
Analysis Procedure: 3.) 1 =il cellophane

1.) Dilute the standard stock solution 1:100 and 2:100 with chromotropic 4.) 1 mil polyethylene

acid, 5.) 0.5 nil Rapton or B-Film

2.) Eeat cqual portions ¢f a chromotropic acid reagent blank, the sample, ° 6.) 1.5 mil mylar

r.od tho skomdords for 20 oinutes in boiling water. 7.) 1/5 mil Teflen

31~
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Membranes which were found to be permeable and their semsitivities are
listed:

1.) 1 mil single backed dimethyl silicone, 1.5 pA/ppn

2,) 1 mil silfcone-polycarbonate (MEM 213) 2 uA/ppm

3.) Permion 2291 -cation exchange membrane, drifted.

&4.) & mil R,T.V. Silicone Rubber Cement, 1 pA/ppm

5.) 2zitex (Teflon hydrophobic fiber) 12-137A, pore size 1-2 y,

pore volume 12%, 2.7 pA/ppn

6.) 2itex 12-137B, pore size 3-6 u, pore volume 20%. 25 pA/ppm

7.) Zitex - E606-223, pore size 1-2 u, pore volume 55%, 2 pA/ppm
These values were obtained using a 30 ml cell body which contained a 1,.9"
gold sensing electrode, 10% ROR electrolyte, a pressed Ag/Agzo counter-
electrode, and an applied potential of +0.1 volt.

2itex is a trade name used by Chemplast for their membranes made of
£ibrous hydrophobic telfom. It is a porous medium which seals the cell
through a capillary effect. The mechanism by which & gas reaches the
electrolyte is simple physical transport. There is no selectivicy, all
gases permeate at the same rate.
b.) Leakage - Of the permeable membranes, MEM 213 and RIV did not suffer
any kind of leakage. The Zitex membranes often developed pinhole leaks
especially at the O-rinmg seal of the cell. Permion did not hold back
electrolytes at all. Single backed dimethyl silicome leaked consistently.
c.) Evaporation Rates

1.) 1 mil MEM 213 - 0.7g/dry

2.) & mil R.T.V. - Not determined.

3.) 2itex 12-137A - o 7g/day (1.9 diameter)

4.) Zitex 12-137B = n 12g/day (1.9" diameter)

5.) 2itex E606~223 ~ Rot determined.

12
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It was observed that wmembrenes which transmitted CH20 efficiently also
alloved water to pass from the electrolyte to the sample stream, This
property accounts for the relatively high evaporation rates. The tests
were conducted with dry nitrogen at BO°P, at & flow rate of 1.0 SCFH.
The cells contaired 180 ml of electrolyte and had 1.9" diameter membrames
Use of partislly homidiffed air would decrease these values by as much
as BOX.
d.) Selectiyity - Of the membranes listed in part c.) above, only MEM 21
and R.T.V. demonstrated any degree of selectivity. This selectivity was
most spparent in the reduction of carbon monoxide and nitric oxide levels
but it did not eliminate either of them completely. All of the pollutant
gases permeated at cates capable of causing interference,
e.) Electrolyte Compatibility - Zitex membranes are composed of teflon
fibers and thus are competible with all squeous electrolytes.
MEM 213 bas Long term stability in the pH range 4-9. BHowever, its
life time in IN H2SDy 1s ot least 6 months based on previous studies,
In 102 K3CO5 it was one month (pH 11.4); in 10% KOH 1t was only three day:
The fabricated R.T.Y. silicome membrawe was stable in all of the
electrolytes.

£f.) Belative Diffusion Rates - Based on tests in & variety of electrolyte

the accepteble membranes demcnstrated maximum response times of:
1.) MEM 213 = 90% in 1 to 3 minutes.
2,) R.T.V. - S0% in 30 minutes,
3.) 2Zitex - 12-137A - 90Z in 2 oinutes.
4.) Zitex ~ 12-137B - 90Z in 3 minutes.
5.) Zitex E605-223 ~ 907% in 30 minutes.

These response times were obtained io cells containing 10% KOH, a

Ag/Ag20 counterelectrode, @ Au sensing electrode, and an applied potential
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of +0.1V. The membranes were all 1.9" in diameter. The CH,0 concentra-

tion was 2.2 ppm CHp0 at & flow rate of 1.0 CFH. All tests were rum at

room temperature.

3.3.2 Development of Final Membrane
None of the membrames tested was suitable for formaldehyde detection.
R.T.V. was too slow. MEM 213 was probably the best available but 1t was not
compatible with any of the proposed electrolytes. This left only Zitex as a
reasonable membrane surface.
The use of Zitex as a membrane has many drawbacks. The four most impor-
tant are listed below.
1. Zitex is a porous medium, It is by this means that the sample gases
are trensported to the electrode. The partially vaporized electrolyte
is transported with equal facility back to the sample gas stream. This
heavy electrolyte loss drastically reduces the life-time of the cell,
2. It ie very difficult for the manufacturer to maintain the uniformity
of the teflon fiber structure of Zitex. Very often pin hole leaks
develop which soon render the cell useless,
3. Zitex, being a teflon compound, is characterized by weeping at
sealed surfaces. Thus the O-ring seal of the cell eventually becomes
ineffective,
4. A high percentage of the sample is absorbed in the electrolyte when
@ Zitex wesbrame is used. This very often results in mon-linearity at
low concentrations where absorption decreases due to reduction in
collision cross sections. The high surface area also is responsible
for slow response times.
It vas apparent that noae of the three types of Zitex were acceptable as tested,

An alcernative mothod of approach wos selected. Since the current was very high

34~
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for 12-137B it seemed obvious that a 90% reduction in surface area would still
leave plenty of semsitivity. A membrane of 1 wil polyethylene, which is imper-
meable to formaldehyde, was cut to fit the cell. A 0,5" hole was cut in the
center. A 0.7" diameter piece of 12-137B was bonded across the hole with epoxy
cement. It was determined that this configuration had the following practical
advantages over those previously tested.

1. The evaporation rate was reduced by an crder of magnitude.

2, Weeping was mot apparent since the O-ring seal was on the polycthyl-

ene membrane.

3. Linearity at smaller concentrztions waa achieved.

4. Response time was increased to 90% in 45 seconds.

) a

5. Seepage was r significantly. It was determined that alot of
the previous trouble was associated with the O-ring seal crushing the
membrane.

Obviously this type of membrame was far superior to those previcusly tested.

However, there were still some problems in the selection of the final support

material, Polyethylene was found to make a weak bond with epoxy cement.

Other materiale impermeable to formaldehyde were tested. 1.5 mil Mylar
was strong but was subject to chemical corresion. Polyvinyl acetate and poly-
winylchloride stretched too much. The best support material was determined to be
2 mil teflon film, The surface of this membrene was treated with a sodium suspen-~
sion. This treatment left a carbonized surface layer which provided a good ad-
hesion area for epoxy cement. Other desireable properties were the strength and
inflexibility of the 2 mil thickness vhich contributed greatly to the stability

of the electrolyte layer between the membrane and the electrcde.
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Evaluation of Electrolytes
Screening Test and Besults

The electrolyte is one of the most important components of the cell,

Itg selection is determined largely on the basis of the chemical and electro-
chemical properties of the electrolyte relative to formaldehyde. Chief among

thege are:

1.) Potential of Oxidation and Reduction Reactions ~ The electrolyte
coupled with the sensing electrode determines the oxidation or reduction
potential of formaldehyde.

2.) Reaction Bate - The electrolyte contributes generally to the im-
proved kinetics of electrochemical reactions efther through chemical
reaction with the species, participation in the electrochemical reaction
or as a catalytic agent,

3.) Beaction Scheme - The electrolyte determines, usually through
c¢hemical {nteraction, the extent to which an oxidation or reduction
will proceed, that is to say, the number of electrons involved.

4.) Diffusion Rate - The rate of diffusion of formaldehyde through the
electrolyte affects the rate of response. By holding the thickness of
the electrolytic layer and the membrane material constant, comparative
rates can be determined as a function of ion species and concentration.
These determinations were not necessary since only the response rates
were of interest.

S.) Absorption Rate ~ The magunitude of the response is a function of
the percentage of pollutant which is absorbed at the membrane electrolyte
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Several electrolytes were evaluated as candidate medias for the selective oxidation
of formaldehyde. BRepresentative data is tabulated in Table I. 7Two types of sensing

alectrodes were uged, 1.9" dia. gold and platinum., The platinum electrodes were
-36-

*JUPTITIFOUT *PATITEULSUT



WHASCIECES

DVRASEIEHICES

INSTRUMENT SYSTEMS DIVISION

ORPORATION

platinum plated 333 line gold mesh. The response times reported were the fastest
ones obtained. Each of the evaluations were conducted at room temperature. The
membranes and counter electrodes were varied while recording these response times.
The membranes were not reported because MEM 213 and reduced Zitex were the only
ones used., The counter electrodes,although reported, were not necessarily the
ones best suited to the electrolyte. The PbO; electrode was plated on a platinum
mesh, All of the other counter electrodes were pressed electrodes, contained with-
in a polypropylene skin, and supported by a suitable metallic mesh.

The concentration of formaldehyde used for the tests was Z ppm in a
stream of dry N;. Exceptions to this are noted. The formaldehyde source in all
cases was a permeation tube. Electrolyte additives such as gelatin, mannitol,

and potassium formate were ineffective in all of the tested solutions.

3.4.2 Discussion of Results

Sulfuric acid was found to be an entirely umacceptable oxidation medium.
Preliminary studies with a commercial 37% formaldehyde solution used as tke source
of formaldehyde had not shown this. Subsequent work with this electrolyte revealed
that the response attributed to formaldehyde oxidiation was due entirely to the
presence of the 13% methanol used as a stabilizing agent. Tests conducted with a
solution containing only 13% methanol gave exactly the same response as the commer-
cial formaldehyde.

Evalustion of 1.0 N HpS0; sensors was then conducted with formaldehyde
permeation tubes. This electrolyte was found to be insensitive to formaldehyde
at concentrations below 10 ppm. At 50 ppm the oxidation at platinum and gold was
very inefficient.

During the evaluation of these experimental transducers, it was observed
that, after responding to formaldehyde, the cells never wholly recovered, i.e.,

an “acr.-se of the baseline curren: vas always registered.

«38=
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A cell’s recovery, fn some cases, would be smaller than 20% of the total
response to formaldehyde. It was believed that the cause of the continuously in-
creasing baseline current was unreacted formaldehyde. In other words, not all of
formaldehyde permeating through the membranes was being electro-oxidized. In order
to corroborate this assumptiom, CH0 analyses using the chromotropic acid proce-
dure were performed upon a number of electrolytes extracted from the experimental
transducers. Although color development difficulties were encountered, it was
possible to determine the existeice of formaldehyde (5 to 80 ppm) in 3ll of the
tested electrolytes.

Elimination of sulfuric acid as an electrolytic medium created a need
for additional development effort.

From the screening test results a very predictable problem was shaping
up. The final sensor would be subjected to a 12-15% CO, environment. The only
electrolytes which showed some promise for the rapid detection of formaldehyde
were potassium carbonate solutions with platinum electrodes and potassium hydrox-
ide solutions with gold on platinum electrodes. Both of these electrolytes are
neutralized by €O, to bicarbomate. Potassium chloride and bicarbonate solutions
which are not affected by COp were not effective in the detection of formalde-
hyde. These findings were mot surprising because they coincided very well with
the sweep voltammatry studies.

The effect of electrolyte concentration on response time was determined
from both K;CO, and KOH solutions. The results were quite opposite. As the K2C03
concentration increased the response time became slower, For KOH the response
became dramatically faster. The answer to these results is found in the hydroxyl
ion concentration which affects the rate of reaction at the sensing electrode.

Ag the carbonate ion increases, the hydroxyl ion concentration does not become
significantly greater and the high concentration slows the diffusion rate. Anm
increase in the KO concentrotion regults in a direct increase in the hydroxyl
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ion concentration. A corresponding increase in the rate of reaction was observed,
The role of the hydroxyl fon as an oxidation expiditer also explains
the results obtained in the screening tests and the sweep voltammetry experiments.
As the pH value increases the electrolytes become increasingly effective in the
detection of formaldehyde.
Formaldehyde goes into solution by combining with water to form the
gem-diol.

~ H
1) C=0+H0 —>
H

’ai
Ic\
H OH

The gem-diol subsequently polymerizes and becomes unavailable for oxidation or
it reacts to the potential at the sensing electrode. In & basic media reaction

1.) is immediately followed by or substituted by the reaction:

B, On N .
. + xm—> ¢/ + K +m0
B’ ‘OR B o

In this ionic form the diffusion rate is more rapid.

The basic media also holds the oxidation reaction scheme of formalde-~
hyde to & cne step process, the production of the formuate.

B 0" 0-

- ’
<+ 20H—->!-c‘°

+ 2820 + 2e
H OH

This 2 electron oxidation was verified in a separate faradic experiment. In an
acidic media the reaction proceeds all the way to the formation of Coy, a &4 elec-
tron oxidation. This would seemingly enhance the sensitivity but the second

oxidation step is so slow that it impedes the rate of response.

3.4.3 Electrolyte-Exhaust Stream Compatability Tests
Tests were conducted with & sample stream containing 12% €O, in dry Nz
to determine the neutralization rate of 10% KOH and 10% KzC04 in maguetically

stirred sensor cells. ~40-

During the first two weeks, it was observed that the neutralization
rate of 10% KOH by 12% CO; decreased as a function of time from 0.23%/hr. to
0.05%Z/hr., celculatiocus based on the original XKOH configuration. It then stabil~
ized at this rate apd 58.4% was peutralized after six weeks. It was estimated
that complete conversion would take place in about &4 to 5 months. It was postulated

on the results of the ration-r

ponse time tests thst until complete coa-
version was achieved the oxidation potentlial or response time would not be dramat-
ically affected. However, cuce complete conversion had been achieved a dramatic
oxidation potential shift would occur. This shift might or might not be accompanied
by an equivalent shift in the potentisl of the counter electrode. Most likely,
peutralization would affect the selectivity of the cell and probably would effect
the electrode kinetics.

In addition neutralization would not stop at this point. The resulting
K9C03 solution would be converted to the bicarbonate at a slightly slower rate.
This rate is slow enough to guarantee a lifetime of 6 months before 50% of the
electrolyte is converted to the bicarbonate. The formaldehyde response rate
remains wnaffected at this composition. With a Pt electrode the formaldehyde
oxidation 18 retarded to 90% in five minutes in a solution completely converted
to the bicarbonate. 7The exact point at which the bicarbonate conversion begins
to affect the response time is mot knoum.

This data applies only to peutralization of the entire cell. Oxidation
and neutralization actually take place only in the thin electrolyte layer between
the sensing electrode and the permeation membrane, Therefore, in the absence of
agitation the complete neutralization of the cell would require a much longer
period of time while complete neutralization of the thin electrolyte layer would
depend on the CO, absorption rate, the hydroxyl ion concentration, and the dif-

fusion rate of fresh hydroxyl ions to the electrode surface.

-41-
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3.5 Evaluation of Counter Electrodes

3.5.1 Screening Tests and Results

A good counter clectrode has at least three important characteristics:

1.) It has a stable potential, preferably close to or larger than that of the -
species to be oxidized. 2.) It is an efficient electrode made from an easily
reduced species (in oxidation applications), having a large electrolyte-electrode
Interface surface. 3.) It is chemically and electrochemically compatible with

the electrolyte.

From the results obtained in the electrolyte evaluations, it was clear

e P i

that the final counter electrode would be used i1n only three solutions, KOH, K2C04

&nd KHCO3. All three of these solutions are bzsic and unfortunately very few
electrodes have stable potentfals in the basic PH range. Among the best couples
are Hg/HgO and AglAgzo. The potentials of these two may vary as much as 10 mV.- -
Since our need was not for precise reference electrodes this variance was
tolexable. The combinations which were evaluated are presented in Table 2, All
of the cells were assembled using reduced zytex membrane end a platinum semsing
electrode.

The candidate counter electrodes were all pressed electrodes with the
exception of Pboz which was piated on 2 platinum mesh. Each was fabricated from
Analytically Pure Reagents, pressed at 8000 psi onto an appropriate metal support
mesh, and enclosed within & polypropylene filter paper skin. The Hg/HgO electrode
was tested both as a pressed electrode and in the form of a mercury pool,

From the re;ults obtained it was concluded that either the bicarbonate
media was a poor one for the oxidation of formaldehyde or that lack of a common

ion effect was severly hampering the

er electrodes,
For the most part the lead electrodes exhibited steady potentials and
response times but ag & group they were classified as inefficient electrodes.
¢ rost efficient electrodes were mercury oxide and the silver compounds.

~42-
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However, the mercury electrodes were prone to potentisl drift and the silver

eleckrodes severely contaminzted the cells.

3.5.2 Compatsbility and Pabrication Studies

The mercury-mercury oxide couple was compatible with KOH and K,COg
electrolytes; however, it was gubject to response time decey and potentlal drift.
The mercury couple usuzlly has a fairly stable potential so it was postulated
that the method of construction was respomnsible for the drift. TExperimentation
was conducted to determine the best method of fabrication. A pressed electrode
was found to be far superior to the mercury pool type. An electrode which main-
tained a relatively constant potential along with & rapid response time was

assembled by the following method:
1. The support mesh was 33 line gold which had been treated with chromic

acid cleaning solution foliowed by Immersion in nitric acid. This cleam-
ing procedure ensured a proper surface for subsequent amalgamation swith
mercury.
2. A platinum wire lead was then spotwelded to the gold,
3. The oesh was fmmersed fn triple dfstilled mercury. The excess
mercury was jarred loose from the mesh by impact.
4. The mech was pressed at 5000 1lbs/in. in a 1.4" dia. mold with a
mixture of & gw red mercuric oxide and 200 mg of polypropylene pawder
(Bercoflat 135), at 100°C for 15 minutes.
$. The whole electrode was presged inside a polypropylene filter paper
skin to keep it imtact.
This electrode had a potential of 0.12V in 10% KOH and 0.27V in 10Z RyCO4 versus
the hydrogen electrode. Response times of 45 seconds were obtsined in cells made
with both solutions for 1 ppm CH,0. The cells had platinum sensing electrodes
and reduced Zytex membranes. No applied potential was used in ROH. 4 potential

of -0.18V was used with K,C05.
alylye

Improvement of the silver compound electrodes was a more difficult task.
It was discovered rhec Agy0 and AgCl were not compatible with 1DZ xzcoa. These
compounds were slowly converted to silver carbopate. In eddition, the silver
electrodes were quite soluble {m both KOH and sza. The silver fon would then
migrate to the sensing electrode area and react with formaldehyde to deposit free
silver on the membrane and sensing electrode. Contamination of the sensing elec-
trode and menbrane was stopped by inserting a layer of permfon 2291, a cation
exch nge membrane, between the two electiodes. This arrangement Lemporarily
solved the problem until the permion was saturated. It was quite apparent that
the silver was much more scluble under these conditions than the literature had
reported.

During the course of these experiments it wes poticed that the Ag,yC03
electrodes were discoloring as if they had been exposed to a light source. It
wzs evident that the silver fons were being exposed to light through the opaque
polypropylene cell body. This caused the formation of free silver, which in turn
caused a concentration gradient of silver fon, which ultimately resulted in in-
creased solvation of the counter electrode. To clircumvent this problem the cell
bodys were painted black. To further lower the solubility a counter electrode was
made from AgCl pressed onto & silver mesh and KCl was sdded to the KOH and K;C04
electrolytes to make the silver fon concentration smaller through the common fon
effect. This last step did help clean the cell ivmeasurably. However, the
presence of chloride in the electrolyte made the cell very noisy and increased
the background current to 3 pA. This was due to oxidation of the sensing elec-
trode which occurs at much lower potentials in a chloride media, This semsitivity
eliminated the AzCl counter electrcde since it was not stable in the sbsence of
chloride iom.

Silver carbonate was eventually eliminated because its solubility product

was too high even i{n a 10% xzco3 solution.
45=
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The Ag/Agzo electrode was clearly the only silver electrode which was
useful and it could only be used in a KOK medium,

The best AgIAgzo couple was obtained by pressing 4 gm of Agy0 onto a
silver mesh which had been immersed in 507 nitric to partially oxidize the surface.
It was pressed at 18,000 lbli.nz for 15 minutes.

The resulting electrode was noise free. The black cell reduced the
solubility of the silver as anticipated. Even with the decreased solubility Per~
mion 2291 still had to be inserted between the two electrodes. It was eventually
discovered that this membrane inhibited adequate diffusion of the electrolyte to
the membrane. This was characterized by 0.02 uA spikes at 20 to 30 minute intervals
due to localized depletion of electrolyte at the sensing electrode surface, These
spikes were equal to a 1% noise level at the most sensitive range.

) A separate experimemt was conducted to determine the effect of applied
potential on the Hg/Hg0 and AgIAgzo electrodes. It was found that the potentials
remained unaffected by exterior applied potentials. The only affects on the rate
of response were due to the added resistance in the exterior circuit from the pot

used to adjust the voltage.

3.6 Evaluation of Sensor Electrodes
3.6.1 Platinum Electrodes

Platinum electrodes were proven to be faster and more efficient than
gold electrodes in every electrolyte except 10% KOH. Because of this superiority
an experimental program was completed to bring the rate of response to a maximum
with respect to the platinum electrode. The medium chosen was K,CO3 since it was
the fastest electrolyte next to KOH and it offered more resistance to CO; posioning
than KOH. All of the platinum sensing electrodes tested were platinum plated gold

wvith sre exception - an 80 line platinun mesh. The test was conducted in two phases:

-46-
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the effect of plating on response time and the effect of post-plating electrode
conditioning on response time.

Plating conditions were varied quite wadely during the test. Two differ-
ent types of baths were used. The first was chloroplatinic acid at various concen-
trations in a solution buffered with diamonium phosphate and disodium phosphate.
The second was a solution of the dinitroammine in suifamic acid and water. This
is manufactured by Sel-Rex Corp. under the trademark Platinex III. The test con-
ditions and findings are presented in Table 3.

The best results were obtained with a 15 g/l chloroplatinic acid bath
at a current density of 30Alft3. The finish obtained under these conditions was
found to be dark spongy platinum black. Electrodes plated under other conditions
were, for the most part, irrepxoducible and exhibited erratic behavior during
testing.

A series of experiments was initiated to chemically tieat the platinum
electrodes to improve their behavior. The specific areas where improvements were
needed were: 1. The background current, which was very high. 2. The noise
level, which was also too high, and 3. The response rate. The tests are cutlined
in Table 4. All of the experiments were conducted on platinum electrodes plated
vnder the conditions in Table 3, item 1.

The best results were obtained with method 5 where the electrode was
oxidized and cleaned in hot chromic acid and reduced in 20% FeSOk. Cells made
with this electrode, a Ag/Ag;0 counter electrode, reduced zyter membrane and 10%
KaCO3 had response times of 90% in 40 seconds and were virtually noise free,

A cell wvas constructed using a sensing electrode composed of 80 line
platinum mesh. The purpose of this e;perimen: was to determine the reaction time
of a shiny, unblemished platinum surface. The response time for this electrode

wvas extremely slow, 90% in one hour. This result lends credence to the possibility

-47=
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2'
3.
4,

1.

3.
4.
3.
6.
7.
8.
9.

Oxidizing,

~Cleaning Solution

Boiling 50% HNOg

Boiling 50% HRO,
Boiling 50% HNO4
Rot Chromic Acid

Hot Chromic Acid

SUBSTRATE

333 line Au
333 line Au
333 line Au
333 line Au
100 line Au
100 line Av
333 line Au
333 line Au

33 line Au

TABLE 4,

Passivation

Mathed
Hot 407% KOH

Hot 40% KOH

None

None

TABLE 3.

PLATING SOLUTION
15g/1 U PECly
10g/1 RaPetl
4.0g/1 HyPeClg
Platinex II1
108/1 HpPeCl,
Platinex IIL
6g/1 HyPeCl,
6g/1 HyPeCly
10g/1 HpPecl,

Reduction Method

None

Cathodic in 407 XCH

Cathodic in 1N HySO,

Boiling HCL

20% reso,.

CURRENT DENSITY
30 A/£e2
30 Alﬂ:z
10 Alftz
10 A/£e?
10 A/£e?
10 a/£t?
1 A/ftz
3 Alge?

3 A/fe?

CHEMICAL TREATMENT OF PLATINUM ELECTRODES

Remarks

Slowexr responsa, lower noise level
and background,

High background, 90% in 2 minutes.
High background, 90% in 40 seconds.

Low noiga and background, slower
response,

Very low background, low noise level,
90% in 40 seconds.

EFFECT OF PLATIRUM FLATING ON RESPONSE TIME

90%

RESPONSE TIME  REMARKS

37-50 sec. Initial high background current.
1 ewdn. Very consistent

1-5 min, Not reproducible

2 min. mene

1=2 min, Not reproducible

2=5 min, Not reproducible

3=~5-min, Slow and erratic

3-5 min. Slow and erratic

30 nin. Much too slow
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that the detection surface be of a fine grained nature either through deposition

or chemical etching.

3.6.2 Gold Electrodes

Previous experiments with gold electrodes demonstrated their relative
lack of efficiency when compared to platinum electrodes in 10% K,C04. The best
response time cbtainable was 90% in five minutes. In a 10% KOH medium their per-
formance is comparable.

The chief value of a gold electrode lies in its low background current
and noise level. Since these properties were of chief concern, electrodes of 333
line and 100 line gold were physically, chemically, and electrochemically treated
with the hope of imcreasing the rate of response to formaldehyde. This goal was
not achieved in the 10% K,C0, electrolyte.

The explenation of this was déemonstrated previously in figures 7 and 8.
The formaldehyde oxidation curve for gold is broad with a gentle slope indicating
8 slow reaction. The curve for platinum is quite the opposite. The peak at
0¢.001 ¥ is fairly sharp. In addition, a catalytic oxidation peak occurs around
0.4 V. Above this voltage the formaldehyde response is very rapid for platinum,
Below 0.4 V the response time decreases to 902 in two to three minutes.

The methods for conditioning the gold for this test were essentially
the same as for platinum with two exceptions: the gold was mechanically clesned
by scraping and thermally cleaned by pyrolization at 900°C. The calcinated gold
electrode was found to be unresponsive to formaldehyde. The fastest rate of response
was the limiting valve of 90% in five minutes. It was cleaxr that gold was of little

use in 10% KyCO; solutions. Its chief value was in epplications in 10% KOH.

3.6.3 Palladiun and Rhodium Electrodes
Palladfium and Rhodium electrodes were prepared from solutions of Palla-

den anc "Thodext cznufsctured by Sel- lax Corp. These electrodes were similar to

«50-
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gold in response times but were charactexized by high background currents. Sweep
voltammetry curves using these electrodes indicated that oxidation of the base

metals was occuring.

3.6.4 Sensing Electrode-Exhaust Stream Compatibility Studies

With the zitex membrane the sensing electrode is exposed to all of the
contaninants in the exhaust stream. Thus the only selectivity exhibited by the
cell would he due to:

1. The absorption rate of the electrolyte.

2. The potential of the sensing electrode.

3. The semsitivity of the sensing electrode.

A preliminary interference test was conducted with the major components
of the exhaust stream: 2000 ppm NO, 200 ppm NOz, 100 ppm 505, 2% c0, 3% 0y, and
127 €Oy. The tests were conducted with a gold electrode in 10% and 45% KOH and
with platinum and gold electrodes in 10% KoCO3.

a.) €O, Interference - Solutions of 457 and 10% ROH were not compatible

at all with 12% CO;. With 45% KOH the carbonate was forming inside the

membrane. This broke the surface tension of the solution which destroyed
the hydrophobic nature of the zytex memwbrane, As a result crystals of
carbonate grew right out of the top of the membranes. With 10% KOH the
solution was converted to the bicarbonate medium as fast as the hydroxyl
ious could diffuse back into the electrolyte layer. The same results
were cbtained with 10% K, C0,. The sensing electrode in each case lost
sensitivity. This was not due to the reaction of CO2 with the electrode
but to the reaction of COp with the electrolyte layer.

Since there was no alternative in the choice of electrolytes or
wmembranes, experiments were conducted to see if this problem could be
osolved through sampling techniques. It was determined that a ten-fold

dilution of the exhaust stream would lower the GOz level to the point
~51-
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3.7

vhere neutralization of the electrolyte was not faster than dfffusion

of hydroxyl ions to the electrode oxidation site. This method was deemed
adequate in view of the fact that & ten-fold dilution of the sample
vould also result in lowering the dew point of the sample (in this

case, automobile exhaust) below room temperature. This would prevent
water condensation and subsequent formaldehyde loss in the condensate.
b.) CO Interference - The platinum electrode in the KCO3 cell was found
to be extremely sensitive co carbon monoxide whereas the gold was not.
The Interference from 2% CO was equivalent to 10 ppm CHz0 and could not
be eliminated through potenticstatfic control. This turn of events elim-
inated KyC03 as a sensing media due to the 5 minute time limi¢ imposed
by oxidation kinetics at the gold electrode. The sensitivity of the
platinum electrode to carbon monoxide was found to be due to an inter-
medfiate formed with platinum oxide at the electrode site,

c.) NO, N0z, 02, and SO; Interferences - In 10% KOH, interference from
all of these components was eliminated at a controlled potential of
0.17v (NHE). Iu 45% KOH, the potential was 0.1V with respect to the
hydrogen reference electrode. The fnterference from $02 could mot be
eliminated in the 10X K;CO3 medfum. Interference from NO, NOp and 0
were eliminated at +0.45 V (NHE).

Experimental Transducers
The difficulties encountered during the early stages of development

prompted some experimentetion with transducers of various configurations. While

none of these configurations were successful they are recorded here for reference.

a.) Indirect Electrochemical Detection of Formaldehyde - The purpose
of this cell wags to enhance the response time to formaldehyde by means
of the chemical reaction of formaldehyde with silver ion to form free
silver. The eilver formed would be reoxidized to silver icn at tha

=52~
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ization:

sensing electrode in proportion to the formaldehyde concentration.
This test was conducted with two separate approaches: the first with
Tollen's Resgent as the electrolyte, and the second with Agy0 as the

geunsing clectrode. The fndirect pt was abandoned b the

potential at the sensing electrode necessary to reoxidize the silver
was also sufficient to oxidize all of the other pollutant gases. This
property did not permit the cell to be selective.

b.) The-calmnlc Cell ~ The Galvanic concept of two separate compart-
ments for the sensor and counter electrodes was investigated for two
majn reasons: 1) 1t would permit the construction of wet counter
electrodes which would not be hempered by the effects of high tempera-
ture compression and organic binders, and 2) the electxolytic bridge
between the two compartments would prevent contemination in efther
direction. The experiment was concluded vhen it was found that the

impedance caused by the electrolytic bridge made the cell very sluggish,

Selection of the Final Cell Configuration

By combining the results gathered in sections 3.3 - 3.6 reasonable con-

figurations can be assigned to the final formaldehyde transducers., At least two
different configurations are necessary, one for an analysis in a CO; enviromment,
namely automobile exhaust, and another in the absence of a CO3 environment, namely

ambient air.

The following cell configurations were selected for prototype character=

8.} COy Environment ~
Mewbrane - Beduced Zitex 12-137B 0.5" dia.
Sensing Electrode ~ 333 line Au treated with 50% HNO3 and 45% KOH
Blectrolyte - 10% KOR

Counter Electrode - Hg/RgO or Ag/Agg0
53~
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Applied Potential - ~0.04V for Hg/HgO or +0.15 for As/AszO- Tests with a Ag/Agp0 electrode and an applied potential of +0.13 V
Precautions - Black cell and Permion 2291, indicated that it was not affected by partially carbonated conditions.
b.) Ambient Environment The interference data is presented in Table 5. Results were the same
Meobrane - Reduced Zitex 12-137B 0.5" dia. for both counter electrodes.
Sensing Electrode - 333 line Aug. The quantitative results of the study proved to be very satis-
Electrolyte ~ 30-45% KOH factory. Interference from the major contaminants proved to be almost
Counter Electrode - Hg/Rg0 nil. The largest interference was obtained from noz. However, the
Applied Potential - 0.1 V maximum value for this proved to be only 2% on the most sensitive scale.
For the CO2 enviromment the option of using a2 AgIAgzo electrode was The partially oxidized hydrocarbons had high interference values.
included. AgIAgzo 2lthough slightly noisy is & much better working This was to be expected. However, it was determined that alcohols and
electrode under a wide variety of electrolytic conditions. It may also ketones have a higher oxidation potential than aldehydes at a gold
be necessary to change the applied potential as the electrolyte layer electrode. Thus interference frxom these compounds is minimal. The
becomes neutralized, detection cell was equally sensitive to all of the aldehydes included
. in the test. Each was found to have a response comparable to formalde-
4.0 PROTOTIFE CHARMCTERIZATION hyde. Response rates were also the same,
4.1 Interference Studies

b.) Ambient Cell - Interference studies with the ambient cell contain-
4.1.1 Signal Interference

ing a Hg/HgO counter electrode yielded even better results. A 30% KOH
a.) Cell for Auto Exhaust - The initial transducer contained a 107 KOH
solution was used for the electrolyte, since response times of 15 sec.
electrolyte and a Hg/HgO counter electrode. The cell was preconditioned
i for 90% were obtained using this electrolyte.. The signal-interference
with 1% in between interference tests with various gases. It was

' C02 & test results for the ambient cell are listed in Table 6.
determined that the magnitude of interference due te each pollutant for
Interferences from 50, and N0, were greatly reduced, as were
a 101 KOH cell did oot change appreciably in the presence or absence of
8e apprectadly in ¢ signal levels from other pollutant species. The number of partially
€O, However, to achieve selective oxidation it was necessery to in- oxidized hydrocarbons was reduced for this study. Only one compound

lied d .

crease tha applied potential of the cell during COp exposure from -0 04 v representing each of the species was evaluated, The Hg/HgO electrode
. a Q! . th d
to -0.1V for aHg/WgO counter electrode. During the course of the study appeared to be a much faster and more stable ccunter electrode in the
it vas noticed that the 0 electrode often b luggish when faced
Hg /Mg xoce often Decame alves when more concentrated basic electrolytes than it had been 1in the partially

with the task of oxidizing £ ldeh in a tiall bonated media.
1zing formaldehyde in o pertially carbo carbonated dilute bases.

«55-
54



g

238388F 8]

CoHg
CH,
Hexane

Acetaldehyde
Propional
Acrolein
Acetone
2-Butanone
Benzaldehyde

Methanol

TABLE 5

SIGNAL INTERFERENCE DETERMINATIONS

EXHAUST CELL

Concentzation

22
5%
100 ppm
200 ppm
2000 ppm
12
100 ppm
100 ppm
100 ppm
500 ppm
10 ppm
10 ppm
10 ppm
10 ppm
10 ppm
10 ppm

10 ppm

=56~

Equiv. ppm of CH,0

0.0
0.0
2,97 x 1073
2.0 x 1072
0.0
0.0
0.0
0.0
Ix 1073
8.8 X 1075
10.0
10.0
10.0
0.0
6.1 % 1072
10.0

6.4 X 1073
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TABLE 6

SICNAL INTERFERENCES, 4.1.2 Physical Interference

Physical interference from pollutants indigenous to an exhaust stream

AMBIENT CELL
was observed in only two cases. The first was in the presence of water, the
Equiv. ppm of second was due to 002.
Gas Contentration Formaldehyde
a.) Water = Water interferes with the detection of formaldehyde when
co 27 0.0
the relative humidity 1s higher than 30-50%. If the gas stream tempera-~
0, 5% 0.0
-4 tuxe is below its dew point condensed moisture in the sample chamber of
S0y 100 ppm 1x10
the cell completely prevents the detection of formaldehyde at any con-
ROz 200 ppm 2 x 1074
centration. Humidity levels at 90 to 95% reduced the signal level at
NO 2000 ppm 0.0
1 ppm by 25% and slowed the response time to S0% in 10 minutes. A
c, 100 ppm 0.0
relative humidity of 70% caused a 7% signal loss at the 1 ppm level.
Calig 100 ppm 0.0
Since the exhaust stream dew point is about 120°F problems with moisture
CaHy 100 ppm 0.0
-4 are anticipated unless the sample 18 diluted. Removal of water from
Hexane 500 ppm 1x10
the sample stream would alsc remove the formaldehyde.
Benzeldehyde 10 ppm 10.0 " ’
b.) €O, -~ Interference from CO, was determined at the 1% level. It
Methanol 10 ppm 8 x 1074 2 2
had been previously determined that a level of 12-15% CO» could not be
Acetone 10 ppm 0.0

tolerated in direct comtact with the cell, At 1% concentrations, the
behavior of the 10% cell with a Hg/HgO counter electrode was steady for
a8 continuous period of four hours. After this period the formaldehyde
signal level was observed to drift. A 24 hour exposure caused the
signal to decrease to 20% of its original value. The response rate
8lso decreased to 0% in 10 minutes. With & Aglltgzo electrode the
gignal decay was much less intense for long periods, about 10%, and
the 90% response time remained fairly constant at 1 minute. Discontinu-
ous use of either cell in the presence of 1% COp dic not cause any of
these problems, It was also observed that cells ba .y damaged through
continuous exposure vould recuperate after a period of flushimg with a
gero gas of air or mitrogen.

<57~ -58-
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4.3 Linearity

Tests were ducted to d rate the linearity of the detection

Ambient cells were exposed to 300 ppm COz and 1000 ppm CO2 for

long periods of time without any apparent damage.
current generated by the cell at varying concentrations of formaldehyde. The

4.2 Stability Tests transducer was the Hg/HgO-ROH standard ambient cell. The menmbrane used was the
Results of tests with 1% CO; carrier gas streams were teported in reduced area Zitex 12-137B on a teflon substrate.

pection 4.1.2. Both cells were also tested with uncontaminated N, carrier gases. The test was conducted at 80°F. The results ere presented in Figure 16.
The exhaust stream cell had a Ag/Agy0 electrode, the ambient, a Hg/Hg0 electrode. Values were taken at 0.5, 1.0, 2,0, 5.0, end 10.0 ppm formaldehyde. When normal-
The cells were evaluated by testing them in a temperature chamber which was set ized to a signal for 1 ppm frrmaldehyde the variation was found t> be 10.5%, in-
at B0°F, Variation in temperature was occasionally +5°F. The cells were continu- creasing from a value of 2.16 uA/ppm at 0.5 ppm to 2,18 pA/ppm at 10.0 ppm.
ously exposed to a Np gas stream containing 2.2 ppm formaldehyde at 1.0 SCFH. The

h.6 Temperature Effects
signal was continuously monitored with a 10 mV recorder, 7Iwice a day the cells

b.b,1 Signal Interferemce

were flushed with pure nitrogen and the zero signal was recorded.
Electrochemical transducers are very sensitive to temperature variations.

4,2.1 Span Drift An experiment was conducted inm an environmental chamber on two samples of each
Span drift for both cells was almost negligible. Initial variatioms formaldehyde monitor. Curcent readings were taken in the range 65°F to 110°F.
were $2%/day. However, after &4 days the cells stabilized to t1%/day. The sample stream was 2.2 ppm formaldehyde in nitrogen. Typical current-tempera-
ture curves are shoun in Figure 17.
4.2,2 Zero Drift
Initial zero drift was due to stabilizationm of the cell after construc- 4.4,2 Physical Interference
tion. Upon reaching equilibrium both the 10% KOH and 30% KOH cells showed very At temperetures lower than 60°F formaldehyde condensation &nd poly-
little tendency towards Gero drift. Values of t1%/day were recorded. merization take place, This phenomenon is due both to the properties of formalde-

hyde and to the lowering of the dew point of the gas strecam. Because of this
4.2,3 Noise Level

characteristic the cell will be temperature controlled at 80°F. Above 80°F tempera-
The noise level for the ambient cell was negligible, The exhaust cell

ture compensation will be utflized. Use of temperature compensation corrected the
contained a AgfAgy0 counter electrode which was prone to random electro chemical

curve detziled in Pigure 17 to & straight line normalized to the current value at
discharges. After equilibration these i{ndiscriminate noise levels were reduced

77.5°F. This was accomplished through the use of a thermistor in series with a
to a 2% signal level.
resistar of equal walue in the feedback loop of the first stage amplifier im the

instrumentation package.
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4.5 Life Time
The life time of a cell is dependent on each of the individual components,

The electrolyte supply in the cell was determined to be adequate for eight months

of continuous use.

This figure is based on a weight loss of 0.5g/day with dry N,.

With a semi-humid gas stream the cell should last longer.

Samples of the counter electrodes have been operational for six months

without any signs of deterioration.

The life time of .he sensor electrode depends on the -ate at which it
is poisoned. The Hg/HgO counter electrode and the gas stream pollutants have not

affected the electrode. The Ag/Agy0 might possibly present some problems but as

yet these have not materialized.
The membrane is composed almost entirely of teflon and is not expected

to be damaged.

4.6 Evaluation of Sampling Techniques
4.6.1 Redesign of Cell Sample Area

The sample chamber of the standard cell was not adequate for the deter-

mination of formaldehyde. It had too many surfaces where formaldehyde could

condense out, too long a residence time, and it allowed most of the formaldehyde
to pass through without coming into contact with the membrane surface. Response
times using this chamber were 90% in 10 minutes at 0.1 pA/ppm. See drawing 672020

in the appendix.

The chamber was redesigned to eliminate these deficiencies. The volume
of the chamber was decreased in size by 80% to lower the residence time. The
electrode support screen was removed to decrease the available condensation sur-
face area and to allow the entire formaldehyde sample to flow over the membrane
surface. Support for the sensing electrode was achieved through the use of a
porous 1.5" teflon pad for the exhaust cell and a 1.9" diameter nylon mesh for
the ambient cell.
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A second altermative would involve sampling the gas stream with a
The diameter of the reduced zytex membrane was eplarged to 0,75" for

permeation membrane such as MEM 213. The diffused gas would then be
the auto exhaust cell., This increased the sensitivity of the cell to 5 pA/ppm so

passed through the cell with an air stxeam at 1-2 CFH.
that the sample could be diluted. The diameter of the ambient cell membrane was

The final condition of the sample should be the same as for the
decreased to 0.4". This increased the response time, decreased the evaporation

ambient cell.
rate, and reduced the semsitivity for ambiemt studies to 1.4 uAf/ppm.

The testing should be conducted on a discontinuous basis. The

4.6.2 Ambient Sampling Conditions cell will usuvally functicn without probelms if it is exposed to the

For the ambient cell there are no special problems. Sarpling should diluted exhaist stream for 0-30 minute pexiods foi.lowed by 8 10 minute

be conducted under the following conditions. purge with air.
1.} The sample should be fn the B0-120°F temperature range, preferably
around 80°F,

2,) The sample stream should be free of particles larger than 100u.
3.) The flow rate should be 1-Z CFH.

4.) The relative humidity should be around 50% or lower. A4bove 50%
some formaldehyde condensation takes place.

5.) The sample should be pushed through vather than pulled. ?Pulling

the sample through may increase the response time.

4,6,3 Autp Exhaust Sexpling Copditiens

The exhaust stream cell is quite adequate when used in the proper manmer,
1.) The exhaust sample should be diluted to lower the COz level to 1%.
This can be accomplished by physically mixing a 1 SCFH sample of the
exhaust stream with a 9 SCFH air flow and subsequently metering a
L SCFH sanpl'e of the mixture through the cell.

The preferred method would be to utilize a venturi type pump which
would suck in @ L CFH sample of the exhaust at a flow rate of 9 CFH.

A 1 CFH pemple of this mixture could then be pushed through the cell.
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INSTRUMENT OPERATION AND DESIGN

The Dynasciences Formaldehyde Monitor is a compact, portasble instrument
designed for rapid discontinuous weasurements of the concentration of formalde-
hyde in a diluted automobile exhaust stream (AL-620), It may also be uged for
continuous measurements under embient conditions (AL-610). Front, top, and gide
schematic views of the monitor are shown in drawing No. 620551. Other pollutants
that can be measured by substituting the appropriate selective transducer into
the instrument package are: oxides of nitrogen, nitrogen dioxide, sulfur dioxide,
and undiluted ambient formaldehyde. This interchangeability is an outstanding
feature which makes the monitor a highly versatile tool.

The model numbers, standard ranges and the recommended applications of

the different sensoxrs are as follows:

MODEL GAS MEASURED RARGES : APPLICATION

1. NRx-130 Total oxides of 0-500, 0-1500 Industrial stacks, automobile
nitrogen* and 0-5000 ppm exhaust, process control,
development studies.
2, 55-330 Sulfur Dioxide 0-500, 0-1500 Industrial stacks, process
and 0-5000 ppm control, development studies.
3. WNm-230 Nitrogen Dioxide 0-200, 0-600 Process Control
and 0~2000 ppm
4, WX-110 Total oxides of 0-5, 0-15 and Plume apd ambient measurements,
nitrogen* 0-50 ppm exposure studies.
5. ss-310 Sulfur Dioxide 0-1, 0-3, and Plume and ambient measurements,
0-10 ppm exposure studies,
6. NR-210 Nitrogen Dioxide 0~5, 0-15, and Plume and ambient measurements,
0-50 ppm exposure studies,
7. AL-610 Formaldehyde 0-1, 0-3, and Ambient studies.
0-10 ppm
8. AL-620 Formaldehyde 0-0.1, 0-0.3, Diluted automobile exhaust,

and 0-1.0 ppm ambient studies,

*Requires scrubber if S0, present.
Table 1A shows the specifications for Monitors AL-610 and AL-620.
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TABLE 1A
MONITORS AL~610 AND AL-620 SPECIFICATIONS

Sensitivity Ranges: 0-1, 0-3, 0-10 ppm (AL-610)
0-0.1, 0~0.3, 0-1.0 (AL-620)

Detection Limit: 2% of full scale

Response : Linear respomse over the entive range of the
pollutant, Overall accuracy: 2% full
gcale with the use of integral meter, %1%
full scale with the use of extermal
potentiometric recorder,

Response and Recovery Times: 90% of full scale in less than 30 seconds
{AL-610}.
90% of full scale in less than 60 seconds
(AL-620).

Stability: Better than #1% of full scale per day.

Specificity: o response to Ny, Oz, CO, COp, 503, RO,
water vapor or hydrocarbons.

Temperature Control: About 80°F *1%.

Temperature Compensation: 80°F - 120°F.

Cutput: Meter readout and 0-10 oV cutput for reczoxder.

Sensor Life: One year at 80°F, moist gages

Power Supply: 105 to 125V 60 Hz 5 VA required for powering
golid state ampliffier (12 V.D.C. optional).

Monitor Weight: Lesgs than 15 lbs,

Plowzate: Keep the flow rate within the green indicator

on the flow meter. Recommended flow rate: 1 SCFH.
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SENSOR

The sensor operates on the principle of a fuel cell. The formaldehyde
diffuses through a gemipermeable menbrzne and undergoes electro-oxidation at a
speciel sensing electrcde., The resulting current is directly proportional to
the partial pressure of the pollutant in the gas mixture. This current is ampli-
fied and the output of the amplifier {s displayed on the weter. The selectivity
of the sensor to formaldehyde is obtained by the unique membrane/electrolyte/
electrode combination.

Each sensor 1s a sealed unit and no addition of any electrolyte is ever
required, The sensor operating life may vary from 3 to 9 months depending upon
the condition of the sample. Generzlly speaking, hot, dry and dirty samples
will shorten the sensor life. The sensor may be conveniently replaced with a
new sensor as described later. Drawings #672592 and 672021 show the design and

specifications of the polypropylene transducer body,

SAMPLE CONDITIONING AND PRESSURE ADJUSTMENTS

The electrolyte used for the rapid, selective oxidation of formaldehyde
imposes certain restrictions on the pature of the sample during automobile exhaust
anzlysis. The gas stream should not contain more than 1% CO, and the relative
humidity of the gas ehould pot be higher tham 50%.

The sensitivity of the AL-620 instrument has been increased to allow the
sample to be diluted to meet these requirements. A standard procedure based on
a tenfold dilution of the sample has proven to yield satisfactory results. Con-
tinuous exposure to automobile exhaust for periocds longer than four hours may
cause gome drift in the calibratfon span.

The recommended method of analysis is exposure to the diluted semple gas
for 30 minutes or leas followed by flushing with a zero gas for 10 minutes. This

procedure will guarsantee trouble-free operatiom.

«~70-

DYRASGIEHEES DESTRUMENT SYSTERS DSt

CORPORATION

The formaldehyde smoient sensor AL-610 is designed for application in an
environment charactetiz.d by & CO2 content of 1000 ppm or less. It has a faster
response time, lower sengitivity, and does not vequire sample dilutiom,

The following sampling requirements apply equally to both models. The
temperature of the sample should be less than 100°F, preferably in the range 80-100°F
The conditioned semple can be passed over the semsor by conmecting it to the input
1/4" polypropylene tube fitting provided it is at the right side when facing the
back of the instrument. The sample passes thiough the sensor, flowmeter, end exits
from the fitting on the left side which should be connected to the vent line. The
instrument reading is independent of the flow rate. However, it is suggested that
to get the optimum response time and & long operating life, a flow rate of 0.5
to 2.0 SCFH be kept steady throughout the run. If the flow indicator is kept in
the blue area, the flow rate will be satisfactory.

The semple should be "pushed" rather than "pulled” through the semsor.
Rowever, if it {s desirable to pull the semple by creating & suction at the exit,
care must be taken to assure that the vacuum created in the sensor is not more
than 3" of HyO.

The sensor is designed for operation at atmospheric pressure. It camn be
operated "in line™ at pressures slightly above or below atwospheric, but it is
of utmost importance that any pressure changes occur slowly in order to prevent
damage to the semsor.

Since the gensor measures the partial pressure of the gas being monitored,
it must be realized that a correction should be made if the sensor has been cali-
brated at one pressure and is used at another, For example, calibration of the

sensor at 740mm Hg of ambient atmospheric pr re and 10 ppm of CH,0 gas results

in a full scale meter reading unique to 740om Hg. 1f the rotal "in line" pressure
18 changed for example to 700mm Hg, and the ratio of molecules of CHy0 gas to total

gas is kept constemt at 10 ppm, then the new reading will be -;{% of full scgle,
71~
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The meter reading is directly proportional to the concentration of CR,0.
In addition, a 10 oV recorder output is provided in the back of the monitor for
continuous recording. The output jack is available on the back of the instrument

next to the sample outlet fitring.

POWER REQUIREMENTS

112/230 volts and 100 volcs, 50 or 60 iz powered from the three-prong
receptacle on the back of the monitor. An optional 12 Vdc capability is available,

The 12 Vdc input jack is provided on the back of the imstrument next to the fuse.

HEATER

A heater assembly with the appropriate electrenics is provaded as a
standard feature for the formaldehyde model, The purpose of the heater is to
maintain & temperature emvironment for the sensor highe: than 80°F, thereby improv-
ing the stability and accuracy of the system., At lower temperatures formaldehyde
is sbsorbed by the surfaces in the sampling system.

When the outside temperature is below 80°F the heater must be utilized,
The heater can be switched on by pushing the HEATER POWER switch on the front
panel, About 3-1/2 to 4 hours are required for the sensor to come to equilibrium
at a factory-set temperature of about 80°F,

To readjust the temperature set-point, proceed as follows:

a.) Remove the printed cireuir board from 1ts receptacle,

b.) Using an ohmmeter, check the resistance between Points A and B

(see Drawing No, 602517, Printed Wiring Assembly) and adjust pot R4l

to obtain 41K chm resistance.

¢.) 1Iastell the printed circuit board back in its receptacle,
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The heater is proportionally controlled thus eliminating the possible
interference from an On/Off action. The HEATER red light on the front panel
indicates the level of power to the heater. 1In the beginning when the HEATER
POWER is switched on, the HEATER light is very bright., However, within the first
two hours it starts dimming and stays fairly dim furing the continuous operation.

CAUTION - 1f the HEATER light remains bright for wmore than two hours,

turn the power off and check for possible malfunction in the hezter

circuit. The tvo white leads from the heater should be firmly plugged
in the vhite jecks on the chassis which supply the power to the heater.

Check the resistance across the two green leads after removing them

from the chassis. These leads ere joined to & thermistor which should

read sbout 100 K ohm resistance at 77°F and sbout 45 K ohm resistance

at the controlled temperature. A broken thermistor would show as

infinite resistance and would keep the heater power on all the time,

CALIBRATION

The instrument may be calibrated in any RANGCE position. However, for
maximum accuracy, calibrate in the High Range. Turm on power to the instrument
by pushing in the SYSTEM POWER switch. Set the RANGE switch to the desired
position. Turn the SPAN knob completely clockwise., Wait about 15 minutes be-
fore proceeding with the calibration. If the heater is used, wait 4 hours before
proceeding, Flow the zero gas mz or formaldehyde free air) through the instrument
and wait for 5 minutes, Then bring the reading to zero by adjusting the ZERQ knob,
Lock the ZERO knob. Pass the calibration gas over the semnsor. Wait 5 minutes.
Adjust the SPAN knob so that the meter reading corresponds to the concentration

in the calibrated sample. Lock the SPAN knob.
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BATTERY CHECK

The instrument is deasigned to be essentfelly drift-free (:1% full scale I
A size "D" mercury battery is used to bias the sensor., Itg voltage at
per day) and w11l retein its calibration for & long time. However, for optimum
all times should remain 1,35 V 210%. The battery voltage may be checked by hold-

results, calibrate the instrument at regular intervals,
! ing the PANGE switch on the front panel to the BATTERY TEST position. Replace

SENSOR REPLACEMENT the battery if the output on the meter shows less then 90% full scale deflection.

instrument is designed to be maipt free. Th t
The ins gn e maiptenance free e Eensor must never THE ELECTRONIC PACKAGE

be taken apart, A fault in the sensor usvally shows up as slower response time
During system operation the cell output current 1s converted to a pro-

and/ox inability to calibrate tte Lnstrument,
portional voltage by the Curreat Amplifier. This voltage signal is then scaled

The faulty sensor may be easily replaced with 2 new in the Y
by the span control and amplified by the scaling amplifier. The scaling emplifier

described below. The newly replaced sensor may take 6 to 8 hours to stabilize
gain is determined by the range control (High - Med - Low) which provides & proper

before it is ready for use. Before replacing the sensor, make sure that the
output for full scale meter deflection and recorder output,

slide switch located near the battery on the chassis 1is in the proper position.

The use of m Jels NR-210 and KR~230 requires the slide switch moved towards the Mﬂ.

front of the monitor. All other models require slide switch in the opposite The current awplifier input is provided by the cell (MIT) and bias net-

direction as marked. work composed of resistors R60 through R64, R68, R69 and battery (B). The function

Installation of the AL-€10 cell requires manual switching of the battery
polarity using the switch located among the black cell jacks. The black cell-

lead should be plugged into the terminal marked AL~510.

PROCEDURE FOR CHANGING SENSOR (UNITS WITR HEATER)

Step 1: Disconnect 115V input power cord,

Step 2: Remove (2) screws, ftem 65, aud remove cover/rear panel asgembly.
Step 3: Discommect (2) tube fittings, item 152,

Step 4: Unplug electrical leads running from sensor to chassis.

Step 5: BRemove insulator, Item 130.

Step 6: Remove (2) screws, Item 150, which hold cover, Item l4l, to enclosure,
Item 140.

Step 7: Remove cover/sensor assembly 602580 and replace with new assembly.
Step 8: Reverse Steps 1 through 7.

NOTE: Fittings, item 152, shall be firmly hand tightened only.
=74~

of the bias network is to provide the proper cell bias for system application re-
quired,

The front panel zero control circuit consists of pot R66, resistors R3,
BA and RS and 6.2V zeners VR and VR;. This provides a t current to offset
residual cell currents.

Q;, R, and P, are creating a short eircuit to cell currents when the
power 18 in the off state. This maintains the cell in a ready state for rapid
stabilization.

The current amplifier is basically a low noise FET input amplifier which
utilizes tha pA 741 for high open loop gein and complementary output drivers Q,
and Qs for linearity. Potentiometer R)3 and resistors Rjo and Ry2 are used to
zero the amplifier during initial alignment. The amplifier gain is determined

by BT}, R} and R);. R; and R); are used to modify the temperature characteristic
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of thermistor R‘rl. “1 and R] are physically located in the cell to obtain temper-
ature tracking gain which will provide the best system accuracy during heater
warm~up. The basic geip equation is:
VYo = Iin RF
where Vo is the voltage at the emitters of Q; and Qs

Iin is the cell current
RF = Ru + R, + RTI

The scaling amplifier AR; is an inverting operational amplifier with four select~
eble gain settings determined by the range switch. The basic gein equation is:

Av = RE_
Rin

where Rf is Ryjg for all ranges and Rin composed of one of the series
resistors Ry, Rm or RM and the equivalent source resistances. This source
resistance is the effective resistance of the span pot Rgg and sny parallel
resistance such as R, or R&S‘

To maintain an accurate meter reading, the meter is electxically conteined
in the feedback loop and the system is therefore fmmune to changes in the meter
resistance as a function of time and temperature.

Overload protecticon for the circuit is provided by the diode network of
CR; through CR) and Byg. This limits the amplifier to £1.4V.

The recorder output is developed by the resistive divider Ry; and Ryj.
This provides a 10 nV full scale output with a low output impedance.

Initial gero adjust for ARy 1s set by Ry;. Temperature coutrol of the
cell heater 13 determined by resistive bridge amplifier ARy and associated driver
transistors R; through 39.

The resistive bradge is composed of resistors Ry, Ry,, Ry, RTy (therm-

istor) aod potentiometer Ry;. Bridge unbalance ic sensed by amplifier AR3 which

<76~
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Proportionally changes the output voltage to the heatexr. At 25°C the bridge
unbalance causes pin 3 to be positive with respect to pin 2. The output at
pin 6 is then at a maximum positive voltage, This voltage is buffered by
enitter followers Qy and QB which control the high current pass transistors Qg.
As the heat increases, the thermistor RT; (located on the cell) will continue
to decrease in value until the bridge becomes balanced. The high gain of the
amplifier maintains the heater at a high input current for fast warm-up and then
wmaintains a proportional contro. within a few tenths of a degree.

Circuit protection is obtained by the heater power switch Sy end diodes
CRg and CR14.

The heater light DS3 is directly in parallel with the heater blankets
and has a brilliance which is proportionate to the applied voltage.

Monitor power can be provided by either 115 VAC line voltage or +12 VDC.
The +12 VpC operation is dependent on the PSI DC to DC converter. This is a
special module which provides 122 V of partially filtered voltage in parallel
with the rectified AC line voltage.

The filtered DC voltages are regulated by integrated circuit regulators
Z) and 2. The regulated *15 VDC is used to virtually eliminate the effects of
line voltage and frequency. They also provide short circuit protection to pre-
vent propagation failures. Imitial adjustment is set by potentiometer Ry, for

the +15 VDC and 933 for the =15 VDC,
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PARTS LIST

Appendix B contains a list of replesceable parts for the Dynasciences
Air Pollution Monitor,
To obtain replacement parts, address order of inquiry to:
Dypasciences Corporation
Instxument Systems Division

9601 Canoga Avenue
Chatsworth, California 91311
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