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‘The poasibility of using the sensitive thermal lens

" technique to measure gasebus formaldehyde in air has been

4
investigateds The NIOSH chromotropic acid method of

analysis for formaldehyde was modified to accomodate the

thermal lens techniqde. The enhancement factor versus
regular absorption technigues was determineq to be 7.5 and
14 for the single and dual laser systems respectively. With
these enhancement factors, the sénsitivity of the
chromotropic acid method has been increased to the point

where it has been shown to be capable of‘detecting ppb

concentrations of formaldehyde in air in sampdle volumes of

'approximat fy fifteen litérs.
el

14 .

T e e ey . c gy,



' 4

A

1 wish tolexpresé my sincere gratitude to Dr. C.4.

Langford for his guidance and undying patience throughout

the course of this work, His d%pication will always bes

appreclated.

I ga_also grateful to Mr. P. Cahill whose expertise and
talented glass blowing was essential in the completion of

“this project, and to Mr. C. Arbour whose assistance in the
' ¥

programing of the fft data fitting was greatly valued.

&

N ’

b e 2t vy 16

oy — ——

- T A W, o



. /
o
" 1A
1B:
i
;o
!

~f
. .

{

Iable of Contents

Part 1  INTRODUCTION |

The Problem with Formaldehyde

Formaldehyde/B;hection Methodology

Part 2 INTRODUCTION

Laser Thermal Lensing

Part 2 EXPERIMENTAL
Instrumental .
Reagents

Procedure

Part 2 DISCUSSION
Part 3 INTRODUCTION

L3

Part 3 EXPERIMENTAL
Instrumentation'

Procedure

7

12

19
23 .
23
25
4y

47
52

W“'L&w,,,,



4 »
’
b &
Wy
N .
P
brl
“ \ ’
)
P \J
L
B
7
" o
7
- *j .
L 4
//b .
o
it
»
1
u
N

3A:
3B:
3C:
3D:
3E:
3F:

Rart 3 DISCUSSION
Development of the Sampling System

Permeation Tubes .
Permeation Tubes v.s, Paraformaldehyde Pellets
Sample Prpduction for LTL Analysis

Calculation of the Sugiimation Rate Constant

\

Construction of a LTL Spec;vemeteﬁ
Part 4 CONCLUSION
] & -
5 .
Part 5 REFERENCES

vi

53
75

76

84
88
91

97

99

. ;?“W



bl

F

II
III

IV

VI

“ VII
VIII

IX

XI

XII

Dependence of cell pgsition on the thermal
lens aignal. L B®

Results from the single la'ser thermal lens
experiment, P

Results from the first dual laser thermal

lens experiment.

Results from the blank vaﬁiation éxperiment

.Rgsults from the blank variation experiment

'Determination of the best fitting

1

Results from the second dual laser thermal
lens experiment.

"Results from the';reliminary single laser

thermal lens experiment.

Variation in weight loss with respect to
temperature. ™

Collection efficiency of the trapping
solution.
Variation 1in weight loss with respeéct to

temperature.

Variation in weight loss with respect to
time.

Page

24

30

35

35

38

.39

yo

56

58

62

64



. ‘Eaf

Ao Ty AT
T

XIIT®

XIv

Xv

-

XVI
‘dl

XVII

XVIig
Frx

XX
XXI

XXII

/‘-‘

Variation in weight loss with respect to

H.rate.

pressure.

Collection efficiency of

solutioh.

Collection efficiency of

solution.

/
Variation in
temperature,

Variation in
time. "

Variation in
flow rate.

LTL analysis
samples.

none

none

weight loss

weight loss

weight loss

of prepared

“viii

the trepping

the trapping

with resﬁect to

with respect to

with respect to

formaldehyde gas

Variation in weight loss’with respect to

<

a

74

..78

' 80

82

86

89

91



10.

11.

12.

Index to Figures
Title
Block diagrams of the two laser systems

used in” this study

The beam profile and fitting as seen on
the IBM monitor ~

Plot of concentration’ of formaldehyde
versus absorption

Plot of concentration of formaldehyde versus
LI/ Iy for the single laser experiment.

Plot of concentration of formaldehyde versus
&I/1y for the  dual  laser experiment.

Plot of concentration of formaldehyde versus
L1/ 1y for the second dual laser experiment.

Plot of concentration of formaldehyde versuys
L1/Ig for the preliminary single laser
experiment.

Schematic diagram of the flow system sampling
train.

Schematic diagram of the sampling train
readied for the dilution experiment.

Original sampling device.

Plot of temperature versus weight loss
using paraformaldehyde powder.

Plot of temperature versus weight loss
using paraformaldehyde pellets.

ix

- RV — ek e pp—- S T SR 3 2 v oy

27

31

33

40

43

45

54

57

63



13.

14,

6.
17.
18.
19.

20.

21,

\ -

Plot of time versus wbiéhé\losé
using paraformaldehyde pellets. .

Plot of flow rate versus weight 1loss
usingparaformaldehyde pellets.

)
Ty

Plot of temperature versus weight loss
using purified paraformaldehyde pellets.

Plot of time versus weight ioss using
purified paraformaldehyde pellets. J'
} -

Plot of flow rate versus weight loss u§ing
purified paraformaldehyde pellets.

Results from the thermal lens experiment
using gaseous formaldehyde samples.

Determination of the rate constant for
the sublimation of formaldehyde.

N

Schematic of a potential” comercial LTL

spectrometer.

Conceptual diagram of an operating LTL
spectrometer.

65
67
79
81
83
87

90

93

96



Part 1 INTRODUCTION C

e . ’ L]

Part 1A: The Problem with Fdrmaldehvde s
Formaldehyde although omnipresent in the enviroconment
has been a controversial chemical, ‘especially in ‘the last
few years, and emotionalism and’confroveréy‘furround discus-‘
sions of every aspect of this chemical. Unlike most carci-
nogens,or suspected carinogens, idonmified in animal fcancer
tests, formaldehyde is also a normalnmetabollte 1n human .
biochemistry. Itzcan be found in ambient alr even in remote
areas, as Qell as in a largewvariety of consumer products \
such as permenant press fabrics, carpetiné, and cosmetics.
Cigerette smoke 1is known to contain up to forty ppm of ‘
formaldehyde.. The largest sources of formaldehyde to the
"nonsmoking general public are partiode board, plywood, and
urea formaldehyde foam insulation[\ When new, these
naterials omit.iarge amoonts of formaldehyde‘and can cause
.ndoor air to nave relatively high concgntrations.
In the gaseous form,, formaldehyde presents two major

w ) .
possible health hazards to humans. The first hazard which

is known to exist is that it- has an irritating and __ .-
‘ ) " s
sensitizing effect. Sensory irritation of the eyes, nose =
> i

and throat is the primary response. Irritation has been
noted at levels as low as 0.25 ppm in chamber studies and
at levels of 1 ppm in normal conditions. Accute symptoms
ouch as coughing, diarrehea, naLsea, vomiting, dizziness,

.and lethargy have been reported after prolonged'exposure at

-~
[



home or at wérk (1)
However these effects pale in comparison io the second
hHazard that is believed to exist in conjunction w;th
exposure to férmaldeher. The duestion oq,formaldehyd;'s
carcingenicity. is quite: disputed as can bé obgerved by the
numerous publigationsand“rulinggas toj¢'s use ( 2,3 ).
Even large drganizations such as EPAvhavé shown' their
uncertainty over the potential danger by first deciding not
to listiformaldehyde as a priority chemical for regula-

ﬁory assessment in February 1982 and then changing that

deécision in May of 1984, ‘
It is agreed thét formaldehyde induces nasal cancer .in
rats. Two independen; studies Shodeq that an exposure
ievel of ;H ppm.induced ; fifty percent incedence of pre-
cancerous growths in the study groups. The dlspume as to
formaldehyae socarc1ngen101ty lles in whether the human body
is capable of metabolizing formaldehyde\ 1ntroduced externa-
1ly. ‘Further arguements exist as to ghe actual level at
which foqmaldehzde becomes dangerous.
Some qcientistscbglieve that a human threéhold qu the
chemical would have to. be greater than the level of
exposure provided.néturally by the body iiself. 3 to 12
nanograms per graé of tissue - 1is fhe normal endogenous
tissue lewvel of formaldehyde produced by metabollsm. About
ten to forty percent of this ‘exists as free formaldehyde.
Others argue thét our'bodiés are not necessarily capable of

handling formazldehyde at levels above that manufactured by

[



holas A. Ashford an'd his collegues are among

the body.
those in fhe latter group. In a letter to Science Magazine

May 1 1984, Ashford wrote explaining that some fraction of
\

foéﬁaldehyde entéring the body wil& reach the brain and

react with the DNA. His arguements state that there is a
finite copcentration of enzyme molecules thaﬁ can metabolize
formaldehyde and a finite series of membranes providing
barriers to diffusion. Subseque&tly the 1limited number of
DNA repair enzymes may got be able to repair all the DNA
lesions befdre the next cell replication. Even without expo-
sure to external formaldehy&e, that which is formed in the
body qould also effect the same damaqe, so that natural
levels of formaldehyde do not necessarily constitute a harm-
less level and Small increments above the natural level
cause "additional biological cost and risk".

There are also those who believe thatqformaldehyde’can
react only at the site of contact. Mechanistic studies
shggest that it may be nearly impossible for forma{dehydg
to reach the brain or the blood since it is metabolized
quickly to formic acid which is brpken down into carbon
dioxide and water( 4 ). /}gain there is a group that are of

s

the opinion that even/i? a iarge pﬁoportion is metabolized

//

a small fraction/ma& escape metabolism and' bind covalenti}\
£S5 DNA in the brain as aforementioned.

With such arguements existing it is'easy to understand
:;z/EPA although having prepared a quantitative risk asses-,

sfient has not given a definite cutoff point above which

v
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risk is always considered unacceptable. Since there is

such uncertainty existing as to the danger of exposure to

-,

foMmaldehyde it is of paramount importance that methods
exist to measure even minute levels of formaldehyde in the

environment. !

N

N

- Part 1B: Formaldehvde Detection Methodology

Present methods for formaldehyde analysis are numerous
and'include titrimetric, spectrophotometric, fluorescence,
polarographie, G.C., and H.P.L.C.. Titrimetric methods are
ﬁseful in the case c¢f ﬁigh formaldeh&de concentrations in
solution. Sodium sulfite is used in threé of the most
common techniques employed. The sulfite method is based on
the quantitative 1liberation of sodium hydroxide when
formaldehyde reacts with sodium sulfite to form the
formaldehyde bisulfite addipion product.

HCHO(4q) + NapS03 + Ha0 —= NaOH + HOCH;SO3Na

The sodium hydroxide is then titrated with standard
sulfuric or hydrochloric acid with the end point being
determined potentiometrically or by an indicator such as
phenophthal;en.

In the second technique as with the third an iodome-
tric titration is exploited. It is dependent upon the
oxidation of formaldehyde by hypoiodite, which is foEmed

when potassium hydroxide is added to a solution of formal-



dehyde to which a known amount of a standard iodine
solution has been added. Upon acidification the iodine 1is
liberated and subsequently measured by back titration.
The back titration is carried out using a standard
thiosulfate solution.

1) 6KOH + 3I, — 3KI + 3KIO + 3H,0

2) HCHO + KIO + KOH — HCOOK + KI + H,0

3) 3KI0 — 2KI + KIOj

4) KIO; + SKI + 6HC1 — 3I + 6KC1 + 3Héo

5) 2NapSp03 + Ip — NapSy0g + 2Nal

The third titrimetric procedure was used by Goldman
and Yogada ( 5 ) and applied to the determination of alde-
hydes in air. Formaldehyde first reacts with sodium
bisulfite to form the formaldehyde-bisulfite addition
complex, The analysis 1is performed by dest?oying the
.excess bisulfite at a neutral pH, after which the solution
is made alkaline with a carbonate buffer liberating the
sulfite complexed with forhaldehyde. The liberated sulfite
is then titrated with a standard iodine solution to give an
indirect measure of formaldehyde. This method was employed
in this study to standardize the stock solutions of
formaldehyde used in the thermal lensing experiments. .

In general, volumetric methods are not sensit%;é nor
specific enough for detection of formaldehyde in air, espe-

cially at lower concentrations.

Electrochemical analysis of formaldehyde dates back to

C @
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.1935 when qéhoda first reported polargraphic measu?ements
of formaldehyde ( 6 ). In the mid-severities octher electro-
chemical methods eof analysis were.reported; alternatiné
current polarography ( 7 ), twin cell sweep voltammetry
( 8), argentimetric potentiometric titration using an
iodide sensitive electrode ( § ),land short circuit argen-
tiometric amperometric titration using a rotating platinum
micro-electrode( 10 ). However only the twin-cell method
was used for trace determinations. A detection limit in
the ppb region was reported. Electrochemical metpods
although shown to be sensitive in some cases, are really
not acceptable for routine analysis due to gkeir
deficiencies. For the most part they tend to be extremely
temperature depe;dent. Jahoda reported'a 6.5% change in
signal for each 1°C change in temperature. They tend to be
pH dependent to a fault as well, so that sample preparation
tends to be long and complicated with additién of several
reagents necessary ( 11 ).

In recent yearstemphasis has been placed on developing
spectroscopic means for determining aldehydes in air.
Either §eparatély or in conjunction with GC or HPLC, fluo-
rescent and spectrophotometric methods have proven
reliable, sensitive, and efficient. Color dev;loping
reagents that have been used in spectrophotometric
determinations of formaldehyde include; a) Schiff's reagent

(pararosaniline and sulfite), b) modified Schiff's reagent

(dichlorosulfitomercurate II), ¢) Chromotropic acid (1,8«

4
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dihydroxy-3,6-disulfonic acid), d) MBTH (3-methyl-2-
benzothiazolinehydrazone), e) J-acid (7-anilino-4-hydroxy-
2-naphthalenesulfonic acid), and f) phenyl-J-acid ( 6-
anilino-1-naphthol-3-sulfonic acid). Of these, Schiff's
reagents, which have two modifications ( 12, 13 ), and
the chromotropic acid methods are most commonly employed.

yIOSH ( National Institute for Occupational Safety and
Health) as well as other recognized organizations recommend
the chromotropic acid method as the accepted methodology
for formaldehyde in air analysis. Chromotropic acid was
proposed Aas a specific ronzent for fomaldehyde in 1937 by
Eegrive ( 14 ). MacDonald further developed the method fof
air determination ( 15 ). Altshuleer, Miller, and Sleva (
16 ) proposed a modification to the method which was
propounded as a means of improving sensitivity, stability,
and freedom from interferences. The proposed sampling
method used chromotropic acid in sulfuric acid as the
collection medium.

The NIOSH method which was first recommended by Care
( V7 ), uses a 1% aqueous solution of sodium bisulfite as
the collection media. Feigl proposed the following
mechanism for the reaction between chromotropic acid and

formaldehyde( 18 ).
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First the condensation of formaldehyde with chromotropic

acid produces an hydroxydiphenylmethane which is soluble in -

sulfuric acid.
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When the solutiop comes into contact with the air a colored

oxidation product .is formed, It is possiblg that the

sulfuric acid acts to cause a, phenol-aldehyde condensation

to a quinoid compound. . - .
Since 1980 several pap%rs have been pub%ighed on GC

andihPLc analysis of formaldehyde ( 19, 20, 21, 22 ). Most

have described techniques for aldehyde measurement in en-

gine exhausts and use either MBTH, DNPH (2,4-dinitrophenyl-

hydrazine),or similar compounds to form derivatives with

the aldehydes. These derivatives are subsequently measured

s
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with a UV lamp and detector assembly.

R R!
\C’ ' 3
I
NH N
|2 |
/ NH ° NH
NO, NO5
H+
+ RCR'O P + H20
NO, NOo

DNPH ' .
The DNPH method is a non-selective method for aldehydes and
ketones. The resultant product is :.hydrazone derivative,

D. Grosjean reported measuring 11! - 39 ppb of
férmaldehyde in ambient air using DNPH and HPLC ( 23 ).
60 L samples were pulled through the samplers at 1 L min~ 1.

In a previous paper of his ( 19 ), the collection
efficiency of the DNPH method was studied and found to be
gver 100 + 20% for aqueous solutions of DNPH. Note that
samples were tested at two humidity levels and actual
deviations were 18% and 27% for the humid and dry samples
respectively.

A detection limit of 20 ppb with a 10 minute co)lec-
tion time was reported by S.J.Swarin( 22 ). His results
showéd DNPH solutions to have a 97.5 + 1.0% collection
effici;ncy. However his standard formaldehyde in air
samples, which were generated using a Kin-Tek permeation

tube to determine the efficiency of the DNPH solutions,

ranged from 0.358 to 1.14 ppm. To determine the detection

\
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«limit'of the method it was assumed that the efficiency

remained constant in the ppb region. A value twice the
noise level of a blank signal was therefore determined to
be the detection limit (ie 20 ppb).

Several other authors have reported ppm and sub-ppm
detection limits for formaldehyde using HPLC or GC (24,25).

T. Dumas compared three detectors for formaldehyde
analysis; a FID (flame-ionization detector), a TCD (thermal
conductivity detector) and a photoionization detector. All
three were found to have ppm detection capabilities.’

Several talks at the annual CIC conference in Montreal
( 1984 ), dealt with tﬁe subject of human exposure levels
to toxic chemicals and the required calculation of said
level. It is apparent from these discussions that there
still doesn't exist one staﬂdard method for determining
exposure to a substance. OSHA (Occupational Safety and
Health Administragion) however has set 3 ppm as their 8-h
time-weighted average permissible exposure limit and at the
American Conference of Government Industrial Hygenists in
Cincinnati in 1980 a level of 2 ppm was proposed as the
threshold limiting value for an 8-h exposure.

In light of the uncertainty as to what level of
formaldehydé can be considered as safe, it would be a
definite asset to ha%e a technique capable of measuring
sub-ppm levels in limited volumes of air. Rather than
measuring overall formaldehyde leveis in a housegpld,

individual areas could thus be "mapped" for their formal-



dehyde content. .HPLC and GC methods, although presently

the best alternatives for formaldehyde detection do not
possess this capablility.

The goal of this project is to improve upon the 'NIOSH

* chromotropic acid technique for formaldehyde analysis and

increase it's sensitivity while decreasing the required

- sample size through the use gf laser thermal lensing.
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Part 2 INTRODUCTION,

Laser Thermal Lensing (L.T.L.)

Thermal lensing works on the principle that absorption
from of a laser beam passing through a material with a
finite optical absorption generates thermal eneﬁgy which
heats the material. The temperature gradient causes a
refractive index gradient. For a gaussian laser intensity
distribution, a well defined transverse,gradient in the
refractive index will be established. In most materials
dn/dt (the change in refractive index with respect to tempe-
rature) is negative and thus this gradient has the same
optical effect on a laser beam as a diverging lens. The
change in refractive index with temperature may be caused by
several phenomena. The most common is thermal expansion
which leads to a decrease in density and a negative contri-
bution to.dn/dt. Molecular polarizability may also be a
function of temperature and can lead to a net positive
dn/dt.

It should be noted that thermal lensing is a function
‘of'true absorptioﬁ in the same fashion as other absorbance
techniques and not absorption plus scattering as in
transmittance techniques. The intensity of the thermal 1lens
effect is proportional to the absorbed light energy. Foq
high average powers, the thermal lensing that occurs in
passing through fluid cells may ﬁe significant even when

these materials ére relatively transparent.
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Due to it's thermal origin, thermal lenses take a
finite time to fully develop within a sample. A steéﬁy
state is reached when the rate of laser heating equals the
rate of heat loss. Heat loss is dependent on the thermal
conductivity of the solvent and the temperature change
produced. Hu and whinﬁery’reported’( 26 ) that the actual
temperature variation in liquids is of the order of 10=5 ©o¢
using a 5 mw HeNe laser. ‘

The steady state focal length, f(o ) of a thermal lens

produced by a gaussian laser beam of spot size w can be

calculated ( 27 );

T k wl , (1)

f 2 emmmmemmc————————
(@) 2.303 P (dn/dt) A

Of greater import to the analytical use of thermal
lensing is the equation that relates the grawth in the far
field spot size of the laser beam with laser power and

absorbance of an analyte.



\

aw? -2.303 P (dn/dt) A 2 Z, Z, (2)
. 2
W ‘l k Zc + 212
where; w = farfield spotsize of laser beam
aw = change in spotsize ' -,
P = power'of laser (in watts) ,
dn/dt = change in refractive index of the sample
with temperature '
A = absorbance of the sample
k ='thermal conductivity of the sampie
A = wavelength of laser beam .
L, = confocal distance of the focussing lens
Z,=distance of sample from lens

o

The dependence on sample cell position is expressed in
the bracketed part of the eqhation.’ It is the product of a
linear term, which demonstrates the effect qf a“Tens of
fixed focal length as the cell is moved thrdugh the beam
waist of the laser, and a lorentzian term which accounts
-for the strength of the lens changing with the spotsize of
the laser at the beamwaist., . Normally the 1aist of a laser
is found inside\the laser cavity. However for LTL’
purposes a second waist is created artifically by -placing a
converging'lens in the beam path. A second'beam waist is
thus created at the focal point of the converging lens.

The product of the linear and lorentzian terms produces an

antisymmetric curve about the focal point of the beam.



Note that the physical effect of placing a LTL cell before
the focal point is to decrease the convergence of the beam
before the beam waist which in turn degreases the

divergence after the beam waist. .

focussing effect defocussing effect

'
\J
,---H_ SR

=

The thermal lens effect changes the rate at.which the
beam expands: by changing }he curvature of ,the phase'froAts.
By placing a detector at a long distance from thewc;e'l.il (ie.
in the far field), one can measure Zhe change in spotsize

by measuring the change in intensiﬁy of the beam.

For weak thermal lenses the linear equation can be

used.
JAg 2,303 P (dn/dt) A
- = B T = 2.303 E A(Y4)

I : Ak

where E is the enhancement factor

According to Dovichi and Harris( 27 ) when the relative

change in I is greater than ten percent a quadratic term

~—
\
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must be added. : )

AT (2.303 E A)2
ce== = 2803 E A 4  cmcceacccacnao- , (5)
I . . 2
3 . ,
Dovichi and Harris's work on a single laser system

( 28 ) using a HeNe laser demonstrated‘that the lens.
. response is well behaved and analyticalLy useful% fon
«x“/lwg 1.5 providing the quadratic term is included. Ther-

nal conve%tion becomes a-problem for values greatef than

1.%, which destroys the reproduciblllty of the results. -

The above equatlons were first, presented by Whlnnery

‘and his- co-workers( 26 ) and ut;lize a parabolic approxima—
tion for the temperature distribution. The attraction in
tﬁls approximation is that 1t reduces a complicated theore-
tical description ﬁo a managible set of equations ‘while
1ntrodu01ng an error relatlve to the observed response of
opiy a few percent.

Sheldon et al. have derived an aberrant model1for the
“thermal lens effect ( 29 ). The~ aberrant lens model is
.derived using the temperature distribution'equation in-
aintegral Torn. This meane‘ thnt the radial nefractive'

index variation also contains the unevaluated temperature
distribution integrél.*Rather thanﬁwriting an expression
for the focal length of the thermal lens, diffraction
theory is used to find the intensity at the center of the
beam aftér it has passed through the sample and propagated

In}
)
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to the far field. ‘

Carter and Harris ( 30 ) have éince published a .paper
in which they critically evaluate both Whinnery's parabolic
leRs model and Sheidonw aberrant lens model Ffor accuracy
"in describing the effegt of a thermal lens., Their conclu-
sions are that-with a slight modification; the parabolic
lens model was determined to be more accurafe.} Th;s is
because of approkimations required to evaluaté the,
diffraction intégral in deriving the aberrant model.

Furthermore, the ’phrabolic model had’the advantage of

being mathmatically simple thus lending itself to the

task of fitting data.- Also, since the concept of a lens is

retained, it is possible to caléulate the probagation of
the ;aSer'beam through optical elements before and after
the sample using ray transfer matrices. This gimglifies
the design and optimization of experimengs. |

In an efforf to improve the.capabilities and sensiti-
vity of the thermai lensing technique, M.E. Lopg et al.
have developed a dual laéer system, in which an argon
ion laser pumped de laser is used to pump samples while a
lower powered moﬁg stable HeNe laser ‘is used as a probe
( 31 ).' This - system allows for sﬁudy of substances over
" the wide range of wavelengthg the dye laser is capable of.
Ishibashi et al. have since used Long's dual laser system
and have made further modifications (32,33). Among the

modifications are a change in the detector system from a

pinhole, single diode arrangement to a photddiode array
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system, as well as a change in placement of the beam split-
ter which Jjoins, and alligns the two laser beams. The

\ B
change from a pinhole type detector to a photodiode array

dgtector alloﬁs for more facile allignment of the beam on
the detector and reduces the risk of missalignment and thus
poor detection. '

In a study on the LTL analysis of gaseoué N02
Ishibashi et al introduced & design for a‘dual laser
system in which the probe beam was not focussed before
-passing through the saﬁple. aIt wés reportea that this
modification increased sensitivity and allowed for a sample
cell of greater length, |

In keeping with the goal of minimizing apparatus com-
plexity, both simple single and more complex dual laser

systems were used in this study to evaluate their detection

capabilities for quantitative formaldehyde determination.

>
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Part 2 EXPERIMENTAL

Instrumentation
Figure 1A shows a(block diagram for the simplified
experimental set up. xkiwéi)cal train and lasers wvere
fixed to a workbench which was isolated from bullding
vibrations with a three-ply "sandwich" consisting of a
sheet of cork, a piece of sheet metal, and a layer of
sponge rubber. The Coherent CR-6 argon 1on‘1aser (A) was
used to drive the Coherent CR-590 dye laser (B) which was
used at a power of 150 mw at l~= 600 nm. The power was
measured in front of the cell holder to account for power
loss due to reflections off preceding optical components.
The beam was elevated to the height of the optical train
by means of a dual mirror system (C). The lens (D) which
brought the light to a focus has a focal length of 23 cm.
A manual shutter (E} blocked the pump beam for Io-
readings. The cell holder (F) was piaced one confocal
distance (5 cm) beyond the fbcal point (34 ). The cell
used was a Canlab blue label 1 c¢m square cell. A
flat mirror in an adjustable mount was used to direct the
beam towards the pinhole detector. The pinhole was 0.1 mm
in diameter. the photodiode detector (I).behind the pin-
hole (H) was 1linked to a Tektronix oscilloscope which had
a Type 2A63 differential amplifier, and a 2B67 time base
with single sweep capabilities. The lens formation was

recorded at various sweep rates to record the initial
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(Is) and final steady state (I, ) intensities following
opening the laser beam shutter. The data was then read
off the screen and recorded.

A Figure 1B is a block diagram of the first dual laser:
thermal lensiﬁg system used in this study. It is comprised
of the six first components of the simplified system plus
eight new additions. A Siemens 10 milliwatt HeNe lasgr (L)
was used as a probe beam which was directed to and alliéned
'with thg pump beam by means of a mirror (M) and an optical
flat (G). A polarizing Nicol prism (H) was used to reduce
the polarized pump beam intensity to prevent burning of the
ensuing filter and polarizer. 'A 630 nm cut-off filter (I)
segarated the pump and probe beams and a'rotating film
polarizer (J) adjusted the probe beam intensity to maximize
the signal Ffrom the diode array without saturating the
Reticon RL128G self scanning linear photodiode array detec-
tor (K?. The signal from the diode array was fed into a
Processor Technology SOL computer via 8 bit ADC's for
storage purposes. The SOL was interfaced with anH;BM
personal computer which handled all numerical
manipulations. The IBM plotted the bean profile (see
figure 2) and was programed to fit a best gaussian curve to
the experimental data and to calculate the ¢I/Imvalues. A
further modification to the initial system was to switch
from a square cell to a cylindrical cell to decrease inter-
ferences due to solution convection ( 35 ).

A revamped dual laser system was used for the final
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experiménts. A pinhole was placed at the focal point of
the lens (D) to reduce the size of the probe beam to
contain it within the pump beam. An attempt was made to
improve the efficiency of the system and increase the speed
6f data collection by replacing the photodiode board with a
faster scanning board that contained a larger diode array
(512 diodes), aﬂd removing the SOL computor while upgrading

the IBM to accomodate the new board.

Reagents
The formaldehyde stock solution was prepared by

dissolving U4.4703 g of sodium formaldehyde bisulfite
(Eastman Chemicals) in one litre of deionized distilléd
water. This solution was standardized against iodine
solutions using a starch indicator. Chromotropic acid
(Fischer Chemicals) Formaldéhyde solutions were prepaéed
using doubly distilled H,SOy (American Chemicals) following
the NIOSH method ( 36 ).

Procedure

All giassware was soaked in an HpSOy-HNO3 acid bath or a
Decon (BDH Chemicals) cleaning solution bath overnight and
then rinsed with deionized-distilled water before use. The
stock fo}maldehyde solutions were diluted successively to
obtain the desired concentrations. Sampfes prepared

following the NIOSH methodology were alewed to stand

- pr—
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overnight to insure full color development although it‘was
noted that 1 h would have been sufficient (37 ). Before
*analyging the samples and blanks using thermal lensing'a
further tenfold dilution was required to reduce the
sulfuric acid coﬁcentrétion{ . The feason for the dilutfén
is explained in the discussion section. L

All alignments and cell éositions were optimized us;ng a
concentrated solution of formaldehyde ( 1045M). For the
’simple system the flat mirror (G) was adjusted udtil“a
maximum integsity was observed on the oscilloscope screen.
Then the cell was moved along‘the rgil until the thermal
" lens effect was maximized. The results are shown in table I.
‘The two laser system required alignment of the prob@ an&
pump beams wkich was performed before each day s run to'
accomodate any shift in the beams that might have occurrgd.
This was accomplished by using the lens (D) whic@ was on a
horizontal and vertical adjustable mount to shift the pump
beam in the approp}iate direction to maximize the thermal

lens signal observed on the monitor.

Table 1

Dependence of cell position on the thermal lens signal

CELL F ol
POSITION @.

(cm)

75.6 . .239
75.4 . . 235
75.2 £.297
75.0 .286
74,8 ‘ .236
4.6 .228

4.4 .2u7 ‘
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Part 2 DISCUSSION

The first step in developing a new technique of_analy-
sis 'or modifying an existing one, is to ensure that no
cﬁanges or interferences are created by the modifications
that will invalidate the technique. The main difference
between LTL and normal absorption techniques is the 1light
source,

As part of an undergraduate project ( 38 ), a study was
done on the stability of the chromotropic- acid/formaldehyde
chromogen under varying conditionsf An experiment was
perfoﬁméd in which the absorbance spectra of various
concentrations of the chromogen was taken.before and after
the chromogen had been irradiated by a laser beam ( X =600
nm ), for extended periods of time. After fifteen minutes
of irradiation at a power of 320 mw the spectra showed large
increases in absorbance below 400 nm. At 600 nm however,
the absorbance showed only a five percent increase.
Considering that under normal LTL experimental conditions
each sample would be exposed for less than one minute at
lower powers -than 320 mw, the chromogen was deemed
sufficiently stable for use in the ensuing experiments.
In addition to the above experiment, an experiment was done
to measure the stabilitf of the chromogen with respect to
time. It was determined that it was stable for at le;st a
period of a week. This concurred with previous 1literature

¢ 37 ).
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Dovichi and Harris ( é? ) noted that the sensitivity
enhancement that can be realized for a particular laser
power is dependent on the thermooptical properties of the
solvent in which the sample is dissolved. Solvents that
exhibit high dn/dt and low thermal conductivity are
desirable for the thermal lens effect. In our experiments‘
it was discovered early that the blank (a mixture of chromo-.
tropic acid, sulfuric acid, and water) created such a large
lens that the pinhole detector was unable to differentiateu
between a dark signal and the I4 value.at low powers of 150
mw. Since the ,blank solution wasvclear in color it was
assumed that the effect was due in parttto absorption by the
chromotropic acid and sulfuric acid, and to a gréat deal to
the solvent properties of the sulfuric acid which led to
large thermal convection effects.

Preliminary experimentation showed that a tenfold
dilution of the blank was necessary to obtain a signal that
wasn't seriously affected by therhal convection (35 ).
Thus a tenfold dilution of the color developed solutions of
formaldehyde was added to the procedure.‘

To achieve the maximum sensitivity our system was
capable of, the dye laser's most stable wavelength which
close;y matched the absorption maximum of the
formaldehyde/chromotropic acid Shromogen (Xpax = 580 nm)
was chosen. The absoptivity of the chromogen at 600 nm was
found to be 4.6 x 103 M~'em~!. See figure 3. A moderate

power of 150 mw chosen and found to be sufficient to pump
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the samples.

After completion of the original thermal lens
experiments on formaldehyde using the piphgle detector the
possibility of using another color developing agent (other
than chromotropic acid) was investigated. The modified
pararosaniline method was considered as a potential candi-
date sSince it was reported that the
formaldehyde/pararosaniline thomogén had a@ absorption
coefficient at 600 nm approximately double that of the
chromotropic acid chromogen. An attempt was made to run
samples of varied formaldehyde concentrations to cépstpuct
an absoption vs. concentration curve. Bizdrre results were
continuously obtained day after day with negativé
absorbance, relative to the blank, values being the norm.
It was first thought that inexperience with the methodology
was the culprit for 'the unexpla;ned results. However
after consultation with the analysts at Technitrol( 39 ),
it was concluded that the methodology reported by Mirch et
al. ( U0 ) was incomple@e. Papers published since, have
sShown the pararosaniline method to be pH and temperature
dependent  ( 41 ), as well as be;;g vunerable to
interference‘from S0, ( 42 ).

Since no other existing. colorimetric methodologies had”
the sensitivity of chromotropic acid nor absorption bands
suitable to the wavelengths accessibie to our lasers,
chromotropic acid was used for the remaining experiments,

i
'

‘.,
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s
.The .results from the single laser EXperimeptsware shown

in table II and figure 4 while the results from the first

dual laser experiments are presented in' table III and figurel

5. Each point in figure 4 represents the average of three.
scéns of eight  samples. Eacﬁ point ;nrfigure 5 represents
the‘averagé of threg scans of five samples. A detection
limit of twice the standard deviation of the bl;&k, where.
the Blank is averaged over all runs with‘ail-samplé
éoncentrations, for each systeim was calculated to be 22 x
10=7 M and 5.6 x 10-7 M respectively.

Aithough the stanﬁard deviaéion of the bldnk value és
'detérmined over all runs was quité large, the deviation of
the triplicate readings of each day's blank was much
smaller and it was felt‘that'the detection lim;t reported
was qot<réppesentative of the best performance achieveable.
As seen in'figure'u there are several valﬁes that lie below
the abéve detection limit that appear to bé'significant. To
determiné whether these ‘points could be considered to
reflect real signals, they were compared to blanks prepared
concurrently, At -the lowest concentratioﬂ of 1.5 x 10‘8M a
t tegt ;ndicated signal significance at the 99.9% level.
Thus, it was appareht that higher sensitivity than quoted
for the collection of data in the tables can be achieved
Wwith careful conprol of blanks and the extra effort implied.

Further experim;ntétion wis performed to test the
variation in the blank. This wa;fdone to ascerfain whether
one could jhstifiably use the variation in the daily blank

¢ . ¥

.
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3 - ) +© Iable II "~
Results from the single laser tqgrmaI lens experiment.
)

CONCENTRATION AVERAGE THEQRETICAL’ENHANCEMENT CALCULATED

. OF FORMALDEHYDE, * . ABSORBANCE "FACTOR ke
;7 SOLUTION ( M )  2l/14 (A ) SR SRS 97 5
“blank ° .000  .000« T oo
2.0%x10°" 014 9.2x10-Y 6.6 .018
2.8x1077 " .02 13x 10" .0 025
3.6x1077 | .038 t6x10”% 10,3 " ,033 I
booxioth o Lobs 18x10"” " 10.8 1036
12.x10°7 L. 091 55x 10~ 4 7.2 .. .084
20.x10°T . .128 93x10~" 6.0 .133
28.x10°T .85 _  .013 S 62 s
36.x10-7 228 . .017 5.8 230
at ‘ »
644 . .
Bl;qy mean value - 17T = .O??és)
. Correlation coefficient - .996 |
LN Tntercept .- L o3 s L0027 (g
Slope | < 2012 £ T2(g)

"Average Enhancement Factor 7.5 & 2.0(3)

Power : - 150 mw

i P

vt
. -

* Al1¥AT values were subtracted from their : correspondlng
blank values before averaging. :

LA Calculated AI values were obtained from cencentration
values which were transformed into absorbance values,
"which -were applied to the equation; \

Aly1y, = 2.303 E A,

+
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Table iI

|

Reé&lts.fpom the firséldual laser thermal lens experiment.

B

" CONCENTRATION

- Blank mean value

Correlation coefficient

Intercept

Slope

Average Enhancement Factor

Power

AVERAGE ,THEORéTtCAL ENHANCEMENT CALCULATED'
OF FORMALDEHYDE .. * ABSORBANCE FACTOR' T
SOLUTION ( M) “l/1g (A ( E Ml
“Tolank  .o00 < Jeoo T XZITTTT "o
1.5x10"8 023 6.9x1077 145 - .0022
2.3x10-8 . 024 C1.1x10-H 95 © L0035
3. 1x10-8 .025 . 1.4x 10" 78 0qu>
7.7x10-8 .030 3.6x 10" 36 012
1.5x10=7 .038 6.9x10"" 24 L o.022
3.1x10~7 .055 1. 41073 17 0u5
5.4x10=7 .079 2.5x10"3 14 . 080
7.7x10"7 . 104 3.6x10"3 12 116
15.x10"7 . 184 6.9x10~3 12 .222
23.x10~7 .262 011 10 350
31.x10"7 . 350 014 1 L
Parameters

175 £ .051(g)
.983

.0223

1.06 x 107

1 4g) -
150 mw

’

* All _.I values were subtracted from their corresponding
blapnk values before averaging.

R

£.I values were obtained as per tabl@‘II:
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to determine the detection limit rather than use the

standard deviation of gll the blanks from 3gll the runs

covering a period of over a week. The experiment consisted

of preparing five separage blanks per &ay for five dayscand
using LTL to measure their absorbance. All blanks were
made using the same batch of chromotropic acid solution.
The results are shown in Table IV and V. A comparison of
the standard deviation of each day's average versus the
standard deviation of zll samples of 311 days shows quite
¢clearly that ihdeed the variation in blank from day to day
is larger than the daily variation. It has been suggested*
that the day to day variation is due to a\chanée in
ambient formaldehyde in the laboratory contaminating the
samples. Although the samples were tightly stoppered this
is a plausible explaination.

Whatever the reason for the large deviation in the day
to day blanks, it is important that the experiment
demonstrates, that providing one runs a sufficient number
of blanks one can use the daily deviation .to determine the
deéection limit.

Note that the addition of the second laser into the
system proved %to be beneficial. The reduction in noise in
the probe beam which occurred when the proge Wwas cﬁanged
from the dye laser to the Hele laser: allowed a large
improvement in sensitivity. The dual laser system is modeled

after Ishibashi et al's system ( 33 ) in tha%t the HeNe probe

‘lasér is not focussed before passing through the sample.

* Suggested by a referee in his comments on a paper %o be published (43)

v

1

>
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Table IV

" Results from the blank variation experiment.

‘ »
DAY . . BLANK ( *I/14o )
#1 - #2 #3 # #5
YU hoss o998 .1izh o681 .0359
2 1152 .0544 . 0489 . 0450 .0599
93,0901  .0933  .,0768  .0793 .0485 .
Y .1079 ° . 1180 .0728 - -
5 -.0187 .0935 .0935 R --

* a]l BLANKZXI/I values are the average of 3 trials of
scans @

¥% the last four values were lost due to computer progréming

errors
Iable ¥
DAY .. AVERAGE *L/p
. NTTPRrTTI
2 .0520 + .0065(4)
3 L0849 + .00804)
b . 0996 + .0237(g)
5 .0935 £ .0000 (g
overall average * 0809 + .0257(g)

(from 20 values)
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Ishibashi et al discuss Sheldon's abherent thermal lens
model and calculate enhancement factors using his
equations. They point out .that both the parabolic and
abherent models éredict linear dependence at lower concen-
trations. The similarity of the two model's predictions for
weak thermal lenses is further discussed by Harris and
Carter . The analytical curve for formaldehyde from our
data based on parabolic lens equations gave the better
Straight line.

In one of his early papers, Harris reported that he was
able to increase the sensitivity and precision of his LTL
system by two orders of magnitude (10'60m‘1 -1O“80m'1 ) by
increasing the speed of his data collection ( 44 ). In an
effort to do the same, the detector system for our dual
laser system was upgraded. No attempt will be made to
explain the technical changes other than toc state that the
modifications include; the replacement of the photodiode
board with a faster scanning board, the remcval of the SOL
computer, and an upgrading of the IBM to accomodate the new
board. The actual upgrading was accomplished by a colleague
and- will be discussed in detail in her doctoral thesis”.
Suffice it to say that the improvement has allowed for
triplicate collection and averaging of 96 scans of each
sample.

It was felt that the gaussian fitting qf the experimen-
tal beam profi}es was an inadequate representatioh of the

data. The upgrading of the system along with the aquisition

* Ph.D. Thesis of Joan Power, Concordia University

a

/)
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- of a superior software package (ASYST Macmillan Corp.)
allowed a change from a gaussian fitting of the data to a
fast fourier transform fitting. Data‘from the dual laser
system runs were fitted with fourier transforms using a
range of harmonics from 2 through ;0. The "fitted" data
were then used in a straiéht line equat%ion and the
correlation coefficients calculated. The results are shown
in table VI, Using ten harmonics in the fft gave a fitting
that closely resembled the original daﬁa and the best
correl;tion. For this reason all dual laser LTL data were
fitted with tenth harmonic ffts.

‘Improving the data collection efficiency has improved
the precision of our data as Harris noted, however unlike
Harris the sensitivity of our analysis has not been,
improved upon. As seen in table VII and figure 6 the
range of detection is essentially the same as in the first
dual laser system results.

This makes sense in ligﬁt of the original single laser
experiments. As well as running solutions of varying
concentratious, an experiment was performed in which a
solution of high known conc;;tration of formaldehyde was
reacted with chromotropic and sulfuric acids as per the
NIOSH method. The resulting solution was then successively
diluted to &arious concentrations and analysed with LTL.
The results are shown in table VIII and figure 7 . Each

point in figure 7 represents the average of three scans of

ten samples, When comparing the values.in tables II and
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Iable VI ‘
Determination of the best fitting.

HARMONIC ., FIittep Slyp

2hd 2428 .2882 .2689 .2804 ,2861 .3191 .3835 .U640
3r'd . .26l43 .3103  .293% .3117 .3200 . .3595 .‘N3U9 L5343
yth .2659 3147 .2969 .3175 .3270 .3684 446U .5U62
5th 2641 .3158 ,2956 .3170 .3270 .3677 .LLBO .S5L70
gL 2617  .3162  .2928 .3155 .3244 .3633 .ULUT1 5450
tth 2579 .3142 .2896 .3120 .3203 .3582 .44OT .5431
Bth .2522 .3091 .2851 .3065 .3153 .3531 .4434 _.5392
gth .2451 .3017 .2784 .2980 .3100 .3477 .4387 .5358
joth .2369 .2939 .2772 .2887 .3063 .3458 ~.4342 .5304

HARMONIC" CORRELATION COEFFICIENT
( AT VS. concentration)
T Tond T T ees
3rd . .9693
yth 9719
sth 9712
6th 9683 ‘
7th 9667 +
gth .9670
gth ,9685
10th 9719
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_Résults from second dual laser thermal lens experiment.

CONCENTRATION  AVERAGE THEORETICAL ENHANCEMENT CALCULATED
OF FORMALDEHYDE %  ABSORBANCE FACTOR a.
SOLUTION ( M ) /1o (&) ( E) /e
Ublank .00 .000 27 oo
7.6x108 042 3.5¢10"% - 52 .008
1.5x10"7 .026 6.9x10~4 16 .016\'
3.0x10"7 .036 1.4x10"3 11 .032
'T.6x10‘7‘ .079 3.5x1073 10 .081
1.5x10-6 . .099 6.9x10"3 6 . 159
2.3x10-6 .219 .010° 9 242
3.0x10-0 .267 .0140 8 .322
Parameters
Blank mean value - .203 + .009(g)
Coﬁrelat;gn coefficient - .981
~ Intercept . -\L0138
Slope - 8.32 x 108

- Average Enhancement Factor - 10 & 3(5)

Power - 200 mw

#  Unlike the previous experiments, values were averaged
before being subtracted from the average blank value.

#8 Calculated as per table II.

.

N ~
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VIII what becomes immediately evident is that the enhance-
ment factor is ﬁighér when the formaldehyde solutions were
reacted with chromotropic‘acid and then diluted versus when
the formaldehyde 'solutions were first diluted amd then
r;acted witb the acid. This would appear to indicate that
‘there is a certain concentration level of formaldehyde at
which competing reactions take precedencedover the
formaldehyde-chromotropic acid reaction and no color is
developed.

The results df the single laser experiments along with
tHe lack of improved sénéitivity with improved data
collection efficiency would lead ooﬁe %o believe that the
LTL analysis is "chemically" limited and not equipmenﬂ
limited.

Eyen 80, it is clear from the results in tables II, III
and VII that thermal lensing is cap;ble of analysing low
coﬁcentrations of formaldehyde jn solution. To ensure that
the LTL analysis of formaldehyde can compete with GC and
HPLC methods it still remained to be demonstrated that
these low concentrations can translate into evén lower
concentrations in air,

To calibrate the system against gas samples of
formaldehyde, standard samples with known concentrations of
formaldehyde were required. This neccessitates the

develcopment of a system for producing said samples.
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Iﬁhlﬁ.!lll

. Results from preliminary slngle laser thermal lens experiment.

CONCENTRATION AVERAGE THEORETICAL ENHANCEMENT CALCULATED

. ‘OF FORMALDEHYDE ‘A * -ABSORBANCE FACTOR :
sowr:rou I 1g i @ a1y Iw
e mmmmmemm—m—an mmssmre | memmemammmen == remetados 3 W -
4,0 . .018 1.8 43 . 009
8.0 .004 3.7 5 .020
12. .034 5.5 27 .028
16. .016 7.4 - 9 .038
20, 042 9.2 20 .048
24, .0u8 11. 19 . 057
28, . 048 13. 16 .067
' 32 .085 15. 25 .078
36. .081 17. 21 .088
4o, . 149 18. 36 .093
uy .091 20. 20 . 104
52 170 2h, 21 124
62. . 137 29. 20 . 150
96 211 uy, 21 228
160. 327 *Th. 19 383
223, 662 ¢ 103. 28 <534
Parameters
" . . Correlation coefficient - .973
Intercept ) - .omM ‘
. Slppé - 2.69 x 10°
Average Enhancement Factor - x 9s)
Power - 100 mw -

S
* All AI values were subtracted from their corresponding
blqpk values before averaging. .

#% Calculated as per table II

A )
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Part 3 ° INTROBUCTION ‘

Primary standards of known low concentrations of air

3

pollutants serve a dual functibn of testing the variety .of

methods of analyses as Weli'as calibrating current

analytical instruments. To calibrate our LTL spectrometer,
an independent means of analysis was required. The

concentration of the” standard gas samples, which were used

for the calibration purposes,’ was determined

gfévimetrically. "The gravimetric analysis was further
cross referenced against absorbance'measyrements. Current-
ly 5 few Yechniques exisﬁ for th(production of standard
fqrmaldehyde in air samples.'Mosé of these methods have
some serious drawback or possesg a potential danger to the
oberator } us;ué,d7 ). pur work on ﬁhe laser theﬁél lens
énglysis of formaldehyde required large volumes of standard

& )
formaldehyde gas samplles which'led to the development of a.

K . . “ ]
simple flow system. The system has several advantages over

previous systems in that it is much more compact and
doesn't contain any large ¢dst intensive collection vesselgme

¢ us ),‘does'not’necqessitatq“undue heating of the formal-

<,

dehyde ( 46 ), nor elaborate cooling‘and~vacuum.atmo§pheres
( 47 ). Thus it is a much more efficient system-for day %o

day production of formaldehyde in air samples of varied

a
’

concentrations. B o .

3 »
The concentration of the gas saéples produced by the

new emethod is essentfally'determinedPb} the weigh? loss of
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pellets of paraformaldehydé% A microbalance, the main

expense, is used to accuraﬁely deﬁermine.the weight loss of
these pellets. . \ ?

" A dynamic flow design was chosen for the system as

opposed té a static Aesign for four reasons. Thé first
regéon is that static methods afq limited as to the amount
of ghAs mixture produced¢ 50 testing'i; 1imited‘uniess a
large chamber is used. For exaéple,‘considering that 60
litre samples-are commonly employed foi/formaldehyde

analysis, a chamber capable of producing se¥eral standard

/

samples must have a total volume in the ordef'of hundreds gof
litres. The second:ﬁifficulty with static systems is that-
losses of a test gas due to adsorptioﬁ of the surface of
static apparatus is quite high whereas adsorpfion‘losses are

less serious in flow dilution systems since a steady state

2

"equilibrium is reached after relatively short flushing

©

periods after which no further adsorption occurs. Finally,

the flow through regime allows for the actual size of the

" apparatus to be huch more compacﬁ while providing the large

voiumes of gas mixture required in a very short time.
Furtﬁermore it perﬁité rapid ch;nges in concentration levels
and,provides‘unliMited volumes simply by changing the pgra—
meters (i.e. flow rate, temperatqre, or flow rate‘of the
dilutant gas). - , . -

(

In the last two years permeation tubés filled with

parafobmaldehyde-have become availéble for the producﬂion

of stardard formaldehyde gas samples ( 48 ). When used in
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conjunction with a flow system,. they are repor't,ed to give
precise and accurate samples. - In many ways the system 1t.hat
will be discuss'ed in this thesis‘parallels the__p‘ermeatiOn
tube éystem. Comparis,ons will be drawn and the two systems

compared, in the discussion.

“ Y o oo R
o N g 3 B
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Part 3 EXPERIMENTAL

The final version of the sampling train is shown in
figure 8 . The design is essentially all glass with O-ring.
joints and spring clips, with exceptions indicated, to
minimize the possibility of leakage. Air enters thé system
‘throuéh two drying tubes (A), passes through a flow meter
(B), and a cold trap (C). The cold trap is used to ensure
that no glycerol and/or water vapours interfere. After
Peing thus dried the air passes through an open ended
~ manometer (D), and finally over the sampling tube (E). The
forﬁaldehyde pellet is placed in a smail ground glass flask
(F) which in turn is placed in the sampling tube. Assembly
(G) consists of a train of two 20 ml. bubblers (H)
followed by a ball flow meter (I) which is connected to a
pump via copper G.C. tubing. The flow of air to the pump 1is
regulated by a cutoff valve and a Met?ring valve (Nuclear
Products Company). This assembly 1is used to calibrate the
system. -

The first drying tube cdﬁ}hbns colored dryrite which,
removes most of the water from the air entering the system.
The second drying tube contains P505 on glass wool plugs.
The cold trap contains a mixture of ice and CaCl, and is’
maintained at a tempera%ure of minus ten to twenty degrees

L

Celcius. The small flask (F), is fff%e? with a ground
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glass stopper which 1is removed iﬂ%&ﬁiately‘prior to
exposing the formaldehyde pellet to the/flow of dry air and
placed back on again immediately afterwards for weiéhing
purposes. A tool was devised to aid in the removal and
placement of the 1id, which consists of the casing of a 3
ml plastic syringe minus the bottonland.a Qooden rod with a
metal hook. While the syringe casing holds the flask in
place, the hook is 1lowered - though the middle of the casing
and engages the stopper. ~
Preliminary experimentatfon with var;ous sized
bubblers and sampling tubes was performed until a system
was found in which the sublimation rate of the formaldehyde
was sufficiently low for dilution purposes. Reagent grade
paraformaldehyde polymer was used without any further
purification as the source of formaldehyde. Préliminary
experiments used the paraformaldeﬁyde in powder form. The
final design required paraformaldehyde in pellet form. The
pellets were pressed into shape using a KBr IR die set
(Barnes Analytical) and a calibrated hydrolic press (Fred S"
Carver Ltd.). For the final experiments fhe formaldehyde‘\
was dried in a vacuum oven at 120°C to drive off the water
and methanol impurities for *%vwo hours before use. .
The sourcé of air for calibration of the flow system
was laboratory air pulled through the system by an
pressure-vacuum pump ( Eberboch Corporation ) . For sample

preparation where dilution c¢f the prepared gas was

required, a cylinder of medical grade air (Union Carbide)
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was used to prepare the gas sample while the pump was used
to prévide the labair used\fo dilute the sample.

Both flow meters listed in figure 8 were calibrated
by a 25 ml. bubble meter. Formaldehyde sublimation was
measured by weight difference with a microbalance ( Mettler
Corp. model M5 ). .

Once the performance of the paraformaldehyde pellets
had been characterized, the di%ution apparatps was mounted
onto the sampling train. Figure 9 1is =z diagrgy of the
system readied for the dilution experiments. Air is pulled
through sampling train by the actiqn of the venturi mixer
(A). The dilution venturi mixer with metering screw-valves
on it's output and exhaust ports allows for co;lection of
all or part of the sample gas. For the preparation of the
fbrmaldehyde samples using the dilution épparatus, the
venturi mixer is situated in between the sampling tube (B)
and the bubblers (C). )

To aid in pushing air through the bubblers, a sécond
pump is used to create a slight negative pressurb\?rop°on
the ocutlet end of the bubblers. The pressure and flow rate
of the diluted sample is measured by an open endea mercury
manometer (D) and a ' 1 bubble meter (E). The 1 1 bubble
meter was calibrated vofumetrically. A series of ground

glass three-way stopcocks (F) direct the flow of air through‘

the dilution apparatus.

-8
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Procedure

Standardization of the final version of the apparatus
included several tests. Weight loss with °®respect to time
tests were preformed to observe whether weiéht loss was
linear with time. The variation in weight loss with
respect to the flow r%pe of air was also studied and
reported. The effect of bressgre on the sublimation rate of
the pellet was measured to study the effect of varying the
air pressure above the pellet. The final standardization
test involved measuring weight loss as a function of
temperéture.

After the apparatus had been quantified, the collection
efficiency of the trapping solution (1% aqueous sodium
bisulfite) for formaldehyde in air at low.concentrations was
studied via LTL. This was also done as a verification for
the weight loss experimeqts at higher concentrations where

the collection efficiency has already been established
( 36,37 ). The collection solutions were developed
colorimetrically and their absorbances measured on a Perkin

-

Elmer 552 spectrophotometer:’
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Part 3 DISCUSSION
Part 3A: Development of the Sampling Jystem

At the ocutset of the experiments concerning the
development of a formaldehyde sampling system, there was
very little available in the way of literature concerning
actual dévelopment of such a system. What was gathered
from the litérature ( 49 ) was the concept of producing a
gas which could be evaluated by an accepted technique, and
then diluted %to a wusuable concentration for
standardization purposes.

The initial step in developing the system was to choose

a source of formaldehyde. Formaldehyde can be found in

S s

various materials. Foﬁﬁalin solutions,[used in storage of
animal tissues, contain 37% by weight formaldehyde iq an
agqueous medium. Urea-formaldehyde contains free
formaldenhyde as well as formaldehyde links in the urea
polymer chain. How?ver having decided to use gravimetric
techniques to verify th; formaldehyde concentrations in
air, ‘these sources were deemed unacceptable for use as
there were to0o many impﬁrities present that could affect
the results. The purest form of formaldehyde was chosen
for the ensuing experiments.

Poly(oxymethylene); poly(formaldehyde)with the monomeric
unif 4 CH,0 3 can be produced from formaldehyde. This
polymer can have a variety of end groups such as H and dH, H

and OCH3 ,and CH3 and'OCHB.
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The formaldehyde oligomer with 6 - 10 monomeric units
which has.the end groups H and OH is known as
paraformaldehyde. Amorphous paraformaldehyde H(OCH5),CH
which is produced spontaneously in aqueous formaldehyde
solutions, depolymerises to formaldehyde at 180 -200°C -
(50,51 ).

/&ithqut‘previous knowledge of the behavior'of
Rafaformaldehyde (ie. sublimation rate below it's depolyme-
rization temperature), experimentally it was difficult to
determine what type and s{ze of flasks were necessary for
producing ppm and lower formaldehyde concentrations in air.
Furthermore since iﬁ was unknown as to the relationship
bet;een formaldehyde sublimed and paraformaldehyde present,
the amount of paraformaldehyde to’be used per exﬁeriment was
at first cﬁosen arbitrarily. The orig;nal experiments
consisted of placing approximately one and a half grams of
paraformaldehyde in a fifty milliliter round bottom flask
(A) and connecting‘this flask to6 a system of tygon tubing
(B), a compressed air'cylinder (C), and a one liter bubbler

flask (D), ana a bubble meter (E).

Figure 1C. Original sampling device.
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] This type of arrangement was found. to be totally
inadequate for producing any concentrations lower than in
the parts per thousand region.

The first modification to the experiment was thus to

reduce the amount of .surface aréa of parafoﬁﬁéi&gﬁyde
available to the air stream.' A smaller flask of
approxiamately 5 ml in volume replaced the’SO ml round -
bottom flask. The decrease in surface area did indeed
decrease the rate of formaldehyde sublimation however oﬁly
by one order of magnitude.

It was at this stage of development ﬁha; some of the
first experimental characterizations of paraformaldehyde‘
sublimation were made. An experiment was run to determine
the sublimation rate versus temperature:. The results are
shown in table IX and figure 11. A second expériﬁent was
done to determine whether the collection efficie;cy of
aqueo@s sodium bisulfite was as high as reportad ( 50 ).
The.temperature dependence experiment showed that
paraformaldehyde started toc break dow; qﬁite readily at
temperatures above 459 C. To dgtermine the efficiency of
the bisulfite solution, the solutions from both bubblers
were mixed together and aliquots taken from the combined
mixture. The results are shown below in table X. Wiphin
‘éxperimental error the results are consistant with what has
been reported. '

As mentioned in Part 2 of the thesis the reason for

developing the formaldeyyde sampling system was to produce

o
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Variation in weight loss with respect to temperatuﬁél
Cy

TEMPERATURE  AVERAGE WEIGHT LoSs®

¢ (°c) (grams)
T T

TU ' .0135

64 . 0092

54 0063

by 0026

‘34 . 0020

24 .9013

Parapeters

Air flow rate
_ Aeration time
Air pressure

* average values calculated from

1

-

4 3

(ppmy)

187.5 ml min= !

30 minutes

79C torr

an average of 3 runs

e e

CONCENTRATION OF *
" FORMALDEHYDE IN AIR

- - ———— =
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Figure 11. aPlo.t of temperature versus weight loss using
paraformaldehyde powder. The aeration time’
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. 2 . ‘ fable X

~Collection efﬁiciency of the trapping solution experiment.

RUN' WEIGHT CALCULATED - ABSORBANCE  ACTUAL COLLECTION
L0SS" CONCENTRA-' CONCEN- EFFICIENCY
(gris) TION OF TRATION
CH,0 ‘
. (x10-3 M) (%)
(x10~3 M) g
1 . 0359 1.19 . 824 1.30 108 .
{ )
2 * .0336 1.11 817 1.29 115
. 0361 1.20 .693 1.09 91
y 0420 ° 1.39 .830 .31 93
5 L0369 1.:22 .667 1.05 86
6 L0244 0,81 AT 0.74 92
L0219 - 0. I 0.78 _ 10
7 9 73 95 1_() 7
8 -, ..0204 0.68° 459 0.74 | 106
Ve : ) 2 -
9 . 0258 0.86 593 0.94 109
0 L0302 o 1.00 . .U96 0178 6 78 s
11T L0321 1.06 647 .02 95
' ® T avérége:'98 + 11%
” /‘ -
temperature of sampling flask,K - 92° C '
.aeration. time .= ' - = - 30 minutes r

] air flow rate . o - 187.5 m mfﬁ&ér*—\\\
: ‘ air pre sure N S = 790 torr

. < absorbance measurement). "= 600 nm ' ot

Rt Lok

{‘\ ‘
¢
. . .
» ' . . .
. , - N
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.'standard formaldehyde in aip“samples{for analysis with the
LTL spectrobeLer. To do so,,a‘furkher decrease of two

orders in magnitude 'in fofmaldehyde concentration in the

J\

. samples was necessary before dilutioh to thelppb region
céuld be realized. Not only would dilution of samples,

- w1th concentratxons in the range of 100 ppm, down to the

ppb region introduce large errbrs, the actual dilution

. .

:would fequire vast amounts of air to dilute the prepared

£

sample. ) .. ’ .

' To effect a decrease in formaldehyde concentration,
. ) *

major changes were required in the procedure and system.

-

Up until this point. an analytical balance (Sartofius Corp.)
with‘de§§ction of 0.1 mg~capabili2%es gad‘been used for the
éravimetric measuéemenis. Decreésing the weight loss of
paraformaldehyde requ1red an lncreasp in gEav1me*rlc
sen51*1v1ty. *hus a Mé%rdbalance {Mettler Corp. #M5) was
1ncorporabed-1nto the experiments. The. change 1q balances
created a problem. The weighiﬁg of the s;mplihg flask had

. N 2
been a relatively, simple operation with the large pan

avaiiabl@ in the analytical balance. The microbalance had a
. - < ) . »
much finer and delicate pan assembly and a total weight

capacity of 20 grams.f ﬁhe'samplin& flask was found to ‘be
much %oo cumbersome and awkward for use in the microbalance. -

Various sizéd vials were“experimigked with, unfortunately
wiEh IiﬁtieASUCcpss. Fyentuailythg idea of using a bagkgt
N arrangement which could fit inside ;he flask -and oouf; also
[ ' \ > .

- sbe weighed quite egsdly;'iéme‘to'mind. To‘insure';%at no
iforméideh*@: would be lostfin Betweeﬁ deighidgsp thus

(-

<
Y

N ' - ' ) .
v 2 N ¢
’

S “',\1
: U : L
N
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affecting the results, the powder was combressed inte

peliets.

\

The compressing of the parafgrmaldehyde into pellets

- sepved a dual pubpése. As well as breventing random loss

, e

during transfer of the pellet to and frbm the microbalaqce}

it was thougﬁt that ' the Eighter packing would inhibit

+ formaldehyde sublimation thus décreésing ﬁhé'formaldehide
concentration in air. ‘
To'form the pellets, it was\ found experimentally that a

minimum pressure of 1000 psi was required to produce

pellets that would not cruﬁble through uSeag?.

‘With all the above experimgnts, it had been incorrectly
‘gsSumeq éhag the pargfqrgardehyde was sufficiently pure,
with methanol and water impurities being minimal,. for use

ih”the system. §in¢e the Qol;eétion,efficiency had already
' |
been shown to be appraximately 98 percent, it was believed

that the loss in weight of* paréfordaldehyae was due to

- formaldehyde sublimation. On .this premise, the system was

. , .
upgraded with tygon tub;ng etc. being replaced with an all

glass coﬁponent system, O-ring joints were placed in

J;%Fween various components Ci.é.sampling tube, bubblers,
. e - : .
manqmeter,;etc”.) to allow for,facile adjustments to meet -

the various experjmental requirements.
. - . -~ / -
Using the all-glass system, standardization experiments

—

were run on the formaldehyde bellets in an attewpt to
B . / ‘ - R * ‘
monitor gheir behavior. Experimeatﬁ were run to'measure

~

weight ;bswaizj‘respect to temperature, time, flow rate,

v



-61 - -

and air pressure. The results are shown in tables XI, XII,
XIII, XIV, and figures 12, 13,and 14. Once all the experi-
ments had been run, a second collection experiment

was run to ensure that the collection effibiency of the 20
. .

~

ml bubblers was as high as the 100 ml bubblers previously
used. Dfsappoiqtingly the collection efficiency dropped to
approximately thirty péPCeﬁt { see tasle XV ): During the
efficiency experiments the soluti&ns in the twin.bubblers
were analysed separately and- it was observed that the.
concentration of'formaldehyde in the second bubbler was
consistantly very much lower than in the first. This ruled
out the the possibility of formaihehyde managing to pass
tﬁrough the two solutions without being solvated.

Four possible causes for the @rop in collection
efficiency were.considered. The first possible cause was
thought~to be that the the formaldehyde cculd be being
réreased as particulate matter rather than as a gas. An
exper;ﬁent was performed in which a "heat tube"” was placed
ig betweép the sampling tube and the bubblers:’ fhe heating
tube, which qonstted of a glass tube twenty five
centimeters long with O-ring connéctions at either end,

syrrounded in a heating tape, was regulated to have a
temp&;dé;re gradient -with a maximum temperature of
approximately 160° C at thg middle of the tube. . It was
thoué%t that if the paraformaldehyde particles were re-
leased, thgy would be vapqurized as they passed through the *

tube. ' g »
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Iable XI

Variation' in wedight Ibss with respect to temperature:

TEMPERATURE
(°c)

AVERAGE WEIGHTLOSS"
(3 of total pellet weight)

AIR (ppmpy)

TS s ook 2 T T
| .0l & .002(4) 10

L038 + .01k (4, .9

.063 &+ .0244) ' //20

. 192 £ .033(54) S0

319 £ .033¢y) 80 .

L8112 075, : 200

g
Rarameters

Average pellet weight - .15 grams '
ﬁeration time - 15 minutes
Air flow rate - 306fm1 min='

Air pressure

APPROXIMATE

ambient

®  average values calculated(fro% An average of '5 runs

CONCENTRATION OF
FORMALDEHYDE 1IN



e

WEIGHT_1L0SS (% total)

v ¥ v d v v

3.5 515 7.5 91.5
TEMPERATURE (°C) . Lo
H

.

Figure’ ‘12.. - Plot of temperature versus weight loss using
s - paraformaldehyde pellets. The aeration time
’ " 'was 15 minutes. -

< s

™
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) _ Table XII . '
Variation in weight loss with respect to time.
TIME AVERAGE WEIGHTLOSS" APPROXIMATE

{minutes) (% of total pellet weight) CONCENTRATION OF
. : FORMALDEHYDE 1IN

. _ AIR  (ppmp)
T T T 013k w0030y s o
20 022 3 .001(g) 4
30 ..038 x .006 g 5
40 045 + .007(g)
50 059 + w0114 5
60 .068 + .019(g) 4
, Parameters
Avérage pellet weight - .i5 grams

300 ml min=!

‘ Air flow rate
21.5° ¢

Temperature

Air pregeure ambient

-t

® average values’calculated from an average of 5 runs -

—~
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Figure 13. Plot of time versus weight loss hsin&

paraformaldehyde pellets.
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© Table XIII

R Variation in weight loés with respect to flow rate.

FLOW RATE AVERAGE WEIGHTLOSS" APPROXIMATE

(ml/min.) (% of total pellet weight) CONCENTRATION OF
C FORMALDEHYDE IN

. AIR (ppmgy)
0T T o0 . ookggy T -
100 039 + .005g) 15
200 .039 x .006 (4 . 8
300 032" 2 .0054) W
o - 084+ 005 g y “
500 0Bl 4 004 (g 3
. -
Parameters
Average pellet weight - .15 grams
Aeration time - 30 minutes !
Tempezature - 21.5° C
Air pressure = ambient )

® average values calculated from an average of 5 runs

1

<
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- ~Figur'Ye 14,

1 2 3
) FLow RATE (i min')

.“-‘
un

Plot of flow rate versus weight loss using
paraformaldehyde pellets,
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Table XIV

Variation in weight loss wi.th respect to pressure,
B MEIGHT LOSS (x10-6 gn) |
740 torr .760‘tdrr 740 torr™ 770 torr’
1 3 60 VI 140
2 ' 179 , 60 51 . 65
3 41 .29 . . 36 12
4 16 37 42 38
5 0 26 90 102
6 76 g 124 .33
7 70 56 — -~
8 70 14 == -
9 ©o36 20 - -
10 17 58 - --
11 65 -- - -
;;;;;;;""'851'??{;; Wix 18(s, 63z 36(g)  65% 8B(g)
Air flow rate ‘ - 300ml min~"
Aeration time .. - 15 minutes, *30 minutes
Temperature - - -21 50 ¢

*#  Pellets were driedwspecified, before use to remove

any imppurities. N
\

?

s e o mag— o - —— e - - -

&
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Table XU

Collection efficiency of the trapping solution.

“ . WEIGHT LOSS ABSORBANCE . % EFFICIENCY TOTAL %

RUN
v (grams) 1 2 1 2 EFFICIENCY
flow raté 500 ml/min. ‘ , . a ',
1 .000066 " e-- .006 — Caee
2 .000035 ., 058 .00k 27 2 29
3 000043 .064 .027 - 24 10 * 3y
i .000100 _  .070 .007 11 1, 12
5 .000086 .088 .016 17 4 21
flow rate 400 ml/min.
1 - .000043 094 .O45, 24 . 15 39
, 000063 .077 .021 15" 5 20
R 3 .000078 L064. 018 13 5 18
Y .000028 .069  --- 40 —— ——
5 000066 .100 .006 25 2 27
flow rate 300 ml/min. ° o
1 .000061 .096  -=— 26 o -z
2 .000057 .085 .015 , 24 6 30
3 .000094 .105 .016 18 .u 22
g .000G40 L08L .012 34 6 40
5 000095 . .088 .o04 15 1 16
flow rate 200 ml/min."
1 .000058 ©.086 .011 24 . 3 27
2 .000036 . . .076 .00 34 2 36
3 .000077 ° .070 .00k 15 1 16
4 .000033 .063 .007 31 3 34
5 .000060 .0lg .04 13 1 14
flow rate 200 ml/min.
1 .000054% . .092 .020 . 28 6 3y
2 .000033 .080 .029 39 14 53
3 .000047 .080 .010 28 3 31
4 000062 .079 .016 21 4 25
5 .000062 .077 == 18 ., --- ——-
average: , 27 £ 10
Rarapeters
Temperature - 21.59 C Aeration time - 15 minutes

* samples prepared for analysis day of collection

o
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This experiment yielded no better_effibiencies than
before so the particuléte matte; explanation was di§carded.

A second possibility contemplated was that initially in
each run an amount of formaldehyde once reieased,as a gas
was being adsorbed on the glass walls of the systém. Aftgy
'fitting the bubblers with a bypass and 'wrapping heating taﬁé
around the glassware, an experiment was performed in which
‘the system was run for thirty minutes with the air bypassing
thg bubblers. This was done in‘én attempt to reaéh a steédy
state equilibriﬁm between the formaldehyde in air and that

adsorbe’d on the glass wall. Aften the 30 minute

equilibrating period the air flow was directed through the ,°

bubblers. The results again indicated no.improvement{

The third possible cause considered, was leakage of
formaldehyde and air througﬁ the ground ;?;ss and O-ring
joints. This was ruled dut however since the system was
operated at a rélatively high flow rate and a sligﬁtly,
negative pressure relative to atmosphéric pressure.

The final possibility was not i@mediately obvious.,’ Aq
previously mentioned, since the first collection efficiency
experiment had shown a 98 ¥ efficiency, the
_paraformaldehyde had been considered faiﬁ;y pure. HoweVgp
there were two very important differencés between the first
efficienc& experiment and‘the second. The first egpériment
was done at an elevated temperature of'92°lC while the
second was done at room temperature‘(21° C). The second

difference was that the weight losses in the first

experiment were approximately two.percent of the total

2



weight Qf parafdrmaldehy@e present{ ﬁﬁereas the valde’was
only approximaqély 2,§‘l0‘2 percent ln the'sec%nq) due to
the nature of the pellet. Ever f"“fnethan‘li nd water
impurities.existed in minuﬁe tancentrations,; 8ince their
heats of vapourization are lower than the depglymeriz@tiéh
heat of paraformaldehyde; tﬂey would be expected to be
emitteq before, the formaldehyde. When dealirg with a
\4limited Weight'loss"with respect to the t;talrweight it
Qould‘therefore be expected that these i@purities would be a

-

ma jor portion of the material weight loss. Furthermore the
temperature experiments had already sﬂ;wn thag the réte of
formaldehyde sublimagioq;increased greatly at temperatﬁ;es
abéve 459 C. Thus whiledin the first efficiency experiment,
forﬁaldéhyde was thé majority of the material sublimed, in
the second due tgwthe condifﬁghs set, tle impuriﬁies were -
.concluded to be responsiBlé'for the majority of tbe,weight'
,loss.‘ | ‘

' .To prove thﬁs explanatién the éysfem was once more
modified. . The basket u;ed for cérrying thé
paraformaldehfﬂe pellets to and'from the mlcrobalance was
replaced with the ground glass- mlnature flask which was'
discussed in the experlmental section. The flask was used
to reduce the risk of water being absorbed by the bellet
before the pellet could be weighed, to a minimum. Para
formaldehyde was dried for two hours at 120° C under vacuum

w

‘in a vacuum-oven,‘to.remove'tﬁéigater and methanol. The
N * u“ - 3 '.1.
dried paraformaldehyde was then made into pellets which



Jshown in table’ XVI‘f"

exper'lments. . '

\ '
. were dmed f’or an: a d;tlonal fi t%en mlnu*es under‘%the same

w

cond_ltlons.‘ Aftemdrylng thg ;\)ellets, the col\lectlon-

efficiency‘ex‘perlment was _opce agam run; T e resul‘ts are
] AR “

~

g ‘Th}; collection efficiency was found to be ohce more' as
/ ' v . ) Co ‘ 5 C
high as the accepted value. /:‘Th‘er*e was however, a
difference -betwe.fg the ewperimental -deviation and the

expected devlatlon of £5% (36 ). This {ncréase from 5 to

22 % is readily éxplained ‘b”y a5 to 10 %'ﬁcnease due %o

dev1at10ns in the gravimetrie ana1y31s &5 well as another
4 Vg
10 *to 112 % due to fhe eomposﬁlon of' the pelle _Although

the par‘af‘ormaldehyde Wwas dm.ed f‘or over two hours before

.

use,; there was Ao method to ver'lf‘y the pur‘lty (or lack of)

t

- of‘wth‘e p.o,wder. An._attempt was made to »dr'yJ the

/

'p.ar'a»f‘er-maldekyyde for a lomnger period -f time.

. ) ] . a
Unfortunately doiné so0 caused a change in the
paraformaldehyde as well as r'emov-ing the imp(xr“ities. A.ll
)
that remained was a’ r‘gstdue of paraf‘o}r;maldehyde which did

rd
not exhlbit any nO'tlceable welght 1cs$ during subsequent

. Y

-

< A ) ~ ' 2

I't\i\s\‘ believed that grying" the paraformaldehyﬂj\eﬁ f'o’r' an

‘extended period of time at 1200 C caused th',%horter' length

&

' polymer molecules: to depolymerize ginto free formaldehyde
] -

* -

thu’s leaving a residue of the longer‘ length hains‘Ii’ehind.
This residwe was then nog’susceptible to further depolymerl-

zation at room temperature, or it depol.wner‘lzed at a much

slower rate whuﬂ;{‘s not datected. '

. ! " i
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*

Collection efficienc§ of the trappi

wag

[ )

-

)

ng qolutién.
AN

/

RUN "WEIGHT LOSS ABSORBANCEs# - COLLECTION EFFICIENCY -
- (grams)-» 1 ¢ 2 a ( %)
.1 .000018 ~ .148 .003 136
.2 .990527' 137  .001 2

3 -+, 000028 .133 .003 78

4 . 000046 174 .006 63

7 .0000U2 .222  .025 96

8 .000008 .050 .003 L 106

g .000033 105  .023 . 63

10 .000027 .35 ..023 95
“11 2000043 . 256 .037 111

12 .000125 .633  .,027 . 86.

13 .000091 .691 .,036 130

14 .000109 425,016 ’ © 66

15 .000070 .372 .024 92 .

" ~ average: 92 + 22
Parameters ‘
. S o
Alr‘f;ow rate . - 500 ml min.
" Ae;at;on tfmg - 30 minutes
) Tegferéturei - 30,40,&-50° C
. Air pressuré " = ambjient ‘; g
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PermeationctubesﬂzaVe come into popular use as soufces
for productidn of standard gas samples for trace analysis
in recent years, When ueed in conjunction with a .

,teﬁperatu?: regdleted flow system they are reported to
‘produce accurately known samples with deviations as small
as 3 3 ( 47 ). "The construction of the permeation tubes is

quite simple ip design. The tube is made of teflon and is

cut to lengkh depending on-the desired permeation rate of
sample. Once a quantity of standard sample has been placed

in the tube the ends are sealed with teflon plﬁgs.

~ .

Commercislly sold tubes are normally bre-conditiéned

and ,calibrated for permeation rate before being sol&; "AID

. (Analytical Instrument Development Inc.) has very recently
‘lntrodueed a permeation tube to tle market which is filled
with paraformaldehyde. The literature’ evailable on the

» permeation tubes specifies that "proprietary" selected and

treated paraformeldehyde is used in the construction. Once

* o the tebe is conslgucted it is allowed té stabilize for a
period of a week before €he permeation rate at 70° C and
100° C is measured graq)metrlcally. Prov1d1ng that during

/ : use .theé temperature around the tube is controlled to within
/r. 0.1° C, the p rmeati;n rate of formaldehyde will'remain

constant to within a 3 %estendard deviation.
\ - 'AID also offers temperature controlled flow systemg
. 4
that are «designed to accomodate the permeation tubes.
-

"

]
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Sample preparation flow rates normally range in between 50
&
to 150.mlfmin.‘1 for most models. This corresponds t%

production of samples of'ﬂ?O ppb to 150 ppb. The prepared

éas can be further diluted by a flow of .1 to 1.5 1 min~ )
, v £

of dilutant air. - This would create samples in the low ppb

region.

i

It was initially hoped that a system could be built
that could proiuce samples in the ppb region that would not
. v “a

require further dilution. This:aspiration was soon

replaced simply by the desire to build a system which could

compete with permeation tubes and a%t the same time be less
p v
>

N , o
restricted (i.e. require less exacting temperature and tube

specif‘ications). . Q
Part 3C: Permeation Tubes ¥S. Paraformaldéhyde Pellets
. v,

Using phe results obtained in this study, one can
understand the workings of the permeation tube. The reason
for the pecessity of settﬁgg and controlling the
,k4em erature around the permeation tube at exactly 70° C or

100§C becomes clear when observing the temperature versus
sublimation rate in figure 12. The slopemof the curve at
709 C is such that any dgviation in either direcﬁipn can
‘cause a‘subsféntia} drop or’increase in formaldehyde
sublimed. Since the permeation rate is the lim%giqg,value
.for formaldehyde evolution, it is diso obviously‘sensitiyly ’

tehperature dependent. X

The need for purification'of the paraformaldehyde to

(.
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4

® remove impurities was noted in this study. The required
. \ *

one wefk sﬁﬁpiliza?ion period for the tubes is also
obviously imsdimented Qi a means»of allowing the more
volatile impurities to escape from fhevtube.

.In the final weight loss versus time, temperature, and

flow rate experiments the paraformaldehyde exhibited a

rather large variation ®in, weight loss. The results are to

" be fouynd in tables XVII, XVIII, and XIX and figures 15-17.

~
The high variance in weight loss is to be expected:when

Bealing with non-uniform substances such as polymer
mixtures. The true value of the permeatiqgn tube comes to

light in this context. By using as high a temperature as

70°, an abundance of free formaldehyde in the gaseous state

is produced, however the rate of emission of formaldehyde

L

from the tube is limited by it's permeation rate through

th& teflon. Thus a nonjpniform situation 1is caﬁgfdlly
controlled which allowsﬁfép :he low deviations as repprted
By AID. Note however, éﬁéﬁyery rigid conditions that must
be observed.  ‘r'{ P

In the final analysis it is obvious that using the
elaporate temperature controlled flow system, ‘the
permgation tulkgh is the superior method f;? formaldehyde in
air producfion. However 'providing that all £hat is
required by the operator is a‘sample rangé,;i.g. ppm.versus
100ppb, 100ppb versus 10 ppb, the simple system described
in this thesis is an adequate rep}aqement for the more

A

costly éhd elaborate permeation tube system.

-

a t
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Table XVII.

in weight loss with respect to temperature. -

AVERAGE WEIGHTLOSS™

(% of total pellet weight)

—
.
—
(o))
N.

I+

*

Average pellet wefght

Aeration time

Air flow rate

Air presshre

average values calculgted

s

2 e v e e e = b

/

APPROXIMATE

CONCENTRATION OF

FORMALDEHYDE IN

AIR

(ppmpy) -

R et e ]

.05 grams

30 minutes

500 ml min-! e

r

ambient

from an average of 4 runs.

3 ~

AT b e )
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Figure 15, Plot of temperaturs versus weight loss u51ng
purified paraformaldehyde pellets.

The aeration time was 30 minutes.. ]
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‘Iable XVIII ) .
Variation in }eight loss with respect to time.

TIME AVERAGE WEIGHTLOSS" APPROXIMATE
(minutes) (% of total pellet weight) =~ CONCENTRATION OF
FORMALDEHYDE IN

’ AIR  (ppmpy)
T30 T los2 x 01504, o T
40 .083 £..017(4) Vo2
50 099 % .015(4) 2
60 ° 114 £ 0494 1
70 127 5 L0684 1
’ - - Parameters
. Average péllet weight - .05 gbams
* Air floyfrate - 500 ml min~!
Tempenaéure‘ , = 22°¢C
Air prgssure ) = ambient

*{ average values calculated from an average of 4 runs
( ' - v
‘rl

NPT S —— R U TE S

. ¢

*

2

.
st L
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Table XIX
Vartation in weight loss with resp
FLOW RATE AVERAGE WEIGHTLOSSY

"(ml/min.) (% of total pellet weight)

ect to flow rate.

APPROXIMATE
CONCENTRATION OF
FORMALDEHYDE 1IN

4

_ ~ AIR * (ppmp)
o T leaz s lotigg, 3T
200 .038 N L0134 2
300 057 & .018(4) B e
400 LOU7 & .022g) — 2
500 .090 % .016g) « "2
‘ Parameters
Averaga pellet weight ~- .066 grams

Aeration time -

Temperature -

Air pressure .=

* average values calculated from an a

3

¢

30 minutes
22° ¢
ambient

verage of 3 runs

A ot
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Figure 17. Plot of flow rate versus wéight loss using pur._-
fied paraformaldehyde pellets. @
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Part 3D: Sample Production for LIL Apalysis
Although the results,from ‘the S&sfgm‘and pé%let
éharacteqisbf;atiop experiments were spﬁé&ﬁat dissapoint-
ing”, they do show that the sy'stem is fuhcigional and éapgble
of fulfilling it's ul&imapé purﬁose;' That is, to
ggmgngﬁngﬁgkﬁhat the LTL éhaiy;is of formaldehyde in-air
can déteét ppb -concentrations éf forméldehyde in small

sample volumes. | | ”
Due to the lack of definite pellet composition, it is
not feasible to calibrate the LTL analysis'using gas

samples produced by the pellet system at the Same ieveI,of
Y

precision.as the measurement can be made . This is not-’

-

essential however. Since the coiléction;efficiency.qf
agueous sodium bisulfite has Dbeen established for

concentrations in the ‘low and sub ppm region, there is no

reasén to believe that the col;ectionlefficiency Wwould

. decrease if the concentration of formaldehyde is lowered.

In fact one would expect it to jipncrease if not remaining
the same,

Usidg the paraformaldehyde pellet syséem, gas samples
were produéed and analysed by LTL. The results can be seen
%n table XX;

Zero éoncentration samples were made b; rdnning the

s&stem without a pellet present. Along with the air

samples, triplicaﬁe blanks were also run. The blanks, as

before, consisted of water, chromotropic acid, and sulfuric’

3

(-

-~

N 7
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acid. - . ] v .

A comparison of the zero concentration samples "air
blanks agalnst the tripllcate blanks eiearly 1nd1cates that

intérfer;ng species wene‘presept in the laboratory air which

&

interference. Among those chemical substances that can'

3 . . 3
cause such decreases, which are common to the laboratory

environment, are phenols, etdanol, and Sther higher'

moiecular weight alcohols, olefins a§ well asﬁcther-aromatip ’

J b
o . . . ”

hfdrocarbone ( 36 ). Purifyipg the dilution air before use™

4
would perhaps. have reduced the negative interference and

thus the difference between the two types of blanks. During
an analy31s however, one should'always attempt to compare

samples agalnst references under s1m11ar conditlon§r Thls

-

wohld dlctate the use of the air blank as the reference

1S

in any case. e C }_ / SRS

-~

:With the zerb concentration samples as referen¢e, an

incréase in signal -proportional to the jncreae;\iny~

formaldehyde concentration was observed.ﬁ Ae fs to be
expected the dev{ation was quite large as'isdeeideht in
figure 18. It should be ncted that some difficultdies were
encountered with the dye laser aswell as the photod;ode
‘detector durlng experlmentatlon, which could have ccmpoundeh

the obsepvedrervqr, Since it was not possible to predict

when the'eiluation could be'reqtified,_i% was thoughtfbest

~ that the thesis be.written without the benefit of repeating

the experiment under’ ideal conditionsk . >t

v . .
s - . . "

was used‘to dilute the gas samples: This'cauéed a negative -
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L T L\analysis of prep red fonealdéhyde gas samples.

?, rd
RUN  .PELLET  TOTAL AIR\\ ORMALDEHYDE
. WEIGHT Ldss MASS
- (STams) ‘Lﬂﬁgrams v (pog L .
T T Mo
2 o 210 0
3 0 207 o
y 4x10-6 259 16 |
5 4%10-5 219" 18
6  8x10-6 - 199 #® a0 \
7 30x1028 . 220 138
8 = 3uxio=b 219 155
9 43x10-6 205 -, 210
10 s50x1076 203 26
blank#1 --- -——— ‘ ——
blank#2 --- . - -——
blank#3 =-- - ——
.

'VolUme'of sample analysed
Sampling flow rate

Dilution flow rate
" Sample preb%rition flow rage
Temperature of system

Air pressuré in system | '

B

JTRAPPING® oI/Ig

. CONCENTRATIGN SOLUTION

CONCEN- |
. TRATION .
(molar) 4
T
—- . 163
-—- 173
toax1o=? .19y
1.7x10"7T - L 200
3.1x1077 274
1.3x10~6 .258
1.4x10-6 .219
1.9x10=6 .224
2.3x10=6 " 432
- . 249
-—- .301
——- .301
15 1
.5 1

5 - 10 1 min~"
.1 = .51 min~1
21.5 °c

ambient

Toremmr a0,
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Figure 18. Results from the thermal lens experiment using
" gaseous formaldehyde samples.
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Even with gpe large errors present, the,flow system does

‘“demoﬁstrate the feasibility of using LTL tgpmeasurg ppb

concentrations of formaldehyde in air in sample volumes as
low as 15 liters. Unfortunately it does not allow the

determination of a true.detection limit for the LTL though .

Part 3E : Calculation of the Sublimation Rate Constant

As an aside from‘tgy—main theme of this project, the
sublimation rate Sonstant for the formaldehyde pellets was
determined using the data from the temperature vs. weight
loss experiments. Plotting the log of weight loss per
minute against 1/T in degrees KelQin, the Arrhenius factor A

and the "activation energy" Ea were obtained. Using these

values in the Arrhenius expression ;

kgyp = A e~Fa/RT (6)

.the sublimation constant kg,, was evaluated for the range of

20° - 80° C. The deviation in the values in table XXI
become more apparent in fighre 19, The pellets that were
not purified before use (table XI values), understandbly

showed a larger variation than the dried pellets.
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from table XVII

.00175 ,
.00203 - :
.00321

.00627 :
.007U6

.01950

.03873

from table XI 4

-.00243

. 00298

. 00255
.00421
.0128 F

.0213
0541

Average pellet we
Flow rate

«" Air pressure
Intercept * (a)
Slope (b)
Correlation coeff

ksub

intercept

e o« A =1

slope‘(b)
... Ea

" Table XXI . .

v 1

LOSS MIN-')  TEMPERATURE
* (kelvin)

9 303.0
0 ’ 323.0
3 333.0
1 343.,0
1 353.0

1 294.5
2 304.5
9 . 314.5
8 T 324.5
9 334,5
7 44,5
7 354.5

ight

ambient
5.23
2387 K
.9U469

icient

= A e-Ea/RT

(a) = 5.23 = log (A)
.7‘x 10° %loss min~!

- 2387 K = -Ea/2.303 R
46 kJ mole"1

.05 grams
500 ml/min

.00338
. 00330
.00319
.00310
. 00300
. 00292
. 00283

.00340
.00328
.00318
.00308
.00299
.00290
.00282
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’ Table XXII 1ist8 the various k values forfthe range of

\ 4

A

temperaturég used in the experiments,

v q
TEMPERATURE Ksub A
_ (9 ¢) (4 weight loss min=') ’
20 | Jo1x 10-3 ’ “
.30 - 2.0 x 1073
" 4o ' 3.6 x 103
- 50 " 6.2 x 1073
60 10.3 x 10-3
S 1000® 16.8 x 1073
80 . 26.5 x 10-3
\ 7

Part 3F : Construction of a LTL spectrometer

At the present moment no commercial design exists for a
LTL spectromenter, It has been shown that LTL is capable of
competing with GC and HPLC methods of formaldehyde analysis.
Until a commercial instrument is accessible to the average:
analyst at a competitive cost however, chromotography
will continue to be the best method of amalysis. {

As an epilogue to this project, a design is proposed for -
the construction of a LTL spectroﬁeter. When suggesting a
design for a thermal lens device, two factors must be kept
in mind. Since allignment of the laser beam through the
optical components and with a second beam, (if a dual laser

syétem is used) is crucial, vibrations must be eliminated.

]
]

— e e v

T ey gy

.
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The distance betw;en the focussing lens, sample cell and
detector must be carefully chosen to achieve optimizationhof
the«thermal'lens effect.

Figure 20 is a schematic design of a possible dual laser
LTL spectrometer. To facilitate allignmeht of the iasers,
' fiSef optics (a) are used to Sring the laser beam into the

optical train. The choice of fiber'optic and the

\

. collimating lens (b) used to enter the beam into the fiber

+
b

\and collimate it afterwards would be dependent on thf
\\\\jwavelength §f the laser beam chosen.

The use of fiber optics allows for several interesting
possibilixties. Since therg is a minimal power loss when
light passes through fiber optics, the length of the fiber
can be chosen arbitrarily. Thus the situation could arise
where the laser source could be in a different location

than the spectrometer. A second interesting possibility is

-
that if one were to use a fiber optic bundle, one could

theoretically drive more than oné spectrometer with a pair
of lasers.

The design of the spectrometer is modeied after
Ishibashi et. al., as was our experimental setup. The‘probe
beam is not chussed before passing through the s;mple cell
(h), whilelthe pump beam passes through a focussing lens (d)

before reaching the cell.

A calibrated photodiode (g) is used to measure the power

ot 3 —— . -
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of therpump beam from reflectigns off of the beam(;plitter
(f). “The cylindrical sample cell mount (h) was placed on a
railing for a specific purpose. Papers have been published

which have studied the use of LTL as a paossible detection

.assembly for HPLC ( 52,53 ). To provide a spectrometer that

could be adaptable to HPLC work, while still capable of
being itself a means of analysis: provisions had to be made’
to allow for the placement of a flow through cell closer to
the focussing lens (d) than wafld normally be found in a
standard LE% system. For tﬁis same reason the focussing
lens (d) must be interchangeable with other shorter focal
length lenses .

Due to the nature of fiber optics, the laser beam which
is ﬁormally polarized loses its polarization after passing
through the optic fib;r. This precludes the use of a Nichol
prism to reduce the intensity of the pump bean. Thus to
prevent damaging the Qilter (q) which is designed to adjust
the-light intensity ;een by the detector(o) (preventing
saturation), a monochromator (e,j,k,l,m,n) is placed in the

!

optical train. )

The photodiode ar;ay detector (o) 1is 1linked to the

supporting electronics (p) which can be interfaced with a

computer for data averaging and fitting, or run alone. With

the power being continuocusly monitored internally, any

signal decreases due to power fluctuations can be corrected
y

for electronically. ;

Figure 21 is a conceptual diagram of what a LTL
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spectrometer might app as. The¥actual frame would be

LY

extremely rigid and supported on vibration pgds" The

quelengé’ of light seen by the detector would be adjustable
§la’the,monochromator, to allow for a greater flexablility in

analysis wavelength choice.

i 3
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Part 4 bon‘%ﬁ%ion

From this study it is concluded that LTL is a feasible
and competitive metﬁbd’of analysts for gaseous Qormaldehyde.
It Has been shown that the detection limit for formalaehyde
is 5.6 x 10=T M using the experimental set up described. It
has also been shown that thisidetec%ion limit can be
improved onn by c¢areful blank and sample preparation on a
daily basis. ' ﬁ

The flow system for production of formaldehyde in air
samples has ;hown itself to be useful for demonstration
purposes and has thus achieved its purpose.“ However it
lacks the precision required to be a tool for quantitative
c;libration.

Although the LTL apparatus described in this study has
demonstrated ppb detection capabilities, further work in.
this area should definately include a final calibration of
the LTL spectrometer using‘gas samples generated by a

precise system such as the permeation tube system.

A second area that requires further study and

" improvement is data aquisition and mapnipulation. The work

in this study was greatly hampered by the fact that although
a very unresoclved signal was obsgrvable, the LTL data was
inaccessible until khe experiment had been completed and the
averaging had been performed. Without knowledge of the
signal intensity (i.e.AI/Ico ), it could not be determined

whether or not the data was being stored correctly. This
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lead to loss of data. ’ ' .

(\/ Finally, this study should be'extended to otheiﬂ',‘ gaseous

Atechniques and the d‘evelopment of‘ ?e‘ onés for these |

A
organic pqllutan!cs. LTL has been amply demonstrated by this

P

and other studies to be a sensn.t/ive method for tr-ace

arralysis and the adaptation of standard absorption

compounds to the LTL method should .Be attempted.

e

’ : f
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